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A lack of microscopic mechanistic research on the interaction between ions and materials
has hindered the extension of the durability of concrete in deep-sea conditions. This study utilized
molecular dynamics (MD) simulations to investigate the adsorption behavior of Na* and Cl-in ettring-
ite and defective ettringite nanopores. The effects of ocean depth, doping ion types (Sr**, Fe3*, and
1057), and doping levels (2%, 10%, 15%, and 20%) on ion adsorption were analyzed. The results
showed that ocean depth, doping ion types, and doping levels significantly influenced ion distribution
in nanopores. While these factors did not alter the bonding mode between Na+ and anions, they
significantly affected the bonding mode between CI- and cations. Additionally, changes in depth,
doping ion types, and doping levels significantly impacted ion pair stability, thereby affecting ion
diffusion. The effect of doping level on ion diffusion was complex, with varying suppression or pro-
motion effects observed on different substrates. An increase in depth across all substrates significantly
inhibited ion mobility. This study provides a strategy to explore the microscopic mechanism of ion-
cement interaction in deep-sea environments and proposes a potential solution for improving the
stability of cement-based materials in such conditions.

Ettringite; ocean depth; doping defects; ion concentration; MD simulations

1 Introduction

Ocean resources exploration and utilization have
attracted extensive attention in industry and aca-
demia due to the increasingly acute shortage of
fossil fuels [1]. Along with the construction of
offshore infrastructure (e.g., wind power facil-
ities, tidal power stations, oil platforms, and so
on), ocean development has expanded from off-
shore and shallow-sea areas into deep-sea regions
(ocean depth < 200 m) [2-4]. Cementitious mate-
rials play an extraordinarily important role in
infrastructure construction by binding aggre-
gates and providing concrete with strength [5].
The durability of concrete in ocean environments
can differ greatly from that in routine natural
environments, especially due to higher hydrau-
lic pressure, higher temperatures, and chemical
interactions with various sea ions [6]. The ocean’s
hydraulic pressure would increase by about 0.1
MPa for every 10 m of depth increase [7]. The
ocean’s mean temperature is about 3.5°C, and it
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ranges from O to 6°C in the deep-sea environ-
ment (at 3000 m). The common sea ions, includ-
ing chloride, sulfate, and carbonate ions, attract
researchers’ attention due to their relatively high
corrosiveness [8, 9]. Moreover, the influence of
chloride salts on concrete durability and perfor-
mance has been demonstrated, and numerous
methods have been proposed to delay concrete
corrosion [10, 11]. Two main measures to reduce
the influence of chloride ions are to reduce their
concentration and improve resistance to chloride-
ion penetration [12, 13]. In detail, on the one hand,
source control is proposed to avoid the induction
of chloride ions in concrete by chloride salt con-
tained in mineral admixtures or water. On the
other hand, significant efforts have been made to
adjust concrete microstructures to control chloride-
ion penetration [14]. To achieve this purpose,
many theoretical and experimental studies have
been conducted to illustrate the transport behav-
ior of water or ions in concrete [15, 16]. Interest-
ingly, because of the complexity of concrete pore
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structures, we need to account for the transport
and penetration of chloride ions at different spa-
tial scales. Many nanopores or nanochannels form
during the hydration of calcium silicate hydrate
(C-S-H), a typical binding phase in cement paste
[17]. These nano-scaled pores or spaces would act
as the channels for water or ion transport. Due to
the apparent difference between these ultracon-
fined channels and the micro- or macro-pores, the
transport behavior of water or ions in these nano-
scaled channels is quite different. Besides, the
cementitious concretes used in offshore or deep-
sea infrastructures would withstand the influence
of the continuous hydraulic pressure, low tem-
peratures, and specific sea ions’ erosions during
long-term service [18-20]. Thus, investigating
the interactions between water or seawater ions
and marine concretes under hydraulic pressure
and low-temperature coupling conditions helps us
understand the structural and chemical variations
in these materials. Although the penetration and
transport behavior of water or ions in concrete
has been widely studied, the combined effect of
high hydraulic pressure and low temperature in
the deep-sea environment on the transport of
water and ions through ultra-confined concrete
channels remains poorly understood and system-
atically investigated.

For concrete, the hydration of the cementitious
materials is absolutely central to achieving bind-
ing or strength [21]. Thus, the structural and com-
ponent stability of hydration products (Calcium
silicate hydrate (C-S-H), ettringite, portlandite
(Ca(OH),, CH), calcium-aluminate-silicate-hydrate
(C-A-S-H), and AFm (short for a family of
hydrated calcium aluminate phases)) of cementi-
tious materials is crucial to guarantee the durabil-
ity and stability of cementitious materials-based
infrastructures [22-25]. Among them, ettringite
can also be very important to the performance
of marine concrete, along with C-S-H. It is the
second main component of the hydration products
of sulfoaluminate cement and is regarded as the
volume-unstable factor of Portland cement [26].
Thus, investigating the influence of structural
parameters on ettringite stability can be valuable
for understanding its service performance and for
marine concrete design [27]. To date, the effects
of various elemental dopants on ettringite stabil-
ity have been widely explored, yielding meaning-
ful results. Interestingly, it has been reported that
iron doping can reduce the stability of ettring-
ite [28-32]. In addition, iodine species exhibit
a strong affinity for ettringite [33]. Molecular
dynamics (MD) simulation is a convenient method
for evaluating the effects of elemental doping on
ettringites in solutions with different ionic con-
centrations [34-37]. But the effect of hydraulic
pressure on these interaction systems has seldom
been explored.

In this work, atomistic models of the pristine
and elemental (Sr?+, Fe3*, and 10%-) doped ettring-
ites were constructed separately to study the

transport behavior of water and Na* or Cl- ions
in the nanopore. In detail, different hydraulic
pressures corresponding to different ocean depths
are applied to the different ettringite models
throughout the molecular dynamics simulation.
The statistical and dynamic distributions of water
and ions (Na* or Cl") in the pristine or elemental
doped ettringite nanopore have been systemati-
cally explored by the density distribution anal-
ysis, radial distribution functions (RDF) analysis,
time correlation function (TCF) analysis, and
mean square displacement (MSD) analysis [38].
A plausible nanoscale explanation is proposed for
how ocean depth and the ettringite component
affected the transport of water and ions through
the ettringite nanopore. The findings provide a
materials science basis for the pristine and doped
ettringites in deep-sea environments, which can be
important for exploring deep-sea concrete bottom-
up with expected performance and durability.

2 Theoretical and computational details

2.1 Model construction

Based on the crystalline structure of pristine
ettringite, the supercell is created by cleaving the
crystal along the (001) plane [39]. Then, a 5.5 nm
wide channel was created by separating the upper
and lower ettringite (001) substrates. An ettring-
ite nanopore model is built with the following
parameters: a = 44.92 A, b =38.90 A, c=97.34 A,
and a = f = y = 90°. The NaCl solution is used
to fill the ettringite nanopore by randomly plac-
ing Na*, Cl-, and H,0 molecules at the center of
the 5.5 nm channel to achieve a 0.6 mol/L NaCl
environment. For the Sr?*, Fe3*, and 103~ doped
ettringite systems, the Ca?*, Al**, or SO,* ions
around the inner wall of the ettringite nanopore
are replaced, respectively. Four doping degrees
(2%, 10%), 15% and 20%) are investigated in our
study (See ). At the very beginning, all
of the ions were placed far away (approximately
20 A) from the ettringite substrate to minimize
the influence. The adsorption behavior of the ions
was then explored by studying their structural
and dynamic behaviors near the surface during
MD simulations.

The time step of 1 fs was set to ensure the
accuracy of the simulation. A relatively long MD
simulation (about 50 ns) was carried out to guar-
antee the full equilibrium of the simulated sys-
tems under the NPT ensemble. Then another MD
calculation (200 ps) was applied to collect the MD
trajectory. The Verlet algorithm was used for tra-
jectory integration. The equilibrium trajectory of
all atoms in the model was output every 1 ps.
Finally, the balanced dynamic trajectory of all
atoms was analyzed to explore the interaction of
different ettringites with water and ions.

2.2 Force fields and MD procedures
ClayFF force fields, which are widely used to inves-
tigate hydrated and multi-component minerals,
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Ball and stick model of aqueous NaCl/ettringite interaction systems

including cementitious materials/aqueous inter-
action systems, are utilized to carry out the whole
MD simulations [39-42]. The atomistic interac-
tions in ClayFF force fields are mainly composed
of the Coulomb force, the Van der Waals force, the
energy of bond stretching, and bond angle bend-
ing, as shown in Equations (1)-(5) [43].

Emml = Ecoul + EvdW + Ebonds-strecth + Eangle-bend (1)
_€ 4%
coul 4TCO r2 (2)
R 12 R 6
0, 0,1
E = DO,ij s 2| — (3)
2
Eb(md-x!rech = Kl (’;j - rO) (4)
Eangle-bend = Kz(eijk - 00)2 (5)

The MD simulations in this study were carried
out with the open-source software GROMACS. In
detail, all the computation process involves three
steps: (1) energy minimization, the simulation
systems are fully relaxed, (2) pre-equilibrate,
the simulation systems achieve to an equilibrate
state through a relative long-term MD calculation
(5 ns) under canonical ensemble (NPT), (3) MD
calculation, the energy and atomistic spatial posi-
tion variations relate to time are recorded for the
following detailed analysis. During the MD cal-
culations, the hydrostatic pressure of the systems
is set according to the five sea depths (0, 3000,

5000, 10,000, and 20,000 m), considering the
realistic deep-sea environment.

Finally, the equilibrated dynamic trajectory of
all atoms in the interaction systems was analyzed
to explore the ettringite/aqueous solution inter-
actions, considering the impact of the elemental
doping and the deep-sea environments.

3 Results and discussion

3.1 The local structure of Na and Cl ions in pristine
or elemental doped Ettringite’s nano-chanells
The density profile of the Na* or Cl- in pris-
tine ettringite’s nanochannels could reflect
the interaction strength between the ions and
ettringites. According to , Na* tends to
accumulate around 2-2.3 A from the ettring-
ite (001) surface, while Cl- tends to accumulate
around 2.3-2.7 A from the ettringite (001) sur-
face. Thus, Na* exhibits a stronger affinity for
the ettringite surface than Cl-. The difference
in ionic radii between Na* and Cl- might cause
this phenomenon. The smaller Na* exhibits bet-
ter mobility.

Besides, the influence of the elemental doping
on the ions/ettringites interactions was also ana-
lyzed. For the Sr?+ doped ettringite, an interesting
phenomenon is that more Na* and Cl- ions appear
at the locations closer to the ettringite (001) sur-
face. Based on our previous studies [44], the vol-
ume of the Ca-O polyhedron could be increased
by Sr doping. The ionic radius of Sr is almost 30%
larger than that of Ca. Thus, a very tiny extent
change of the ettringite (001) surface structure
caused by Sr doping strengthened the Na* or
Cl-/ettringite interactions. For the Fe-doped
ettringite, similar results can be found that Na*
exhibits better affinity to ettringite compared
to Cl-. Also, Fe doping could enhance the ions/
ettringites interactions to some extent. This can
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also be illustrated by the difference in the ionic
radius between Fe and Ca. A similar phenome-
non is also observed in 10,- doped ettringite/ions
interaction systems [45]. Both cation and anion
doping can lead to changes in the surface struc-
ture of perovskite, thus affecting ion adsorption
on the perovskite surface. Doping degree affects
the ion distributions to some extent for both Sr,
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Fe, and 105~ doping. Besides, the competitive
adsorption and blocking effects of Na*, Cl-, and
other ions can be another factor to influence the
ion distributions [46-49].

The Na* and Cl- distributions in pristine or
elementally doped ettringites were further ana-
lyzed using ion adsorption rate -calculations
(see ). For Sr?* doped ettringite, the ion

lon adsorption rate in the range of 5 A for Sr2+, Fe3+ and 10,--doped ettringites (unit: %)

Sr>+ Doped Fe3+ Doped 105~ Doped

Na+ Cl- Na* Cl- Na* Cl-
0 33.78 31.19 33.78 31.19 33.78 31.19
2% 29.42 27.35 38.07 32.66 37.02 32.66
10% 30.12 27.76 33.44 29.53 29.54 30.85
15% 30.26 27.70 36.94 33.79 34.89 31.78
20% 33.82 28.34 31.45 27.86 33.57 27.40




adsorption rate of Na* is larger than that of CI-.
It corresponds well with the results of the density
profile. Besides the ionic radius difference of Na
and Cl, the Sr-doped ettringite (001) surface state
is another reason. Widely distributed O atoms
on the very top of different ettringites’ surfaces
exhibit relatively strong interactions with Na-*.
Further, the doping degree has little influence on
the ion adsorption rates. The Fe3* or 10,~ doped
ettringites also exhibit similar results.

The radial distribution function (RDF) analysis
is another useful tool to explore the ion inter-
actions [50]. Here, the RDF of Na-Cl pair, Na-O
(O of hydroxyl groups on ettringites) pair and
Ca-Cl pair on pristine or Sr?+-, Fe**- and 10,~-
doped ettringites with different doping degrees
are analyzed and shown in . It indicated
that three peaks appear around 3 A, 5.2 A and
7.4 A for Na-Cl pair corresponding to Na-Cl ionic
bonding interactions, hydrated sodium ion-CIl
interactions and ion cluster interactions (Na-O
of water-Ca-Cl) (see ). Among the three
Na-Cl interaction types ( , o), the ion
cluster model exhibits the weakest interaction due
to the relatively long distance between the Na and
Cl ions. The doping degree will not change the
interaction style between Na* and Cl-.

For the Na-O pair, the apparent peaks can be
found around 2.4 A, which refers to the Na-0 bond
length, and it corresponds well to the experimen-
tal measurements (2.3 to 2.5 A). Besides, several
relatively weak peaks exist after 3 A, which refer

to the weak interaction type between Na ions and
0 of hydroxyl groups on doped ettringite through
the bridging role of the O atom of water. Inter-
estingly, elemental doping affects the interactions
between Na ions and O of hydroxyl groups on
doped ettringite. For the Sr?>* doped ettringite (see

), 2% and 20% doping enhanced the
Na-O interactions, while 10% and 15% doping
reduced the Na-O interactions. For the Fe** doped
ettringite (see ), no apparent changes
can be found. For the 10, doped ettringite (see

), the Na-0 interactions can be enhanced
by 10,- doping. Nevertheless, it is reasonable to
conclude that elemental doping could regulate the
Na-O0 interactions by changing the global configu-
rations of ettringites and changing the configura-
tions of surficial hydroxyl groups in turn.

For the Cl-Ca pair, the apparent peaks appear
around 5.4 A, which refers to the interactions
between Cl ions and the Ca ion of ettringites
through the bridging of water molecules of the
hydration layer. Different doping elements exhibit
different regulatory behavior on Cl-Ca interac-
tions. For Sr?* doped ettringite, Cl-Ca interactions
are reduced with the increase of the doping degree
( ). For Fe3* doped ettringite, it is con-
cluded that CI-Ca interactions could be regulated
by doping degree ( ). It is worth not-
ing that the strong Cl-Ca interactions are found
around 2.8 A with 200 10, doping ( ). It
is very close to the atomistic distance between Ca
and Cl in CaCl,.
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3.2 Dynamic properties of ions in nanopores
Time correlation function (TCF) analysis is car-
ried out to further explore the stability of ionic
interactions [51]. The TCF results of ionic pairs
of Na-Cl, Na-Oh, and Cl-Ca on Sr?*, Fe’*, or
10,- doped ettringite are collected and shown in

. For Sr?* doped ettringite, comparing with
the TCF of Na-Cl pairs (see —c), the rela-
tively small slope of the TCF of Na-Oh pairs indi-
cates the quite stable ionic interactions between
Na* and O of alumina octahedrons of different
doped ettringite. Besides, the doping degree
(2% to 20%) exhibits little influence on the sta-
bility of ionic interactions for both Na-Cl and
Na-Oh pairs. For the CI-Ca pairs, the stability of
Cl-Ca pairs is better than that of Na-Cl pairs, and
similar to that of Na-Oh pairs. The doping degree
influence on the TCF of Cl-Ca pairs is relatively
complex. It is interesting that with 10% Sr-doped
ettringites exhibit improved Cl-Ca interactions.
At the same time, the CI-Ca interactions can be
weakened to some extent under the other doping
degrees (2%, 15%, and 20%).

For Fe3* doped ettringite, the influence of
elemental doping on the ionic pair’s interactions
can be similar to that of Sr>* doped ettringite
( -1). Generally, the ionic pair interac-
tions, including Na-Cl, Na-Oh, and CI-Ca pairs,
would be weakened by Fe** doping. Relatively,
the stability of Na-Oh and Cl-Ca pairs is more
stable than that of Na-Cl pairs. For 10,- doped
ettringite ( —1), the influence of elemental

doping on the ionic pairs interactions is incon-
spicuous compared with that of Sr?* and Fe’*
doped ettringites. The elemental doping degree
also exhibits a weaker impact on the stability of
the ionic pair interactions. Among the 4 doping
levels, only 2% 10, doping shows a relatively
apparent effect to weaken the stability of Na-Oh
and Cl-Ca pairs.

Among the three types of doped ettringites (Sr-,
Fe-, and 10,-doped), the Sr?*-doped ettringite was
systematically explored. shows the RDF
and TCF results of Cl_Sr pairs in the nanopore
of Sr?* doped ettringite. Firstly, comparing with

(the RDF of CI_Ca pairs in the nanopore
of Sr?* doped ettringite), it can be found that the
RDF peak strength of Cl_Sr pairs is far higher
than that of Cl_Ca pairs. It indicates that the
CL_Sr interactions are stronger than those of
Cl_Ca. Besides, with the doping degree increase,
the ion pair interactions are weakened for both
Cl_Ca and Cl_Sr pairs. According to
the doping degree exhibits a relatively apparent
influence on the stability of Cl_Sr pairs. With the
Sr?* doping degree increase, the stability of CI_Sr
interaction pairs is also increased. To further ana-
lyze the ion distributions, the number of key ion
pairs is explored, as shown in Table S1, the coor-
dination number of these ion pairs decreases as
the doping level increases.

Further, the mean square displacement (MSD)
analysis was also carried out to explore the ions
dynamics behaviors in the nanopores of different
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doped ettringites (See ). For Sr?* doped
ettringite (see Table S2), the Na* exhibits a stron-
ger affinity for O atom of AlO, tetrahedron and
forms more stable ionic bonds, resulting in a sig-
nificantly lower diffusion rate compared to CI-.
When the doping level is 10% or 15%, the MSD
curves of Na* are nearly identical, indicating that
the diffusion coefficients at these concentrations
are also very close. However, at a 20% doping
level, the MSD curve of Na* lies below those of
other doping levels, suggesting that the diffusion
process is inhibited, with a diffusion coefficient
0f 0.63 x 10~° m?/s. For Cl-, at a 2% doping level,
the MSD curve is notably lower than at other lev-
els, indicating significant inhibition of diffusion,
with a diffusion coefficient of 0.93 x 10~° m?/s.

Distance (A)

The doping level significantly affects the diffu-
sion behavior of both Cl- and Na*, while water
molecules show minimal influence, as their MSD
curves are almost overlapping across five dop-
ing levels, with nearly identical diffusion coef-
ficients. The calculated diffusion coefficients
are consistent with those reported for pristine
ettringite [39].

For Fe3* doped ettringite (see Fig. S1 and Table
S3), the results of MSD indicate that changes in
doping levels did not significantly affect the diffu-
sion rates of sodium ions, chloride ions, and water
molecules. Notably, during the first 2000 ps, the
mean squared displacement (MSD) curves for Na*
and Cl- under different doping levels almost com-
pletely overlapped, suggesting that their diffusion
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behavior was largely unaffected by doping levels
under these conditions. However, after 2000 ps,
the MSD curves began to diverge, which may be
attributed to changes in the adsorption stability of
ions at the interface.

For 105~ doped ettringite (see Fig. S2 and Table
S4), the analysis of the MSD curves of Na*, Cl-,
and water molecules reveals distinct diffusion
behaviors. The relationship among them is char-
acterized as MSD(water) > MSD(CI-) > MSD(Na*),
indicating that water molecules diffuse the fast-
est, followed by chloride ions, and finally sodium
ions. For Na* diffusion, doping with 10~ increases
the diffusion rate of Na* compared to the pure base
material. This suggests that the introduction of the
105~ enhances the mobility of Na* ions through
structural or electronic modifications in the host
lattice. For Cl- diffusion, at a 2% doping level, the
MSD curve of Cl- ions shows significantly lower
values compared to other doping levels, indicat-
ing that Cl- diffusion is strongly suppressed under
this condition. The calculated diffusion coefficient
is 0.87 x 10~ m?/s. This suppression is attributed
to the direct interaction between Cl- and Ca?* ions
at 2% doping, which contrasts with the indirect
interactions observed at other doping levels. A
similar phenomenon has been reported: Na-doped
tobermorite exhibits the hindered ability for Cl
adsorption and diffusion [52].

3.3 The influence of ocean depth

Further, the impact of ocean depth, actually the
hydrostatic pressure, on the stability and adsorp-
tion behavior of different ionic pairs in nanopores
of the different elemental doped ettringites was
also investigated. The TCF result of Sr?>* doped
ettringite is shown in Fig. S3. It can be seen that
in low doping concentrations, the ionic bond
stability between Cl- and Ca?* is superior to that
between Cl- and Sr?**. As the doping concentra-
tion increases, the ionic bond stability between
Cl- and Sr?* gradually enhances, as the increased
number of Sr** improves the coordination prob-
ability of Cl- with Sr?*. Under different doping
concentrations, the effect of depth on the stability
of Cl-Ca and CI-Sr ion pairs differs significantly.
For the CI-Ca ion pair, increasing depth increases
bond stability at doping concentrations of 2%,
15%, and 20%. However, at 10% doping concen-
tration, increasing the depth to 10 km results in a
significant weakening of bond stability, whereas
increasing it to 20 km results in a noticeable
enhancement of bond stability. This indicates that,
even at the same doping concentration, changes in
depth have differential effects on ionic bond sta-
bility. For the Cl-Sr ion pair, at 2% and 10% dop-
ing concentrations, bond stability is significantly
affected by depth changes. However, at 15% and
20% doping concentrations, bond stability shows
a less pronounced response to depth changes.
Specifically, at a doping concentration of 15%, the
TCF curves for the five depths are very close to
each other, and even overlap in a certain period,

indicating that the bond stability is similar across
the five depths under this doping concentration.

The stability of Cl-Ca and CI-Sr ion pairs is
lower than that of Na-Oh ion pairs (see

), which is the primary reason for the greater
adsorption capacity of sodium ions over chloride
ions at the interface. The TCF result of Fe** doped
ettringite is shown in Fig. S4, and the stability
of CI-Ca ionic bonds is influenced by depth and
doping levels in a complex manner. At a 2% dop-
ing level, increasing depth reduces the stability of
the Cl-Ca ionic bond. However, at 10% and 20%
doping levels, increasing the depth enhances bond
stability. Notably, at a 15% doping level, the sta-
bility of the Cl-Ca bond decreases significantly at
5 km, but increases at other depths studied. This
indicates that even under the same doping level,
changes in depth can significantly affect the sta-
bility of ionic bonds. Combined with the analysis
of Na-Oh ionic pairs (see ), it is evident
that the stability of Cl-Ca ionic bonds is lower
than that of Na-O ionic bonds, which explains
why the sodium ion has a stronger adsorption
capacity at the interface compared to the Cl-. The
TCF result of 10,~ doped ettringite is shown in Fig,.
S5. When the doping concentration is 2%, the
stability of the CI-Ca ionic bond decreases as the
depth increases to 3 km or 20 km, but increases
when the depth reaches 5 km or 10 km. For dop-
ing concentrations of 10% and 15%, the effect of
depth on bond stability is less pronounced. Addi-
tionally, at a doping concentration of 20%, the
stability of the Cl-Ca bond significantly weakens
when the depth reaches 10 km, but enhances at
other depths. This indicates that even under the
same doping concentration, the impact of depth
variation on ionic bond stability is heteroge-
neous. Combined with the previous analysis of
the Na-Oh ionic pair, it can be concluded that the
Cl-Ca ionic bond is less stable than the Na-Oh
ionic bond, which is the primary reason for the
greater adsorption capacity of sodium ions over
chlorine ions at the interface.

4 Conclusion

In this study, molecular dynamics simulations were
conducted to investigate the influence of dopants
on the ion distribution and adsorption behavior on
the nanopore’s surface in ettringite (AFT). Further,
the effect of the ion dosage and pressure was also
considered to explore the ion/AFT interfacial inter-
actions under a certain deep-sea environment. The
following conclusions were drawn:

(1) The ion dosage of Na* or Cl- exhibits the
apparent effect on the ion distributions on
doped AFTs. With increasing ion dosage,
more ions come to and distribute around the
salt solution/AFT interface, and there are
more opportunities for ion pair formation.

(2) The surfaces of the three different doped
ettringites can adsorb both cations and



anions from the solution, but the adsorption
mechanisms are different. The adsorption of
Na* is primarily achieved through the for-
mation of a stable coordination with the O
atom of the AlO, tetrahedron on the surface.
In contrast, the adsorption of Cl- mainly
occurs through direct interaction with Ca?*
(such as Sr?* in Sr-doped ettringite) on the
surface, as well as through indirect interac-
tion with the Na* already adsorbed on the
surface.

(3) The types of doped ions, doping concentra-
tion, and ocean depth significantly influence
the stability of ion pairs in nanochannels in
ettringite, thereby affecting ion diffusion.
The variation in doping concentration may
have a complex effect on the mobility of ions,
potentially exhibiting either inhibitory or
promoting effects. Additionally, increasing
ocean depths tend to suppress ion mobility,
and the mobility of ions remains relatively
similar across the four depths considered,
indicating that the inhibitory effect is not lin-
early related to the increase in depth.
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