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Cementitious materials act as a retaining barrier, immobilizing liquid and solid radioactive waste and preventing
their release into the biosphere. The retention capability of hydrated cement paste and its main hydration
product, C-S-H gel, has been extensively explored experimentally for many alkali and alkaline earth cations.
Nevertheless, the retention mechanisms of these cations at the molecular scale are still unclear. In this paper, we
have employed molecular dynamics simulations to study the capacity of C-S-H to retain Cs, Ca and Na, analyzing
the number of high-affinity sites on the surface, the type of sorption for each cation and the diffusivity of these

ions. We have also explored the impact of aluminum incorporation in C-S-H and the effect of the pore size. We
have found strong competition for surface sorption sites, with notable differences in the retention of the cations
under study and remarkable enhancement of the adsorption in C-A-S-H concerning C-S-H and greater diffusion of
non-adsorbed species at larger pore sizes.

1. Introduction

Since the very beginning of the nuclear age, radioactive waste has
been immobilized converting raw waste, with mobile contaminants, into
a stable solid form or wasteform. These conditioning processes reduce
the potential migration of those contaminants [1,2], including radio-
nuclides and facilitate handling, transport, storage and disposal of
radioactive wastes [3]. Different immobilization technologies, such as
cementation, bituminization or vitrification, have demonstrated to be
viable and have been widely applied for years [4-7].

Cementation has been used worldwide by the nuclear industry for
immobilization of radioactive, hazardous and mixed waste since
cementitious materials act as a diffusion barrier thanks to their large
surface area which provides multiple sorption and reaction sites [8-11].
Moreover, these materials have many other advantages, such as the low-
cost processing, high thermal, chemical and physical stability of the
resulting wasteform, high durability, they are non-flammable and not
degraded by radiation or the possibility of being processed remotely
[12,13].

Ordinary Portland cement (OPC) is the most common cement-type
used in radioactive waste worldwide [14] and calcium silicate hydrate
(C-S-H) gel constitutes the main hydration product of OPC, representing
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about the 60-70% of the fully hydrated cement paste. Thus, the final
properties of cement depend mainly on C-S-H gel.

Cementation has been used in order to retain '*’Cs, one of the most
dangerous short-to-medium-lifetime fission products due to its high
volatility and water solubility. Even though cement-based wasteforms
have been proved to maintain radioactive species safely isolated from
the environment for a long time, these species would eventually be
released by leaching mechanisms [2]. Consequently, there is consider-
able interest in understanding and predicting the migration of the spe-
cies located in the pores through the cement matrix. For that reason,
there are many experimental studies reported on Cs immobilization/
sorption in cement and concrete [14-16].

For concrete, conclusions are difficult to draw, since aggregates,
variety of samples and differences in measurement techniques may have
a huge impact on the Cs uptake. For cement and C-S-H, it has been found
that Cs retention is enhanced at low pH, since at basic pH there is a
considerable amount of calcium hydroxide that can saturate the surface
adsorption points, reducing the binding capacity of Cs ions. In general, it
is well recognized that Cs retention is better for low Ca/Si ratios and
when a moderate amount of Al is present [16,17]. The retention can be
also improved by the incorporation of some additives such as clays or
zeolites [18,19]. However, it is also important to note that Cs will have
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to compete with other alkali ions, like Na and K, common in cement and
C-S-H. The adsorption and retention mechanisms are considered to be by
a cationic exchange between interlaminar Ca ions and Cs.

Notwithstanding these works, the immobilization mechanisms and
the dynamics of the radioactive species are complex processes and are
not fully explained experimentally. In this way, molecular dynamics
(MD) simulations can be employed to gain insight into the adsorption
and transport of Cs at atomic level. In this regard, many researchers have
taken tobermorite mineral as a model system to study Cs retention in C-
S-H, specially Komarneni, Roy and coworkers [20-27]. They found that
tobermorite 14 A has a considerably lower cation exchange capacity and
selectivity towards Cs than tobermorite 11 A. Essentially, in tobermorite
11 A, the silicate chains merge across layers by Q° sites forming zeolite-
like cavities with great cation exchange capability [25]. On the other
hand, there are no Q° silicate species in tobermorite 14 A and the ex-
change with interlaminar Ca ions is negligible, so Cs adsorption only
takes place on surface defects [22]. These studies have also suggested
that the presence of charge defects, form by aliovalent substitutions of
Si** by AI®*, enhances the adsorption [20]. C-S-H gel structure is, in
general, more similar to that of tobermorite 14 A [28-30].

In this work, molecular dynamics simulations are employed to study
the interactions between Cs ions and the C-S-H surface, as well as the
retention capability of C-S-H gel and the dynamics of Cs in 1 nm gel
nanopores. The adsorption and transport of other common alkali and
alkaline earth cations present in C-S-H gel, like Na or Ca, are also
investigated. These cations are confined in the gel pore both individually
and jointly with Cs ions to evaluate the effect of size and charge in the
electrostatic sorption and the competition between these ions for the
available sorption sites from the C-S-H surface. Furthermore, we have
also studied the impact of the incorporation of aluminum in C-S-H to
form C-A-S-H (calcium alumina silicate hydrate) and the effect of the
nanopore size. On the one hand, the Al incorporation causes an increase
of the net negative charge of the surface, which may enhance the
binding capacity of the C-A-S-H surface to the cations mentioned before
regarding the C-S-H surface [31]. On the other hand, the expansion of
the pore space may result in a decrease of the nanoconfinement effect,
facilitating the mobility of the confined water and, consequently, the
release of the confined species by leaching mechanisms [32]. Atomistic
simulations have been recently employed to study the adsorption of
radionuclide cations, like '3’Cs, in C-S-H gel and related clay minerals,
such as tobermorite and jennite [33-38]. However, to the best of our
knowledge these studies do not explore the competitive adsorption of Cs
in presence of other cations, neither the effect of the presence of Al on
the C-S-H gel nor the impact of the pore size in transport and retention of
Cs ions.

2. Atomistic model and simulation details

We have followed a procedure similar to that proposed by Kovacevi¢
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et al.[39] to build a C-S-H model with a Ca/Si ratio of 1.1. This Ca/Si
ratio was selected in order to obtain good retention, since the retention
is enhanced at low Ca/Si ratios, according to the findings of Glasser and
Hong [40,41]. Fig. 1 is a descriptive scheme of the procedure followed to
build the C-S-H model.

First (see Fig. 1a), the crystalline structure of tobermorite 14 A [42]
is taken as a starting point due to its structural proximity to the C-S-H gel
[43,44]. The unit cell is replicated to obtain a simulation box with di-
mensions 2.6 nm x 3.1 nm x 3.3 nm, corresponding to the x, y and z-axis
Periodic boundary conditions are applied to approximate a large
(infinite) system.

Second (see Fig. 1b), the chemistry is modified in several steps. All
water molecules from the interlaminar space are removed. Then, to in-
crease the Ca/Si ratio of tobermorite 14 A (0.83[42]) to the target 1.1,
some of the bridging silicate groups of the chains are randomly deleted
and Ca ions are incorporated randomly in the interlayer space.

Third (see Fig. 1c), the appropriate amount of water molecules are
rationally inserted in the interlaminar space using a geometry-based
algorithm [45,46] to place them. For C-A-S-H systems, we replaced
65% of the remaining bridging silicon by bridging aluminium [47,48],
reaching an Al/Si ratio of 0.15 and Ca/(Si + Al) of 1.1. The isomorphic
substitution of Si*' by AI** originates a net negative charge. In order to
maintain the electroneutrality of the system without modifying the
amount of confined cations, some hydroxyl groups from the interlam-
inar space were removed. Once the chemistry matches the target, we run
energy minimization and MD simulations to equilibrate the system.
These simulations are done using the reactive force field ReaxFF [49],
whose parameters are based on Si-O-H [50] set and extended for alu-
minosilicates with Al-O-H [51] and Ca-O-H [52] parameters. This
force field allows the relaxation of the structure, volume and chemical
reactions. Regarding the latter, the only chemical reaction observed is
the dissociation of certain water molecules to form hydroxyl groups in
some of the dangling oxygen atoms from the new Q! sites of the silicate
chains created by the silicate deletion. The samples were relaxed in the
isobaric-isothermal ensemble (NPT) for 5 ns at 300 K.

Finally (see Fig. 1d), after the relaxation with ReaxFF, we created gel
pores from 1 to 5 nm expanding the interlaminar space. We have
decided to study retention and diffusivity in gel pores, defined by Pinson
et al. as all pores with widths between 1 and 10 nm [53], because below
1 nm, the electrostatic confinement of the species located in the inter-
laminar space is so high that their mobility of the confined species is very
constrained, while at pores with width above 1 nm the confined water
can flow, leading to leaching processes that may result in the release of
the contaminants. Larger pores, such as capillary pores and macropores,
have not been analyzed since they remain empty under high relative
humidity and are usually considered to be devoid of bulk water and they
only present a thin adsorbed layer of water on the walls [53]. Thus,
leaching is more likely to occur in pores fully saturated with water, as gel
pores. The created pores are filled with the necessary amount of water
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Fig. 1. Schematic procedure summarizing the main four steps for the development of the C-S-H gel structure drawn from tobermorite 14 A as a starting point. The
garnet tetrahedrons correspond to the silicates, water and hydroxyl groups molecules are illustrated as double and single red sticks and the yellow and blue balls

represent the intrinsic Ca and the ions under study.
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molecules to reach a density of 1 g/cm?® and, at this point, the alkali and
alkaline earth cations under study are incorporated into the pores,
counterbalanced with hydroxyl groups. In this study, we have first
analyzed the retention and diffusion of Cs, Ca and Na separately, for
which we have built C-S-H and C-A-S-H models in whose pore spaces
only one type of these cations is added, and then, we have studied the
competition for the high affinity sites and its effect on diffusion by
developing a C-S-H and a C-A-S-H models in which Cs, Ca and Na coexist
in the interlaminar space. The concentration of these cations has been
chosen attending to the work of Miyake et al.[24], who found experi-
mentally that the maximum Cs/Ca ratio for tobermorite 14 A was 0.85,
considering only the exchangeable Ca ions. Therefore, we added to the
pore space the appropriate amount of CsOH, NaOH and Ca(OH);, to
achieve a 0.85 cation/Ca ratio in our C-(A-)S-H systems, equivalent to
1.62 cations per nm? of C-(A-)S-H surface. Since we have introduced
extra Ca to the C-(A-)S-H systems, we will distinguish between the extra
added Ca and the structural Ca in the C-(A)-S-H calling the latter
“intrinsic Ca”.

The C-(A-)S-H models are equilibrated, but instead of using ReaxFF,
we have employed a combination of non-reactive force fields since
ReaxFF has not been parameterized for Cs. More precisely, we have used
CSHFF force field [54] (for the substrate), ClayFF [55] (for the
aluminum in C-A-S-H) and the Aquist [56] parameters (for the
exchangeable ions).

All the molecular dynamics were carried out using LAMMPS [57].
The long-range Coulombic interactions were computed with the Ewald
summation method [58] and the motion equations were integrated
using the Verlet algorithm [59]. Initially, we carried out molecular dy-
namics in the canonical (NVT) ensemble for 0.5 ns at 300 K with a time
step as large as 0.5 fs and a thermostat coupling constant of 0.1 ps. To
equilibrate the atomic positions and volume under room conditions, the
systems were further relaxed in isobaric-isothermal (NPT) ensemble for
another 0.5 ns at 300 K and 1 atm with a barostat coupling constant of 1
ps. Finally, a canonical ensemble (NVT) simulation was performed for
0.1 ps at 300 K, to ensure that the diffusion is captured and other
macroscopic observables have been relaxed and converge.

3. Results and discussion
3.1. Bulk structure validation

The final properties of the bulk C-(A-)S-H model are in agreement
with experimental and molecular models reported by other authors, as
can be seen in Table 1. Experimentally, the addition of Al in the syn-
thesis of C-A-S-H may modify the structure of C-S-H, inducing a rise of
the mean chain length (MCL). However, in our simulations, we have
only substituted bridging Si atoms by Al to study the effect of the
presence of a moderate amount of Al in the structure of C-S-H. There-
fore, the MCL, as well as other parameters analyzed in Table 1, are not
altered by the Al incorporation.

The substitution of the 65% of bridging silicon by aluminum to
develop C-A-S-H results in the increase of the surface charge regarding
C-S-H. This leads to an increase in the electrostatic interactions, which
has an impact on the basal distances of these systems. Thus, it has been
observed a slight decrease in the basal distance of C-A-S-H regarding the
C-S-H ones for all the studied systems. The structural parameters of the

Table 1
Final properties for the bulk C-S-H model obtained from our simulations and the
literature.

C-S-H model Literature
Ca/Si 1.1 1.1
MCL 5.67 5.9-6.6(60,61]
Ca-OH/Ca 0.23 0.08-0.20[61-64]

Si-OH/Si 0.32 0.35-0.38(62,63]
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C-(A-)S-H models are given in Table 2.

3.2. Pore density profiles

Once the bulk structure has been validated, we have analyzed the
atomic distribution in the C-(A-)S-H systems by computing the density
profiles of the species located in the nanopore. These profiles provide
quantitative information about the arrangement of the species with
respect to the C-(A-)S-H surfaces. Fig. 2 shows the density profiles of the
species located in the interlaminar space of the three C-S-H and three C-
A-S-H models in which only Cs, Ca and Na were introduced, respec-
tively, along with a snapshot of the MD simulation corresponding to the
analyzed interlaminar space for better comprehension. In order to build
those density profiles, the positions of the atoms were recorded during
20 ns of simulation, then averaged and normalized.

For the analysis of the density profiles, the systems are divided into
three parts following the Guggenheim interface convention [65]: the
bulk solid, the liquid phase and the extended interfacial region between
them in which water penetrates into the solid. In Fig. 2, only the inter-
phase (z less than 0 }o\) and the bulk liquid region (z greater than 0 10\) are
represented. It must be noted that we have assigned to the interfacial
limit between those regions the value 0 A to facilitate the discussion. It
can be seen that there are strong peaks for the analyzed cations just
above and below the interfacial limit, which can be related to outer- and
inner-sphere complexes. Additionally, there can be non-adsorbed spe-
cies, hereafter called pore species, which are located in the liquid phase
far from the C-(A-)S-H. These pore species are solvated by water mole-
cules and, unlike inner- and outer-sphere complexes, do not interact
with the C-(A-)S-H surface. The formation of inner- and outer-sphere
complexes has already been reported for different ions confined in C-
S-H [34,36,66,67]. Those works point out that the cations in inner-
sphere configurations are partially dehydrated regarding pore species,
completing their coordination shells by direct coordination to the C-S-H
surface. In outer-sphere configurations, the cations are fully hydrated,
with a solvation shell similar to that of dissolved (pore) ions that in-
teracts with the C-S-H surface. Thus, the peaks of outer-sphere com-
plexes are located farther from the surface than those of inner-sphere
complexes, explaining the presence of strong peaks at shorter and
farther distances from the surface for all the analyzed cations. However,
there are significant differences in the distribution of each cation (Cs, Ca,
Na) throughout the pore.

The comparison of the density profiles of the systems which contain
the different cations under study allows the evaluation of the effect of
cationic size and charge in their approach to the C-(A-)S-H surfaces, as
well as the impact of aluminum incorporation comparing C-S-H and C-A-
S-H. It should be noted that all the studied ions tend to be mainly located
close to the surfaces, as a consequence of the electrostatic interactions
between the cation (positively charged) and the surface (negatively
charged). In clays, for instance, the charge is more diffuse in comparison
with C-(A-)S-H, since charge defects in clays are distributed homoge-
neously and they are frequently located in inner layers, while the C-(A-)
S-H systems have specific structural defects in the surface. Thus, in clays,
some ions prefer to be completely hydrated in the center of the pore
rather than adsorbed on the surface depending on the water content and
clay type [68].

It should be noted that the increase of the negative charge of the
surface by the isomorphic substitution of Si** by AI®* in C-A-S-H results
in better retention of the cations since the number of pore ions (non-

Table 2

Basal distances for the C-S-H systems and their C-A-S-H analogous.
door (B) C-S-H C-A-S-H
Cs 13.88 13.48
Ca 13.18 12.92
Na 13.06 12.24
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Fig. 2. Density profiles and their corresponding snapshots of the MD simulation for C-S-H (left) and C-A-S-H (right) systems which incorporate only Cs (a, b), Ca (c,
d) and Na (e,f) at concentrations of 1.62 cations per nm? of C-(A-)S-H surface. The black dashed line corresponds to the upper interface boundary. Cs, Ca and Na are
represented as light blue, green and purple balls, respectively, whereas the intrinsic Ca are the yellow ones; the garnet and blue tetrahedrons correspond to the
silicate and aluminum chains and the water molecules and hydroxyl groups are illustrated as blue sticks.

adsorbed) drops significantly in C-A-S-H. However, there are big dif-
ferences between the cations under study. On the one hand, there are
more Cs ions in the center of the pore than of any other cation, sug-
gesting that the adsorption energy of Cs is lower than its hydration en-
ergy. On the other hand, Na cations are totally adsorbed on the surface,
both in C-S-H and C-A-S-H, while Ca is partially desorbed in C-S-H but
not in C-A-S-H. The lower Ca uptake may be due to higher repulsive
electrostatic forces between Ca ions (divalent cation) and other cations
previously adsorbed in the surface, but also to a higher coordination
shell that could make more difficult its approach to the surface. The
coordination shell of Cs, Ca and Na is analyzed and described in detail in
the Supplementary Information. Finally, it should be noted that the
intrinsic Ca atoms are located close to C-(A-)S-H surface, forming either
inner- or outer-sphere complexes. The added alkali and alkaline earth
cations are not able to displace the intrinsic Ca from their surface
adsorption sites since there is no intrinsic Ca desorbed in the nanopore.
This suggests that the intrinsic Ca may have higher adsorption energies
than the added cations.

3.3. Adsorption configuration

We have seen that the cations incorporated in C-(A-)S-H nanopores
can be accommodated in different settings, being classified into three
adsorption configurations: inner-sphere, outer-sphere and pore cations.
It is necessary to evaluate how the cations under study are adsorbed to

EN

characterize their behaviors. Table 3 shows the relative amount of the
considered cations in each sorption configuration. It must be noted that
we have added an identical number of cations (1.62 cations per nm? of
C-(A-)S-H surface) in each system to compare them. Thus, Table 3 shows
that there are more non-adsorbed (pore) Cs than Ca and much more than
pore Na. The higher number of non-adsorbed Cs ions may be attributed
to the moderate charge (monovalent cation), the higher atomic radius of
Cs ions and the larger coordination shell regarding Ca and Na (see Co-
ordination Shell Section from Supplementary Information), which may
hinder their approach to these cations to the C-(A-)S-H surface and its
adsorption. On the other hand, Na is strongly adsorbed, exhibiting the
highest percentage of ions in inner-sphere sites and the lowest relative
amount of ions in the pore configuration. Ca ions present better
adsorption rates than Cs, but not as good as the Na despite having a
similar atomic radius. This is probably due to the electrostatic repulsion

Table 3

Percentage of ions adsorbed by inner-sphere/outer-sphere/pore configurations
for the studied cations in C-S-H (left) and C-A-S-H (right). The total number of
cations, 100%, is equivalent to 1.62 cations per nm? of C-(A-)S-H surface.

C-S-H C-A-S-H
Cation Inner Outer Pore Inner Outer Pore
Cs 16% 49% 35% 32% 41% 27%
Ca 22% 59% 19% 35% 52% 13%
Na 52% 40% 8% 54% 42% 4%
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between the added Ca ions and the intrinsic Ca of the C-(A-)S-H surfaces
due to the charge divalent of Ca compared to the monovalent of Na ions.
The adsorption configurations of the intrinsic Ca for all the analyzed
systems are given in Supplementary Table 3.

Regarding the aluminum incorporation, it can be seen that the
retention is better in C-A-S-H than in C-S-H, since a significant decrease
of the cations dissolved in the pore is observed in presence of aluminum.
Indeed, the amount of inner-sphere complexes for Ca and Cs ions rises
about 50% and 40% respectively in C-A-S-H, while the amount of non-
adsorbed species decreases up to 40%. The retention of Na in C-A-S-H
is also enhanced despite its retention is C-S-H was already very good. In
any case, the same trend in retention is observed in both C-S-H and C-A-
S-H: Na > Ca > Cs.

The data from Table 3 can be expressed as the number of available
sorption sites per area of C-(A-)S-H surface (Table 4). These values are
consistent with the amount of adsorbed cations on the surface. The in-
crease of the negative charge of the surface in C-A-S-H provokes a
notable rise of the inner sorption sites and a slight decrease in the outer
adsorption. However, the global number of sorption sites is higher in C-
A-S-H than in C-S-H. Na has the highest number of sorption sites, but the
incorporation of aluminum increases markedly the number of sorption
sites for Cs and Ca.

3.4. Adsorption enthalpies of cations

We have computed the adsorption enthalpy, AH,qgs, of the studied
species using the following expression:

AH 4 = AHcaystjcs — AHcysn — AHymo

where AHcayshym is the enthalpy of the system under study, AHca)su
the enthalpy of the C-S-H substrate without the cation under study and
AHp 120 is the enthalpy corresponding to the respective cation in bulk
water. According to this definition, the more negative the enthalpy, the
more favorable the adsorption of the cation.

The values of the adsorption enthalpies for the cations under study
are given in Table 5. The trend obtained for the adsorption enthalpies is
AHc, < AHna < AHgg both in C-S-H and C-A-S-H. It can be seen that the
adsorption of Ca ions is the most favorable, followed by Na adsorption.
The adsorption of Cs is favorable, but not as much as for the other two
studied cations. This is in good agreement with the observed retention
since Ca and Na, with the most favorable adsorption enthalpies, are the
best-retained cations, whereas Cs is the least retained since its adsorp-
tion is the least favorable. It is also remarkable that the adsorption in C-
A-S-H is more favorable due to the higher charge defects in the C-A-S-H.

Comparing the values from Table 5 with the average adsorption
enthalpy measured for intrinsic Ca, —6.73 kcal/mol, we can also explain
why the studied cations are not able to desorb the intrinsic Ca from C-(A-
)S-H surfaces.

3.5. Diffusion coefficients

Together with good retention, it is also equally important to low
diffusion coefficients of the confined species to avoid leaching processes,
which can lead to the release of the contaminants into the environment.
To measure the diffusion coefficients of the cations under study, we have
employed molecular dynamics to obtain the mean square displacement

Table 4
Number of inner/outer adsorption sites per nm? of C-(A-)S-H and the sum of
them for the systems that incorporate Cs, Ca and Na.

C-S-H C-A-S-H
Sorption sites/nm? Inner Outer Sum Inner Outer Sum
Cs 0.3 0.8 1.1 0.6 0.7 1.3
Ca 0.4 1.0 1.4 0.6 0.9 1.5
Na 0.9 0.7 1.6 0.9 0.7 1.6
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Table 5
Adsorption enthalpies for the studied cations in C-S-H (above) and C-A-S-H
(below).

Cs Ca Na
AHggy (keal/mol) ~0.20 -6.51 -5.35
AHcasn (kcal/mol) —0.64 —6.79 —5.63

(MSD). The MSD measures the deviation of the position of a particle with
respect to a reference position over time and is defined by the following
equation [69]:

MSD = (|r(t) = r(0) )

Einstein [70] related the MSD with the self-diffusion coefficient (D)

through the following expression:
1 . MSD
b=aglim——

being d the dimensionality of the system. Therefore, the diffusion
coefficient can be computed from the linear fit of the MSD plot as a
function of time. In this work, the diffusion coefficient for a given
cation/molecule is computed from the average of the individual diffu-
sion coefficients of each cation/molecule in the system of a given
species.

The average diffusion coefficients obtained through the MSD for Cs,
Ca and Na in C-S-H and C-A-S-H are given in Fig. 3. It can be clearly seen
that Cs ions have by far the highest diffusion coefficients. Na ions exhibit
diffusion rates one order of magnitude lower than Cs, but one order of
magnitude higher than Ca ions. These results are in agreement with the
adsorption enthalpies obtained for those cations and with the tendency
of intrinsic diffusivity of these cations in bulk water (see Table 6). Thus,
even in absence of C-(A-)S-H surfaces, Cs cations present a higher
diffusion than Na and Ca, showing the same trend in bulk water and
confined in C-(A-)S-H nanopores.

The fact that Ca ions have diffusion coefficients one order of
magnitude lower than Na may seem contradictory with our previous
findings since we have seen that the Na is more adsorbed and penetrates
deeper in C-(A-)S-H surface than Ca ions. However, the charge density of
alkali ions is much lower than the one alkaline earth ions: Ca and Na
have a similar radius (see Table 6), but the charge density of Ca, a
divalent cation, is much higher than the one in Na, a monovalent cation.
Thus, the electrostatic interactions established by Na ions are expected
to be weaker than in Ca, resulting in higher diffusivity.

It should be noted that the average diffusion coefficient for water in
C-(A-)S-H nanopores is one order of magnitude lower than the values
reported for bulk water due to the well-known effect of nanoconfine-
ment [75-78]. The experimental [79] and simulated [80] (using the
SPC/E water model) values for the diffusion of bulk water are ~2.3 10~°

m? ! and ~ 2.5 10~° m%s ), respectively, while the average diffusivity

,[250 ] ‘
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0 Ca1 Na

0 , ‘ I
Cs Ca Na

Fig. 3. Average diffusion coefficients for Cs (in blue), Ca (in green) and Na (in
purple) in C-S-H (dark colors) and C-A-S-H (light colors). The inset was included
for better visualization of the coefficients of Ca and Na ions.
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Table 6
Atomic and ionic radius and diffusion coefficient of Cs, Ca and Na in bulk water.

Atomic radius [71] Tonic radius [72] Diffusion in bulk water [73,74]

(pm) (pm) m>s™)
Cs 260 181 (+1) 20.7 1071
Ca 180 114 (+2) 7.91071°
Na 180 116 (+1) 13.31071°

of water molecules in our nanopores is ~ 2.6 107° m?s~!. This fact,
combined with the interactions with the negatively charged silanol
groups on silicate chains provokes a drastic reduction of the diffusivity
of the cations regarding bulk water. Moreover, we can compare our
values with those reported for cations confined on clays. Na and Ca
cations located in interlaminar spaces of common clays, such as mont-
morillonite or vermiculite, exhibit diffusion coefficients about 1-6-101°
m?2/s [81-83] and 7-10-10"1° m2/s [83,84] respectively. These values
are two orders of magnitude higher than the values obtained in C-(A-)S-
H, which may be caused by the higher charge in C-(A-)S-H surface with
respect to the ones of clays. Contrary to C-(A-)S-H, in clays, the diffu-
sivity of Cs is lower than the diffusion of Ca and Na, exhibiting diffusion
coefficients between 1-107'° m2/s [81,85] in the case of montmoril-
lonite and 8102 m?/s [86,87] in bentonite. This is due to the tendency
of Na and Ca cations to stay in the middle of the interlayer spaces in clays
[82,88], being surrounded by water molecules, whereas Cs ions tend to
remain close to the clay surfaces [81]. Therefore, the Cs diffusion co-
efficients for C-S-H are in the low range of coefficients found for Cs in
clays.

Fig. 3 also shows a comparison between the diffusion coefficients of
the cations in C-S-H and C-A-S-H. The increase of the net negative charge
on the surface of C-A-S-H results in an enhanced retention capacity,
reducing the diffusion of all the cations. In that sense, the incorporation
of aluminum has a huge impact on the diffusivity of Cs, decreasing its
coefficient by about 40% in comparison with the one in C-S-H. The
retention of Na in C-S-H was remarkably good, so the impact of Al
incorporation on Na is more restricted, with a reduction of 16% in its
coefficient. The sharp reduction of the diffusion coefficients in C-A-S-H
isrelated to changes in the amounts of each type of cation induced by the
aluminum incorporation. These changes provoke an increasing number
of ions adsorbed in inner and outer-sphere sites due to the increase of the
electrostatic interactions and there is, consequently, a decrease in the
number of ions in the pore.

We have also determined the diffusivity of the cations under study in
the different sorption configurations (see Supplementary Fig. 4), finding
that the coefficients of the pore cations are up to two orders of magni-
tude higher than for the adsorbed cations in inner- and outer-sphere
sorption configurations for the three cations since the motion of the
adsorbed cations is restricted due to their interaction with the C-(A-)S-H
surfaces.

3.6. Residence time

Along the simulation time, the cations form and break bonds
continuously with the different oxygen atoms. We have characterized
the overall diffusion and the diffusion while the cations are adsorbed in
specific sites. However, for a complete picture, we need to evaluate how
long the cations remain in those sites. For that purpose, we have
computed the autocorrelation function (ACF) to define quantitatively
the strength of those bonds between the cations and the oxygen atoms
through their residence lifetimes. This function gives the probability of
fulfilling certain criteria, such as the existence of a chemical bond,
without interruption at a given time 7, being those criteria fulfilled at the
initial time 0. The autocorrelation function is described by the following
equation [69]:
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T—1
ACF(1) = N(Z/}[j(t + T)A'ﬂ[j(t)>i,f
=0

being Bjj the autocorrelation of a simple function for a given pair of
particle i,j, and its value is 1 as long as the criteria are fulfilled and
switches to 0 as soon as the criteria fail for the first time. In other words,
ACF is 1 when the M—O pair is bonded but immediately takes the value
0 when the bond is broken. It is worth pointing out that the shown ACF is
the average of all the M—O pairs in our simulations, so the more frequent
the bond breakage, the faster the ACF reaches the value 0. Thus, it is
possible to quantify the strength of those bonds by comparing the de-
viation of ACF from the initial value 1.

Fig. 4 shows the autocorrelation functions for M—O pairs. It can be
seen that the longest relaxation time corresponds to metal-surface oxy-
gen bonds, followed by metal-hydroxyl groups, while the bonds between
cations and water molecules have the shortest relaxation time. This in-
dicates that the interactions between the cations under study and oxygen
from the surface are the most stable, with half-time substantially higher
than the bonds with the other oxygen types. The higher stability of the
interactions between the cation and hydroxyl groups with respect to
water molecules is attributed to stronger electrostatic interactions with
the hydroxyl groups, especially intense in Ca, due to its divalent charge.
From this graph, it can also be drawn a stability trend according to the
cation type: Ca-O bonds are stronger than Na-O, being Cs-O the weakest
ones. The highest residence time in high-affinity sites corresponds to Ca
atoms, whose half-life time for Ca-Os bonds is about 9.3 ns, followed by
Na with a half-life time of 3.0 ns. Cs atoms exhibit the shortest residence
time, with Cs-Os half-life times of 0.4 ns. This trend is the same that the
one found for the diffusion coefficients of these cations. Thus, those
atoms, which are capable of establishing stronger M—Os interactions,
are more retained by the surface, leading to lower diffusion coefficients.
The longer residence times of Ca can also explain why these atoms have
the lowest diffusion coefficients, despite being coordinated to less the
oxygen atoms from the surface than any other cation.

3.7. Direct competition

So far, we have studied the adsorption of the cations separately, but,
commonly, they appear together in cement and concrete. In order to
study the direct competition between these cations by the high-affinity
sites in C-S-H and C-A-S-H, we have developed C-(A-)S-H systems in
which, Cs and Na are incorporated in the nanopores with a total Cs + Na
concentration of 1.62 cations per nm? of C-(A-)S-H surface. To introduce
these cations, we have employed the swap Monte Carlo method. This
technique enables the exchange of a given cation type with an imaginary
ideal reservoir of another given cation type, (Cs and Na in this work) and
can be applied following two approaches. In the first approach, the
probabilities of having an atom swap are determined by the temperature
of the simulation and the chemical potential of the swapped species,
following the Metropolis criterion to decide whether the atom swap
attempt is accepted or not. It should be noted that the kinetic energy of
the swapped cations does not change before and after the swap because
their velocities are scaled by the ratio of their masses. Therefore,
following this approach, the initial composition of our systems may
change since the Cs-Na fraction is governed by the difference in the
chemical potentials of Na and Cs. Indeed, at room conditions, this dif-
ference is large enough to lead to C-(A-)S-H system in which all Cs ions
are replaced by Na. Hence, to study in situ competition of Cs and Na in C-
A-S-H nanopores, we have followed the second approach in this study, in
which the Cs-Na fraction is preserved because the only kind of swap
allowed is the exchange of one atom type (Cs or Na) by the other atom
type (Na or Cs). Therefore, we have developed C-S-H and C-A-S-H sys-
tems in whose nanopores Ca, Cs, Na, with a Cs/Na ratio of 1, compete for
the available sorption sites on the surface.

As we did before, we have analyzed the distribution of the cations in
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Fig. 4. Autocorrelation functions of (a) Cs-O, (b) Ca-O and (c) Na-O. Cation-surface (M—Os) is shown in garnet, cation-water molecules (M—Ow) in blue and cation-

hydroxyl groups (M—Oh) in yellow.

the C-(A-)S-H nanopores by computing the atomic density profile,
shown in Fig. 5. Similar to the density profiles of the previously studied
systems, Ca can be located below and above the upper interfacial limit,
indicating that Ca forms both inner- and outer-sphere complexes.
However, there is a remarkable difference between Cs and Na: the peaks
assigned to the former cation correspond to outer-sphere complexes,
while Na can be found mainly as inner-sphere complexes.

Fig. 5 also shows that the main difference in the cation distribution in
C-S-H and C-A-S-H is the proportion of desorbed Cs in the pore space,
considerably bigger in the former and negligible in the latter. The
relative amounts of Cs, Na and Ca in each sorption configuration are
shown in Table 7. The better retention of Na and Ca can be justified by
the more negative adsorption enthalpies (see Table 5) that results in
more favorable adsorption in the available sorption sites than for Cs

Table 7
Percentage of ions adsorbed in inner-sphere/outer-sphere/pore configurations
for the studied cations in C-S-H (left) and C-A-S-H (right).

C-S-H C-A-S-H
Cation Inner Outer Pore Inner Outer Pore
Cs 11% 43% 46% 5% 71% 24%
Ca 44% 56% 0% 55% 45% 0%
Na 51% 38% 11% 61% 33% 6%

ions. Likewise, the more favorable adsorption enthalpies in C-A-S-H due
to the Al (see Table 5) incorporation results in better retention con-
cerning C-S-H.

The data shown in Table 7 evidence that Cs cations cannot displace

Inner  Outer Pore
do, !
Ca |
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Na |
|
1
|
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I
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Fig. 5. Density profiles (right) and their corresponding snapshots (left) of the MD simulation for (a) C-S-H and (b) C-A-S-H which incorporate Cs (light blue), Ca

(yellow) and Na (purple). The color code is the same as Fig. 2.
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Na or Ca cations from the high-affinity sites of the C-(A-)S-H surface.
Therefore, the presence of other alkali and alkaline earth cations
worsens the Cs uptake both in C-S-H and C-A-S-H. This is due to the low
charge density of Cs in comparison with Na and Ca, resulting in lower
electrostatic interactions between Cs ions and the C-(A-)S-H surfaces.

As mentioned before, the sorption configuration influences the
diffusivity of the adsorbed cations, in such a way that the better the
cations are retained the lower their diffusion coefficients. Thus, it can be
seen in Table 8 that the lowest diffusion coefficients correspond to Na
ions followed by Ca cations. On the other hand, the higher amount of Cs
desorbed and in the outer-sphere configuration is reflected in much
higher average diffusion coefficients.

3.8. Pore size effect

The size, distribution, connectivity and water content of the pores
play a key role in the diffusion of the confined ions in calcium silicate
hydrates. Calcium silicate hydrates are layered structures that form a
solid network with pores widths from less than 1 nm to above 100 nm,
where evaporable water can also be present depending on the relative
humidity [85-87]. In this study, we have focused on 1 nm pores, but to
study the effect of the pore size in the adsorption and diffusion of the
confined cations in gel pores, we have expanded gradually the pore
space from 1 nm to 5 nm, distance from which it is considered to reach
bulk water behavior. The C-A-S-H model analyzed in the previous sec-
tion, direct competition, is taken for this study, expanding its pore space
from 1 nm to 5 nm gradually. We have expanded the pore up to 5 nm
since, at that distance, water located in the center of the pore recovers
the diffusivity of bulk water, as explained below. Thereby, from 5 nm,
water behaves as bulk water and, consequently, the transport properties
of the cations confined in larger pores will be similar. The expanded
pores are filled with water molecules up to reach a density of 1 g/cm3,
while the amounts of Cs, Na and Ca are not altered.

First, we have analyzed the arrangement of the confined species in
the C-A-S-H pore spaces with different sizes by computing the atomic
density profiles, as shown in Fig. 6. It must be noted that only the
proximities to the C-A-S-H surface (up to 7.5 A) are shown to compare
and better visualize the adsorption of the cations in this region.

It can be seen in Fig. 6 that most of the cations remain close to the C-
A-S-H surfaces, both below and above the upper interfacial limit (z = 0
A), forming inner- and outer-sphere complexes, notwithstanding there
are differences depending on the cation type. All Ca ions are adsorbed on
the C-A-S-H surface and no desorbed Ca ions are found at any pore size.
Likewise, Na ions tend to remain close to the C-A-S-H surface, but there
are small populations of Na in the center of the pore, indicating that a
small fraction of Na can be desorbed as discussed below. Finally, most of
the Cs ions are located in the proximities of the C-A-S-H surface,
although at further distances than Na and Ca ions due to their much
higher size. However, there is a significant population of desorbed Cs
ions in the pore space at any pore size. To analyze better the sorption
configuration of the confined cations, we have estimated the relative
amount of Cs, Na and Ca in each sorption configuration for all the
analyzed pore sizes (see Table 9).

From these data, it can be drawn that the sorption configuration of
the cations is affected by the pore size but it does not change drastically
as the pore is expanded since the C-A-S-H surface is the same in all the
systems and, consequently, their high affinity sites are not altered. Thus,

Table 8
Average diffusion coefficients for Cs, Na and Ca confined in C-S-H (above) and C-
A-S-H (below).

Dave (10712 m?/s) C-S-H C-A-S-H
Cs 59.831 27.886
Ca 0.593 0.179
Na 4.094 3.923
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Cs are mainly forming outer-sphere complexes, while Na and Ca ions are
more likely to be as inner-sphere complexes, which is related to the
charge density of the analyzed cations, as discussed before. Neverthe-
less, it is observed that as the pore is expanded, the amount of Cs
adsorbed in outer-sphere sorption sites decreases, while the amount of
non-adsorbed Cs increases. This rise in the amount of non-adsorbed Cs
can be attributed to the higher water content and larger distances to the
C-A-S-H surfaces for the cations located in the center of the pore, which
facilitates the solvation of the Cs ions by water molecules into stable
configurations. The amount of Ca forming inner-sphere complexes in-
creases gradually with the pore expansion, which results in a reduction
of the number of outer-sphere complexes. The strong electrostatic in-
teractions between the Ca ions (with divalent charge) and the C-A-S-H
surface explain the fact that no desorption is observed at any pore size.
Finally, the trend is not clear for non-adsorbed Na cations, although it
can be seen that inner-sphere complexation is favored as the pore is
expanded regarding outer-sphere complexation.

We have also studied the effect of the pore size on the diffusivity of
water molecules, Cs and Na ions. Fig. 7 shows the evolution of the
diffusion coefficients as a function of the distance to the C-A-S-H surface
for water, Cs and Na ions. Ca is not analyzed since all Ca ions are
adsorbed on the surface and the diffusivity does not vary significantly as
the pore is expanded.

The evolution of the water diffusivity shown in Fig. 7a does not
reveal significant differences in the water diffusivity at the different pore
sizes in the proximities of the surface, but in the center of the pore these
differences became very pronounced. This is due to the fading of the
nanoconfinement effect as the pore space is expanded, resulting in
higher water diffusivities up to reach that of bulk water. Indeed, in the
center of the pore of 5 nm, the bulk water diffusivity is reached, with
values of about 2.4.107° m?/s, in the line with the experimental
(2.3-10°° m?%/s)[79] and simulated (2.5-10~° m?%/s)[80] values
measured for bulk water. Therefore, the bulk water behavior is recov-
ered in the center of pores with widths larger than 5 nm.

Likewise, the diffusivity of Cs and Na is also affected by the pore size,
as shown in Fig. 7b and 7c. As for water molecules, in the proximities of
the C-A-S-H gel, the diffusivity of Cs and Na does not change signifi-
cantly with the pore sizes. In inner-sphere sorption configurations, Cs
ions exhibit average diffusion coefficients of about 2.76-107'2 m?/s and
about 5.06-10~ 2 m?/s in outer-sphere sorption sites, while for Na these
average coefficients are slightly smaller, about 0.81-10 2 m?/s and
3.61-10712 m?/s, respectively. By contrast, non-adsorbed cations expe-
rience considerably higher diffusivities as the pore increases. In fact, for
Cs ions, the diffusivity in the largest pore (5 nm) is one order of
magnitude higher than in the 1 nm pore, going from about 0.35-10~°
m?/s (at 1 nm) to 1.95-10 ° m?/s (at 5 nm), following the trend of water
diffusivity. In this way, the diffusivity of Cs ions approximates to that of
Cs in bulk water in the center of the pore of 5 nm (2.1~10’9 m?%/s [73D).
Regarding Na diffusivity, it must be noted that there are desorbed Na
ions in the pore, but it is scarcer than Cs and it does not reach the center
of the pore, in which water diffusivity is maximum, so the estimation of
the diffusion coefficients of Na ions along the pore is limited and the
maximum diffusivity measured (about 0.78-10"° m?/s in the 5 nm pore)
is far from its value in bulk water (1.33-10~° m?/s [73]).

4. Conclusions

In this work, we have studied the retention and diffusivity of Cs, Ca
and Na in C-S-H and C-A-S-H, exploring the competition of these ions for
the available sorption sites and the effect of aluminum incorporation.
For that purpose, we have built C-S-H and C-A-S-H models with a Ca/Si
ratio of 1.1 and an Al/Si ratio of 0.15 for C-A-S-H. We have introduced
Cs, Ca and Na at a constant concentration of 1.62 cations per nm? of C-
(A-)S-H surface in nanopores of 1 nm. In this way, we were able to
evaluate the affinity and competition of the cations under study for the
sorption sites, as well as study their diffusion behavior and the impact of
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Fig. 6. Density profiles of the confined species in the pores of C-A-S-H expanded from 1 nm (left) to 5 nm (right). The color code is the same as in Fig. 2 and 5.

Table 9
Percentage of ions adsorbed in inner-sphere/outer-sphere/pore configurations for the analyzed pore sizes.
Cs Ca Na
Cation Inner Outer Pore Inner Outer Pore Inner Outer Pore
1 nm 5% 71% 24% 55% 45% 0% 61% 33% 6%
2 nm 8% 65% 27% 53% 47% 0% 60% 29% 11%
3 nm 7% 73% 20% 58% 42% 0% 67% 26% 7%
4 nm 5% 67% 28% 61% 39% 0% 73% 26% 1%
5 nm 8% 62% 30% 64% 34% 0% 64% 25% 10%
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Fig. 7. Average diffusion coefficient of (a) water molecules, (b) Cs and (c) Na ions as a function of the distance from the C-A-S-H surface for the analyzed pore sizes.

aluminum incorporation to form C-A-S-H.

We have seen notable differences between the studied cations; high
adsorption and low diffusivity for Na and Ca ions against poor retention
of Cs and diffusion coefficients up to two orders of magnitude higher in
comparison. These differences between cations may be attributed to
their size and charge. The higher the charge density, the stronger the
electrostatic interactions with the surface. The size also plays a key role,
the high size of the cations and their solvation shells can make difficult
the approach to the sorption sites of C-(A-)S-H surfaces. Likewise, Ca and
Na ions exhibit high adsorption enthalpies and residence times in high-
affinity sites, while the residence time of Cs ions is very small in com-
parison and its adsorption, although is favorable, is not as much as for Ca
and Na. It is also remarkable the great impact on the diffusivity of the
aluminum incorporation, particularly significant for Cs, whose diffusion
coefficient is reduced up to 40% in C-A-S-H regarding C-S-H, due to the
increase of the electrostatic interactions for the aliovalent substitution of
Si for Al. Nevertheless, these substitutions do not alter the composition
of the solvation shell of the cations, suggesting that they tend to fill their
stable coordination shell independently of the environment.

Therefore, the presence of aluminum in the C-S-H structure enhances
the retention of the confined cations in the nanopore, reducing their
mobility. Indeed, the number of sorption sites increases for all the cat-
ions in C-A-S-H with respect to C-S-H, being up to 18% higher for Cs,
moving from 1.1 to 1.3 sites/nm?. It is remarkable that the effect of the
aluminum content is more pronounced for those cations with higher
charge density, such as Na and Ca, but even if Cs ions are not as well
retained as Ca and Na ones, there is a drastic reduction of the diffusivity

of Cs concerning these cations in bulk water and inserted in clay min-
erals. This is due to the combination of the effect of nanoconfinement,
which also reduces notably the water diffusivity and the interaction of
the cations with the high-affinity sites of C-(A-)S-H surfaces.

The study of the direct competition of the cations understudy has
revealed that Cs cations are not capable of displacing Na and Ca from
inner-sphere sorption sites, which results in lower retention and higher
diffusion coefficients of Cs cations. Finally, the study of the effect of the
pore size in the alkali and alkaline earth cations’ uptake shows that
retention is not significantly modified, but the diffusion of the non-
adsorbed cations increases notably as the pore space is expanded as a
consequence of the higher water diffusivity due to the fading of the
nanoconfinement effect. Thereby, the release of the confined species by
leaching mechanisms are favored in gel pores with larger sizes.
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Appendix A. Supplementary data

The Supplementary Material contains a detailed description of the
coordination shell of the cations under study, as well as the character-
ization of the sorption configuration of the intrinsic Ca in each system.
The diffusivity of the Cs, Na and Ca decomposed for each sorption
configuration is also included in the Supplementary Material. Supple-
mentary data to this article can be found online at https://doi.org/10.10
16/j.commatsci.2021.110312.
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