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ABSTRACT: Calcium carbonate (CaCO3) precipitation plays a significant role during the carbon
capture process; however, the mechanism is still only partially understood. Understanding the
atomic-level carbonation mechanism of cementitious materials can promote the mineralization
capture, immobilization, and utilization of carbon dioxide, as well as the improvement of
carbonated cementitious materials’ performance. Therefore, based on molecular dynamics
simulations, this paper investigates the effect of Si/Al concentrations in cementitious materials on
carbonation kinetics. We first verify the force field used in this paper. Then, we analyze the
network connectivity evolution, the number and size of the carbonate cluster during gelation, the
polymerization rate, and the activation energy. Finally, in order to reveal the reasons that caused
the evolution of polymerization rate and activation energy, we analyze the local stress and charge
of atoms. Results show that the Ca−Oc bond number and carbonate cluster size increase with the
decrease of the Si/Al concentration and the increase of temperature, leading to the higher
amorphous calcium carbonate gel polymerization degree. The local stress of each atom in the
system is the driving force of the gelation transition. The presence of Si and Al components increases the atom’s local stress and
average charge, thus causing the increase of the energy barrier of CaCO3 polymerization and the activation energy of carbonation.
KEYWORDS: molecular dynamics simulation, carbonation kinetics, cementitious material, carbonation curing, carbon capture

1. INTRODUCTION
The environmental impacts related to energy use have received
widespread attention since the 1990s due to the phenomenon of
global climate change.1 A large amount of greenhouse gases is
released in the process of energy use. Among these greenhouse
gases, carbon dioxide (CO2) is the main contributor to the
greenhouse effect. Cement concrete is the most widely used
material for building and other infrastructure in the world due to
its low cost and the widespread geographical abundance of its
raw materials.2−5 However, the cement and concrete industry is
the main industrial production source of carbon dioxide
emissions. Portland cement (OPC), as the main cementitious
material, accounts for about 10% of the total concrete mass.6

According to a report, the global OPC production is about 4.2
billion tons per year.3 Cement production is a high energy
consumption and CO2 release process, which accounts for about
3% of the primary energy use and nearly 9% of the global
anthropogenic carbon dioxide emissions.5 There are three
factors resulting in such carbon dioxide emissions: (1) thermal
decomposition of limestone during the Portland clinker
production process; (2) burning of fuel required to obtain the
necessary temperature (about 1450 °C) for the synthesis of the
cement clinker; and (3) supply of electricity during the cement
clinker calcination and grinding process.7,8 Specifically, about
0.9 tons of CO2 is emitted and about 3.4 GJ of heat energy is

consumed per ton of OPC produced.9,10 Thus, it is essential to
decrease the cement carbon footprint.

Cement concrete is a calcium-containing material, so it can
capture and store carbon dioxide itself mainly via three ways: (1)
carbonating the raw materials of cement concrete before
concrete preparation, such as waste cementitious materials
and recycled aggregate;11−13 (2) carbonating the fresh concrete
during the mixing period of raw materials;14−16 and (3)
accelerated carbonation curing of cement concrete.17−19 Direct
carbonation of the recycled aggregate can improve its density,
reduce water absorption, and improve mechanical proper-
ties.11−13 Carbonation curing as well as fresh concrete
carbonation during its mixing can also improve the performance
of cement concrete.20 Among these three methods, carbonation
curing has the highest carbon sequestration efficiency, which is
about 3−4 times that of the other two methods.21 As a result,
carbonation curing has become the most commonly used way
and has attracted more and more attention. During carbonation
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curing, which occurs in early-age cement concrete, CO2 reacts
with cement clinker and hydration producers to form calcium
carbonate (CaCO3) as per the following reactions22,23

· + +
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2 2 2

2 2 3 (1)
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The formed CaCO3 can lead to the improvement of perform-
ance and durability of cement concrete because of the
improvement of the pore structure.24−26 Besides the carbo-
nation of cement concrete, some research focused on the direct
carbonation of mineral admixtures such as coal fly ash to achieve
clinkering-free cementation.5 No matter it is the carbonation of
cement concrete or the direct carbonation of the mineral
admixture, the carbonation reaction was carried out through a
solution-precipitation process, where oxygen from water
molecules adsorbs onto dissolved Ca2+, and interaction with
CO3

2− to precipitate amorphous calcium carbonate (ACC) gel.
Finally, the amorphous precursor was dried and crystallized to
form crystalline CaCO3

27,28 Therefore, understanding the
amorphous calcium carbonate gel formation mechanism is
significant because it is the precursor of crystalline carbonate
phases. Macroscopic characteristics of carbonated cement have
been studied extensively; however, few studies about the

atomical-scale mechanism of cementitious materials’ carbona-
tion were carried out. There have been attempts to use
molecular dynamics computer simulations to understand the
formation of ACC. These earlier simulations were mainly for
solutions of pure calcium (Ca2+) and carbonate (CO3

2−) ions
and mainly focus on the structure investigation of ACC.29,30

Despite the above studies, details of ACC aggregation (such as
the nucleation process, polymerization rate, activation energy,
etc.) remain unclear. Moreover, there are many factors that can
influence the precipitation of ACC, including the temperature,
the solution composition (such as Si, Al), etc., which have been
rarely studied before. Comprehending the mechanisms of
carbonation on the atomic scale can lay a solid scientific
foundation for processes that have hitherto been largely
empirically based, thus facilitating the development of new
performance-reinforced cementitious materials.

Therefore, to overcome these limitations mentioned above
and clarify the carbonation mechanism of carbonation curing
cement at the atomic scale, we analyze the carbonation kinetics
and calcium carbonate nucleation in the early stage based on
molecular dynamics simulations. First, we study how the
solution composition (e.g., Si, Al, etc.) affects the carbonation
activation energy. Then, in order to reveal the reasons that
caused the evolution of polymerization rate and activation
energy, we analyze the local stress and charge of atoms.

2. MATERIALS AND METHODS
2.1. Simulated Methodology.We simulate the ACC gel by using

the large-scale atomic/molecular massively parallel simulation
(LAMMPS) package.31 It is known that calcium hydroxide solubility
in cement concrete pore solution is around 22 × 10−3 mol/L.32,33 Based
on a previous experiment (the adopted Ca2+ concentration is 0.2 ×

Table 1. Initial Components of the Simulation System

group Si/Ca ratio (%) Al/Ca ratio (%) Ca CO3 H2O Si(OH)4 Al(OH)3

1 0 0 30 30 1000 0 0
2 1 0 30 30 1000 30 0
3 2 0 30 30 1000 60 0
4 3 0 30 30 1000 90 0
5 4 0 30 30 1000 120 0
6 1 0.1 30 30 1000 30 3
7 1 0.2 30 30 1000 30 6
8 1 0.3 30 30 1000 30 9
9 1 0.4 30 30 1000 30 12

Figure 1. Initial configuration snapshots of the simulation systems.
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10−3−2 × 10−3 mol/L) that investigated the calcium coordination
environment34 and the simulation composition (the Ca2+/H2O molar
ratio is 30/1000) as described in ref 35, we chose the Ca2+

concentration as 1.67 × 10−3 mol/L (i.e., the Ca2+/H2O molar ratio
is 30/1000). The CO3

2− concentration is the same as that of the Ca2+

concentration to maintain neutrality of the simulation system. It is
known that the Si/Ca and Al/Ca ratios of ground granulated blast-
furnace slag/fly ash are about 0.4−5.0 and 0−1.0, respectively.5,36−38

Therefore, in order to investigate the effect of Si/Al components on
calcium carbonate nucleation, the adopted Si/Ca ratios are 0, 1, 2, 3,
and 4 and the Al/Ca ratios are 0, 0.1, 0.2, 0.3, and 0.4 (when the Si/Ca
ratio is fixed at 1) in the simulation system. The specific molecular
composition is shown in Table 1.

First, we place separated Ca2+, CO3
2−, H2O, Si(OH)4, and Al(OH)3

molecules in a 40 Å cubic simulation box randomly without unrealistic
atom overlap by using the PACKMOL package,32,39 and we apply the
periodic boundary conditions. The initial configuration snapshots of
the simulation systems are shown in Figure 1, where water molecules
have been omitted for the sake of clarity. We relax the simulation system

in an isothermal−isobaric (NPT) ensemble for 300 ps by using the
Nose−́Hoover thermostat and the barostat,40,41 which is found to be
long enough to ensure the convergence of volume, potential energy, and
pressure of the whole simulation system. After the relaxation stage, all of
the systems are then subjected to various simulation temperatures (300,
325, 350, 400, and 450 K, and the pressure is fixed at 1 atm) in an NPT
ensemble for 5 ns. In addition, we use the velocity-Verlet integral
algorithm to trace atom motion, and the time step is fixed at 0.25 fs.
2.2. Simulation Force Field. We select the reactive force field

(ReaxFF) in this paper because of its ability to bridge the gap between
classical molecular dynamics simulations and quantum mechanical
calculations. Unlike classical force fields, which model atoms as rigid
ions with fixed charges,42 reactive force fields dynamically adjust atom
charges according to the charge equilibration method.43,44 Atom
charges were related to electron affinities, atomic radii, and atomic
ionization potentials; therefore, according to each atom’s local
environment, the reactive force field can adjust the energy terms and
can model chemical reactions.45,46 In addition, the reactive force field
can describe the dynamics of chemical bond breaking or formation

Figure 2. Snapshots of crystals equilibrated at ambient temperature.
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according to the calculation of the interatomic bond order. The atom’s
local environment determines the interatomic bond order. ReaxFF has
been used for aqueous-calcium carbonate systems and the precipitation
of early-age calcium−aluminum-silicate-hydrate gel.32,47−49 The
reactive force field system total energy (Esys) can be described by the
following equation50,51

= + + + + +

+ + + +

E E E E E E E

E E E E

sys bond Coulomb VdWaals under lp over

tors val pen conj (5)

where Ebond and ECoulomb are the short-range bond energy and the
Coulomb potential energy, respectively. EVdWaals, Eunder, and Elp
represent the van der Waals energy, the under-coordination energy,
and the long-range electron pair energy, respectively. Eover expresses the
overcoordination energy, Etors is the torsion energy, and Eval is the
valence angle energy. Epen and Econj represent the penalty energy and the
conjugation energy, respectively. More details about these 10 energies
can be found in refs 50,51.

The parametrization of ReaxFF used in this article is created by
integrating the Ca−C/O interactions within the existing Ca/Si/Al/O/
H parametrization. The parametrization of ReaxFF can be directly
found in previously published references.47,52 We simulate the calcite
(CaCO3), tobermorite (C−S−H), corundum (α-Al2O3), and quartz
(SiO2) crystals to test the performance of the created ReaxFF. The
initial real structures of these structures are obtained from these
references.53−57 Figure 2 shows snapshots of these crystals equilibrated
at ambient temperature. It can be found that the ReaxFF yields a
realistic description of the structure of these crystals. The sizes and
densities of these crystals are described in Table 2. According to Table
2, the errors between the simulated and experimental values are very
small; that is, the sizes and densities of calcite, tobermorite, corundum,
and quartz crystals after ReaxFF simulation are in very good agreement
with those of experimental data.

Moreover, in order to verify the reliability of the interaction of
different groups, we simulate the interfacial interaction energy of Ca2+

and CO3
2− with tobermorite (C−S−H), corundum (α-Al2O3), and

quartz (SiO2) crystals and compare the results with those calculated by
density functional theory (Figure 3). It can be found that the simulation

results and calculation results are basically consistent (the errors are
1.27−3.15%). Based on the above analysis, the created ReaxFF is
reliable.
2.3. Structural Analysis. The partial coordination number of each

atom is calculated via enumerating adjacent atom numbers in the first
coordination shell to describe the atomic topological structure of
amorphous calcium carbonate gels. In the atomic pair partial pair
distribution functions, the minimum distance after the first peak is taken
as the atomic pair cutoff. According to the atomic pair cutoff, we can

Table 2. Sizes and Densities of Crystals

minerals items experimental data simulated data error (%)

calcite (CaCO3) Lx (Å) 15.14 14.72 2.77
Ly (Å) 13.11 12.67 3.36
Lz (Å) 34.68 35.59 2.62
Xy (Å) −7.57 −7.35 2.91
Xz (Å) 0 −0.05
Yz (Å) 0 0.01
density (g/cm3) 2.61 2.70 3.45

tobermorite (C−S−H) Lx (Å) 22.32 23.35 4.61
Ly (Å) 21.91 22.84 4.24
Lz (Å) 28.13 29.17 3.70
Xy (Å) 0.01 0.01 0
Xz (Å) −1.41 −1.47 4.26
Yz (Å) −5.51 −5.69 3.27
density (g/cm3) 3.04 2.98 1.97

corundum (α-Al2O3) Lx (Å) 19.02 18.91 0.58
Ly (Å) 16.47 16.58 0.67
Lz (Å) 25.97 25.59 1.46
Xy (Å) −9.51 −9.43 0.84
Xz (Å) 0 0.67
Yz (Å) 0 −0.28
density (g/cm3) 4.00 4.05 1.25

quartz (SiO2) Lx (Å) 49.16 49.17 0.02
Ly (Å) 42.58 42.59 0.02
Lz (Å) 27.03 27.10 0.26
Xy (Å) −24.58 −24.65 0.28
Xz (Å) 0 −0.01
Yz (Å) 0 0.07
density (g/cm3) 2.64 2.63 0.38

Figure 3. Interfacial interaction energies of Ca2+ and CO3
2− with

various crystals.
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identify the C−O bond, Ca−O bond, and Ca−C bond in amorphous
CaCO3 gel structures. Moreover, we can obtain the network
connectivity evolution of the amorphous calcium carbonate gel during
gelation and compute the size, number of carbonate clusters, etc.
According to the recognition of the C−O bond, Ca−O bond, and Ca−
C bond, the calcium carbonate cluster can be identified. Based on the C
atoms’ number belonging to the carbonate cluster, the size of each
cluster can be calculated. The average size is the sum of all clusters’ size
divided by the total number of clusters, and the largest size is the size of
the largest cluster of all clusters. The simulation structure visualization
and cluster analysis were carried out by using OVITO software.58

2.4. Local Atomic Stress Computation. We use the “stress per
atom” concept to evaluate the local instability that exists in the calcium
carbonate network; the concept was proposed by Egami.59,60 In fact,
stress is of a macroscopic nature and is therefore difficult to define for a
single atom.61 Nevertheless, an atomic-level stress tensor (σi

αβ), as
shown in the following equation, can be defined for each atom
according to its contribution to the system dimension.62

= · ·V r F1/i i j ij ij (6)

where Vi is the Voronoi volume of atom i, rij is the distance between
atoms i and j, and Fij is the interatomic force exerted by atom j on atom i.
The superscripts α and β refer to the projections of these vectors along
the Cartesian directions x, y, or z.28 Generally speaking, a positive stress
here represents that the atom is in a local state of tension, while a
negative stress represents that the atom is in a local state of
compression. σi

αβ can capture the local instability in a gel caused by
competing interatomic forces28 and has recently been used to quantify
the internal stresses exhibited by mixed-alkali glasses62−64 and stress-
rigid atomic networks.65

3. RESULTS AND DISCUSSION
3.1. Network Connectivity Evolution of Calcium

Carbonate. In order to disclose the network connectivity

evolution of calcium carbonate during its gelation, we study the
calcium atom’s connectivity. The number evolutions of Ca−Oc
(Oc represents the O atom that in CO3

2−) links per Ca (namely,
the Ca−Oc partial coordination number) at various Si/Al
concentrations and temperatures are shown in Figures 4 and 5,
respectively. Figure 4 presents the number of Ca−Oc links per

Figure 4. Number of Ca−Oc links per Ca at various Si and Al concentrations when the temperature is 400 K.

Figure 5. Number of Ca−Oc links per Ca at various temperatures.

Figure 6. Number of carbonate clusters at different concentrations.
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Ca at various Si and Al concentrations when the temperature is
400 K. It can be found that the Ca−Oc bond number gradually
increases with the extension of simulation time, and the Ca−Oc
bond number tends to be stable with the prolonging of
simulation time. According to Figure 4a,b, the final number of
Ca−Oc bonds decreases with the increase of Si/Al concen-
tration, indicating that the final amorphous calcium carbonate
gel polymerization degree decreases in the presence of Si/Al.
Figure 5 presents the number of Ca−Oc links per Ca at various

temperatures when the Si (Si/Ca = 1) or Al (Si/Ca = 1, Al/Ca =
0.3) concentration is fixed. It can be found that temperature has
a significant effect on the Ca−Oc bond number. According to
Figure 5, a higher temperature can promote the polymerization
of calcium carbonate, and the number of Ca−Oc bonds
increases with the increase in temperature. The tangent slope
of the Ca−Oc bond number curve decreases with the extension
of simulation time, indicating that the Ca−Oc bond number
tends to be stable.

On the basis of Figures 4 and 5, the formation of Ca−Oc
bonds leads to the appearance of carbonate clusters. Figures 6
and 7 show the number and size of carbonate clusters as a
function of time at different Si/Al concentrations when the
temperature is 400 K. As can be seen, the system consists of
numerous isolated small clusters at the beginning. With the
prolongation of simulation time, the gel polymerizes gradually,
resulting in the decrease of the number of amorphous calcium
carbonate gels, accompanied by the increase of the average size
and maximum size of calcium carbonate gels. This indicates that
the carbonate gelation process is percolative in nature.28 It can
also be found that with the increase of Si/Al concentration, the
number of calcium carbonate gels in the system eventually
increases and the size becomes smaller, resulting in the
formation of calcium carbonate gel clusters with a lower degree
of polymerization. It was proven once again that the increase of
Al/Si concentration would decrease the polymerization rate and
the degree of calcium carbonate gel, which was consistent with

Figure 7. Size of carbonate cluster at different concentrations.

Figure 8. Number of carbonate clusters at different temperatures when
the Al/Ca = 0.3.

Figure 9. Size of carbonate cluster at different temperatures when the Al/Ca = 0.3.
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the result shown in Figure 4. Figures 8 and 9 show the number
and size of carbonate clusters as a function of time at different
temperatures when the Al/Ca is 0.3. It can be found that with the
increase of temperature, the number of calcium carbonate gels in
the final system decreases, and the size becomes larger, resulting
in the formation of calcium carbonate gel clusters with a higher
degree of polymerization. Therefore, the increase in temperature
would increase the polymerization rate and degree of the
calcium carbonate gel, which is consistent with the result shown
in Figure 5. As shown in Figures 6−9, compared with
concentration, the increase in temperature makes the calcium

carbonate gel reach a relatively large stable size and a smaller
quantity in a very short simulation time. Therefore, the effect of
temperature on CaCO3 gel polymerization is greater than that of
the concentration.

Figure 10 shows a snapshot of the simulated amorphous
CaCO3 system after gelation at different nanoseconds. It is also
clear from Figure 10 that Ca2+ is isolated at the beginning
(Figure 10a,d,g). With the increase of simulation time, CO3

2−

clusters are connected by Ca atoms and C−Oc−Ca−Oc−C
bonds are formed, leading to the increase of the polymerization
degree of the CaCO3 gel. Comparing Figure 10d−i with a−c, the

Figure 10. Snapshots of the simulated amorphous CaCO3 system after various nanoseconds of gelation.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.3c07814
ACS Sustainable Chem. Eng. 2024, 12, 10075−10088

10081

https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07814?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07814?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07814?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07814?fig=fig10&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.3c07814?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


addition of Si/Al resulted in a lower polymerization degree of
the CaCO3 gel. However, according to Figure 10j,k and b,c, the
higher temperature caused a higher calcium carbonate polymer-
ization degree. These phenomena are consistent with the results
shown in Figures 4−9.
3.2. Polymerization Kinetics. We investigate the effect of

the reaction temperature on CaCO3 gel polymerization in the
process of CaCO3 condensation to analyze the reaction kinetics.
The number of Ca−Oc bonds was calculated at different Si/Al
concentrations and reaction temperatures, and part of the results
are presented in Figure 5. We can obtain the polymerization rate
according to the fitting of Ca−Oc(t) curves at different
temperatures, and the Ca−Oc(t) curves can be fitted by the
following function

= [ ]t A ktCa Oc/Ca( ) 1 exp( ) (7)

where k and A are the polymerization rate coefficient and the
final value of the Ca−Oc/Ca molar ratio at infinite simulation
time, respectively. The fitting results of the polymerization rate

of calcium carbonate are shown in Figure 11. According to
Figure 11, the predicted polymerization rate of calcium
carbonate increases with the increase of temperature. Moreover,
as shown in Figure 11, regardless of the Si/Al concentrations, the
calculated value of polymerization rate K retains an Arrhenius-
like dependence on temperature T. It can be found that the
polymerization rate of calcium carbonate decreases with higher
Si/Al concentrations when the temperature is fixed. The reasons
for this phenomenon will be given later. Moreover, according to
Figure 11, the Arrhenius curve slopes increase with higher Si/Al
concentrations, indicating that the CaCO3 condensation
reaction energy barrier increases with the increase of Si/Al
concentrations. The activation energy EA can be calculated
based on the following Arrhenius function66

= ·k t k E RT( ) exp( / )0 A (8)

where T, k0, and R are the temperature, the polymerization rate
at infinite temperature, and the perfect gas constant,
respectively.

Figure 11. Polymerization rate of carbonate at different Si and Al concentrations.

Figure 12. Activation energy of carbonate at various concentrations.
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The activation energies of the carbonation reaction obtained
under different Si/Al concentrations are shown in Figure 12.
The results show that the activation energy of carbonate is 6.63
kJ/mol without the presence of Si/Al, which is in accordance
with the experimental data (6−7 kJ/mol).67,68 Therefore, the
ReaxFF molecular dynamics simulation can well-estimate the
carbonate condensation energy barrier and, thereby, offers a
realistic description of the carbonation kinetics. It can also be
found that, in cementitious materials, the activation energies of
the carbonation reaction increase with the increase of Si/Al
concentrations. The reasons for this phenomenon will be given
later.

3.3. Local Stress. The structural local stability of the
amorphous calcium carbonate gel is discussed in this part via
calculating the local stress of each atom. The Ca, Ow (O atoms
belong to H2O) and C and Oc (O atoms belong to CO3

2−

molecules) atoms’ local stress evolutions without the presence of
Si/Al upon gelation are shown in Figure 13. The control values
of Ca, C, and Oc in the figure are the simulated stress values in
the pure CaCO3 crystal. The Ow control value is the simulated
stress value in pure water. According to Figure 13a,b, it can be
found that Ca and Ow atoms are in states of local tension
(positive stress) and compression (negative stress), respectively.
The origin of the stress state can be considered from the number
of adjacent H2O molecules around the Ca atoms. Figure 14

Figure 13. Local stress of Ca, Ow, C, and Oc atoms at various temperatures.

Figure 14. Pair distribution function.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.3c07814
ACS Sustainable Chem. Eng. 2024, 12, 10075−10088

10083

https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07814?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07814?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07814?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07814?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07814?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07814?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07814?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c07814?fig=fig14&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.3c07814?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


shows the pair distribution functions of O−O around Ca and
C−O. Specifically, according to Figure 14a, it can be found that
the average O−O distance around Ca2+ (2.725 Å, which is in
accordance with the experimental data30) is smaller than that in
bulk water (2.80 Å69). This suggests that the distance of adjacent
H2O molecules is smaller than that in bulk water because they
are attracted to the central calcium ion. Therefore, due to the
existence of repulsive forces, adjacent H2O molecules appear to
be locally compressed. On the contrary, the central Ca atom is
stretched due to the repulsion between H2O molecules, putting

the Ca atom in the tension state. The whole CaO6 polytope is
metastable because the local tensile force and compressive force
compensate for each other. The tension state of the Ca atom is
similar to that of silicate glass, where the Si atom also experiences
local tensile stress.65 Moreover, the Ca atoms’ coordination
number can be affected by the Ca concentration and the solution
pH value,34 which in turn affect the stress state of Ca atoms.
Therefore, how the solution chemistry composition affects the
gel precursor stress state deserves further study. Similarly,

Figure 15. Local stresses of Ca, Ow, C, and Oc atoms at 5 ns of simulation time.

Figure 16. Form of silicon in Portland cement.
Figure 17. Ca is used as a neutral modifier.
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according to Figure 13c,d, C and Oc appear in a stretched and a
compressed state, respectively. According to Figure 14b, we
observe that the average distance of C−O around the carbon
atom is 1.275 Å (such a C−O distance is consistent with the
experimental data30), which is significantly shorter than the 1.56
Å in the equilibrium state.70 Therefore, there is obvious mutual
Coulomb repulsion between the O atoms around the C atom,
leading to the tension state of the C atoms and the compression

state of the Oc atoms. The whole CO3 polytope maintains a
metastable state.

These results show that the network locally shows local
compression/tensile stresses at the atomic scale due to the
significant difference in C and Ca atom coordination numbers
even though the whole gel is under zero pressure. Nevertheless,
according to Figure 13, this internal stress is gradually released as
the CaCO3 gelation progresses. The tensile/compressive stress
of each atom decreases gradually and approaches the control
value. This indicates that the initial local stress in the system is
the driving force of the gelation transition, and the larger the
local stress, the greater the polymerization rate of calcium
carbonate. It can also be found from Figure 13 that the higher
the temperature, the larger the local stress of the atom, which is
consistent with the conclusion that the increase of temperature
can promote the polymerization rate of the CaCO3 gel as
presented in Figure 11. Figure 15 shows the local stresses of Ca,
Ow, C, and Oc atoms at 5 ns of simulation time in the presence
of Si/Al. As can be seen from the figure, with the addition of Si/
Al components, the local stress of each atom decreases. As a

Figure 18. Average charges of Ca and SiO1+3/2 at different Si/Ca ratios.

Figure 19. Form of aluminum.

Figure 20. Average charges of Ca and AlO4/2 at different Al/Ca ratios.
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result, the CaCO3 gels’ polymerization rate decreases, which is
also consistent with the result shown in Figure 11.
3.4. Charge Analysis. In order to explain the decrease in the

polymerization rate of calcium carbonate and the increase in
activation energy caused by Si and Al, we analyze the charges of
different groups in this section. According to Figure 1, Si and Al
exist in the forms of Si(OH)4 and Al(OH)3, respectively, in the
simulated initial configuration. Moreover, the calculated
coordination number of Si and Al after polymerization is
about 4. Therefore, during the simulation process, the existing
form of Si is the same as that of silica gel in cement-based
materials, as shown in Figure 16. Silicon oxygen tetrahedron is
connected by a bridging oxygen (BO). That is, the BO is shared
by two Si atoms, and each silicon is actually neutralized by two
oxygens (SiO4/2), resulting in the whole SiO4/2 unit remaining
neutral (Q(SiO4/2) = (+4) + (4 × (−2)/2) = 0). However, as
shown in Figure 17, when nonbridged oxygen appears in the
silicon−oxygen group, calcium can be used as a network
modifier to compensate for the charge imbalance caused by
nonbridged oxygen, so that the whole group remains neutral.
The charge of the whole group (shown in the blue box in Figure
17) is 0 (Q(Ca + 2 × SiO1+3/2) = (+2) + 2 × (+4) + 6 × (−2)/2
+ 2 × (−2) = 0).

Figure 18 shows the simulated charges of the Ca and SiO1+3/2
groups at different Si concentrations. It can be found that Ca is
positively charged and the SiO1+3/2 group is negatively charged.
The whole system of the Ca and SiO1+3/2 groups remains charge-
neutral. Ca ions need to break away from the attraction of
SiO1+3/2 when they are polymerized with the CO3 ions. As a
result, the polymerization rate of calcium carbonate decreases
and the activation energy increases. It can also be seen from
Figure 18 that the charge of both Ca and SiO1+3/2 groups
increases with the increase of Si concentration, which means that
the attraction force between Ca and SiO1+3/2 increases with the
increase of the Si/Ca ratio. Therefore, it is more difficult for Ca
ions to break away from the attraction of SiO1+3/2. As a result, the
activation energy increases with the increase in Si concentration,
which is consistent with the result shown in Figure 12a.

The existence form of Al in the simulated system is shown in
Figure 19. The AlO4/2 group is negatively charged and can
attract Ca ions. Calcium can be used as a charge compensator.
The group (shown in the blue box in Figure 19) remains
electrically neutral (Q = (+3) × 2 + (−2) + 6 × (−2)/2 + (+2) =
0). Similarly, when Ca ions polymerize with CO3 ions, they need
to break away from the attraction of the AlO4/2 group first, which
results in the decrease of the polymerization rate and the
increase of the activation energy. The simulated charges of the
Ca and AlO4/2 groups at different Al concentrations are shown in
Figure 20. As can be seen from the figure, Ca is positively
charged, while the AlO4/2 group is negatively charged. The
whole system of Ca and AlO4/2 groups remains charge neutral.
With the increase of the Al/Ca ratio, the charges of both Ca and
AlO4/2 groups increase, which indicates that the attraction
between Ca and AlO4/2 increases with the increase of the Al/Ca
ratio. As a result, it is more difficult for Ca ions to break away
from the attraction of AlO4/2, resulting in the increase of the
activation energy as shown in Figure 12b.

4. CONCLUSIONS
This paper investigates the effect of Si/Al concentrations on the
carbonation kinetics in carbonation curing cementitious
materials/wastes, reveals the atomic-scale mechanism of
carbonation based on the molecular dynamics simulation,

which could promote the mineralization capture, immobiliza-
tion, and utilization of carbon dioxide, and provides a solid
scientific foundation for a process that has so far been largely
based on experience, thus facilitating the development of new
performance-reinforced and greener cementitious materials. We
can obtain the following conclusions according to the simulation
results.

(1) In the Si−O system, calcium can be used as a neutral
modifier to compensate for the charge imbalance caused
by nonbridged oxygen. In the Al−O system, the Ca ions
can be attracted by the AlO4/2 group and can be used as a
charge compensator. These effects cause the increase of
the energy barrier of the CaCO3 polymerization.

(2) The CO3 and CaO6 polytope precursors show competing
internal stress initially even though the entire system is at
zero pressure. With the progress of gelation, the local
stress of atoms is gradually released, and the tensile/
compressive stress of each atom decreases gradually. The
local stress of each atom in the system is the driving force
of the gelation transition.

(3) The higher the concentration of Si and Al, the higher the
atom’s local stress and the larger the average charges of
Ca, SiO1+3/2, and AlO4/2, therefore leading to the lower
polymerization rate of CaCO3 and the higher activation
energy of the carbonate reaction.

(4) Effects of CO2 concentration, humidity, and pressure on
the atomic-scale mechanism of carbonation are still
unclear, which will be investigated in the future.
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