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ARTICLE INFO ABSTRACT

Keywords: Geopolymers may provide a more sustainable alternative to Portland Cement for various possible applications.
Molecular dynamics Geopolymers have attracted particular interest for the immobilization of pollutants, owing to their high
Cesium adsorption capacity, high thermal and chemical resistance, and low leachability. However, practical imple-
Sodium L. v hi b limi . fh . . 1

Adsorption mentation is currently hindered by a limited understanding of how adsorption processes occur in geopolymers,
Geopolymer and how they can be engineered to optimize the incorporation of pollutants and avoid their release. In this work,
Zeolite Molecular Dynamics simulations provide insights into these processes at the atomic scale, studying the role of
Immobilization host material composition and structure in the immobilization of Na and Cs ions. The simulations reveal that the

most stable configurations for these ions are near the center of 6- and 8-membered aluminosilicate rings, where
the coordination with the geopolymer is maximum. Higher contents of Al and degrees of crystallinity are found
to yield more stable configurations for Cs ions, with more favorable adsorption enthalpies and lower diffusion
coefficients. The comparison of different crystalline zeolite structures reveals that the framework of sodalite,
used as the baseline to develop model geopolymer structures, is the most suitable for the immobilization of Cs
since there are no channels and it is formed by small 4- and 6-member, all preventing Cs ions from escaping the

cavities.

1. Introduction

The production of cement and concrete has a high carbon footprint
due to the limestone calcination process and the use of fossil fuels to
reach the high temperatures required to produce clinker. It is estimated
that the production of 1 tonne of Portland Cement (PC) releases nearly
another tonne of CO, and, due to vast global consumption of cement (the
most used man-made material [1]), the cement industry is responsible
for about 8% of the anthropogenic CO2 emissions [2]. Thus, there is a
strong interest in developing more sustainable alternatives to PC [3].
Geopolymers have emerged as a possible, more sustainable alternative
to PC since these materials have shown comparable strength to PC [4-6]
and good durability, sometimes even better than that of PC [7,8], while
their production entails significantly fewer CO5 emissions due to the
absence of decarbonization processes and lower processing tempera-
tures [9].

Geopolymers are formed by the alkali activation of a finely ground

precursor [10]. The geopolymerization process commences with the
dissolution of the alkali activator in water, mainly sodium hydroxide
(NaOH), potassium hydroxide (KOH), sodium silicate (NaySiO3) and
potassium silicate (K5SiO3) 11 followed by the progressive release into
the solution of silicates and aluminates from the precursor, usually
kaolinite, feldspar, or industrial solid residues such as fly ash, metal-
lurgical slag, or mining wastes. This leads to the polymerization of the
aluminosilicates, resulting in a gel structure with a three-dimensional
network of aluminate and silicate tetrahedra, and alkali cations sitting
in its pores to balance the excess of negative charge from tetracoordi-
nated Al. At the macroscale, this polymerization process leads to a paste
setting and gaining mechanical strength, akin to what takes place during
the hydration of PC, although the underlying chemistry of the reactants
and products fundamentally differs from that of PC systems. As in PC,
the final properties of the geopolymers can vary considerably depending
on their composition; for example, there is a nonlinear dependence of
porosity [11-14] and strength [15,16] with the Si/Al ratio, with the best
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performance typically achieved between 1.4 and 2 [17,18].

The properties of geopolymers make them suitable for various ap-
plications, also beyond construction. In particular, the use of geo-
polymers for the immobilization and solidification of radioactive
materials has attracted much attention due to their intrinsic high ther-
mal and chemical resistance [19,20], low leachability [21,22], high
adsorption capacity, and feasible cost [23-25]. Experiments have
proven that the retention of different hazardous and radioactive wastes,
such as Sr and Cs, is more effective in geopolymers than in PC, which is
also widely used for the encapsulation of contaminants [24,26-33]. This
good performance of geopolymers is attributed to the presence of close
cage cavities at the nanometer level, their dense three-dimensional
structure, and their high capacity to form strong chemical bonds with
the contaminants; similar to zeolites, which have been extensively used
for the immobilization of radioisotopes [34-44]. The adsorption ca-
pacity of geopolymers is strongly influenced by their composition since
low Si/Al ratios entail more tetracoordinated aluminates, whose net
negative charge attracts the cations in solution, including positively
charged radionuclides, thus increasing their retention [12]. Other fac-
tors also impact the immobilization performance [12], e.g. the size and
charge of the ions to be confined, the size of the aluminosilicate rings in
the molecular structure of the geopolymer, and the charge heterogene-
ity. Indeed, in zeolites, it is established that their framework and
composition determine the selectivity and adsorption capacity towards
different heavy metals or radionuclides [45-47].

The potential use of geopolymers for immobilization is particularly
interesting for radiocesium, 137¢s, which is one of the most hazardous
radioisotopes in spent nuclear fuel due to a long half-life of more than 30
years and a high specific radioactivity [48-51]. Indeed, radiocesium can
be tightly docked at the center of 8-membered aluminosilicate rings due
to its size [39,41,52]. However, it is still unclear how the composition
and nanostructural disorder of geopolymers may impact the mecha-
nisms of adsorption and migration for this contaminant. Understanding
these mechanisms at the atomic scale is the first in a rational approach
for optimizing the composition and structure of geopolymer, to achieve
maximum retention and minimum migration of Cs ions. Atomistic
simulations may help shed light on these fundamental mechanisms.

In this work, we employed molecular dynamics (MD) simulations to
investigate the adsorption and migration of Cs ions in geopolymers with
three different levels of structural order originally developed in ref [53]:
(i) fully crystalline, based on the ordered zeolitic structure of sodalite,
(ii) fully amorphous, based on the very disordered structure of silica
glass, and (iii) defective, viz. intermediate between the two previous
cases. Four different compositions of the geopolymers were considered,
with Si/Al ratios between 1.4 and 2.0, a (Na+Cs)/Al ratio of 1, and a
Cs/Na ratio of 0.5. In addition, we have analyzed four zeolites, with the
same compositions as the geopolymers but different crystalline frame-
works: (i) sodalite (SOD, equivalent to the crystalline geopolymer), (ii)
chabazite (CHA), (iii) mordenite (MOR), and (iv) clinoptilolite (HEU,
heulandite framework). In this way, the adsorption capacity of geo-
polymers can be compared with that of zeolites that have been suc-
cessfully employed for Cs immobilization. Indeed, the selected zeolites
exhibit high adsorption capacity and selectivity towards Cs [54-57]. The
adsorption and migration of Na ions, which are typically present in
geopolymers and zeolites, were also analyzed since they might affect Cs
uptake by occupying and/or competing for the adsorption sites. The
efficiency of the immobilization of Cs and Na is investigated by
analyzing their coordination with the geopolymers, the lifetime of those
interactions, and the adsorption enthalpies, while the migration of the
Cs and Na ions through the porous matrix is analyzed by computing their
diffusion coefficients. The results show that the immobilization of the Na
and Cs ions is higher in the sodalite structure as their framework lacks
channels and the ions are confined in small cavities, hindering their
migration and possible release. Moreover, the regular 6-membered rings
favor the absorption of these ions. The structural resemblance of geo-
polymers to the sodalite makes these materials suitable qualities for
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effectively capturing Cs ions, with results that are comparable to, or
even better than, the analyzed zeolites. In addition, the simulations
indicate that lower Si/Al ratios improve the immobilization, owing to
the negative charge of tetracoordinate Al in the geopolymer structure.
All in all, this work offers a first quantitative explanation of the immo-
bilization mechanisms of Cs in geopolymers, including their dependence
on the structural disorder and chemical composition.

2. Methodology & simulation details
2.1. Model construction

For the geopolymer models, we considered four Si/Al ratios, 1.4, 1.6,
1.8, and 2.0, and three different levels of disorder: fully crystalline, fully
amorphous, and a defective structure intermediate between the previous
two. These models were built following the procedure summarized
below and described in detail by Lolli et al. [53], whose work includes
exhaustive mechanical and structural characterization to validate them.
The initial structures were all built considering only silicate tetrahe-
dra—no Al, water, nor counterions. The crystalline model is based on
the geometry of sodalite, making its structure equivalent to that of
zeolite. Sodalite is also the starting point for the development of the
defective model. Nevertheless, for creating the defective structure, va-
cancies or defects were introduced by randomly deleting some silicates
and rearranging the structure near the new vacancies and by rearranging
the structure near the new vacancies to restore Q* polymerization. This
results in a non-crystalline structure that retains some short-range
structural order, as observed experimentally [58-60]. For the amor-
phous model, the baseline structure was taken from the silica glass in
Sheikholeslam et al. [61]. In all cases, Q4 polymerization has been ful-
filled in agreement with the experimental data [53]. After performing
energy minimization at 0 K and 1 atm, the chemistry of these baseline
structures was modified by substituting some Si*" with AI*" to reach the
target Si/Al ratios. The charge imbalance created by these substitutions
was compensated by adding Na atoms at random locations, using a
geometry-based algorithm [62]. Water molecules were also added at the
same time to keep a HyO/(Si+Al) ratio of 1.25. This ratio is slightly
greater than the critical threshold of structural water found by Kuenzel
et al., below which the material will undergo extensive shrinkage de-
formations [63-65].

The zeolites models were built using a similar procedure to that of
the crystalline geopolymer model described above [53]. The baseline
crystalline structures of chabazite [66], mordenite [67], and clinopti-
lolite [68] were obtained from the Database of Zeolite Structures [69]. The
respective all-siliceous zeolitic structures were taken as a starting point
and modified in several steps to impose the target Si/Al ratios and water
content. Considering these structures is advantageous because they
feature 8-membered rings, where the adsorption and retention of Cs are
expected to be more favorable than in the 4- and 6-membered rings of
the crystalline geopolymer model.

Once the models were ready, we inserted Cs ions into the porous
structure of the geopolymer. To maintain the electroneutrality of the
system, the sum of Cs and Na ions must equal the total number of Al so
Na was partially replaced by Cs ions, imposing a Cs/Na ratio of 0.5. To
ensure a thermodynamically favorable distribution of Cs and Na ions in
the porous structure, the atom swap Monte Carlo method was used. This
technique enables to swap an atom of a given type with atoms of another
type, in this case, Na and Cs. The swap probabilities are dictated by the
temperature and chemical potential of the swap types, following the
Metropolis criterion to decide whether to accept the move or to revert
back to the previous configuration based on the change in the energy of
the resulting state compared to the initial one [70]. The velocities of the
swapped cations are scaled by the ratio of their masses to ensure that the
kinetic energy of each cation is the same before and after the swap, even
though the atom masses have changed. The atoms to be tentatively
swapped are chosen randomly with equal probability among the
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candidate atoms. In this work, we attempted 10 swaps between Cs and
Na atoms every 50 fs during 0.5 ns in the canonical ensemble (NVT). To
preserve the assigned Cs-Na fraction of 0.5, Cs atoms were only allowed
to swap with Na atoms and vice versa.

2.2. Simulation details

All the molecular dynamics (MD) simulations were performed using
the simulation code LAMMPS [71] (21-Jan-2020 version). The geo-
polymer models were equilibrated using the reactive force field ReaxFF
[72,73], as this reactive force field is flexible enough to describe both
ordered and disordered structures [74]. These simulations required a set
of Si/O/H [75] and Al/O/H [76] parameters and the parameterization
of the angle Si-O-Al from ref. [77] was also considered. The parame-
trization for Cs ions is included in the set developed by Fedkin et al. [78].
The equilibration scheme employed for the models is described in detail
in ref. [53]. Essentially, it consists of performing energy minimization,
followed by molecular dynamics simulations in the isobaric-isothermal
(NPT) ensemble at room conditions (300 K and 1 atm) for 1 ns, fol-
lowed by further relaxation in the canonical (NVT) ensemble for another
1 ns at 300 K. Finally, we run molecular dynamics (MD) simulations in
the canonical ensemble (NVT) at 300 K for 5 ns, using a time step of 0.5
fs and a thermostat coupling constant of 0.1 ps to record the trajectory
and properties of the systems. The analysis of the trajectory includes the
calculation of coordination numbers and diffusion coefficients of the Na
and Cs by computing the radial distribution functions and mean square
displacements, the estimation of their adsorption enthalpies, and the
lifetime of the Na-O and Cs-O pairs by means of the autocorrelation
functions. These analyses are described in detail in the Supplementary
Information (S.L.).

3. Results and discussion
3.1. Geopolymers

3.1.1. Coordination shells

The coordination shells of Na and Cs ions to oxygen atoms from the
geopolymer aluminosilicate structure (Os) and from the water molecules
(Ow) were analyzed for different degrees of crystallinity and Si/Al ra-
tios. This analysis aimed to determine if the ions are adsorbed on the
surface of the geopolymer or only solvated by the solvent. To achieve
this, we computed the radial distribution functions (RDFs) and
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coordination numbers (CNs) of Cs and Na to those oxygen atoms. The
RDF gives the probability of finding atoms of a desired type (Os or Ow)
as a function of the distance from the reference atom (Cs or Na), while
the CN counts the number of neighboring atoms of a given type that can
be found within a defined distance. The first solvation shell corresponds
to the first minimum of the RDF. More details can be found in the
Supplementary Information (S.1.).

Fig. 1 illustrates the RDFs and CNs for Na and Cs ions to the oxygen
atoms from water molecules (Ow) and oxygen atoms from geopolymers
(Os) with different degrees of disorder and a Si/Al ratio of 1.4. Similar
results were found for other Si/Al ratios, as shown in Figs. S1 and S2 of
the S.I., since this ratio does not significantly alter RDFs or CNs of Na and
Cs ions. In contrast, the degree of disorder matters, and Fig. 1 shows
considerable differences in the peaks of RDFs, especially between the
crystalline model and the other two models, although the position of
these peaks remains unaltered in all models. These positions quantify
the M-O distances (M is a general term to indicate either Na or Cs). The
Na-O and Cs-O distances, both for water and oxygen from geopolymers,
are around 2.3-2.4 A and 3.1-3.3 A, respectively, in agreement with Na-
O and Cs-O distances from other experimental and computational
studies, which ranged between 2.3 and 2.5 A [79,80] and 3.0-3.3 A
[80-82]. Na-O distances are generally smaller than Cs-O distances
because Na is smaller in size, with an ionic radius of 1.02 A [83] as
opposed to the 1.67 A ionic radius of Cs* [83]. Since both cations are
monovalent, this size difference results in a charge density, defined as
the charge/volume ratio, much higher for Na than for Cs. The charge
density affects the width and intensity of the peaks in the RDF: higher
charge density leads to stronger M-O electrostatic interactions, and their
peaks in the RDF tend to be sharper and more pronounced, while lower
charge density can result in broader peaks with reduced intensity. This is
reflected in Fig. 1, where the peaks of the RDF for Na-O pairs are slightly
sharper than the corresponding peaks for Cs-O, especially for M-Os
peaks.

Fig. 1 also shows the coordination numbers as a function of the
distance (dashed lines), which are the integral of the RDFs. Table 1
summarizes CNs for the first neighbors of Na ions, i.e. integrating until
the whole first peak and stopping at the first local minimum of the RDF
between the first and the second peak (~3.1 A for Na-Ow and ~2.8 A for
Na-Os). Table 1 only shows the CNs for Na ions for the three levels of
structural disorder with Si/Al ratios of 1.4 since this ratio does not
significantly affect the CNs, but the structural disorder does. In the
crystalline model, Na ions are coordinated on average to about 3.5 water
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Fig. 1. RDFs (continuous lines) and CNs (dashed lines) of (a, b, ¢) Na and (d, e, f) Cs ions to oxygen atoms from water molecules Ow (in blue) and from the
geopolymer’s surface Os (in red) for the (a, d) crystalline, (b, e) defective, and (c, f) amorphous models with a Si/Al ratio of 1.4. Results for other Si/Al ratios are very

similar and hence are only shown in the S.I.
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Table 1

Average coordination numbers for Na to water (Ow) and oxygen atoms of the
surface (Os) of the geopolymers with a Si/Al ratio of 1.4 for the different levels of
disorder.

CN Crystalline Defective Amorphous
Na-Ow 3.5 3.1 3.0
Na-Os 2.2 1.9 2.1
Total 5.7 5.0 5.1

molecules, higher than the amount observed in the defective and
amorphous models, with average CNs of 3.1 and 3.0, respectively. This
may be attributed to steric constraints in the non-crystalline models
since, although the 3 models have a similar density, their pore structure
is different; in particular, the crystalline structure features significantly
larger pores than the non-crystalline models [53]. These larger pores
provide room for the water molecules to surround and coordinate with
the Na ions in the crystalline model.

Table 1 also shows that the coordination of Na ions to Os is similar in
all cases, despite differences in composition and structural order. It is
known that Na ions, due to their size, tend to be located near the center
of the 6-membered rings to maximize their coordination with the
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forming oxygens [84,85]. These rings are present in all the structures
and their RDFs exhibit a first peak at 2.3-2.4 A corresponding to the
bonding of Na ions to 2 oxygen atoms of tetrahedra forming 120° angles,
which persists at all disorder levels [53]. The crystalline however shows
a nearby secondary peak (~3 A) which accounts for the other 4 neigh-
boring Os of the 6-membered ring, bringing the total to 6 (see Fig. 1a,
where the CN bends a bit around 6 neighbors). This secondary peak only
appears in the crystalline system and it is due to the fact that in its
structure, the 6-membered rings are regular, with the Si tetrahedra
forming 120° angles. The split peak of Na ions in regular 6-membered
rings is due to the size of the Na ions, which prevents them from coor-
dinating simultaneously with the 6 oxygen atoms in the ring. Although
not directly bonded to them, these oxygen atoms can contribute to
improve the stability of the Na atoms embedded in the ring. In
non-crystalline systems, the distortion of the 6-membered causes the
contribution of the other members of the ring to be lost and the absence
of the secondary peak at ~3 A.

The values of the CNs for Na-Os in Table 1 are close, but not exactly 2
because there are also other positions in the geopolymer that Na ions can
occupy (see Fig. 2), albeit probably less energetically favorable. These
include Na ions placed (i) near the center of a 6-membered ring, but
displaced towards the cavity (i.e. the center of a sodalite cell), and (ii) to

Fig. 2. Positions of (a) Na and (b) Cs in the crystalline structure of the geopolymer. Green, orange, and blue spheres in (a) represent Na ions near the center of a 6-
membered ring, in a six-membered ring displaced towards the cavity at the center of a sodalite cell, and in the center of the cavity, respectively. In (b), the turquoise
sphere represents a Cs ion near the center of a six-membered ring displaced towards the cavity. The structure of the geopolymer is represented by sticks in yellow,
purple, and red which correspond to the bonds formed between Si, Al, and O atoms. Water molecules coordinated to the ions are illustrated as black and white sticks.
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a lesser extent, in the center of the cavity. In the first scenario, the co-
ordination to oxygen atoms of the ring is lower (1—2) than when they
are not displaced into the cavity, but their coordination with water
molecules increases up to 3. Finally, the solvation sphere of Na ions
located in the center of the cavities is formed only by water molecules
(~5). The table shows also the sum of the first peak, which is in line with
the experimental and simulated values reported in the literature for Na
in bulk water, between 4.0 and 6.0 [86,87].

The coordination numbers of the first-neighbor shell for Cs ions are
shown in Table 2, using a threshold of ~3.7 A; this threshold emerges
clearly in the crystalline structure (Fig. 1d) as a minimum of the RDF
after the first peak. For the disordered and amorphous structures,
instead, the RDFs do not display such minimum, due to the low charge
density of Cs ions. Because of the large size of the Cs ions, they coor-
dinate to more Ow atoms than Na: 4.6 on average (Table 2) vs, 3-3.5 for
Na (Table 1). Table 2 also shows that Cs ions have higher coordination
with Os than with Ow, while in Na ions the opposite trend was found in
Table 1. The total coordination numbers of Cs ions are between 10.2 and
10.7, in line with other values from the literature between 6.5 and 12.0
[80,82,88-91].

The maximum coordination between Cs ions and a geopolymer
structure would be obtained when Cs ions sat at the center of 8-
membered rings [39,41]. However, in our crystalline geopolymer
model, there are no 8-membered rings and the Cs ions are accommo-
dated near the center of the 6-membered rings, but slightly displaced
towards the cavity (see Fig. 2b) since, given their size, they do not fit in
the center of the ring. Thus, the Cs ions coordinate to 6 Os in the crys-
talline structure, plus to 4-5 water molecules in the cavity. The defective
model has a strong structural reminiscence to the crystalline model and
therefore there are enough distorted 6-membered rings where Cs ions
can still be adsorbed with coordination near 6. However, those rings are
slightly distorted, resulting in less effective coordination and thus a
slightly lower CN of 5.7. In the structure of the defective model, besides
the 6-membered rings, there are also larger rings, including 8-membered
rings, where Cs ions can also be found; however, such larger rings are so
much distorted that Cs ions still cannot coordinate to more than 6 Os. In
the amorphous geopolymers, the coordination number of Cs to the
geopolymer is also close to 6. There is no clear structural reason for this
CN due to the structural complexity of this model, in which highly dis-
torted 6- and 8-membered rings coexist with larger rings in which Cs can
be accommodated, leading to an average coordination of about 6 Os
oxygen atoms. For all the geopolymers, the coordination shell of Cs in-
cludes on average 4.5 water molecules.

3.1.2. Lifetime of M-Os interactions

Coordination alone is not a sufficient indicator of ion mobility, which
also depends on interaction forces (which may be affected significantly
by structural disorder) and is more directly linked to diffusion and
leaching. As a first quantification of these aspects, Fig. 3 presents the
autocorrelation function for Cs-Os and Na-Os pairs in the crystalline,
defective, and amorphous models with a Si/Al ratio of 1.4. This function
shows that the lifetime of Cs-Os pairs in the crystalline model is about
0.22 ns, while in the defective and amorphous structures, the lifetimes
decrease to 0.12 and 0.09, respectively, indicating that the interaction
between the Cs-Os pairs is considerably stronger in the crystalline model
than in the disordered ones. The faster decay for the defective model,

Table 2

Average coordination numbers (CNs) for Cs to water (Ow) and oxygen atoms of
the surface (Os) of the geopolymers with a Si/Al ratio of 1.4 for the different
levels of disorder.

CN Crystalline Defective Amorphous
Cs-Ow 4.7 4.5 4.7
Cs-Os 6.0 5.7 5.9
Total 10.7 10.2 10.6
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compared to the crystalline one, is consistent with the lower coordina-
tion of Cs in the former from Table 2. By contrast, the amorphous
structure, which has a similar CN as the crystalline one, displays an even
faster decay than the defective one. This indicates that structural dis-
tortions indeed may significantly impact interaction energies and
therefore ion diffusion in these structures. The same trend from crys-
talline to defective to amorphous is also shown by the Na-Os autocor-
relation functions. However, in this case, the differences induced by the
structural disorder are significantly smaller: the lifetime of Na-Os in-
teractions in the crystalline model (0.06 ns) is slightly higher than in the
defective and amorphous ones (0.04 ns). Na relies mostly on in-
teractions with only 3 Os in the 120° local arrangement, and this does
not change much with disorder, hence a smaller impact of the latter.

The analysis of autocorrelation functions for different Si/Al ratios,
shown in Fig. 4, reveals that, regardless of the level of disorder, the
lifetime increases as the Si/Al ratio decreases. This indicates that the
strength of the interactions between cations (both Cs and Na) and Os
atoms increases at lower Si/Al ratios, as expected given the negative
charge of tetracoordinated Al atoms.

3.1.3. Diffusion coefficients

The autocorrelation function is linked to the diffusivity of cations
interacting with the Os atoms. However, some Cs and Na ions are not
linked to Os and therefore their diffusivities are not controlled by the
autocorrelation functions. To determine the average diffusivity of all Cs
and Na ions, as well as water molecules, we have computed the diffusion
coefficients from the mean square displacements of these species as
explained in the S.I. Fig. 5 shows the average diffusion coefficients for
Cs, Na, and water confined in the geopolymers, for the considered Si/Al
ratios and degrees of order. The occlusion of these species in the close
cavities of the geopolymers reduces the migration and results in values
of the diffusion coefficients up to three orders of magnitude lower than
in laminar materials, such as clay minerals [92-94] or C-(A)-S-H gel [95,
96], and in bulk water [97]. This confirms the potential of geopolymers
for Cs immobilization.

Despite the diffusion coefficients being small, Fig. 5 clearly shows
that all the diffusivities increase with the Si/Al ratio. High Si/Al ratios
imply fewer tetracoordinated Al in the geopolymer structure, whose
negative charge contributes to binding the cations. This directly explains
why the diffusivity of the cations is higher at high Si/Al ratios, but this
also affects similarly the mobility of water molecules, as many of them
are part of the solvation shells of the cations. Fig. 5 also shows that the
diffusion coefficients in the defective and amorphous structures are
quite similar and considerably higher than those of the crystalline
model. This agrees with the reduction of the decay time with the dis-
order from the autocorrelation functions and with the interpretation
that distortions in the solid skeleton cause ions to sit in energetically less
favorable configurations, which in turn favors their motion and diffu-
sion. Interestingly, the crystalline model leads to the lowest diffusion
coefficients, despite its pore sizes being considerably larger than in the
defective and amorphous structures [53]. This corroborates the inter-
pretation that mobility is not controlled by steric constraints (pore sizes)
as much as by how favorable the energy state of the cations is in the
system and how that depends on distortions in the geopolymer structure.
Finally, the lower diffusion coefficients of Cs compared to Na are
consistent with their higher coordination with Os and the longer lifetime
of the Cs-Os interactions.

3.2. Adsorption enthalpies

The previous sections have highlighted that interaction energy and
its dependence on structural disorder are determining factors for cation
diffusion in geopolymer structures. A direct evaluation of such energy
states is done here by evaluating the adsorption enthalpies, as explained
in the S.I. Table 3 presents the adsorption enthalpies for Cs and Na ions
embedded in each geopolymer model. The values for Cs ions are more
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Fig. 3. Autocorrelation functions of (a) Cs-Os and, (b) Na—Os pairs in the crystalline (blue), defective (red), and amorphous (yellow) geopolymers with SiAl = 1.4.
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Table 3
Adsorption enthalpies of Na and Cs confined in crystalline, defective, and
amorphous geopolymers at the analyzed Si/Al ratios.

AH (kcal/mol) Crystalline Defective Amorphous
Si/Al Na Cs Na Cs Na Cs
1.4 -44.6 -50.6 -40.9 -46.7 -41.8 -44.8
1.6 -42.1 -48.9 -38.4 -43.5 -39.3 -44.2
1.8 -41.0 -47.8 -35.7 -42.0 -34.8 -41.3
2.0 -39.0 -46.8 -33.7 -39.7 -33.8 -40.4

negative than for Na for all the analyzed systems. This is expected, given
the larger coordination of Cs from Table 2, and it means that the
adsorption of Cs in our model geopolymers is more favorable than that
of Na ions. For both Na and Cs ions, adsorption is more favorable (more
negative enthalpies) at low Si/Al ratios, which again is due to the
negative charge of tetracoordinated Al. The calculation of the diffusivity
revealed similar values for the defective and amorphous models; this is
consistent with the similar enthalpies shown in Table 3. Furthermore,
the lower diffusion coefficients for the crystalline geopolymer are
corroborated by its lower enthalpies in Table 3.

3.3. Modified zeolites

In this section, the adsorption capacity of Na and Cs ions in crys-
talline zeolitic structures with high adsorption capacity and selectivity
towards Cs is analyzed to compare them with that of geopolymers. In
particular, four zeolites were investigated: sodalite (SOD) (whose
structure is identical to that of the crystalline geopolymer model), cha-
bazite (CHA), mordenite (MOR), and clinoptilolite (HEU). This section
aims to analyze the influence of the pore structure to see how pore size
and its interconnection affect the immobilization capacity of Cs ions and
their diffusion through the matrix, in order to better understand how
these parameters can affect geopolymers. Each zeolite has a unique
structure that consists of interconnected channels and cages capable of
accommodating different ions, including Cs. The selectivity for an ion is
determined by the size and shape of the cavity, while the size of the
channels and their connectivity play a crucial role in reducing the
release of the confined Cs. The selected zeolites have excellent perfor-
mance in capturing and retaining Cs ions, but they exhibit different
structures, as can be seen in Fig. 6. Sodalite has small pore sizes and
cavities interconnected with narrow channels (formed by 4-membered
rings), which prevent the release of the confined species, especially
those relatively large, such as that of Cs. The structure of chabazite ex-
hibits larger cavities interconnected by channels formed by 6-membered
rings. Finally, mordenite and clinoptilolite have much wider channels
(formed by 8-12-membered rings), which might facilitate the accom-
modation of larger molecules and their transport through the pore
structure. The analysis performed in this section encompasses the Na-O
and Cs-O radial distribution functions and coordination numbers, the
lifetimes of Na-O and Cs-O pairs, and the diffusion coefficients and the
adsorption enthalpies of those ions confined in each zeolite.

SOD

<,

Framework

Structure \J ;i g

e N\

CHA
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3.3.1. Coordination shell

To analyze the local structure of the cations, Cs and Na, confined in
sodalite, chabazite, mordenite, and clinoptilolite, we computed the
radial distribution functions (RDF) and coordination numbers (CN) for
Na and Cs to oxygen atoms from the zeolites (Os) and from water mol-
ecules (Ow). Fig. 7 shows the RDFs and CNs for the zeolites with Si/Al
ratios of 1.4, revealing larger differences in the coordination spheres of
Na and Cs depending on the structure of the zeolite. In contrast, the Si/Al
ratio does not change substantially the RDFs and CNs, as can be seen in
Figs. S3 and S4 of the S.I.

The RDFs show that the Na-Ow and Cs-Ow distances are respectively
2.3-2.4 A and 3.1-3.3 A, regardless of the zeolite structure; these are in
line with values from other authors, of about 2.3-2.5 A for Na-O dis-
tances [79,80] and 3.0-3.3 A for Cs-O distances [80-82]. As for the
RDFs of the geopolymers shown in Fig. 1, Cs ions exhibit broader peaks
than Na ions, due to their greater size and lower charge density. The
greater size of Cs cations also leads to a much larger coordination sphere
than Na ions, as shown by the CNs in Fig. 7. As for RDFs, the CNs of both
Na and Cs ions change from one type of zeolite to another, whereas the
impact of the Si/Al ratio is not significant. The differences observed
between zeolites may be attributed to the different environments in
which these cations can be accommodated due to the structural and
porous matrix diversity of the analyzed zeolites, as shown in Fig. 8.

Table 4 summarizes the CNs of Na ions for the four zeolites with a Si/
Al ratio of 1.4. As already mentioned, the coordination of Na ions is
more efficient in 6-membered rings, which are present only in sodalite,
and chabazite. Sodalite only features 4 and 6-membered rings and there
is no channel [53], while chabazite also has 8-membered rings that form
channels running through the zeolite [99]. The structure of mordenite
and clinoptilolite includes 4, 5, 8, 10 (only in clinoptilolite), and
12-membered rings (only in mordenite), both with larger channels than
chabazite [68,100]. The presence of regular 6-membered rings with the
Si tetrahedra forming 120° angles in sodalite and chabazite leads to
higher coordination of Na ions to oxygen atoms from the zeolite (2.1 on
average,) than in mordenite and clinoptilolite (1.3 on average) that lack
this local environment.

Table 4 also shows that the higher the coordination of Na ions to the
geopolymers (Na-Os), the lower the coordination to water molecules,
resulting in total coordination quite similar for all the structures.
Nevertheless, those coordination numbers are the average for all the Na
ions that can be found in different local environments. The local envi-
ronments of Na ions in sodalite are the same as for the crystalline geo-
polymer (see Fig. 2a), while in chabazite Na ions are mainly near the
center of 6-membered rings (orange sphere in Fig. 8a); to a lesser extent,
they can also be found slightly displaced towards the cavity (red sphere)
coordinating with fewer oxygens in the zeolite (1—2) and completing its
solvation sphere with about 4-5 water molecules. In mordenite, Na ions
are distributed in the 8 or 12-membered ring-channels (see Fig. 8b). In
the 8-membered ring-channels, Na (yellow sphere) is coordinated be-
tween 2 and 3 oxygen from these rings and 2-3 water molecules.
Similarly, in the 12-membered ring-channels, Na (orange sphere) can

Fig. 6. Structure of sodalite (SOD), chabazite (CHA), mordenite (MOR), and clinoptilolite (HEU). The framework structures of the zeolites were obtained from

Database of Zeolite Structures [69] and created with Jsmol software [98].
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Fig. 8. Positions of Na (yellow, orange, and red spheres) and Cs (greenish-blue spheres) in (a) chabazite, (b) mordenite, and (c) clinoptilolite. The structures of the
zeolites are represented by sticks in yellow, purple, and red which correspond to the bonds formed between Si, Al, and O atoms. Water is illustrated as black and
white sticks. An enlarged image of the position of Na ions in the aluminosilicate rings can be seen in Fig. S5 of S.I. for better visualization.

also be coordinated to 2-3 oxygen atoms from the rings and 3-4 water
molecules, but Na ions can also sit in the center of the channel, not
coordinated to the rings (red sphere) and solvated by about 5-6 water
molecules. Finally, clinoptilolite has open channels of 8 and 10-
membered rings where Na ions can be located. There are some Na

ions in the center of those channels (red sphere in Fig. 8c), coordinating
only to water molecules (~6) or, more frequently, close to the 8 and 10-
membered rings that form channels (yellow and orange spheres). These
ions exhibit low coordination to the oxygen atoms of rings (1—2) and
complete their coordination shell with about 2-3 water molecules.
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Table 4
Average coordination numbers (CNs) for Na to water (Ow) and oxygen atoms of
the surface (Os) for the different zeolites with a Si/Al ratio of 1.4.

CN SOD CHA MOR HEU
Na-Ow 3.5 3.8 4.0 4.2
Na-Os 2.2 1.9 1.4 1.2
Total 5.7 5.7 5.4 5.4

Despite the different composition of the coordination shell and the
different environments in which these cations can be found, the total
coordination number is similar, between 5.8 and 6.8, and in the range of
the values reported in the literature, between 4.4 and 7.1 [79,80,101].

The coordination numbers for Cs confined in the analyzed zeolites
with a Si/Al ratio of 1.4 are shown in Table 5. Also, in this case, the
composition of the coordination sphere varies substantially depending
on the type of zeolite analyzed. Cs ions tend to be located near the center
of 8-membered rings to maximize the coordination to their oxygen
atoms [39,41]. As with Na, Cs ions cannot coordinate to all the oxygens
in the ring. Cs ions in regular 8-membered rings vibrate around the
central position forming and breaking bonds continuously, coordinating
on average to 6-7 oxygens simultaneously. Unlike the other 3 analyzed
zeolites, sodalite does not have 8-membered rings. Thus, in sodalite Cs
ions tend to sit near the center of 6-membered rings (the largest ones),
although displaced towards the cavities as they do not fit in them due to
their size, coordinating to the 6 oxygen atoms (see Fig. 2b). A higher
Cs-Os coordination number, about 6-7, is found for chabazite due to the
presence of 8-membered rings (turquoise sphere in Fig. 8a). In contrast,
in the other two zeolites, the CN drops down to around 4.5. This can be
attributed to the distortion of the 8-membered rings [68,99,100] in
which Cs can be accommodated in mordenite and clinoptilolite (tur-
quoise spheres in Fig. 8b and ¢), hampering a coordination as effective
as in chabazite. Moreover, in mordenite and clinoptilolite, there are also
large amounts of Cs in larger rings (blue spheres in Fig. 8b and c¢), where
the coordination is much lower than in 8-membered rings. In all the
cases, the Cs ions complete their solvation shells with about 6 water
molecules in mordenite and clinoptilolite and about one less in chaba-
zite due to the higher coordination to oxygen atoms from the zeolite, as
shown in Table 5. This results in total coordination numbers between
10.4 and 10.9, in the upper range of values reported in the literature,
between 6.5 and 12.0 [80,82,88-91,101].

3.3.2. Lifetime of M-Os interactions

Fig. 9 shows the autocorrelation functions for Cs-Os and Na-Os pairs,
which provide the lifetime of the bonds between Cs and Na and the
oxygen atoms (Os) from the surface of the analyzed zeolites. As for the
geopolymer analyzed previously, the difference in the lifetimes from one
zeolite structure to another is larger for the Cs-Os pair than for the Na-Os
pairs, which indicates that Cs is bound more firmly than Na to the zeolite
structures. Sodalite has a significantly higher Cs-Os lifetime, 0.22 ns,
followed by chabazite (0.13 ns), clinoptilolite (0.09 ns), and mordenite
(0.05 ns). The lower lifetime in chabazite compared to sodalite is not
intuitive, since the cations in chabazite feature higher coordination
numbers with Os atoms as per Tables 4 and 5. This may be because the
Cs in sodalite can coordinate simultaneously to all 6 oxygens in the 6-
membered rings and preserve those links over time, whereas in the
larger 8-membered rings of chabazite, the Cs ions vibrating around the

Table 5
Average coordination numbers (CNs) for Cs to water (Ow) and oxygen atoms of
the surface (Os) for the different zeolites with a Si/Al ratio of 1.4.

CN SOD CHA MOR HEU
Cs-Ow 4.7 4.5 6.2 5.7
Cs-Os 6.0 6.4 4.5 4.7
Total 10.7 10.9 10.7 10.4
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center of 8-membered rings, continuously breaking and forming bonds
with the oxygen atoms of the ring. In the other two zeolites, the rings
with 8 and more members are generally distorted, which hampers the
coordination and reduces the Cs-Os lifetime.

The lifetime of the Na-Os pairs of chabazite (0.05 ns) is similar to
that of sodalite since both have similar local structures with tetrahedra
forming angles of 120°. The absence of these angles in clinoptilolite and
mordenite might be responsible for Na-Os lifetimes being half as high as
the values of the previous zeolites, suggesting that the adsorption sites
are less stable in these zeolites.

3.3.3. Diffusion coefficients

Fig. 10 shows the diffusion coefficients for Cs, Na, and water in the
analyzed zeolites at the considered Si/Al ratios. The stronger electro-
static confinement in structures with higher Al content reduces the
mobility of the confined species in all the zeolites at low Si/Al ratios.
Similar to the trend observed in the geopolymers, the diffusion co-
efficients of Cs ions are lower than those of Na ions, while water mol-
ecules have the highest diffusivity.

Fig. 10 also reveals considerable differences in the average diffusion
coefficients for Cs, Na, and water molecules depending on the analyzed
zeolite. The lowest values are for the species confined in sodalite, fol-
lowed by those within chabazite, while the largest values are in cli-
noptilolite. Thus, the presence of 8, 10, and/or 12-membered ring-
channels in chabazite, mordenite, and clinoptilolite enables water
molecules, and also cations, to move more easily through the zeolite
matrix, resulting in larger diffusion coefficients than in sodalite.
Furthermore, the larger lifetimes of the M-Os pairs and the absence of
channels in sodalite result in lower diffusion coefficients of both cations
and water compared to chabazite, despite the ions having similar co-
ordination numbers in the two structures. Mordenite and clinoptilolite
exhibit larger diffusion coefficients, which can be related to the lower
coordination of the ions to the zeolites and the lower lifetime of M-Os
interactions regarding those of sodalite and chabazite.

3.3.4. Adsorption enthalpies

Table 6 displays the adsorption enthalpies for Cs and Na confined in
sodalite, chabazite, mordenite, and clinoptilolite with Si/Al ratios be-
tween 1.4 and 2.0. The data reveal that, also here, the adsorption of both
Na and Cs is more favorable (more negative values) at low Si/Al ratios.
Furthermore, the adsorption of Cs ions is more favorable than the
adsorption of Na, in line with the trend found in geopolymers.

Regarding the differences between zeolites, the adsorption of Na ions
is more favorable in sodalite than in other zeolites. However, for Cs ions,
the adsorption enthalpies in chabazite are comparable to or even more
favorable than those in sodalite, which is probably due to the presence of
regular 8-membered rings in chabazite. Nevertheless, Cs ions have lower
diffusion coefficients in sodalite than in chabazite. This can be explained
by the presence of channels in the latter and the fact that the only way
for Cs to diffuse in sodalite is to jump through either a 4 or a 6-
membered ring, which are very narrow for a Cs atom. Thus, although
Csis less energetically bound to the sodalite, in practice its jumping from
one cavity to another cavity requires overcoming a higher energy barrier
than that needed to escape from an 8-membered ring in chabazite and
the diffuse through its channels. On the other hand, mordenite and cli-
noptilolite have adsorption enthalpies in between those of defective and
amorphous geopolymer models, while their diffusion coefficients of Cs
and Na are significantly higher, probably due to the presence of large
channels in the structure on the zeolites.

4. Summary and conclusions

This work explored some fundamental features of the interaction
between radionuclides and the molecular structure of geopolymers, to
support the promise of these materials as possible solutions for the
immobilization of radioactive waste. To this end, we compared various
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Fig. 10. Average diffusion coefficients for Cs, Na, and water confined in the analyzed zeolites.

Table 6
Adsorption enthalpies of Na and Cs confined in sodalite, mordenite, chabazite,
and clinoptilolite with Si/Al ratios of 1.4, 1.6, 1.8, and 2.0.

AH (kcal/ Sodalite Chabazite Mordenite Clinoptilolite
mol)

Si/Al Na Cs Na Cs Na Cs Na Cs
1.4 -447 506 -36.3 -51.0 -26.7 -44.8 -345 -45.3
1.6 -42.3 465 -33.0 -486 -282 -43.4 -309 -439
1.8 -40.2 -45.1 -31.3 -47.3 -27.7 -43.2 -28.4 -42.8
2.0 -38.5 -43.8 -248 -448 -27.3 427 -26.8 -429

aspects of the interaction between geopolymers and Cs and Na ions in
structures with various degrees of crystallinity and Si/Al ratios, and we
compared them to analogous interactions in other types of crystalline
zeolites (chabazite, mordenite, and clinoptilolite) with same
compositions.

The local structure in which Na and Cs ions can be confined depends
on the degree of crystallinity. Na ions prefer local structures with 120°
angular order found in regular 6-membered rings, while Cs ions favor
the center of 8-membered rings due to its larger size. In crystalline
geopolymers, both Na and Cs ions tend to be located in 6-membered
rings to maximize their coordination with the solid. However, in
defective and amorphous models, Cs ions can be found in larger rings
(mainly 8-membered rings). Despite this, the coordination is similar to
that found in the crystalline geopolymers due to the distortion of the
rings in the latter models. The stability of Cs-Os interactions is higher in
the crystalline model, while the diffusion coefficients and adsorption
enthalpies are lower, indicating that more stable configurations can be
found in this model than in the defective and amorphous models. The Si/
Al ratio has a clear impact on diffusivities and adsorption enthalpies,

10

with lower values as the ratio decreases, due to higher electrostatic in-
teractions between the positively charged ions and the more negatively
charged geopolymer caused by the higher substitution of Si** by AI**.

Na ions in sodalite and chabazite have higher coordination to oxygen
from the zeolites than those in mordenite and clinoptilolite due to the
lack of 120° local arrangement in the latter. For Cs ions, the coordination
to oxygen atoms from the zeolite is much higher in chabazite due to the
presence of regular 8-membered rings, although the lifetime of Cs-Os
interactions is considerably higher in sodalite since Cs ions in 6-
membered rings are coordinated simultaneously to all the oxygen
atoms and preserve those links over time, while in 8-membered rings Cs
cannot coordinate simultaneously all the oxygen atoms of the rings,
vibrating in the center of the ring forming and breaking bonds contin-
uously. This results in lower diffusivities for ions in sodalite than in
chabazite, while higher diffusivities and adsorption enthalpies are
recorded for mordenite and clinoptilolite, which also decrease as the Al
content rises.

Molecular dynamics simulations show that sodalite structure is best
for the immobilization of Na and Cs ions due to the absence of channels
and the small rings that form its structure. This hinders the migration of
these ions and trapped them in their cavities. The defective geopolymer
model, the closest to the real structure of geopolymers, retains certain
features of the sodalite structure, and that results in favorable charac-
teristics for the effective immobilization of Cs. Although the retention
capacity of the defective geopolymer is not as strong as that of the
crystalline geopolymer (equivalent to sodalite), it is comparable and, in
some cases, even superior to the other analyzed zeolites, all of which
exhibit excellent performance in capturing and retaining Cs ions.
Moreover, the increase of the Al content considerably contributes to
create more stable configurations for Cs ions in geopolymers and
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zeolites, resulting in better adsorption enthalpies and lower diffusion
coefficients.
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