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Abstract: A quantitative understanding of the molecular-scale mechanisms of radionuclide sorption
on different clay minerals is crucial for the development and safe implementation of geological nuclear
waste disposal technologies. We apply classical molecular dynamics (MD) computer simulations
to study the adsorption of uranyl on the external basal surfaces of two typical clay models. In the
illite model, negative charge is primarily localized in the tetrahedral sheets, while in the lower-
charge smectite model, the isomorphic substitutions are introduced in the octahedral sheet. The
comparison of atomic density distributions at the clay surfaces and adsorption-free energies profiles
as a function of distance from these surfaces demonstrates that overall U behavior at the basal clay
surface is quite similar for illite and smectite. Uranyl is sorbed as a mixture of outer-sphere aqua
complexes [UO2(H2O)5]2+ and hydrolyzed aqua complexes [UO2(H2O)4–5OH]+ on both surfaces.
The structural and compositional differences between the models do not greatly affect the uranyl’s
nearest coordination environment and are mainly reflected in the specific localization and orientation
of the uranyl ions at both surfaces and in the magnitude of the adsorption-free energies. The
observed quantitative characteristics of uranyl interactions with illite and smectite surfaces will help
to better understand U behavior during the sorption process on clay minerals for the entire range of
mixed-layer illite–smectite structures. A comparison of two versions of the ClayFF force field in the
simulations made it possible to more accurately and quantitatively evaluate some subtle features of
the uranyl–clay interactions and to obtain a more precise composition of uranyl complex with the
modified ClayFF force field (ClayFF-MOH).

Keywords: uranyl; clay; illite; smectite; basal surface; structural properties; adsorption-free energy;
molecular dynamics

1. Introduction

Due to their low hydraulic permeability, high sorption capacity to various radionu-
clides, and long-term stability, clay host rocks are now universally considered one of the
most important components of the complex natural and engineered barrier systems for
radioactive waste disposal and storage in deep geological formations [1–4]. Moreover,
clays are an ubiquitous constituent of many geological formations [5,6]. Therefore, it is
highly important to quantitatively understand and predict the behavior of radionuclides in
their interaction with clay minerals under the conditions of the geological disposal of spent
nuclear fuel and radioactive waste [7–11]. Among radionuclides, uranium deserves special
attention, since its amount and role in the nuclear industry is the highest [7].

Various aspects of uranium sorption, in the form of uranyl cation, UO2
2+, on clay

minerals have already been extensively studied [12–25]. It was shown that clay minerals
demonstrate a high sorption capacity towards uranyl in the wide range of pH ~4–8. In
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this acidity range, uranyl is partially hydrolyzed and forms mixed hydroxo–carbonate
complexes and adsorbs via the formation of inner-sphere complexes at clay mineral edge
sites. At a higher pH, sorption decreases as uranyl forms highly soluble [UO2(CO3)3]4−

anionic carbonate complexes in solution. A significant effect of CO2(g) and competing
cations, especially Ca2+, has been demonstrated in numerous investigations [12–16]. Several
studies were aimed at revealing the local nanoscale structure of adsorbed uranyl ions. For
this, X-ray absorption spectroscopy (XAS) and, in particular, its part beyond the absorption
edge, extended X-ray absorption fine structure spectroscopy (EXAFS), is widely used.
When the uranyl ion is adsorbed at the SiOH/AlOH edge sites of a clay mineral, the EXAFS
results typically demonstrate a split of the equatorial coordination sphere of O atoms at
distances of ~2.3 and 2.5 Å with coordination numbers (CNs) of two and three, respectively,
and Si/Al atoms at distances of ~3.1, 3.3, and 3.6 Å. At a pH < 4 and an ionic strength in the
range of ~0.01–1.0 M, uranyl cation in solution is present as a non-hydrolyzed aqueous ion
[UO2(H2O)5]2+ and undergoes adsorption on clay minerals by an ion-exchange mechanism,
forming outer-sphere complexes at external basal surfaces and in the interlayer space. When
uranyl forms outer-sphere complexes with only H2O molecules in its local coordination, the
EXAFS spectra reveal a single coordination sphere of equatorial O atoms at ~2.40 Å with
CN of five to six and the absence of contributions from Si/Al coordination spheres [17–25].

In addition to numerous experimental studies, atomistic computer simulations are
also now widely used to obtain detailed quantitative information on the adsorption of
aqueous uranyl species on various clay surfaces at a fundamental molecular scale [26–35].
Classical atomistic simulations can mostly be used to characterize the adsorption at the
external basal surfaces and interlayer spaces of clay minerals. To analyze inner-sphere
complexes at the edge sites, the chemical bond formation should be accurately taken into
account, which requires a quantum chemical approach (e.g., density functional theory,
DFT) [36–41]. However, although the interactions of UO2

2+ can only be partially evaluated
in classical atomistic simulations, they are still highly beneficial because they allow us
to study much larger model systems for much longer time intervals than it is currently
possible with quantum approaches [42–44].

ClayFF [42] is a classical molecular modeling force field that is currently one of the
most widely used and thoroughly tested force fields for atomistic computer simulations of
clay minerals, their fluid interfaces, and other related materials under a very wide range of
conditions [43,44]. Its original version [42] has been recently upgraded by adding several
new terms that allow for a more accurate description of the Metal-O-H (MOH) angular
bending motion in hydroxide crystals and on their edges [44]. Recent molecular simulations
of brucite, Mg(OH)2 [45], and 10-Å phase—an important member of the family of dense
hydrous magnesium silicates (DHMS)—which play a key role in transporting and storing
water in the Earth’s mantle at subduction zones, Mg3Si4O10(OH)2·nH2O [46], have already
clearly demonstrated the importance of the MOH terms for a more accurate description
of mineral systems containing structural hydroxyl groups. In addition to a more accurate
reproduction of the crystal properties of hydroxide minerals themselves, the introduction
of the MOH terms also affects the structural and dynamic properties of interfacial aqueous
solutions compared to the original, less accurate version of ClayFF [42,47]. Moreover, the
introduction of the M-O-H angle bending terms in the ClayFF parametrization made it
possible to simulate crystal structures at higher temperatures and pressures than with the
original ClayFF version [45].

Illite and smectite crystal structures are formed by so-called 2:1 TOT layers, where
one sheet of octahedrally (O) coordinated AlO6 units is sandwiched from both sides by
two sheets of tetrahedrally (T) coordinated SiO4 units. The T and O sheets are bound
together via bridging oxygen atoms of the AlO6 and SiO4 polyhedra. Such 2:1 TOT-layered
structures can easily accommodate various isomorphic substitutions (Al3+ for Si4+ in the
T-sheets, Mg2+ or Fe2+ for Al3+ in the O-sheets, etc.), leading to a negative structural charge
of the TOT layers. This charge is compensated by the presence of cations in the interlayer
space of clay structures.
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In smectite, the substitutions are mainly localized in the octahedral sheet, with a com-
mon crystallographic unit cell formula of Mx[Al4−x(Fe,Mg)x] Si8O20(OH)4·nH2O, where
M is, typically, Ca2+, Na+, and K+, and the extent of substitution (x) varies from ~0.2 to
~0.6. The relatively low structural charge and high hydration energy of the interlayer
cations promote the hydration, expansion, and swelling of these layered structures in the
presence of water. On the contrary, illite has a non-expandable clay structure, mainly with
tetrahedral substitutions, such as Kx+y(Al4−xMgx)[Si8−yAly]O20(OH)4; x + y is typically in
the range from ~0.6 to ~1, i.e., significantly higher than in smectites [48]. K+ ions, typically
representing the charge-compensating interlayer cations in illite, remain nonhydrated.

In geochemical systems, the process of illitization takes place over time, and clay
minerals are often present as mixed-layer illite–smectite materials [49–51]. Their more
disordered crystal structures are often not very well resolved and their description is based
on certain assumptions, such as the Markovian model [52], or the fundamental particle
model [53,54]. The former model is based on a statistical approach and the clay mineral
structure is represented as a sequence of illitic and smectitic layers, where the nature of each
layer is dependent on several previous layers. According to the latter model, the mixed-
layer clay structure consists of multi-layer particles of illitic composition, and the smectitic
behavior is the consequence of water adsorption at the external surfaces of these particles.

Here we use classical molecular dynamics (MD) computer simulations to characterize
in detail the interaction of hydrated uranyl ions with the clay surfaces of the two end-
members of the mixed-layer clay materials. The main purpose of this work is to quantify
the effects of the specific structural and compositional features of the external basal surfaces
of mixed-layer illite–smectite clays on the structure and adsorption capacity of hydrated
uranyl species at the nanoscale. Additionally, we evaluate how recent improvements in the
ClayFF force field affect the results of these simulations.

2. Models and Methods
2.1. Structural Models

Our model of “illite” was constructed from the ideal pyrophyllite crystal structure
(a = 5.2021 Å, b = 8.9797 Å, c = 10.226 Å, α = γ = 90◦, β = 101.57◦) [55], while the “smectite”
model was prepared from the crystal structure of montmorillonite (a = 5.18 Å, b = 8.98 Å,
c = 15.00 Å, α = β = γ = 90◦) [56]. In both cases, Mg2+ and Al3+ substitutions were randomly
introduced into the octahedral or tetrahedral sheets of the TOT layers, respectively. The
Loewenstein rule was obeyed to avoid two adjacent substitutions [57]. The resulting
substituted crystallographic unit cells were then multiplied along the z-axis to build crystals
consisting of 7 TOT layers. In the interlayer space of the illite model, dehydrated K+ ions
were introduced in the amount equal to the net negative charge of the substituted TOT
layer. Similarly, the interlayer space of the smectite model was filled with [Ca(H2O)6]2+

to compensate for the negative charge of the surface. The illite model was specifically
constructed with the structural negative charge close to the ISCz-1 mixed-layer clay mineral
(ZT = 0.81 per formula unit (p.f.u.), ZO = 0.48 p.f.u.) [58], which is currently under our
experimental investigation. From the known amount of fixed (K+, Na+) and exchangeable
(Ca2+, Mg2+) cations and illite and smectite fractions in the mixed-layer mineral (0.3 and
0.7, respectively), the charges of illitic and smectitic layers were calculated to be 1.48 p.f.u.
and 0.86 p.f.u., respectively. To estimate tetrahedral and octahedral charge in illitic and
smectitic layers separately, a correlation plot from [54] was used and the following charges
were specified: in illitic layers, ZO = 0.3 p.f.u. and ZT = 1.18 p.f.u; in smectitic layers,
ZO = 0.76 p.f.u. and ZT = 0.1 p.f.u. These charges were approximated to simplify the
model construction. Therefore, the illite model contained 5 octahedral substitutions and
8 tetrahedral substitutions in a single TOT sheet composed of 10 unit cells (2 × 5 in x and y
directions, respectively), while the smectite model was constructed with only octahedral
charge localization and the TOT sheets contained 8 octahedral substitutions.

The resulting structural formulas of modeled clay minerals are K1.3(Al3.5Mg0.5)[Si7.2Al0.8]
O20(OH)4 and [Ca(H2O)6]0.4(Al3.2Mg0.8)[Si8]O20(OH)4 for the illite and smectite models,
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respectively. In the illite model, the charge distribution was calculated to be equal to that
of the external surface of mixed-layer illite–smectite ISCz-1 in terms of the fundamental
particle theory [53], while in the smectite model only the total octahedral charge of the ISCz-1
composition was considered, as it should be in smectitic layers according to the statistical
Markovian model [50], and therefore appeared to be slightly higher than it is common for
smectite minerals.

To simulate the interface of illite/smectite with a UO2(OH)+ aqueous solution, a
system consisting of 4 × 10 × 7 illite/smectite unit cells was cleaved parallel to the
(001) crystallographic plane in the middle of the interlayer space. After cleavage, half
of the interlayer K+/Ca2+ ions located at the external surfaces were randomly retained
by each of the two created basal surfaces. These surfaces were brought into contact with
a layer of UO2(OH)+ aqueous solution approximately 80 Å thick. After the insertion
of the aqueous layer, the dimensions of the simulation supercells were approximately
36 × 52 × 144 Å3 and 36 × 52 × 156 Å3 for the illite and smectite models, respectively. In
both cases, the number of H2O molecules (4856) introduced into the nanopore corresponded
to the density bulk liquid water under ambient conditions, 1 g/cm3. Eight [UO2OH]+ com-
plexes were initially uniformly distributed in the aqueous nanopores, resulting in a [UO2

2+]
concentration of ~0.1 M. The solution ionic strength was not adjusted specifically and
could be assumed to be equal to 0 M. A few OH− anions were added to the aqueous
phase to ensure the electrostatic neutrality of the simulated systems in both cases. In this
work, partly hydrolyzed [UO2OH]+ and aqua non-hydrolyzed complexes are understood
as uranyl cation with the first coordination sphere (as defined by the first peak of the
radial distribution function; see below) of H2O/OH−, although water molecules in this
coordination shell are dynamic (rapidly exchanging with other molecules in solution).

2.2. Force Field Parameters

All MD simulations were performed with the new modified version of the ClayFF
force field (ClayFF-MOH, [44]) and with the original parametrization (ClayFF-orig, [42]) for
comparison. ClayFF assigns partial charges to different structural oxygen atoms by taking
into account, when necessary, their local coordination to the tetrahedral and/or octahedral
substitutions in the crystal structure of minerals. The values of the additional parameters
for the Metal-O-H (M-O-H) angle bending terms of the more recent ClayFF-MOH version
were determined for the Mg-O-H and Al-O-H angles by fitting the results of classical MD
simulations to the structural and dynamic results of DFT calculations for brucite, Mg(OH)2,
and gibbsite, Al(OH)3, respectively, using a simple harmonic functional form [44]:

EMOH = k(θ − θ0)
2 (1)

where θ0,MgOH = 120◦, kMgOH = 25.104 kJ·mol−1·rad−2, θ0,AlOH = 116◦, and kAlOH = 62.76 kJ
mol−1·rad−2. These terms are used to properly constrain the librational motions of the
structural hydroxyl groups in our clay models. In addition, for a more accurate modeling
of the stretching vibrations of the hydroxyl ions, the Morse potential was used, instead of
the original harmonic potential [59]:

EOH = D0

[
1 − e−α(r−r0)

]2
(2)

where D0 = 552.288 kJ·mol−1, α = 2.1815 Å−1, and r0 = 0.945 Å.
The atomic partial charges and Lennard-Jones parameters for the uranyl cation, UO2

2+,
were taken as for a non-polarized species. Although the polarizability of uranyl is important
for complexation onto clay mineral surfaces, models with non-polarized UO2

2+ have
proven to be reliable for obtaining close to the experimental data results [27,28,32,34,60].
H2O molecules were modeled using the flexible extended simple point charge (SPC/E)
potential [61], and the intermolecular interaction parameters for aqueous OH− consistent
with this water model were taken from Greathouse et al. [26].
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2.3. Simulation Details

MD simulations were performed using the LAMMPS software package [62,63]. Periodic
boundary conditions [64,65] in three dimensions were applied in all simulations. A cutoff
radius of 12.5 Å was used for the short-range intermolecular forces, and the particle–particle
particle–mesh method (PPPM) was used to account for the long-range electrostatic interac-
tions [65–67]. Standard Lorentz–Berthelot mixing rules (εij =

√
εiiε jj; σij =

(
σii + σjj

)
/2)

were applied to calculate the Lennard-Jones parameters of interaction between unlike atoms.
The Newtonian equations of motion were numerically integrated with a time step of 1.0 fs
via velocity Verlet algorithm [64,65,68]. The constructed models were initially equilibrated
for 5.0 ns at a temperature of 298 K and pressure of 1 bar using the Nosé–Hoover thermo-
barostat [69,70]. After the NPT equilibration, the equilibrium NVT-simulation was performed
for 20.0 ns using the Nosé–Hoover thermostat [69,70] to collect the dynamic trajectories of all
atoms of the simulated system for further statistical analysis. The quantitative analysis of the
structure of clay–solution interfaces was performed following the well-developed approaches
that are commonly used for such kinds of interfacial simulations [47].

In addition, a series of constrained MD simulations were performed to obtain more
information on the uranyl coordination at the basal surfaces of illite and smectite models
and to quantitatively assess its adsorption-free energy as a function of the distance from
the surface. The metadynamics technique implemented in the PLUMED code [71] was
used for this part of the simulation project. In these simulations, the distance z between
the center of mass of the uranyl ion and the center of mass of the nearest ditrigonal cavity
without tetrahedral substitutions on the clay basal surfaces was constrained by a collective
variable (CV). The CV was limited to a distance of 12 Å from the clay surface. To limit
the movements of uranyl in the lateral x and y directions, we used an additional vertical
boundary with a weak repulsive potential [72]. In these simulations, only the position of
the uranyl ion was constrained without controlling its immediate environment in the first
coordination sphere. Well-tempered metadynamics simulations were performed using the
“gaussian hills” approach [71]. Their initial height and width were 0.4 kJ·mol−1 and 0.5 Å,
respectively, and they were introduced every 250th time step with a bias factor of 15. All
constrained MD simulations were performed for 40.0 ns with the same time step of 1.0 fs.

3. Results and Discussion
3.1. Atomic Density Profiles

To assess the effects of the magnitude and localization of the structural negative charge
in the clay layers on the local structure of the uranyl surface complexes, we first compared
the one-dimensional atomic density profiles of solution species at the clay interface. The
closest to the surface peaks of U density are located at 4.10 Å from the illite surface for both
versions of the ClayFF force field (Figure 1). For the smectite surface, the peak position is
slightly different between the ClayFF-orig and ClayFF-MOH models. For ClayFF-MOH, it
is located a little farther from the surface by ~0.1 Å. However, such a difference is probably
due to minor differences in the local U speciation and can be neglected. The peak at ~4.1 Å
corresponds to the nearest outer-sphere uranyl complex at the basal clay surface, which is
characterized by hydrogen bonding between the uranyl-coordinating H2O molecule/-OH
group and the surface. The halfwidth of the peak (at ~4.1 Å) is larger for the smectite model
with both versions of ClayFF, pointing to a higher mobility of uranyl complexes on the
smectite surface. The higher integral peak intensity indicates higher adsorption of uranyl
on the illite surface, due to the stronger electrostatic interaction with the higher-charge
tetrahedrally substituted surface. Although it is known from experimental studies that
uranyl adsorption is higher on smectites, note that in the current work, we investigated
only uranyl adsorption at the external basal surfaces via ion-exchange mechanism, which
is predominant at a pH < 4. Overall, higher adsorption of uranyl with ClayFF-MOH for
both illite and smectite surfaces is predicted according to the U atomic density profiles.
However, the average distance of adsorbed uranyl ions from the surface is similar for both
versions of ClayFF.
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Figure 1. Atomic density profiles of U atoms of uranyl ions as functions of their distance from the
basal clay surface modeled with two versions of the ClayFF force field.

There is also a distinct maximum of U density located at ~7 Å, indicating the formation
of the second uranyl outer-sphere complex, farther from the surface. The calculated two-
dimensional surface atomic density distributions within the 8 Å layer of the interfacial
solution show that uranyl complexes are preferably adsorbed at the center of the ditrigonal
cavities of the tetrahedral sheet for illite and smectite surfaces (Supplementary Materials
Figures S1 and S2). For illite, uranyl is preferably adsorbed at the center of the ditrigonal
cavities near substitutions (Figure S2). Such adsorption sites on the basal surface of clay
minerals are known to be the most favorable for cations [73–75].

Under the conditions studied (i.e., considering only adsorption via ion-exchange mecha-
nism on the basal surfaces at pH < 4), the adsorption of uranyl on the illite surface is stronger
than on the smectite surface, which is seen from the atomic density profiles of the uranyl
oxygen (Ou) atoms (Figure 2). The Ou profile on the illite surface has only two peaks located
at 2.9 Å and at 5.2 Å. The distance between these peaks at 2.9 Å and at 5.2 Å is 2.3 Å, which is
less than the full equilibrium length of a uranyl cation (~1.8 × 2 = 3.6 Å) [76]. Thus, uranyl
is mainly adsorbed with an inclination of its O-U-O axis at about 40◦ to the illite surface, as
predicted with both versions of ClayFF. A similar value of 36◦ was obtained earlier in the
simulation of uranyl adsorption on a muscovite surface with ClayFF-orig [32]. The tilting
of the uranyl ion on the illite surface could be explained by a stronger interaction of U with
O atoms from the tetrahedral substitutions (basal O). Recent ab initio simulations showed
the presence of weak chemical bonds between U and basal O atoms due to the overlap of
uranium f - and oxygen p- electronic states [36].
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According to a previous MD simulation of UO2
2+ sorption on the muscovite sur-

face [32], the atomic density profile of U shows two distinct peaks at 2.0 Å and 3.25 Å,
while in the presence of competing K+ ions, only a 3.25 Å peak was observed. Our results
show only one outer-sphere uranyl complex with a U peak at 4.1 Å (Figure 1). The peak
at 2 Å is absent in our results due to the presence of competing K+ and Ca2+ cations, in
line with the previous study [32]. The difference of ~1 Å between 4.1 Å in our results
and 3.25 Å in previously reported results for similar systems points to a strong effect of
solution composition (ionic strength, nature, and concentration of the counterions and
UO2

2+ concentration), which is not exactly the same in our studies. It is also interesting
to note that while the distance from U to the surface differs significantly, the inclination
angle of 40◦ is preserved. Therefore, our results are similar to those reported previously for
uranyl adsorption on muscovite, although the distances are somewhat different due to dif-
ferences in clay mineral structure, solution composition, etc. Specifically, we should point
out that the amount of tetrahedral substitutions in the muscovite model studied earlier [32]
is more than two times higher than in our current illite model, which obviously influences
the results and makes any direct quantitative comparison difficult and inconclusive. The
shape of the curves is similar for both versions of ClayFF, indicating only minor changes
in the interfacial complex orientation. From this observation, we can conclude that the
modification of the force field does not significantly affect the position of the complex at
the illite surface, which is not the case for smectite.

At the smectite surface, the orientational effect is less pronounced, but the curve
shape is somewhat different between the ClayFF-orig and ClayFF-MOH models. With
ClayFF-orig, two smooth peaks of the surface-nearest Ou atoms at 2–3 Å are observed,
which indicates the absence of a preferential uranyl orientation at the smectite basal surface.
With ClayFF-MOH, the distribution of Ou is also smooth, but a more intense maximum at
2.9 Å is observed, pointing to the increased preference for inclined uranyl ions orientation.
The increased fraction of inclined uranyl ions may be a consequence of the increased near-
surface OH− concentration in the smectite ClayFF-MOH model (Figure 3). This enables the
formation of more hydrolyzed [UO2OH]+ complexes in the smectite ClayFF-MOH model.
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their distance from the basal clay surface modeled with two versions of the ClayFF force field.

Significant differences between the illite and smectite hydrated interfaces are observed
in the shape of the Ow density profile of the water molecules (Figure S3). At the illite
surface, a small feature appeared before the main maximum, indicating the presence of
a layer of stronger adsorbed H2O molecules. The center of the distribution coincides for
both clay surfaces; minor peaks after the main one are closer to the surface of illite. A more
structured profile of Ow at the illite surface is clearly the result of higher layer charge and its
localization on the tetrahedral sites of the TOT layer closer to the interface. No differences
in the interfacial water structure are observed between the two ClayFF versions neither for
the illite nor for the smectite surfaces (Figure S3).
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3.2. Radial Distribution Functions

The local environment of the adsorbed uranyl ions was also quantitatively character-
ized through the analysis of the calculated radial distribution functions (RDFs) and running
coordination numbers (CNs) of H2O and OH− species around the U atom. RDFs and CNs
of U-Ow (Ow is O atom of H2O) and U-Ohw (Ohw is O atom of OH− in solution) pairs
for both the smectite and illite simulations are shown in Figures 4 and 5. Additional RDF
and CN functions of U, Ca, and K could be found in Supplementary Materials (Figures
S5–S11). The calculated RDFs for water virtually coincide with previously calculated RDFs
for UO2

2+ at the hydrated quartz interface [26]. Uranyl cation at the surface of clay minerals
has a uniform coordination of ~4.5 water molecules at a distance of 2.50 Å. This value is
very close to the parameters for outer-sphere uranyl complexes on smectites at low pHs
obtained with EXAFS (2.38–2.50 Å) [17–25].
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To the best of our knowledge, there are no experimental EXAFS studies of uranyl
sorbed on illite clays due to (i) difficulties in obtaining illite samples without smectite
impurities and (ii) the relatively low sorption capacity of illite towards UO2

2+, which
complicates obtaining a good enough EXAFS spectrum. From this point of view, our
theoretical study sheds new light on the process of uranyl adsorption on the illite surface. It
is interesting that no major differences in U-H2O local coordination were observed between
the illite and smectite interfaces, as well as between the two versions of the force field.
The coordination of water molecules to uranyl cation is similar with the ClayFF-orig and
ClayFF-MOH force fields, in accordance with the observed close similarity of the water
density profiles for both force field versions (Figure S3). Comparing the Ow profiles for
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the illite and smectite surfaces, we clearly observed the more structured distribution of
water on illite. However, the interfacial water structuring does not affect the coordination
of water molecules near the uranyl ions adsorbed as outer-sphere complexes.

Changes in the local U coordination are notable in the analysis of U–Ohw RDF and CN
(Figure 5). The distance between the U and O atoms of the hydroxyl ion is 2.33 Å and it is
the same for both versions of the force field and for both surfaces. When comparing the CNs
(Figure 5b), it is clear that the modification of the force field affects the local U coordination.
With ClayFF-orig, the local environment of the UO2

2+ complexes is similar on the illite and
smectite surfaces, and the CN for the OH− group equals ~0.6. According to these data,
the time-averaged complex speciation could be represented as [UO2(H2O)4.3(OH)0.7]1.3+

for both surfaces. The non-integer CN means that there are two fractions of uranyl com-
plexes: hydrolyzed and non-hydrolyzed, and the increase in CN for the hydroxyl group
means that the fraction of hydrolyzed complexes increases. In simulations with the ClayFF-
MOH model, it became possible to differentiate the composition of the complexes between
the illite and smectite surfaces. On the smectite surface, ~0.9 OH− anion is coordinated
to each uranyl cation, meaning that hydrolyzed complexes dominate and uranyl is al-
most completely present as [UO2OH(H2O)x]+ (x = 4–5). The time-averaged speciation
is [UO2(H2O)4.1(OH)0.9]1.1+, which means that around 90% of species are present as hy-
drolyzed complexes. In the illite simulations with the ClayFF-MOH model, the fraction of
hydrolyzed complexes noticeably decreases although the CN still remains around 0.6. The
rest of the uranyl cations are present as non-hydrolyzed aqua complexes [UO2(H2O)5]2+.
The time-averaged speciation in this case results in [UO2(H2O)4.4(OH)0.6]1.4+ composition.
It should be noted that in each case, the sum of the CNs of the ligands gives precisely five,
the most common CN around the U equatorial sphere in solution.

The speciation of U sorbed at the clay basal surfaces was thought to be particularly
independent of the clay mineral structure, namely the magnitude and localization of the
negative charge in the TOT layer. Similar local environments at the interfaces with two
end-members of illite–smectite clay were observed with the ClayFF-orig version of the
force field. However, a more accurate parametrization of the structural hydroxyls in the
ClayFF-MOH model highlights the different nature of the adsorbed uranyl complexes on
the illite and smectite surfaces. We might also notice that despite the observed differences,
hydrolyzed uranyl complexes are still predominant on both surfaces. Therefore, the uranyl
behavior in models with two end-members suggests that in the intermediate cases of
mixed-layer illite–smectite clay minerals, the U speciation would also be similar.

The RDF of U–Si pairs at the illite and smectite surfaces reveals that the main maximum
is located at distances higher than 4 Å from the surface (Figure 6), indicating only a weak
interaction of uranyl complexes with the surface in both cases. However, some differences
in the fine structure of the main peak are observed. For the illite interface, the RDF has
a maximum for U–Si and U–Al pairs due to the ambiguity in the location of the uranyl
complexes above the substituted and non-substituted ditrigonal cavities with both versions
of the ClayFF force field. For the ClayFF-MOH model, the peaks are more resolved, again
highlighting the effect of a more accurate parametrization. For the smectite interface, where
only octahedral substitutions are present deeper in the clay structure, the U–Si RDF shows a
single broader peak for both versions of ClayFF, meaning that the effects of uranyl complex
location above a specific surface site are less important.

Experimental EXAFS studies of uranyl sorbed on smectites as an inner-sphere edge
complex do indicate the presence of Si/Al coordination shells at 3.1, 3.3, or 3.6 Å [19,21,23–25],
which is also supported with DFT calculations of the clay edge complexes [37–41]. In our
models, only adsorption at the external basal surfaces of clays is considered and therefore the
comparison with those experimental results would be inconsistent. The implementation of the
newer ClayFF-MOH force field version [44] virtually did not change the positions of the RDF
peaks in comparison to the original ClayFF parametrization [42]. However, the intensities of
the RDF peaks changed quite a lot, leading to a higher uranyl adsorption predicted with the
ClayFF-MOH model. At the illite surface, for U–Al pairs with ClayFF-MOH, the peak intensity
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is significantly higher, indicating that uranyl cations would be more preferably adsorbed
at the substituted ditrigonal cavities. The double maximum of this distribution indicates
the existence of two distinct surface configurations slightly off the center of the ditrigonal
cavities. With the ClayFF-orig model, a lower intensity of the second RDF peak for U–Al pairs
is observed. Generally, the RDF intensity of U–Al pairs is higher than the RDF intensity for
the U–Si pairs, which again points to a higher uranyl adsorption at the substituted ditrigonal
cavities as modeled with ClayFF-MOH.
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3.3. Free Energy of Uranyl Adsorption at Clay Surfaces

The free energy of adsorption, ∆A, was calculated from the equilibrium NVT-ensemble
MD trajectories using the metadynamics approach, as described in Section 2.3. It is impor-
tant to note, however, that under ambient conditions, one can assume that ∆A ≈ ∆G, i.e.,
Gibbs free energy of adsorption is equal to the free energy from our metaD calculations [72].
The adsorption-free energy profiles for uranyl ions at the illite and smectite surfaces cal-
culated using the ClayFF-orig and ClayFF-MOH models are shown in Figure 7. To be
able to compare the results for different force fields and surfaces, in these constrained MD
simulations, only the interaction of the uranyl ions themselves with the clay surfaces was
controlled and analyzed, while the nearest presence of coordinating water molecules and,
occasionally, of hydroxyl ions, was not controlled and not taken into account in the analysis.
Therefore, the results presented below relate to UO2

2+ species without consideration of
its instantaneous local coordination. At both clay surfaces, the first minimum is located
at 4.4–4.5 Å from the surface. Small differences from the atomic density peak positions
can be explained by the choice of the center of mass of the ditrigonal cavity as the main
adsorption site and the absence of Si/Al substitutions in constrained MD simulations. Thus,
the adsorption of uranyl in the unconstrained MD simulations occurs somewhat farther
from the center of mass of the ditrigonal cavity, which is also noticeable on time-averaged
atomic density distribution maps (Figures S1 and S2). The first minimum verifies that the
outer-sphere basal surface complexes of uranyl are strongly preferable. The free energy
minimum at the illite surface is at −14.15 kJ/mol with ClayFF-orig, which is a relatively
high absolute value, suggesting more stable adsorption of uranyl on the illite basal surface.
However, the newer ClayFF-MOH model predicts a much shallower free energy minimum
at only −6.05 kJ/mol, thus indicating much weaker uranyl adsorption at the illite basal
surface. This result seems to contradict our conclusions derived from the analysis of atomic
density profiles (Figures 1 and 2) and radial distribution functions (Figure 6), which consis-
tently indicated that ClayFF-MOH predicts higher adsorption of uranyl. The explanation of
this contradiction may be in the fact that the constrained simulations of the adsorption-free
energy profiles were only performed for uranyl cation without controlling its nearest envi-
ronment, while the RDF and CN calculations (Figure 4) indicate that both hydrated UO2

2+

and hydrolyzed [UO2OH]+ surface species can be important. Another possible explanation
of the discrepancies between the constrained and unconstrained simulations might be that
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in the constrained simulations, only adsorption above the unsubstituted ditrigonal cavities
was considered. Further calculations will clarify the effects of the tetrahedral substitutions
on the adsorption-free energy, as it was suggested earlier [72].
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For the smectite surface, the first free energy minimum is −9.55 kJ/mol with the
ClayFF-orig model, but only −2.79 kJ/mol with the more recent ClayFF-MOH model.
Again, the inconsistency of the atomic density and energy profiles is due to the presence
of a significant fraction of hydrolyzed uranyl ions. As expected from simple electrostatic
considerations, both models predict lower adsorption at the lower-charge smectite surface
than at the higher-charge illite surface. This is consistent with the observed differences in
the atomic density profiles (Figure 1).

The second free energy minima in Figure 7 corresponds to the second outer-sphere
uranyl complexes farther away from the basal clay surfaces. For smectite, the second
minimum is predicted at ~7.4 Å from the surface with both versions of ClayFF. The values
of the minima are close, −1.31 kJ/mol and −0.41 kJ/mol with ClayFF-orig and ClayFF-
MOH, respectively. This result is also consistent with the close values of the intensities for
the uranium density profiles (Figure 1). The position of the second free energy minimum
from the illite simulations is ~0.2 Å closer to the basal clay surface, located at 7.2 Å and
7.1 Å with the ClayFF-orig and ClayFF-MOH models, respectively. It is interesting to note
that the energy value of −5.18 kJ/mol with ClayFF-MOH is close to the value of the first
free energy minimum for this system. The earlier ClayFF-orig model predicts the second
free energy minimum at −8.08 kJ/mol, which is significantly smaller by absolute value
than the global minimum for this simulation (−14.15 kJ/mol). However, no differences in
the intensities of the atomic density profiles around ~7 Å are observed, again pointing to a
high importance of [UO2OH]+ contribution.

It is worth emphasizing that for both the smectite and illite clay surfaces, ClayFF-
MOH predicts the adsorption-free energy minima much less pronounced compared to the
ClayFF-orig model. This can be explained by (i) the impact of the hydrolyzed complexes
contributing to the calculated atomic density profiles but not taken into account in free
energy calculations and (ii) the effect of stronger orientational constraints on the libration
of structural hydroxyl ions within the ditrigonal cavities of the TOT clay structure with the
ClayFF-MOH force field, which affects the general electrostatic strength of uranyl attraction
to the surface.

4. Conclusions

The research on the quantitative macroscopic characterization of cation adsorption
and retention in clay materials is quite substantial, but studies focused on the molecular
mechanisms of these processes remain rather limited, despite growing interest from both
fundamental geochemistry and from numerous engineering and environmental applica-
tions, including the technology of geological disposal and storage of radioactive waste [76].
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In this work, we aimed to study, on the fundamental molecular scale, the effects of
the magnitude and localization of the negative structural charge of clay TOT layers on
the adsorption capacity for uranyl ions at hydrated basal clay surfaces and on the local
structural environment of adsorbed uranyl ions. For this purpose, two new models of
end-member clay structures in the illite–smectite mixed-layer series were constructed and
investigated using the classical molecular dynamics computer simulation technique. The
effect of the layer charge turned out to be not as significant as it was initially expected.
Near both clay surfaces, uranyl ions are weakly adsorbed at similar distances in the form
of outer-sphere non-hydrolyzed aqua complexes [UO2(H2O)5]2+ and partly hydrolyzed
[UO2(H2O)4–5OH]+ with U-Ow and U-Ohw distances around 2.50 and 2.33 Å, respectively.
Local uranyl coordinations evaluated from the calculated radial distribution functions
revealed that the fraction of hydrolyzed species is predominant for both surfaces. This
result suggests that in mixed-layer clay minerals, such as ISCz-1, local uranium coordination
would also remain similar. The observed U-Ow distances are very close to the results of
EXAFS studies of outer-sphere uranyl complexes.

The other side of our work concerned the comparison of predicted uranyl adsorption
made from the simulations using the original [42] and the more recently modified [44]
ClayFF classical force field models. It is shown that the modified version, ClayFF-MOH [44],
provides a more detailed description of the structure of uranyl surface complexes, while
keeping many earlier results principally unchanged. The use of the modified force field
allowed us to observe more clearly the changes in the adsorbed uranyl complex com-
position, which seemed impossible with ClayFF-orig. With ClayFF-MOH, we can also
observe a decrease in the adsorption-free energy for UO2

2+ cation over ditrigonal cavities
without substitutions. As a result, the modified ClayFF-MOH model predicts a higher
UO2

2+ surface mobility. However, a detailed quantitative analysis of the adsorption-free
energy of various uranyl complexes over various substituted sites at basal clay surfaces
and, consequently, the particular contributions of all these factors to the overall UO2

2+

retention and surface mobility, requires further systematic simulation studies, and will be
reported separately.
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