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ARTICLE INFO ABSTRACT

Keywords: Cement is a key barrier material in radioactive waste repositories, where calcium-silicate-hydrate (C-S—-H) phases

C-S-H play a central role in immobilizing cationic radionuclides. However, organic ligands, originating from additives

'é‘l“ol’l“m or waste, can enhance radionuclide mobility by forming soluble complexes and competing for surface sorption.
uconate

In this study, a surface model was developed that combines experimental observations with theoretical insights
into C-S-H structure, enabling detailed sampling of the most probable sorption sites. Molecular dynamics (MD)
simulations and potential of mean force (PMF) calculations were used to develop molecular-scale understanding
of how organic additives influence the adsorption and mobility of trivalent actinides and lanthanides in
cementitious materials. Eu(III) was considered as a model of key trivalent radionuclides expected in nuclear
waste, i.e. Pu(Ill) and Am(III), based on their similar charge-to-size (z/d) ratios, and gluconate was chosen as a
model organic ligand. The results from the Eu(IlI)/C-S-H binary system confirmed strong sorption and showed
that the most common sorption sites are the deprotonated silanol groups of the surface. Results obtained for the
binary system are in line with Time Resolved Laser Fluorescence Spectroscopy data available for Eu(IlI) and Cm
(II). Depending on gluconate concentration, two main effects on Eu(III) uptake on the C-S—H phases have been
found: (a) sorption of the 1:1 Eu(IlI)-GLU complex at low ligand concentration; (b) formation of a stable ternary
Ca-Eu(Ill)-GLU aqueous complex that does not sorb at high ligand concentration. It is important to consider
formation of the ternary complex C-S-H/Eu(IIl)/GLU for the overall interpretation and understanding of the
system.

Surface sorption
Molecular dynamics

1. Introduction

Cement is the most important and extensively used construction
material. Due to its structural functionalities and high retention capa-
bilities, cement is considered to be an important component within the
multibarrier system in the design and construction of repositories for
radioactive waste. It serves various roles, such as being the main con-
struction material, a part of the packaging for certain waste types, and a
sealing material for storage cells (Glasser et al., 1989). Calcium silicate
hydrate (C-S-H) is a major hydration product, constituting 50-70 % of
the mass, and the main binding phase of Portland cement that contrib-
utes to its strength and durability. It is a nanocrystalline material with a
wide range of chemical compositions and high surface area. The C-S-H
phases are considered as the main sink of metal ions in cement, and thus
were chosen as a model in this study (Evans, 2008; Wieland, 2014; Ochs
et al., 2016). Accurate molecular-level modeling of C-S-H phases is

challenging, typically requiring large simulation cells and extended
simulation times to achieve the desired statistical accuracy
(Duque-Redondo et al., 2022). Molecular modelling is usually done with
defect tobermorite as the closest mineral structure (Kirkpatrick et al.,
1997; Grangeon et al., 2017).

Organic molecules can be introduced into a waste repository both as
part of the cement material and as constituents of the waste itself. The
presence of organic ligands introduces a potential concern, as these
molecules may enhance the mobility of radionuclides by increasing their
solubility and/or decreasing their uptake by mineral phases
(Keith-Roach, 2008; Fralova et al., 2021). Therefore, it is crucial to
understand the sorption and complexation behavior of organic mole-
cules in cementitious systems. In cement production, gluconate (GLU) is
commonly used as a dispersing and retarding additive, and it could also
be present in the radioactive waste after being used as complexing agent
(Keith Roach and Shahkarami, 2021). Gluconate was chosen as a model
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molecule in this study. It is a hydroxycarboxylate that is stable in high
alkaline media, forms strong chelate complexes with metal ions, and
sorbs well on cement surfaces.

In this study, Eu(III) has been selected as a model radionuclide. It is
representative of key trivalent actinides and lanthanides expected in
nuclear waste, namely Pu(III) and Am(III), based on their similar charge-
to-size (z/d) ratios, coordination chemistry and complexation behavior.
The sorption of Eu(Ill) on cementitious materials has already been
assessed in a number of experimental studies. These investigations have
revealed rapid sorption kinetics (steady state was reached within 1 day)
and strong uptake (with reported high distribution ratios, Rq ~ 10 dm®/
kg) driven by two primary mechanisms: surface sorption on silanol
groups and incorporation into the interlayer and the CaO layer of C-S-H
(Pointeau et al., 2001; Tits et al., 2003; Schlegel et al., 2004; Dario et al.,
2006).

Recent study has established that gluconate has no discernible
impact on the sorption of Eu(IIl) on C-S-H with low Ca/Si ratio (Dett-
mann et al., 2023). However, under high-pH conditions and elevated
Ca?* concentrations, a reduction in the uptake of trivalent radionuclides
has been observed in the presence of gluconate (Wieland, 2014; Gui-
done, 2023, 2024). Despite these observations, the precise molecular
mechanism underlying this phenomenon remains insufficiently defined.

Molecular dynamic simulations serve as a powerful tool for investi-
gating the atomic-scale behavior and properties of cement interfaces,
providing valuable insights that complement and explain experimental
observations. This approach has gained widespread acceptance and
proven its utility as an effective method for examining complex sorption
processes in cementitious environments (e.g. Androniuk and Kalinichev,
2020; Duque-Redondo et al., 2021; Tu et al., 2021; Masara et al., 2023).
In this study, classical molecular dynamics (MD) simulations and the
potential of mean force (PMF) calculations were used to gain a mecha-
nistic understanding of surface sorption processes. The primary objec-
tive of this modelling study is to understand molecular interactions in
the ternary system C-S-H/Eu(Ill)/gluconate, aiming to enhance inter-
pretation of the experimental data.

2. Computational methods

The C-S-H surface was modeled based on the crystal structure of
defected tobermorite, which has been established as the closest structure
to real cement hydrate (Kirkpatrick et al., 1997; Grangeon et al., 2016,
2017; Kumar et al., 2017; Kunhi Mohamed et al., 2018). The atomistic
model of the surface was built from the initial structure of tobermorite
14 A (CasSig016(OH)2-7H20) (Bonaccorsi et al., 2005). The layered
structure of tobermorite is composed of sheets of sevenfold coordinated
calcium cations with silicate chains on both sides. The interlayer space
contains additional calcium cations and water molecules. The crystal-
lographic unit cell has been multiplied (8 x 8 x 2) to create a relatively
large simulation supercell to accumulate better statistical data. The
simulation cell was then cleaved in the middle of interlayer along the (0
0 1) crystallographic plane to form a basic model of the C-S-H surface.
As a next step, defects and adjustments were made to the cleaved surface
to create a C-S-H model typical for a Ca/Si ratio of 1.4, with initial
dimensions of 54 x 54 x 100 A3 (a triclinic cell with o = f=90°, and y
= 66.5°, including a vacuum gap).

The real C-S-H phases are highly heterogeneous, with variable Ca/Si
ratios, disorder in the silicate chains, and a broad distribution of inter-
layer environments. These features are only present partially in the
model. As a result, the sorption sites, hydration states, and dynamic
behavior observed in simulations may not fully represent the diversity of
environments present in real cement systems (Duque-Redondo et al.,
2022). Therefore, results of our modeling should be regarded as quali-
tative trends rather than universally transferable predictions for all
C-S-H compositions and structures.

Experimental studies on C-S-H phases with a high Ca/Si ratio (>1.4)
show that the mean chain length in the silicate layer is expected to be
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around 2.3. Subsequently, the bridging Si tetrahedra were randomly
deleted in accordance with available experimental NMR and IR data
(Cong and Kirkpatrick, 1996; Beaudoin et al., 2009; Roosz et al., 2018),
and additional Ca?" and OH™ ions were introduced. The silanol groups
of the bridging Si and one of the pairing Si were deprotonated based on
the expected protonation state of the surface at high pH (Churakov et al.,
2014). The deprotonated oxygens of the surface were assigned a partial
charge of gonp = 1.3|e|, higher than the protonated ones in the standard
ClayFF force field, similar to the charge used for the NBO (non-bridging
oxygens) of the silicate groups in the alkali silicate hydrate gel
(Kirkpatrick et al., 2005a, 2005b). The extended gap between the
cleaved surfaces was filled with solution molecules. The final simulation
box included: 816 Si atoms, 767 structural Ca atoms, 377 Ca®" ions,
2016 bridging O atoms, 672 non-bridging O atoms, 48 surface hydroxyl
O and H atoms, 149 aqueous O atoms, 7613 water O atoms, 15375 H
atoms.

The interaction parameters for the surface were taken from the
ClayFF force field, known for their reliability and accuracy in cement/
water interface simulations (Cygan et al., 2004, 2021; Kalinichev et al.,
2007). For the gluconate molecule, parameters were sourced from the
OPLS force field, which is compatible with ClayFF (Jorgensen et al.,
1996; Szczerba and Kalinichev, 2016; Zhao et al., 2024), and partial
charges were calculated through CHelpG fitting of the electrostatic po-
tentials from the HF/6-31G* calculations in Gaussian software package
(version g16.C.01, Frisch et al., 2016). Water was modeled using the
extended simple point charge (SPC/E) model (Berendsen et al., 1987).
Parameters for Eu(Ill), that have been proved to be compatible with the
organic force fields, were taken from Veggel and Reinhoudt, 1999).

Standard Lorenz—Berthelot mixing rules were applied to calculate
short-range Lennard-Jones interactions between unlike atoms, using a
cut-off distance of 14 A. Long-range electrostatic forces were evaluated
using the Ewald summation method. All molecular dynamics simula-
tions were performed using the LAMMPS software package (September
29, 2021 version; Plimpton, 1995). The equilibration of the model sys-
tem was carefully monitored by evaluating the system’s temperature,
pressure, kinetic, and potential energy, and dimensions of the simulation
box, to verify that these parameters reach their equilibrium steady-state
values on average, ensuring that the system accurately represented the
desired conditions (Braun et al., 2019). These steady-state values were
already observed after ~300 ps, but it was decided to use 5 ns intervals
to further ensure accuracy.

The C-S-H surface was equilibrated for 5 ns in the NPT ensemble
prior to introducing Eu(IIl) and gluconate into the interface solution.
The Newtonian equations of the atomic motions were then numerically
integrated with a timestep of 1 fs. The model systems were initially
equilibrated for 5 ns in the isobaric—isothermal statistical ensemble
(NPT) and subsequently for 5 ns in the canonical ensemble (NVT).
Temperature and pressure were constrained using the Nose—Hoover
thermostat and barostat under ambient conditions (T = 295 K, P = 0.1
MPa).

To prevent drifting of the modeled systems, four Si atoms from each
silicate layer were immobilized during NVT production runs, though
they were still allowed to interact with other atoms. The VMD software
package (version 1.9.3) has been used for visualization of the simulation
trajectories (Humphrey et al., 1996).

The potential of mean force (PMF) calculations is a computational
technique used in molecular dynamics simulations to estimate the free
energy as a function of a reaction coordinate or a specific set of collective
variables. It provides insights into the energy landscape of a system,
helping to understand the thermodynamics of a process or the stability
of different states. In this study, PMF calculations were applied to
quantitatively describe the adsorption free energy profiles of Eu(III) and
Eu(III)/GLU complexes as a function of their distance from the C-S-H
surface.

The “umbrella sampling™ algorithm was used to sample rarely visited
atomic configurations of the system with statistical accuracy that would
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be unattainable through standard MD simulations (Kastner, 2011). In
this technique, biasing potentials are applied to enhance sampling in
specific regions. While highly precise, this method is computationally
expensive. Therefore, only the most typical sorption sites on the (001)
surface of C-S-H were selected (Androniuk and Kalinichev, 2020;
Chiorescu et al., 2022): the bridging site (deprotonated silanol group of
the bridging Si), the defect site (deprotonated silanol groups of pairing
Si), the silicate chain site, and the interchain site (the space between the
silicate chains on the surface) (see Fig. 1).

A complete PMF calculation involves multiple independent molec-
ular dynamics simulations with biasing potentials applied along the
chosen reaction coordinate. For each obtained PMF curve, approxi-
mately 100 biased MD simulations were run in the NVT ensemble, each
lasting 2 ns, to cover the complete reaction coordinate. The z-distance
between the topmost oxygens of the surface and europium was selected
as the collective variable. Additional weak xy constraints were applied
as a “soft cylindrical wall” of a small diameter to maintain Eu(III) po-
sition on top of the sorption site.

The umbrella sampling calculations were performed using the
COLVARS module integrated into the LAMMPS software package (Fiorin
et al., 2013). The weighted histogram analysis method (WHAM) was
employed to compute the free energy profiles along the reaction coor-
dinate from the umbrella sampling data. All simulations for each con-
strained distance window are independent and were run in parallel. The
Monte Carlo bootstrapping approach implemented in the WHAM algo-
rithm was used to calculate statistical uncertainties (Grossfield, 2014;
Grossfield et al., 2018).

3. Results and discussion
3.1. Eu(ll) sorption on C-S-H

The uptake of Eu(Ill) on C-S-H phases and cement has been inves-
tigated through multiple sorption and spectroscopic studies. It has been
confirmed that C-S-H is the main responsible phase for europium’s
retention, with sorption on the surface and incorporation identified as
the two major uptake mechanisms (Pointeau et al., 2001; Tits et al.,
2003; Schlegel et al., 2004). In this study, the incorporated species are
not considered due to their strong immobilization in the structure,
rendering them inaccessible to the solution and, consequently, unavai-
lable for interaction with organics on the solid-solution interface.

Understanding the sorption mechanism of Eu(III) in binary systems
serves to validate the chosen theoretical method and provides a refer-
ence for interpreting results in more complex systems where organic
molecules are present. In high pH solutions, typical for cement systems
(pH ~ 13, Guidone et al., 2024), Eu(OH)s(aq) is considered to be the
dominating aqueous species (Pointeau et al., 2001; Giffaut et al., 2014).
Therefore, it was selected for this MD study.

Fig. 2 shows the results of the potential of mean force calculations for
Eu(IlI) sorption on the defect, bridging, and chain sorption sites. Sorp-
tion on the interchain site, that is a probable site for cations on the
C-S-H surfaces (such UO% Chiorescu et al., 2022) have been also
evaluated, nevertheless, Eu(Ill) was strongly attracted to the defect site

BR DEF
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(which would be a part of the interchain site, given the high number of
defects on the surface). This suggests that the interchain site may not be
a typical sorption site for Eu(IIl) in these conditions, because of the high
energy needed to replace multiple hydroxyl groups in europium’s co-
ordination sphere with surface hydroxyls. For the other three sites, a
stable sorption surface configuration can be identified. Low minima for
the defect and bridging sites are observed very close to the surface at
distances 1.9 A and 2.1 A, respectively. The energy barriers for
desorption are also relatively high with an energy difference of around
60 kJ/mol, further indicating a more favorable sorption for these two
sites. This finding supports the notion that Eu(Ill) forms strong
inner-sphere complexes on the C-S-H surface, as previously reported in
the literature (Pointeau et al., 2001; Schlegel et al., 2004). The strength
of Eu(IIl) binding, calculated with PMF, is similar to those of Ca®" at the
same sorption site (Androniuk and Kalinichev, 2020) and validates the
experimental findings. Meanwhile, the closest minimum for the chain
site is at a distance of around 4 A with a much lower energy barrier of
approximately AG = 25 kJ/mol, corresponding to sorption as a weaker
outer-sphere complex.

The running coordination numbers for Eu(IIl) pairs were calculated
from the trajectories at the positions of the lowest energy minima, as
presented in Fig. 3. The results indicate that Eu(IIl) was sorbed on the
defect site through coordination with two deprotonated silanol groups
and on the bridging site through coordination with one deprotonated
silanol group. The total coordination number of the adsorbed Eu(IIl) is
approximately 7, which is lower than in the pure aqueous solution
(typically CN = 8-9; Marmodee et al., 2010) due to hindrances caused
by the surface and the presence of negatively charged aqueous hydroxyl
groups in the first coordination sphere.

It can be seen that surface complexes are formed through the
replacement of water molecules and hydroxyls in the first coordination
sphere by oxygens of the deprotonated silanol groups. Initially, there are
around 4 water molecules and hydroxyls each, as seen in the outer-
sphere complex (Fig. 3 — CH-4.2 A). Approximately 1.3 water mole-
cules and 4 hydroxyls remain in the inner-sphere complex formed on the
bridging site (Fig. 3 — BR-2.3 A), and these numbers are further reduced
to 2 water molecules and 3 hydroxyls for the defect site complexation
(Fig. 3 — DEF-1.8 A). The results of spectroscopic studies by Pointeau
et al. (2001) and Tits et al. (2003) have shown that the sorbed Eu
(II1)/Cm(I1I) species have a reduced hydration sphere. Further analysis
of lifetimes of the surface species during TRLFS experiments allowed to
identify the presence of approximately 1.4 water molecules in the first
hydration sphere of Cm(III) and Eu(III), which is in good agreement with
the results of our MD study.

Ca®" cations are identified in the second coordination sphere of Eu
(I at dgy.cq = 3.2-3.5 A, and they play a crucial role in the sorbed
complexes: Ca?* cations stabilize Eu(III)/(OH)/Ca complexes in the
solution and on the surface: CaEu(OH)4(H,0);, CaEu
(OH)4(H20)1.3(>Si0), and CaEu(OH)3(H0)2(>Si0),. It can be seen
they also stabilize Eu(IIl) as formally anionic Eu(OH); species in
cementitious environment. This is in line with the reported stability of
the aqueous complexes Cag[M(OH)4]3+, and Cag,[M(OH)ﬁ]3+ (withM =
Nd, Cm) in hyperalkaline CaCl; solutions with Ca concentrations above

Fig. 1. Schematic representation of sorption sites on the (001) surface of C-S-H with high Ca/Si ratio: BR — bridging, DEF — defect, CH — chain, INTER - interchain.
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Fig. 2.

PMF curves for Eu(III) sorption on the selected sorption sites of the (001) C-S-H surface (INTER site has been also evaluated, not shown here).
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Fig. 3. Running coordination numbers for pairs of Eu(IIl) and different oxygens in the model system, and the Eu(III)/Ca>" pair, calculated for the trajectories from
PMF simulations at distances of the lowest energy minima for each site: DEF at 1.8 A; BR at 2.3 A, and CH at 4.2 A from the surface (see Fig. 2).

0.05 M (Neck et al., 2009; Rojo et al., 2021).
3.2. Eu(Ill)-GLU sorption on C-S-H

Eu(Ill) forms stable complexes with gluconate, but the exact stoi-
chiometry and stability of the complex remain ill-defined. Gluconate,
with its multiple functional groups, offers various binding possibilities
for cations. In this study, two plausible scenarios are examined. The first
scenario involves the formation and sorption of the 1:1 complex at low
gluconate concentrations. The exact binding sites on gluconate are un-
known, so we propose coordination with the deprotonated carboxylic
group and deprotonated a-hydroxyl group as the most probable,
although the coordination with a second alcohol group can be also
speculated (Giroux et al., 2000; Al-Sogair et al., 2011; Rojo et al., 2021;
Zenker et al., 2025). The second scenario explores the formation and
sorption of the 1:2 Eu(Ill)/GLU complex at high gluconate and Ca®*
concentrations. Strong evidence was already provided for the formation
of ternary/quaternary Ca-Ln(III)/An(II)-OH-GLU complexes, and a
complex geometry recently suggested for Nd(III) is adopted for this
study (Rojo et al., 2021) with the stoichiometry defined as CasEu(OH)
(GLU.3y)2(aq). Also, the formation of 1:2 Tc(IV)/GLU complexes ([Tc
(IV)(Glu,gH)g(HgO)g]z’) was recently reported as the most likely Tc
(IV)-gluconate species in aqueoues solutions (Polly et al., 2025). Addi-
tionally, for the later degradation stage of cement (the alteration stage
I1I), characterized by C-S-H phases with a Ca/Si ratio of 0.8, it has been
observed that the presence of gluconate has a negligible effect on Eu(III)
uptake (Dettmann et al., 2023). This suggests the potential significance

of Ca®" in the uptake and complexation mechanisms, which we aim to
investigate.

The results of the potential of mean force calculations for the Eu(III)/
GLU 1:1 complex sorption on the defect (DEF), bridging (BR), and chain
(CH) sorption sites are shown in Fig. 4 (green line), along with the re-
sults for Eu(III) sorption without gluconate (black line) for comparison.
An energy minimum near the surface was identified solely for the
bridging site at dcsp.py = 2.3 A, with AG ~ —25 kJ/mol. In comparison
to the reference system, this minimum is slightly shifted to the right by
0.2 A away from the surface, it is shallower by 10 kJ/mol, and the en-
ergy barrier is lower by 20 kJ/mol. For the defect site, the complex was
sorbed only as an outer-sphere complex, with minima observed at dis-
tances approximately 4 A away from the sites. In the case of the chain
site, the minimum at 4.3 A was determined to be the inner-sphere
complexation at the neighboring bridging site. Consequently, it can be
concluded that, on average, there is no favorable sorption of Eu(IIl)/GLU
1:1 complex at the chain site.

The running coordination numbers for Eu(IIl) have been further
calculated from trajectories at distances corresponding to the lowest
minima in the PMF curves for three sorption sites. The results are
illustrated in Fig. 5. The total coordination number of Eu(III) (CN around
7) is reduced due to the hindrances caused by coordination with four
negatively charged aqueous hydroxyl groups and two functional groups
of gluconate. Only one water molecule could be identified in the coor-
dination sphere of Eu(IIl)-GLU complex, as seen in the outer-sphere
complex coordination (Fig. 5, DEF-2.4 A). A decrease in Eu(III) coordi-
nation number has been previously observed for complexes with
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Fig. 5. Running coordination numbers for pairs of Eu(Ill) and different oxygens in the model system, and the Eu(IlI)/Ca®" pair, calculated for the selected tra-
jectories from PMF simulations at distances of the lowest energy minima for each site: DEF at 2.4 A; BR at 4.0 A, and CH at 4.5 A from the surface (see Fig. 4).

multifunctional organic ligands (Atanassova et al., 2015; Dumpala et al.,
2019). The inner-sphere surface complex of Eu(III)/GLU on the bridging
site (Fig. 5, BR-4.0 A) forms through exchange of water molecule for
deprotonated silanol group (RCNgy.odep.sii = 1 at r = 2.4 10\), while the
number of aqueous hydroxyls remains the same (RCNgy.oHeq = 4 at 7 =
2.3 A). It can be seen that the RCN for Eu(Ill) on the chain site (Fig. 5,
CH-4.5A) are very close to those of the bridging site, because Eu(III) was
strongly attracted to the neighboring deprotonated oxygen of bridging
silicon (RCNEy-odepsil. = 1 atr ~ 2.4 A).Inall analyzed trajectories, Ca%*
cations are found at distances of approximately 3.5 A in the Eu(III) co-
ordination sphere. They also participate in complex formation and
further stabilize the CaEu(OH)4(H20)(GLU.y)(>SiO) complex at the
surface of C-S-H.

Taken together, these findings imply that the aqueous complex with
gluconate is expected to sorb at low ligand concentrations, and sorption
on the bridging site being the primary mechanism of adsorption for the
1:1 Eu(IIl)/GLU complex on the C-S-H surface as CaEu(OH)4(GLU 1)
(>Si-0). While the outer-sphere complexes formed on the defect sites
may not be as strong as inner-sphere complexes, given the large number
of defect sites on the surface, they would significantly contribute to Eu
(IIN-GLU uptake by C-S-H with high Ca/Si ratio. Similar observations

were reported by Tasi et al. (2021) for Pu sorption on Portland cement in
the presence of a-p-isosaccharinate (ISA). In their work, an increase of
Pu uptake was observed for log ([ISA]t/M) = - 3.5, and it was attrib-
uted to the co-adsorption of Pu (IV) with ISA on the cement surface. The
formation of Ca(II)-Pu(IV)-OH-ISA surface complexes was then
suggested.

The sorption of the 1:2 Eu(Ill)/GLU complex, CasEu(OH)(GLU.
sn)2(aq), was analyzed for the two most favorable sorption sites: the
defect site and the bridging site. The results of the new PMF calculations
(brown line) are presented in Fig. 6 and compared to the previously
discussed cases (green and black lines). It is evident that there is no
significant minimum on the free energy of adsorption curve for both
studied sites. The 1:2 Eu(III)/GLU complex does not approach the sur-
face and is repulsed at dcsp.py = 6 A for the defect site and at dcsH-Eu =
4.5 A for the bridging site.a.

It can be concluded that, once the Eu(III)/GLU complex forms in the
solution, the mobility of Eu(Il) on the surface of C-S-H increases, and
the strength of sorption decreases. To better understand the behavior of
Eu(IIl) in this multi-component system, the complexation of gluconate
with already sorbed Eu(IIl) should also be evaluated. For this purpose,
the distance between gluconate in the solution and sorbed Eu(IIl) was
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Fig. 6. PMF curves for sorption of the 1:1 and 1:2 Eu(IlI)/GLU complexes, and Eu(IIl) without gluconate on two sorption sites of the (001) C-S-H surface.

constrained. However, calculating one-dimensional PMF curves, as was
done for direct sorption on the surface sites, was not possible because Eu
(ITI) was detaching from the surface at distances less than 6 A. Fixing Eu
(III) at the sorption site would yield inaccurate results. Nevertheless, it
provides an indirect evidence that gluconate is attracted to the surface of
C-S-H and would interact with already sorbed Eu(Ill) increasing its
mobility.

Taken together, these findings suggest that formation of the stable
1:2 Eu(I1I)/GLU complex in the solution and on the surface of C-S-H will
hinder Eu(IIl) uptake by the cementitious materials. These results align
well with experimental observations for the same system (Guidone,
2023): the presence of gluconate with concentrations higher than 0.01
M significantly decreases the sorption of Eu(IIl) on C-S-H phases with
high Ca/Si ratio.

4. Conclusions

Molecular dynamic simulations and the potential of mean force
calculations were used to study interaction mechanisms between Eu(III)
and the (001) surface of C-S-H with a high Ca/Si ratio (1.4) in the
absence and presence of gluconate. The most typical sorption sites for
cations on the surface — bridging, defect, and chain sites — were
considered and systematically investigated. The studies reveal that Eu
(IlI) forms robust inner-sphere complexes with deprotonated silanol
groups on the (001) surface of C-S-H. The presence of Ca(Il) cations
contributes to complex formation, enhancing the coordination of Eu(III)
with multiple aqueous hydroxyl groups and functional groups of glu-
conate. These results are in good agreement with spectroscopic evi-
dences available in the literature. Furthermore, gluconate demonstrates
its capacity to create stable complexes with both Eu(III) and Ca(II) in
both solution and on the C-S-H surface. Two main effects of gluconate
presence on the sorption of Eu(IIl) on C-S-H phase with high Ca/Si ratio
were identified. First, at low gluconate concentration, the sorption of the
1:1 Eu(II)-GLU complex takes place. This supports the notion that the
ternary complex C-S-H/Eu(III)/GLU needs to be considered for the
overall interpretation and understanding of the system. Second, at high
ligand concentration, gluconate stabilizes Eu(IIl) in the aqueous phase
as a ternary Ca—Eu(III)-GLU complex, preventing it from sorption on the
surface. The findings of molecular dynamics simulations are consistent
with reported experimental observations (Guidone, 2023; Guidone
et al., 2024) and provide valuable insights into the complex interactions
between Eu(IIl), Ca(Il), gluconate, and the C-S-H surface, contributing
to a better understanding of the sorption processes involved. The pro-
posed approach can be extended to study the effect of organics on the
sorption behavior of other metal ions of relevance in the context of the
nuclear waste disposal, e.g., Am(III), on C-S-H phases with various

AG, kJ/mol
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Ca/Si ratios, characteristic for other degradation phases of cement.
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