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Abstract

Cementitious materials are commonly used in nuclear repository sites to immobilize intermediate-level radioactive
wastes. This is due to the large surface area of the calcium silicate hydrate (C-S-H) gel, the main hydration product of
ordinary Portland cement, which provides many sorption sites in which the contaminants can be adsorbed. The retention
capacity of these materials is strongly dependent on the composition, the water content, the pH or the presence of addi-
tives. Likewise, it is also known that the durability and performance of cement and concrete are adversely affected in
chloride and/or sulfate environments. In this work, atomistic simulations have been employed to analyze the effect of
the presence of chlorides and sulfates in the retention and transport of '*’Cs, one of the most hazardous radioisotopes, in
calcium silicate hydrate. The simulations suggest that the presence of a moderate amount of chlorides does not alter
significantly the Cs uptake in C-S-H gel, while a moderate content of sulfates enhances substantially the retention of Cs
ions and reduces their migration throughout the pore. This behavior is attributed to the ability of the sulfates to pull Ca

out the high-affinity sites from the C-S-H surface, allowing Cs ions to occupy them.

1. Introduction

The development of nuclear reactors for energy produc-
tion revealed the great advantages offered by this energy
source, among which it can be highlighted the high
reliability and the low cost of energy production. How-
ever, nuclear energy generation involves many chal-
lenges that need to be addressed. The most prominent is
the safe management, storage and disposal of the radio-
active wastes produced in the nuclear facilities. The
most common nuclear fuel contains isotopes of uranium
and plutonium that produce different fission products.
Many of these products are either non-radioactive or
short-lived radioisotopes, but some of them are danger-
ous and/or long-lived radioisotopes. The end products
*Sr and "’Cs are the most hazardous radioisotopes
from the spent nuclear fuel and constitute the main
source of radiation released after the Chernobyl and
Fukushima incidents (Real et al. 2004; Amano et al.
2012). However, the ease of spreading of *’Cs due to its
high volatility and solubility (Jantunen et al. 1991)
facilitates the uptake of this radioisotope in the food
chain with the subsequent risks for humans and animals,
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so the isolation of this radioisotope deserves especial
attention.

The processing of the spent nuclear fuel involves
several steps, including the segregation of the radioac-
tive components from the bulk waste and the condition-
ing process to convert the raw radioactive waste into
stable solid forms or waste forms. In this way, the con-
ditioning process aims to immobilize the mobile con-
taminants by solidification, embedding or encapsulation
methods in order to minimize their potential dispersion
and migration (Palmer and Fairhall 1992; Krish-
namoorthy et al. 1993). Cementation (Coumes and
Courtois 2003), bituminization (Kluger et al. 1980) and
vitrification (Lee et al. 2006) are common techniques
for the immobilization of low- and intermediate-level
radioactive wastes, the former being the most used
worldwide (Barinov et al. 1990; Coumes and Courtois
2003; Rahman et al. 2014), in which the immobilization
occurs by precipitation and adsorption of the mobile
contaminants (Macasek 1999; Real et al. 2002).

Ordinary Portland cement, OPC, is commonly used
for cementation (Glasser and Atkins 1994) since the
calcium silicate hydrate or C-S-H gel, the main hydra-
tion product of OPC, has a large surface area with many
sorption and reaction sites in which the contaminants
can be retained (Real et al. 2002; Volchek et al. 2011).
Moreover, the C-S-H gel has low diffusibility and solu-
bility due to its microstructure, which reduces the mo-
bility of the contaminants and prevents their release
(Hewlett 2003; Kiran et al. 2020).

The studies on Cs uptake in cementitious materials
revealed that the retention distribution, Rd, varies sev-
eral orders of magnitude depending on the experimental
conditions. These studies indicate that the Cs uptake on
C-S-H gel can be increased by lowering the Ca/Si ratio
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and rising the Al/Si ratio (Bagosi and Csetényi 1998;
Ochs et al. 2015; Duque-Redondo et al. 2018a, 2021).
Likewise, acid pH enhances the retention of Cs since at
basic pH there is a higher content of calcium hydroxide
that can saturate the sorption sites from the C-S-H sur-
face (Glasser 1993; Ochs et al. 2015). The use of addi-
tives, such as silica fume or clays, in combination with
the OPC, also influences the Cs uptake and its leaching
since they may induce changes in the porous structure
and water content, which may result in a difference in
the Cs diffusivity of several orders of magnitude (At-
kinson and Nickerson 1984; Johnston and Wilmot 1992;
El-Kamash ef al. 2002).

The cementation technique has proved to isolate the
radioactive contaminants safely for a long time. How-
ever, these species would be eventually released by the
action of different factors. For instance, chloride and
sulfate attacks are aggressive deterioration mechanisms
that affect the long-term durability of cement and con-
crete structures and can cause the fracture of the waste-
forms, facilitating the intrusion of groundwater and the

release of the contaminants (Atkinson and Hearne 1989).

Many studies have been analyzed on the effects that the
presence of chlorides and sulfates have on the durability
and mechanical performance of cement-based materials
(Neville 1995; Al-Amoudi 2002; Stroh et al. 2016;
Ramezanianpour and Riahi Dehkordi 2017), but they do
not focus on the impact of these species on Cs uptake in
calcium silicate hydrates.

In this work, the authors have analyzed by means of
molecular dynamics simulations the impact of the pres-
ence of chlorides and sulfates in the C-S-H nanopores
on the Cs uptake and its diffusivity. To this effect, the
authors have developed three C-S-H models with Ca/Si
ratio of 1.67, the average ratio in Portland cement paste,
and pore size of 1 nm, in which Cs is introduced with a
concentration of 1.68 Cs per nm’ of C-S-H surface
counterbalanced by hydroxyl groups, chlorides and
sulfates, respectively. The atomistic simulations have
been analyzed to characterize the distribution of the
confined species in the nanopore in the presence of the
considered counterions, along with the type and number
of sorption sites available on the C-S-H surfaces for Cs
and Ca ions. The transport properties of Cs, Ca and
water molecules are also evaluated by computing their
diffusion coefficients.

2. Simulation details

The C-S-H models have been built following the pro-
cedure described by Kovacevi¢ et al. (2016) for Model
1, although the 14 A-tobermorite’s structure (Bonac-
corsi et al. 2005) was used as a starting point instead of
11 A-tobermorite’s structure. These two polytypes differ
mainly on the basal spacing and the water content, higher
in 14 A-tobermorite. Moreover, in 11 A-tobermorite the
silicate chains from adjacent layers can be linked by
condensation of bridging sites (Q” silicate species). The

structure of 14 A-tobermorite has been employed as a
starting point to develop our models because the water
content is more similar to that of C-S-H gel and there
are no Q’ silicate species (Rejmak et al. 2012; Cuesta et
al. 2018). Kovacevi¢’s procedure involves the omission
of bridging silicates in the tobermorite’s infinite silicate
chains and the addition of Ca ions into the interlaminar
space to reach the target Ca/Si ratio (1.67), as in previ-
ous works (Duque-Redondo ef al. 2018a, 2018b) Thus,
the initial 14 A-tobermorite’s unit cell was replicated to
obtain a simulation box with dimensions of 2.6 x 3.1 x
3.3 nm’, corresponding to the x-, y- and z-axes, and
periodic boundary conditions were applied. Then, water
was removed from the interlaminar spaces and the Ca/Si
ratio was increased from 0.83, the value in 14
A-tobermorite, to 1.67, deleting randomly some bridg-
ing silicates and adding Ca in the interlaminar space.
The silicate omission creates defects on the C-S-H in
which the added Ca ions can be accommodated (Kumar
et al. 2017). Then, water was reintroduced and the C-S-H
model was relaxed by performing an energy minimiza-
tion and equilibration in the isobaric-isothermal ensem-
ble (NPT) for 5 ns at 300 K using a reactive force field,
ReaxFF (Chenoweth et al. 2008; Fogarty et al. 2010;
Manzano et al. 2012b), which allows the dissociation of
water molecules in dangling oxygen atoms from the
new Q' sites, created by the omission of the bridging
silicates.

Once the C-S-H model was equilibrated, the inter-
laminar space was opened 1 nm to create a gel pore in
which one can study the retention and transport of Cs
(Pinson et al. 2015). The authors have selected this
width as a limit case since Pinson ef al. suggested that
above 1 nm, there is a change in water properties; in
smaller pores or interlayer spaces (below 1 nm) the
electrostatic confinement is so high that the mobility of
the water molecules is very constrained, while above 1
nm water can flow and, in turn, all the species confined
on the pore, like the Cs ions. Thus, in pores above 1 nm,
there might be leaching processes that result in the re-
lease of the confined contaminants. In the expanded
pore space, Cs ions counterbalanced with hydroxyls,
chlorides and sulfates, were introduced with a concen-
tration of 1.68 Cs per nm® of C-S-H surface, equivalent
to a Cs/Ca ratio of 0.85, the value found experimentally
in 14 A-tobermorite (Miyake et al. 1989). It must be
noted that, regardless of the counterion, all the systems
contain hydroxyl groups coming from the water disso-
ciation. Finally, the pore is filled with water up to 1
g-cm™ using a geometry-based algorithm (Martinez and
Martinez 2003; Martinez et al. 2009) and the three sys-
tems (the first one counterbalanced with hydroxyl, the
second one with chlorides and the third one with sul-
fates) were equilibrated again by running a new energy
minimization and molecular dynamics simulations. The
equilibration has been performed using a combination
of CSHFF force field (Shahsavari et al. 2011) to de-
scribe the C-S-H structure, ClayFF (Cygan et al. 2004)
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Table 1 Comparison of the final properties of the structure of the C-S-H before expanding the interlaminar space, obtained

from our simulations and the literature.

This work Literature

Ca/Si 1.67 1.67
MCL (Cong and Kirkpatrick 1996; Chen et al. 2004; Dolado et al. 2007,

; 2.4 2.1t03.0
Qomi et al. 2014)
H,0/Si (Fujii and Kondo 1981; Cong and Kirkpatrick 1996; Thomas et al. 25 231032
2003; Qomi et al. 2014) ’ ’ ’
Ca—QH/Ca (Fujii and Kondo 1981; Thomas ef al. 2003; Dolado et al. 2007; 037 0.27 to 0.44
Qomi et al. 2014)
Si-OH/Si (Cong and Kirkpatrick 1996; Dolado et al. 2007) 0.15 0.10 to0 0.21

for the Cs and Cl ions and CHARMM force field
(Brooks et al. 1983; Vanommeslaeghe et al. 2010) for
the sulfates. After the energy minimization, the systems
were initially relaxed in the canonical ensemble (NVT)
at 300 K with a thermostat coupling constant of 0.1 ps
during 0.5 ns and using a time step of 0.5 fs. Then, fur-
ther relaxation was performed by running another 0.5 ns
simulation in the isobaric-isothermal ensemble (NPT) at
300 K and 1 atm with a barostat coupling of 1 ps. Fi-
nally, a 50 ns simulation is run in the canonical ensem-
ble (NVT) at 300 K. LAMMPS code (Plimpton 1995)
was used to run the MD simulations, while the integra-
tion of the motion equation and the long-range Coulom-
bic interaction were computed using the Verlet algo-
rithm (Verlet 1967) and the Ewald summation method
(Ewald 1921).

3. Results and discussion

3.1 C-S-H model structure

As mentioned before, the C-S-H models employed in
this work, have been built following the procedure de-
scribed by Kovacevi¢ ef al. (2015, 2016), which derives
from the procedure of Qomi et al. (2014). These authors
performed a thorough and rigorous validation of the
C-S-H models, comparing the structural parameters and
elastic properties with experimental samples. Thus, one
can assume those validations for our models. Neverthe-
less, for further validation, the structural parameters of
the equilibrated C-S-H model with a Ca/Si ratio of 1.67
obtained from the molecular dynamics simulation be-
fore expanding the interlaminar space have been com-
pared with the values reported by other authors for ex-
perimental and simulated C-S-H samples with the same
Ca/Si ratio. This comparison is shown in Table 1 and it
can be seen that our model is in line with the systems
reported by other authors. It must be noted that the
composition of the C-S-H gel (Ca/Si and H,0O/Si ratios)
and the mean chain length (MCL) have been defined to
replicate the experimental values of C-S-H systems
reported in the literature, while the Si-OH/Si (Si-OH
bonds per Si atom) and Ca-OH/Ca (Ca-OH bonds per
Ca atom) ratios result from the chemical relaxation
provided by the reactive force field ReaxFF.

3.2 Nanopore arrangement

The distribution of the confined species in the C-S-H
nanopore can be explored by computing the atomic
density profiles of the modeled systems. This tool gives
the density of a given particle or molecule as a function
of the distance from a plane. Thus, it can be used to
monitor the distribution of the water molecules, cations
and counterions throughout the pore, in the z-direction,
perpendicular to the C-S-H surfaces. Figure 1 shows the
atomic density profiles of water, Ca, Cs and the corre-
sponding counterions (hydroxyl groups, chlorides and
sulfates) along with a snapshot of the system for better
comprehension. These atomic density profiles were
obtained averaging and normalizing the atomic positions
for 20 ns.

In Fig. 1, only the interphase, in which water pene-
trates into the solid C-S-H (between approximately -2.5
A and 0 A) and the bulk liquid region (above 0 A) are
shown, while the bulk solid (C-S-H) region is omitted.
This classification has been done according to the Gug-
genheim convention (Guggenheim 1985), which divides
the systems into those three regions and defines two
interfacial limits: the lower and the upper interfacial
limits (LIL and UIL), which are the imaginary bounda-
ries between the interphase and the bulk solid and bulk
liquid phases, respectively. In Fig. 1, the authors have
assigned to the upper interfacial limit (UIL) the value 0 A,
while the lower interfacial limit (LIL) is not represented,
but it is placed at about -2.5 A.

The atomic density profiles exhibit significant differ-
ences in the distribution of the cations and counterions.
On the one hand, it can be seen that hydroxyl groups can
be found both above and below the upper interfacial limit,
while sulfates are mainly located above the upper inter-
facial limit and chloride ions are exclusively located in
the bulk liquid region. On the other hand, the distribution
of the cations is altered by the counterion present in the
pore: while the distribution of Cs and Ca ions counter-
balanced by hydroxyl groups and chloride ions is similar,
finding these cations both below and above the upper
interfacial limit, when sulfates are present, the amount of
Ca ions in the interphase is considerably lower, while the
amount of Cs in the proximities of the upper interfacial
limit is much higher than when it is counterbalanced by
hydroxyl and chloride anions.
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Table 2 Average coordination numbers for Cs and Ca to oxygen atoms from the C-S-H surface (Os), water molecules
(Ow) and the counterions (hydroxyl, Oh; chloride, Cl; and sulfates, SO4) for the three considered systems.

Cs Ca

Main counterion Oh Cl SO, Oh Cl SO,
Os 1.9 1.8 2.5 3.0 2.9 2.3
Ow 53 5.1 4.7 1.8 2.1 2.2
Oh 1.1 0.6 0.6 2.3 2.0 1.7

Cl - 0.7 - - 0.1 -
SO, - - 0.4 - - 0.8
Total 8.3 8.2 8.2 7.1 7.1 7.0

3.3 Local structure
The atomic density profiles have revealed significant
differences in the distribution of Cs and Ca in the C-S-H
nanopore. These differences should be reflected in the
local structure of the cations. Thus, radial distribution
functions (RDFs) and coordination numbers (CNs) of Cs
and Ca in each system to characterize their average local
structure have been computed, as can be seen in Fig. 2.
It can be seen that the radial distribution functions and
coordination numbers of Cs and Ca ions are very dif-
ferent. This is due to the differences in the size and
charge of those cations. Cs ions have low charge density
since they are large and monovalent cations, while the
charge density of Ca is much higher due to its smaller
size and higher charge. The diffuse charge of Cs results
in wide peaks in the RDFs and ill-defined coordination
numbers, whereas Ca, with high charge density, exhibits
sharp peaks and well-defined coordination numbers. The
size of the cations is also reflected in the M-X distances,

finding larger Cs-X distances in comparison with Ca-X
distances. For instance, the average Cs-O distance is
about 3.1 A, while the average Ca-O distance is 2.5 A.
These values are in agreement with the experimental
M-O distances, ranging from 3.0 to 3.3 A (Schwenk et al.
2004; Maihler and Persson 2011) for Cs-O and from 2.4
to 2.5 A (Abriel 1983; Bako et al. 2002; Kubillus et al.
2014) for Ca-O. Likewise, the Cs-Cl distance, 3.6 A, is
larger than the Ca-Cl distance, 2.8 A, both values in the
line of the distance measured experimentally, with values
of 3.7 A (Zachariasen 1948) and 2.9 A (Chiu et al. 2010),
respectively.

Regarding the coordination numbers, it can be seen
that the coordination shell of Cs ions is significantly
higher than that of Ca ions. The average coordination
numbers for Cs and Ca obtained from Fig. 2 are dis-
played in Table 2 for better visualization. It must be
noted that the values for Cs ions cannot be assigned
unequivocally since they are ill-defined due to the diffuse
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Fig. 1 Atomic density profiles and their corresponding snapshots for the systems in which Cs ions are counterbalanced
with (a) hydroxyl groups, (b) chlorides and (c) sulfates. In the density profiles (upper row of figures), the black dashed line
represents the upper interfacial boundary (UIL), while the profiles of Cs, Ca, water molecules and counterions are plotted
in light blue, yellow, dark blue and orange, respectively. The garnet tetrahedrons of the snapshots (lower row of figures)
correspond to the silicate chains, whereas the light blue and yellow balls are the Cs and Ca ions. Water and hydroxyl
groups are illustrated as double and simple blue sticks. Chloride and sulfate ions are represented as orange balls and
purple tetrahedrons, respectively. The lower and upper interfacial limits (LIL and UIL) are represented with black dashed

lines.
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charge of these cations. Nevertheless, the authors have
estimated that the total coordination number for Cs ions
is approximately 8.2 in the line with the values reported
by other authors for Cs in bulk water, which range from
7.8 to 8.7 (Hofer et al. 2004; Schwenk et al. 2004;
Mihler and Persson 2011). The total coordination num-
ber for Ca is about 7.1, a similar value to the values
reported in the literature, between 7.0 and 7.4 (Bako et al.
2002; Hofer ef al. 2004). Remarkably, the total coordi-
nation number of Cs and Ca remains almost constant for
all the systems, although the composition of the first
coordination shell changes depending on the counterion.
On the one hand, the respective coordination shells of Cs
and Ca in the systems counterbalanced by hydroxyls and
by chlorides are similar: Cs ions are coordinated to
approximately 2 atoms from the surface and 5 water
molecules, completing the coordination shell with the
counterions, while the coordination shell of Ca is com-
posed of 3 oxygens from the C-S-H surface, about 2
water molecules and a little more than 2 counterions. On
the other hand, the coordination shell of Cs and Ca in
presence of sulfates is substantially different, finding that
Cs ions increase their coordination to the C-S-H surface,
while the coordination of Ca to the surface decreases
significantly regarding the other two systems. It must be
remembered that the atomic density profile for the sys-
tem counterbalanced with sulfates shows an increase in
the amount of Cs in the proximities of the C-S-H surface
and a decrease of Ca in this region with regard to the
other two systems. This explains the higher and lower
coordination of Cs and Ca, respectively, to the C-S-H
surface in presence of sulfates. Moreover, Ca is coordi-
nated to nearly one sulfate counterion, suggesting that
these counterions may pull Ca ions out from the C-S-H
surface to the bulk liquid region and allowing to Cs ions
occupy the high-affinity sites of the surface left by the Ca.
The affinity of sulfates for Ca might be attributed to the

higher charge of Ca (divalent cation) regarding Cs
(monovalent cation), which allow the formation of
stronger electrostatic interactions between the sulfates
and Ca ions. This is in agreement with the experimental
observations of sulfate attack in cement and concrete, in
which the sulfate that penetrates into these materials
interact with Ca ions to form CaSO, or gypsum
(Al-Amoudi 2002).

3.4 Sorption configuration
As has been seen, the arrangement of the cations in the
C-S-H nanopore affects their average coordination shell.
Thus, the contribution of the oxygen atoms from the
C-S-H surface to the coordination shell of the cations
located in the interphase must be substantial, while for
those cations in the center of the pore, far from the sur-
face, should be negligible. This is not trivial since affects
the retention and migration of the confined species: a
cation located close to the C-S-H surface that establishes
strong interactions with their oxygen atoms is well re-
tained and its mobility is restricted, while the cations in
the pore that do not interact with the surface are not
retained at all and they can move freely through the pore.
Many authors have classified the cations confined in
the C-S-H gel into three categories according to their
proximity to the surface and their coordination shell:
inner-sphere complexes, outer-sphere-complexes and
non-adsorbed cations (Payne et al. 2013; Androniuk ef al.
2017; Jiang et al. 2017; Duque-Redondo et al. 2018b).
Non-adsorbed cations are far from the C-S-H, so they do
not interact with the surface’s atoms and their coordina-
tion shell is mainly composed of water molecules and
complete it with the counterions. Outer-sphere com-
plexes maintain a hydration shell similar to that of
non-adsorbed cations, although they are close enough to
the C-S-H surface to direct coordinate to it. Finally, in
inner-sphere complexes, the coordination to the C-S-H
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Fig. 2 Radial distribution functions (continuous lines) and coordination numbers (dashed lines) for Cs (upper row of fig-
ures) and interlayer Ca (lower row of figures) ions with (a) hydroxyl, (b) chloride, and (c) sulfate counterions. M-surface
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Table 3. Percentage of cations adsorbed in inner-sphere and outer-sphere configurations and the non-absorbed (pore)
ions in C-S-H for Cs and Ca ions counterbalanced by hydroxyls (OH), chlorides (Cl) and sulfates (SO4).

Cs Ca
Counterion Inner Outer Pore Inner Outer Pore
OH 32% 25% 43% 46% 12% 42%
Cl 27% 32% 41% 27% 33% 40%
SO, 38% 33% 29% 21% 18% 61%

Table 4. Number of inner-sphere and outer-sphere sorption sites per nm? of C-S-H and the sum of them for Cs and Ca
counterbalanced by hydroxyls (OH), chlorides (Cl) and sulfates (SO4). The total number of Cs and Ca ions is the same in
all the systems, equivalent to 1.68 Cs and 3.11 Ca per nm? of C-S-H surface.

Cs Ca
Counterion Inner Outer Sum Inner Outer Sum
OH 0.54 0.42 0.96 1.43 0.37 1.80
Cl 0.45 0.53 0.98 0.84 1.03 1.87
SO, 0.64 0.55 1.19 0.65 0.56 1.21

surface is much higher than in outer-sphere complexes
since they are located much closer to the C-S-H surface.

Since the formation of these complexes can be related
to their distance to the C-S-H surface, the Guggenheim
convention can be used to facilitate the classification of
the cations in these sorption configurations. Thus,
non-adsorbed (pore) cations, which must be located far
from the surface, are placed in the center of the bulk
liquid region, while the outer-sphere complexes are
associated with those cations located in the bulk liquid
region but close to the surface, to the upper interfacial
limit, in which they can coordinate directly to the surface
and maintain high coordination to water molecules.
Finally, the cations located in the interphase can be
related to the inner-sphere complexes since they are
embedded into the solid enabling high coordination to
the C-S-H surface. However, it should be noted that at
high Ca/Si ratios, as the one considered in this study
(1.67), the C-S-H surface is very irregular due to the
deletion of silicate groups performed during the con-
struction of the C-S-H model drawing from the crystal-
line structure of 14 A-tobermorite. Thus, these surface
defects make the limits between the three regions defined
by the Guggenheim convention become more diffuse,
impeding to classify unequivocally the cations based
solely on their location in the pore gel. Therefore, one
must also analyze their local structure to classify appro-
priately the cations in each sorption configuration. The
relative amount of Cs and Ca adsorbed in inner-sphere
and outer-sphere sorption sites is given in Table 3, as
well as the number of cations solvated in the nanopore of
C-S-H, called pore cations.

Table 3 reveals that the amount of non-adsorbed Cs
and Ca is similar when they are counterbalanced by
hydroxyl or chlorides, although there are differences in
the distribution in inner- and outer-sphere sorption con-
figurations. However, in presence of sulfates, the amount
of non-adsorbed Cs is considerably fewer than in the
other two systems, while the opposite trend is found for

Ca, increasing remarkably the amount of non-adsorbed
Ca in the line with the distribution found in the atomic
density profiles. One can also estimate the effect of the
counterion in the number of each sorption sites per unit
area of C-S-H surface available for Cs and Ca, as shown
in Table 4.

From these data, it can be seen that the total number of
sorption sites for Cs and Ca is essentially the same when
they are counterbalanced by hydroxyls and chlorides,
while in presence of sulfates the total number of sorption
sites in the C-S-H surface is almost a 25% higher for Cs
ions and 34% lower for Ca. The difference in the number
of sorption sites for Cs and Ca with sulfates can be
attributed to the interaction of the Ca ions and the sulfates
counterions in the pore. Both species are divalent and can
establish stronger electrostatic interactions than with
monovalent species, such as Cs, hydroxyls or chlorides.
In this way, the sulfates might pull out Ca from the
high-affinity sites, which can be occupied by Cs ions,
resulting in higher desorption of Ca and higher adsorp-
tion of Cs in inner- and outer-sphere sorption sites. Thus,
the presence of a moderate amount of sulfates may
enhance Cs retention, although it might affect the per-
formance and durability of the materials due to the for-
mation of gypsum (CaSQOy) (Al-Amoudi 2002).

3.5 Diffusion coefficients

The migration of the cations through the C-S-H nanopore
can be analyzed by computing the mean square dis-
placement (MSD) (Brehm and Kirchner 2011). From the
MSD, the diffusion coefficients (D) are obtained through
the Einstein relationship (Einstein 1905):

(1

where d is the dimensionality of the system.
The average diffusion coefficients of Cs, Ca and water
molecules were computed and compared their values in



E. Duque-Redondo, K. Yamada and H. Manzano / Journal of Advanced Concrete Technology Vol. 19, 95-105, 2021 101

presence of the three considered counterions in order to
investigate how the counterion type affects the migration
of these species. The comparison of the diffusion coef-
ficients of the cations and water molecules is shown in
Fig. 3.

Figure 3 shows that the diffusivity of Cs ions coun-
terbalanced with sulfates is nearly half of that of Cs ions
counterbalanced with hydroxyl or chlorides. This is due
to the higher amount of Cs in inner-sphere and outer-sphere
sorption configurations, in which the cations can estab-
lish strong electrostatic interactions with the C-S-H
surface that reduce their mobility and result in lower
diffusion coefficients, especially in inner-sphere con-
figurations, in which the interaction with the surface is
much higher than in outer-sphere sorption sites. Thus, the
lower diffusivity of the cations counterbalanced with
hydroxyls regarding those counterbalanced by chlorides
may be attributed to the higher proportion of in-
ner-sphere complexes in the former system. In any case,
the diffusivity of Cs ions confined in C-S-H nanopores is
three orders of magnitude lower than in bulk water [2.1 x
10°m?* s (Yuan-Hui and Gregory 1974)] and this is due
to due to the structural and electrostatic confinement
effect caused by the inclusion in the nanopore (Ka-
linichev et al. 2007; Manzano et al. 2012a; Qomi et al.
2014; Bonnaud et al. 2016). On the other hand, the
diffusion coefficients of interlayer Ca ions are one order
of magnitude lower than the coefficients of Cs ions,
which is attributed to the higher charge density of Ca ions,
which allows establishing stronger interactions that
reduce their potential migration.

Figure 3 also shows the diffusivity of water molecules
and it can be seen that there are minor differences in their
diffusion coefficients depending on the counterion that
might be related to the ability of those counterions to
form hydrogen bonds. In contrast to chlorides, hydroxyls
and sulfates can form hydrogen bonds with water and
with oxygen atoms from the surface, which can reduce
the mobility in the nanopore, although the decline is not
meaningful. The nanoconfinement effect is also reflected
in the water diffusivity since the average diffusion coef-
ficient for water in the C-S-H nanopore, 2.9 x 102 m*s™,
is three orders of magnitude lower than the bulk water
diffusivity measured by experiments [2.3 x 10° m*s™
(Krynicki ef al. 1978)] and simulations [2.5 x 10 m*s™
(Mahoney and Jorgensen 2001)].

4. Conclusions

In this work, the authors have investigated the impact of
the presence of different counterions in the Cs uptake on
C-S-H gel. In particular, the authors have studied ad-
sorption and transport of Cs and Ca ions confined in a 1
nm gel pore of C-S-H with Ca/Si ratio of 1.67, in which
Cs has been introduced at a concentration of 1.68 Cs per
nm’ of C-S-H surface counterbalanced by three different
species: hydroxyl groups, chlorides and sulfates.

The analysis of the distribution of the confined species
throughout the pore shows significant differences de-
pending on the counterions, finding a higher Ca desorp-
tion and Cs adsorption in presence of sulfates than in
presence of hydroxyl or chlorides. The characterization
of the local structure of Cs and Ca has revealed that the
first coordination shell of these cations is similar when
Cs is counterbalanced with hydroxyl and chlorides, but
in presence of sulfates, the coordination of Cs to the
surface increases, while decreases the coordination to
water molecules and counterions. The opposite behavior
is found for Ca ions, in which is observed a significant
decrease of the coordination number to the C-S-H sur-
face, which is compensated by increasing the coordina-
tion to the water and the sulfate counterions, suggesting
that sulfates may pull Ca out to the pore space, leaving
their high-affinity sites on the C-S-H surface available
for Cs ions, whose retention is enhanced in presence of
this counterion.

The type and number of sorption sites on the C-S-H
surface are also analyzed as a function of the counterion,
finding that the total number of sorption sites per area for
Cs ions is 25% higher in presence of sulfates (1.19
sites/nm”) than with hydroxyls and chlorides (0.96 to
0.98 sites/nm’). By contrast, the total number of sorption
sites for Ca ions decreases up to 34% in presence of
sulfates (1.21 sites/nm?) regarding the systems counter-
balanced by hydroxyl and chlorides (1.80 to 1.87
sites/nm?). These data confirm that Ca is partially de-
sorbed in presence of sulfates, allowing Cs to occupy the
high-affinity sites left by the desorbed Ca. This desorp-
tion is attributed to the strong electrostatic interactions
that take place between the divalent species Ca®" and
SO4*, which suggests the formation of gypsum, CaSO,,
whose formation has been observed during sulfate attack
in cement and concrete. The differences in the sorption
configurations regarding the counterion are reflected in
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Fig. 3 Average diffusion coefficients of (a) Cs ions, (b) Ca ions and (c) water molecules as a function of the counterion. It
should be noted that the scale of the diffusion coefficients is different for the cations and water.
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the diffusivity of Cs ions. Thus, the higher retention of Cs
counterbalanced with sulfates results in diffusion coef-
ficients approximately 50% lower than Cs counterbal-
anced with hydroxyl or chlorides.

Therefore, this work has shown that the presence of
moderate amounts of sulfates in the C-S-H nanopores
may contribute to enhance the Cs retention and reduce its
migration and potential release due to the ability of
sulfates to release sorption sites from the C-S-H surface
that were occupied by Ca ions. This is in agreement with
the decalcification of silicate hydrates observed experi-
mentally when sulfates penetrates through the matrix of
cement and concrete, causing the formation of gypsum
and ettringite that can affect the performance and dura-
bility of these materials. On the other hand, the presence
of chloride counterions does not appear to have signifi-
cantly affected to Cs retention and diffusion. It is also
observed that the Cl counterions are not retained by the
C-S-H surface, confirming that the C-S-H gel does not
protect against the corrosion of the steel bars embedded
in reinforced concrete.

The output from these simulations can be used to
qualitatively understand the experimental results and/or
guide new experiments on ionic adsorption in presence
of chlorides and sulfates. Moreover, some results, such as
the diffusion coefficients can be used as quantitative data
to develop macroscopic models of diffusion since MD
simulations allow to obtain diffusion coefficients for
different species confined in pores with variable size,
ranging from interlayer spaces (below 1 nm) to macro-
pores of hundreds of nm.
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