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avy-metal ion critical role in g-
dicalcium silicate: from solidification to early
hydration†

Heyu Lu,a Zhaohui Liu,a Xiao Zhi,b Jiayuan Ye,c Jieshuo Wan,a Daizhixuan Aia

and Neng Li *a

The heavy-metal ion critical role in g-dicalcium silicate (g-C2S) both in terms of solidification mechanism

and hydration is still unclear. In this work, the solidification mechanism and the effect on initiating

hydration of these three heavy-metal ions (Ba, Cd, and Cr) in g-C2S is systemically studied by well-

defined ab initio calculations. The calculated results show that the solid solution tendency of ions

originates from the charge contribution, and the charge localization caused by the doping of Cr ions

weakens the surface water adsorption. These insights will provide theoretical guidance for the low-

carbon cement development by g-C2S.
1. Introduction

Cement is a crucial articial material that is widely used in
contemporary construction, transportation infrastructure, and
marine engineering.1 Global cement production is reported to
have reached 4.1 billion tons in 2021. The production of
a considerable amount of cement causes high levels of carbon
dioxide emissions and energy consumption. Cement produc-
tion is reported to account for about 5% of the world's total
industrial energy consumption and 8% of the world's total
anthropogenic carbon emissions.2,3 Due to the increasing issues
associated with environmental degradation and global energy
shortages, the cement industry has focused on reducing carbon
emissions and utilizing energy-saving technology. Numerous
methods were used to achieve this goal,4 including: (i)
improving the energy efficiency in cement production;5 (ii)
using waste as a substitute fuel for cement production;6 (iii)
using solid wastes containing Ca, Si, Al, and Fe as secondary raw
materials for cement production; and (iv) utilizing mineral
mineralization for carbon dioxide capture and storage.7,8

The main sources of carbon emissions and energy
consumption in the cement manufacturing process are the
calcination and decomposition of limestone. Belite and alite are
the two predominant clinker mineral phases in Ordinary Port-
land Cements (OPC). Tricalcium silicate (Ca3SiO5, C3S) and
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dicalcium silicate (Ca2SiO4, C2S) are the two dominant clinker
minerals in the alite and belite clinker phases, respectively.
Because C2S has lower calcium–silicon ratio than C3S, belite
cement can be produced at a lower calcination temperature.1

Belite-enriched cement production purportedly reduces CO2

emissions by 35% compared to OPC.9 However, the low hydra-
tion activity of belite limits the use of cement with high belite
content.10 Belite-enriched cement has attracted attention due to
the urgent need for the cement industry to become more envi-
ronmentally friendly.11,12

Cuberos and Fukuda et al. have reported that the ve crys-
talline forms of C2S exhibit different hydration activities during
the same curing cycle.13,14 Among the ve C2S crystal forms, g-
C2S is most stable at ambient temperature. g-C2S has almost no
hydration activity but good carbonation activity.15 Mu et al.
improve the g-C2S reactivity through various methods so that it
can meet the needs of practical projects. For example, the
introduction of metal ions caused lattice distortion which can
improve the hydration reaction properties of the mineral.16–18

Using waste as a secondary raw material to produce cement
has been widely advocated.19 Yokozeki et al. synthesized g-C2S
using by-products such as y ash and industrial rawmaterials.20

This approach can signicantly reduce the accumulation of
waste and mitigate the high CO2 emissions and resource
consumption in cement production. However, industrial by-
products such as y ash contain a large number of impurity
ions. During the high-temperature calcination process, the
impurity ions enter the clinker crystals and affect the clinker
crystal composition and properties.21 Barium, cadmium, and
chromium are the most toxic metal elements in solid waste and
are widely present in secondary raw materials and alternative
fuels such as y ash, petroleum, limestone, and clay coke.22,23

According to previous work, chromium has an impact on the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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hydrated mixture's setting time, development of compressive
strength, and composition of the resulting clinker phase. The
silicate phase contains the majority of the chromium in the
clinker phase.24,25 Kolovos et al. concluded that cadmium is
a highly volatile element and it is difficult to determine its solid
solution properties in specic clinker phases due to its low
retention rate.26 The manufacture of cement clinker with
barium has been extensively studied because barium is the
most used additive in the cement industry.27

Previous studies have shown that harmful ions are widely
present in the cement clinker phase and can affect cement
clinker properties.18,28,29 However, the metal ion's critical role in
g-dicalcium silicate (g-C2S) in both solidication and hydration
is still unclear. For instance, it is unclear how impurity ions
prefer to enter the clinker phase, what the substitution mech-
anism of impurity ions is, and how the introduction of impurity
ions affects the hydration of the clinker phase. As a result, this
work aims to investigate the effect of the three most common
impurity ions (Ba, Cd, Cr) on g-C2S, including the claried
substitution tendency of the impurity ions and their solidi-
cation mechanism, and the effect of doping on hydration
reactivity. First-principles calculations provide information and
reliable methods for the research at the atomic level. The results
will hopefully provide a basis for the production of low-carbon
cement from industrial by-products.
Fig. 1 Model of the calculations: (a) pristine of g-C2S, (b) 2 × 1 × 2 super
doped g-C2S (010) surface.

© 2024 The Author(s). Published by the Royal Society of Chemistry
2. Calculations details
2.1 Models

C2S exists in ve crystal forms: a-C2S, a
0
L � C2S, a

0
H � C2S, b-C2S

and g-C2S. The a, a
0
L, a

0
H and b forms of C2S are all unstable below

773 K and all tend to convert to g-C2S.30 g-C2S is an olivine-type
mineral belonging to the rhombohedral crystal system, and its
original cell contains a total of 28 atoms (16 O, 8 Ca, 4 Si atoms).31

According to reports, the g-C2S crystal form has a low dissolution
rate and high symmetry, which leads to fewer surface reaction sites
and hydration inertness.32 The g-C2S has higher carbonation
activity, which makes it more valuable to research.

All calculations were performed based on the original g-C2S
cell, and the specic structure of g-C2S is shown in Fig. 1(a). To
avoid excessive concentration of dopant atoms, the solidica-
tion mechanism study used a 2 × 1 × 2 supercell as the doping
model, as shown in Fig. 1(b). The chosen surface model chosen
is the (010) crystal surface of g-C2S, which has the lowest surface
energy.32 The thickness of the surface model vacuum layer was
set to 15 Å. The specic parameters are shown in Fig. 1(c)–(f).
2.2 Calculation approaches

The Vienna Ab initio Simulation Package (VASP)33 was used for
all model electronic performance calculations and geometry
cell cells of g-C2S, (c and d) pure g-C2S (010) surface, and (e and f) Cr-

RSC Adv., 2024, 14, 11400–11410 | 11401
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Fig. 2 Substitution sites and coordination structures: (a) Ca substitution site, (b) Si substitution site and changes in coordination structure. (c)
Defect formation energy (Ef). (d) Relative volume changes of different doping configurations.
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optimization. The Perdew–Burke–Ernzerhof (PBE) method and
the projector augmented plane wave (PAW) method were used
for the electron were dealt with function in the VASP calcula-
tion.34,35 The specic parameters are set as follows: the kinetic
energy cut-off is 520 eV, the Brillouin zone was sampled with 2
× 2 × 2 k-points, the maximum residual stress is 0.01 eV Å−1

and the energy convergence criteria is 10−5 eV per atom. Crystal
Orbital Hamiltonian Preoccupation (COHP) was calculated by
the LOBSTER soware package.36 The results produced by
LOBSTER were visualized by the wxDragon soware.

In order to clarify the substitution preference of impurity
ions in g-C2S, several doping models with different substitution
sites were constructed. Fig. 2(a) and (b) shows the Ca and Si site
substitution models for the studied clinker mineral phases. The
energies of formation of the defects (Ef) for all the types of
doping are obtained by carrying out the calculations given in
the following equations:37

Ef ¼ 1

n
½E � E0 þ nm0 � nmi�

E0 is the total energy of the pure g-C2S crystals, E is the
energy of the doped crystals, n is the number of impurity atoms
(Ba, Cd, Cr), m is the chemical potentials, and i is the impurity
atom type. As the chemical potential is closely related to its
surrounding chemical environment, the chemical potential is
calculated from its bulk oxide material to ensure that the
chemical potential before and aer doping is approximate. The
adsorption energy (DEad) is calculated as follows:
11402 | RSC Adv., 2024, 14, 11400–11410
DEad = Etotal − Eslab − Ewater

where Etotal, Eslab, and Ewater are the total energy of the system
aer adsorption, the surface model energy, and the adsorbate
energy, respectively.
3. Results and discussions
3.1 Dopants in g-C2S

Dopant ions were introduced to the Ca site, Si site, Si + O site
(replacing a silicon atom and an oxygen atom with a dopant
atom), and vacancy (V) of g-C2S, respectively, and the defect
formation energies (Ef) were calculated to ascertain the precise
substitution sites of these three atoms. The values of Ef indicate
the likelihood and stability of defect formation. Lower forma-
tion energies stand for more stable defect states that are more
likely to form energetically. The Ca atoms in g-C2S can be
classied into two types based on the chemical environment.
The Ef of the impurities at all types of Ca sites was calculated
and the results show that the Ef is close. Therefore, the average
value was used as the nal defect formation energy.

The defect formation energy results are shown in Fig. 2(c).
The lowest defect formation energies occurred when Ba and Cd
ions substituted Ca sites. This means that Ba and Cd ions are
most likely to replace Ca sites of g-C2S. Interestingly the Ef for Cr
substitution of Si exhibits a negative value, which implies that
Cr can easily enter into g-C2S and substitute Si. Ef is positive in
other doping systems. Positive values of Ef indicate that energy
is required for defect formation. The g-C2S clinker is calcined at
© 2024 The Author(s). Published by the Royal Society of Chemistry
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a temperature of 1570 K, which provides energy for the entry of
impurity ions. Therefore, positive values of Ef do not imply that
impurity ions cannot get inside the g-C2S crystals. Three
external ions introduced into the system in the form of replac-
ing vacancies all exhibit extremely high Ef, indicating that the
impurity ions are difficult to enter into the crystal interstices.
This is because the g-C2S crystal structure is so dense that
impurity ions cannot exist in the crystal interstices.38 Impurity
ions prefer to enter g-C2S crystals by replacing Ca/Si ions. From
the defect formation energies, it can be concluded that Ba and
Cd ions tend to substitute Ca sites, whereas Cr ions tend to
substitute Si sites.
3.2 Heavy-metal ions solidication in g-C2S

The relative volume changes of g-C2S doped with the metal ions
(Ba, Cd, and Cr) at different positions are shown in Fig. 2(d).
When Ba and Cd were doped to the Ca site, the resulting volume
changes were relatively small. However, when Cr ions are
introduced into the Ca site, there is a larger volume collapse,
but a smaller change is observed at the Si site. Detailed crystal
structure parameters before and aer doping are shown in
Table S1 in the ESI Document.† This is approximately the same
as the result of the defect formation energy, which implies that
the change in volume of the system before and aer doping has
Fig. 3 BO–BL (bond order and bond length) distribution: (a) Ba-doped g

length (DL was defined as LBa/Cd/Cr–O − LCa/Si–O).

© 2024 The Author(s). Published by the Royal Society of Chemistry
some correlation with the substitution preference of the ions.
This is because the more signicantly the g-C2S crystal structure
is distorted by the introduction of impurity ions, the more
difficult it is to form the doped system.

For the doped g-C2S, the distortion of the crystal's overall
structure is usually ascribed to local structural distortions
caused by impurity ions. In pure g-C2S, the Ca and Si atoms are
6-coordinated and 4-coordinated, respectively. The local coor-
dination structure changes at the doping site before and aer
doping are shown in Fig. 2(a) and (b). The introduction of Ba
and Cd ions into the different substitution sites of g-C2S caused
almost no change to its local coordination. In contrast, when Cr
is introduced into the Ca site, the local coordination changes
from the original 6-coordination of Ca to the 4-coordination of
Cr, which is the immediate cause of the volume contraction of
g-C2S crystals when Cr replaces Ca. In the situation that the
metal atomic coordination number remains unchanged before
and aer doping, the volume change originates from the
change in bond length and bond angle. As a result, the
following part will focus on examining the alterations in bond
structures.

The BO–BL can reect the changes in the bonding structure
at the defect site. Mulliken population analysis can be used to
characterize bond lengths, bond order, and other bond
-C2S, (b) Cd-doped g-C2S, (c) Cr-doped g-C2S. (d) Variations of bond

RSC Adv., 2024, 14, 11400–11410 | 11403
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Fig. 4 Electron density difference of doped ions (Ba, Cd, Cr) and substituted ions (Ca, Si).
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structure information in the system.4 Fig. 3(a)–(c) analyses the
BO–BL distribution of cations before and aer doping in g-C2S
crystals. The more coincidentally the BO–BL distributions
between the guest (Ba, Cd, Cr)-oxygen and the host (Ca, Si)-
oxygen overlap, the more similar the bond properties will be.
Fig. 5 The COHP of doped and pure g-C2S.

11404 | RSC Adv., 2024, 14, 11400–11410
The smaller the structural changes induced by the substitution
of the impurity ions for the host ions. In the pure g-C2S, the Si–
O bonds exhibit a higher bond order than the Ca–O bonds.
Generally, the covalent bonding property and strength of the
bond are stronger when the BO value is closer to 1. This implies
© 2024 The Author(s). Published by the Royal Society of Chemistry
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that the bonding strength of Si–O bonds is greater than Ca–O
bonds in pure g-C2S crystals.

For the Cr-doped substituted Si sites, the bond lengths and
bond order values of the Cr–O bonds are closer to those of the
Si–O bonds in g-C2S. This suggests that the Cr–O bonding
properties are closer to those of the Si–O bonding. Ba–O and
Cd–O formed by doping Ba and Cd at the Ca site exhibit lower
BO and longer BL, and their distribution is close to that of Ca–
O. This suggests that the bonding properties of Ba and Cd ions
are similar to the bonding properties of Ca ions. Fig. 3(d)
visualizes the bond length difference between the dopant ion
and the substituted ion. The overall distortion of the crystal is
caused by local structural changes resulting from variations in
the bond structure.

The effect of doping on the electronic structure was calcu-
lated to reveal the intrinsic reasons for the substitution pref-
erence of impurity ions. Electron density difference (EDD) is
a visual parameter that reects the strength of bonding between
atoms. The EDD of doped and pure g-C2S are shown in Fig. 4.
The red color indicates the accumulation of electrons in the
atom and the blue color represents electron depletion. The
oxygen site in each gure displays a bright red due to its high
electronegativity.

In g-C2S, signicant charge transfer is observed at Si atoms,
while Ca atoms show relatively weak electron transfer. At the Ca
substitution site, Ba and Cd atoms exhibit similar charge
proles to Ca, while Cr has a signicantly stronger charge
transfer. At the Si substitution site, Ba exhibits a weaker charge
transfer than Si, while Cr and Cd have similar charge states to
Si. The bonding properties are determined by the electron
contributions between the bonding atoms. The more similar
the charge contributions of the dopant ions and the substituted
ions during the bonding process, the closer the bonding prop-
erties will be,37 which is the main origin of ionic substitution
tendencies.

The COHP method provides an analysis of the contribution
of bonding and antibonding orbitals to the chemical bonding in
a system. The positive part of –COHP indicates bonding
contribution and the negative value indicates anti-bonding
effect. The part below the Fermi energy level is generally dis-
cussed at COHP.

Fig. 5 depicts the orbital interactions of the three dopant
atoms with O atoms at the Ca and Si substitution sites. For Si–O
and Ca–O bonds, Ca[4s]–O[2p/2s] and Si[3s/3p]–O[2p] are the
main bonding occupied orbitals. The bonding orbital contri-
bution of Si–O is much stronger than that of Ca–O. This leads to
stronger covalent bonding properties for Si–O bonds and
stronger ionic bonding properties for Ca–O bonds. In the three
doping systems, Ba[6s]–O[2p], Cd[4d/5s]–O[2p] and Cr[3d/4s]–O
[2p] are the bonding orbitals, while Ba[5p/5s]–O[2p], Cd[4d/5s]–
Table 1 Bond length and –ICOHP of cations in pure and doped g-C2S

Ca–O BaCa–O CdCa–O C

Distance (Å) 2.37 2.61 2.38 2
–ICOHP (eV) 0.52 0.40 0.61 2

© 2024 The Author(s). Published by the Royal Society of Chemistry
O[2s] and Cr[3d/3p]–O[2p] orbitals provide the major anti-
bonding. It can be observed that the anti-bonding orbital
effect of Ba–O is strong and therefore Ba–O has a low bond
order. The bonding contribution role of the Cd-4d orbital is
closer to that of the Ca-3p orbital. The Cr-3d electronic orbitals
are half full and contribute signicantly to the bonding orbitals,
resulting in a high Cr–O bond order similar to that of Si–O
bonds.

The –ICOHP is obtained by integrating the bonding and
antibonding orbital regions, which gives a visual indication of
bond strength. As shown in Table 1, when Ca is substituted by
Ba, Cd atoms, the Cd–O and Ba–O bond lengths resemble Ca–O,
and the corresponding –ICOHP values are also similar.
However, the Cr–O bond lengths noticeably reduce. Regarding
Cr doping, the Cr–O and Si–O bond properties are more similar.
The preference for substitution is determined by the similar
charge contribution of ions during the bonding process.
Herein, the intrinsic mechanism of the solid solution tendency
of the three impurity ions has been revealed. The effect of the
introduction of impurity ions on the hydration properties of g-
C2S will be further investigated.
3.3 Early hydration reactivity of doped g-C2S

The Valence Band Maximum (VBM) is the most prone to elec-
tron depletion, whereas the Conduction Band Minimum (CBM)
is the region that is the most susceptible to electron enrich-
ment.39 At the atomic energy level, the regions of the system that
contribute to the VBM are the most electrophilic reaction sites.
They are highly susceptible to electrophilic attack. Similarly, the
CBM is part of the system that is highly susceptible to electron
acceptance and they are nucleophilic reaction sites. Therefore,
the local charge density (LCD) of VBM and CBM can visually
express the chemical reactivity of the system.

The LCD of pure and doped g-C2S crystals are shown in
Fig. 6. The yellow area indicates the charge density of the atoms.
For pure g-C2S, VBM clusters are around O atoms, indicating
that O atoms are more prone to lose electrons and are suscep-
tible to suffer electrophilic attacks, whereas CBM is uniformly
distributed in the region surrounded by Ca atoms. In the ion-
doped g-C2S phase, the Cd and Cr ions signicantly change
the distribution of nucleophilic and electrophilic reaction sites.
Charge localization occurs in the heavy metal ions Cr- and Cd-
doped g-C2S phases, especially in the Cr-doped system. This is
because the Cr-3d electron orbitals span the Fermi energy scale
and are occupied for both VBM and CBM.40 The reaction sites
are concentrated around the dopant ions, which may increase
the reactivity around the dopant ions, but excessive localization
of the reaction sites may decrease the overall reactivity.41

Fig. 7(a) illustrates the DOS of the pure and doped g-C2S in
the vicinity of the Fermi level, a region that is highly correlated
crystals

rCa–O Si–O BaSi–O CdSi–O CrSi–O

.08 1.66 2.31 2.12 1.79

.01 6.94 0.94 1.41 6.04

RSC Adv., 2024, 14, 11400–11410 | 11405
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Fig. 6 LCD of VBM and CBM of pure and doped g-C2S.
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with electrochemical reactivity.40 In pure g-C2S, the VBM and
CBM are predominantly occupied by O-2p and Ca-3p orbitals,
which could explain the LCD results. Fig. 7(b) and (c) shows the
DOS of g-C2S doped with Ba and Cd atoms. The introduction of
Ba and Cd atoms results in the extrinsic unoccupied Ba-6s and
Cd-5s orbitals introduced in the band gap of the doped phase.
This explains the appearance of nucleophilic reactive sites in
the LCD of the CBM near Ba and Cd atoms. Fig. 7(d) illustrates
the DOS of Cr-doped g-C2S, where it can be observed that the Cr-
3d orbital fully extends over the Fermi energy level, contributing
to both CBM and VBM.
Fig. 7 Density of states (DOS): (a) pure g-C2S, (b) Ba-doped g-C2S, (c) C

11406 | RSC Adv., 2024, 14, 11400–11410
This nding explains the localization of the nucleophilic and
electrophilic reaction sites near the Cr atom in the Cr-doped g-
C2S system. Moreover, it has been discovered that the strength
of the DOS peak of O-2p has signicantly decreased in the Cr-
doped system. This decrease in strength may lead to a reduc-
tion in the electrophilic reactivity of the O site. This also
supports the notion that excessive localization of charge of
charge could reduce the reactivity of other sites. The DOS for the
remaining models is shown in Fig. S2† in the ESI.† Substitution
of the Cr ion at the Ca site and the Cr-3d orbital also crosses the
Fermi energy level but does not result in a signicant decrease
d-doped g-C2S, (d) Cr-doped g-C2S.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Bader charge of surface O atoms. (b) DOS of O and Ca around doping sites. (c) Water adsorption energy at various sites. (d) –ICOHP of
HW–OS. (e) The differential charge density of water adsorption on pure and Cr-doped g-C2S (010) surfaces. (f) Reaction pathways of water
dissociation on Cr-doped and pure g-C2S (010) surfaces.
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in the DOS peak for O-2p. This suggests that the introduction of
impurity ions at different sites may have different effects on the
reaction site.

The introduction of Cr ions caused excessive charge locali-
zation according to bulk phase modeling calculations. The
water adsorption behavior on doped and pure g-C2S (010)
surfaces was estimated in order to further understand the
impact of this charge localization effect on the reactivity.
Adsorption of water on the surface is the initial step in the early
hydration reaction of C2S. Examining the adsorption behavior
of surface water molecules can provide a better understanding
of the impact of Cr doping on the reactivity of g-C2S.

Fig. 8(a) shows the Bader charge of surface O atoms in Cr-
doped and pure g-C2S, which could reect charge transfer.
The O atoms at the doping site are designated as O (1-3), while
the O atoms furthest from the doping site are designated as O4,
and O5. The Bader charge of O atoms decreased with Cr doping.
This effect is conned to the vicinity of the doping site and has
little effect on distant O atoms. Fig. 8(b) shows the density of
states of O and Ca atoms around the doping site. Compared to
pure g-C2S, the 2p orbitals of O atoms in the vicinity of Cr are
shied towards deep energy levels, while the 3p orbitals of Ca
atoms are closer to the Ef. This demonstrates that doping with
Cr alters the charge state of the surrounding atoms, thereby
impacting surface reactivity.

The water adsorption congurations at four different sites in
Cr-doped and pure g-C2S are shown in Fig. S3 in the ESI Doc-
ument.† The initial adsorption conguration is denoted by IS,
while the nal state adsorption conguration is represented as
FS. Sites I–III are molecular adsorption and site IV is dissocia-
tive adsorption. Water molecules on sites I, II, and IV are above
the doping site and site III is away from the doping site. For the
molecular adsorption of H2O, H2O molecules were not disso-
ciated in both Cr-doped and pure g-C2S. Hydrogen atoms (Hw)
in H2O molecules point to surface oxygen atoms (Os), while
oxygen atoms (Ow) in water molecules point to surface Ca
atoms. For the dissociative adsorption of water molecules, in
pure g-C2S, Os is bonded to Hw, and Ow is bound by two Ca
atoms on the surface. In contrast, protons form H2O molecules
with OH in the Cr-doped g-C2S. Detailed bonding information
for surface-adsorbed water molecules is given in Table S2.† This
indicates that the introduction of Cr ions weakens the disso-
ciative adsorption of water molecules on the surface.

The adsorption energies for molecular and dissociative
adsorption of water are shown in Fig. 8(c). The introduction of
Cr reduces the adsorption energy near the doping site. The
results indicate that introducing Cr weakens the adsorption of
H2O on g-C2S. Moreover, this weakening effect only manifests
in adsorption near the doping site and has no signicant effect
on adsorption away from the doping site (III). Fig. 8(d) shows
the –ICOHP values for OS and HW, which can measure the
chemical bond strength. The introduction of Cr weakens the
bonding strength of OS to HW, which explains the weakening of
water adsorption on the surface induced by Cr doping. The
results indicate that the introduction of Cr weakens the
adsorption of water molecules on the surface of g-C2S, which
may hinder the early hydration activity of g-C2S. The differential
11408 | RSC Adv., 2024, 14, 11400–11410
charges of water molecules adsorbed on the pure and Cr-doped
g-C2S surfaces are shown in Fig. 8(e). The effect of Ba, Cd ion
doping on surface water adsorption is shown in Fig. S4 in the
ESI Document,† with all adsorption initial sites correspond to
the pure g-C2S described above. The introduction of Cd caused
a decrease in the adsorption energy near the doping site, which
also can be attributed to the excessive localization of charge.
The introduction of Ba ions also weakened the adsorption of
H2O molecules on the surface, and the effect originates from Ba
atoms rather than surface O atoms.

The H2O molecules on the Cr-doped surface have a weaker
charge exchange compared to pure g-C2S. This is also evidenced
by the values of surface Bader charge before and aer adsorp-
tion, with a charge transfer of 0.07 electron for the pure g-C2S
surface and 0.04 electron for the Cr-doped surface. The disso-
ciation reaction pathways of water on the surface of Cr-doped
and pure g-C2S were considered, as shown in Fig. 8(f). In pure
g-C2S, the initial state (IS) is that the water molecule is adsorbed
on the surface, and the nal state (FS) is that the water mole-
cules dissociate the –H and –OH adsorbed on the surface. The
energy barrier is 0.25 eV for the process. It is the same as the
water adsorption conguration on pure g-C2S for the water
molecule adsorbed on IS and FS of Cr-doped the g-C2S surface.
The value of the energy barrier increases to 1.16 eV for the water
molecules adsorbed on the Cr-doped g-C2S surface. The results
show that the Cr-doped in g-C2S can inhibit the dissociation of
water molecules to achieve the reduction of the hydration
reaction rate.

4. Conclusions and discussions

In this work, the solidication mechanism and the effect on
initiating hydration of these three heavy-metal ions (Ba, Cd, and
Cr) in g-C2S is systemically studied by well-dened ab initio
calculations. Our results show that: (1) In the g-C2S crystalline
phase, Ba and Cd ions tend to occupy Ca sites, while Cr ions
prefer to occupy Si sites. (2) The introduction of impurity ions
causes lattice distortions, which are caused by bonding differ-
ences between the substituted ions (Ca, Si)–O and the dopant
ions (Ba, Cd, Cr)–O. (3) The introduction of Cr causes charge
localization, which passivates the surface O activity of g-C2S and
weakens the adsorption of water molecules on its surface. These
ndings are hopeful to provide theoretical guidance on the
utilization of solid waste for the production of low-carbon
cement.

5. Environmental implication

The cement industry brings high CO2 emissions, energy
consumption, and waste disposal, which cause serious envi-
ronmental problems. Low-carbon cement from solid waste can
be an effective way to address this problem. However, this
method inevitably introduces impurity ions into the clinker
crystals. These ions signicantly inuence the phases of
compositions and the properties of the clinker minerals. This
work investigates the solid solution mechanism of several
hazardous metal ions in g-C2S by well-dened ab initio
© 2024 The Author(s). Published by the Royal Society of Chemistry
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calculations, which pave the way for the basic guidelines for
solid waste disposal and low-carbon cement production.
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Evaluation of the Incorporation Ratio of Zno, Pbo and Cdo
into Cement Clinker, J. Hazard. Mater., 2004, 112, 71–78.

22 M. Mahedi, B. Cetin and A. Y. Dayioglu, Effect of Cement
Incorporation on the Leaching Characteristics of Elements
from Fly Ash and Slag Treated Soils, J. Environ. Manage.,
2020, 253, 109720.

23 S. Sprung, Technological Problems in Pyroprocessing Cement
Clinker: Cause and Solutions, Beton-Verlag, 1985.

24 S. Sinyoung, P. Songsiriritthigul, S. Asavapisit and
P. Kajitvichyanukul, Chromium Behavior During Cement-
Production Processes: A Clinkerization, Hydration, and
Leaching Study, J. Hazard. Mater., 2011, 191, 296–305.

25 D. Stephan, H. Maleki, D. Knöfel, B. Eber and R. Härdtl,
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