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A B S T R A C T

The presence of organic ligands in radioactive waste influences radionuclide mobility and sorption in cement. 
Although EDTA is often assumed to have minimal impact, recent experiments indicate reduced Eu(III)/Cm(III) 
uptake by calcium silicate hydrate (C-S-H) at high EDTA concentrations in CaCl₂ solutions. We used molecular 
dynamics (MD) simulations and potential of mean force calculations to investigate complexation and sorption 
mechanisms. Focusing on the (001) surface of C-S-H, we analyzed radionuclide behavior in the presence of 
organic ligands under repository-relevant conditions. Solution-phase simulations identified three probable Eu/ 
EDTA/Ca complexes. Sorption at two common sites was examined. Site-specific analysis shows that Ca–Eu(III)– 
EDTA complexes remain stable in solution, significantly reducing Eu(III) uptake by C-S-H. These findings align 
with experiments and highlight the role of ternary complex formation in limiting radionuclide retention in 
cementitious environments.

1. Introduction

Cement plays a critical role in the construction and safety prediction 
of radioactive waste repositories due to its structural functionality and 
high radionuclide retention capabilities, making it a key component in 
multi-barrier systems designed to prevent radionuclide release into the 
environment [1,2,3,4]. The calcium silicate hydrate (C-S-H) phases, the 
main binding phases in cement, contribute to both its strength and its 
ability to adsorb metal ions, including actinides and lanthanides. In deep 
geological repositories, cement is used not only for structural purposes, 
but also as a barrier within the packaging and sealing of waste, 
providing a stable, high-pH environment that enhances radionuclide 
retention.

Understanding sorption mechanisms at the molecular level is 
essential for predicting migration in geological disposal systems. This 
study focuses on accurately modeling the interaction of Eu(III) with C-S- 
H phases to analyze radionuclide retention and migration under 
repository-relevant conditions. The molecular modeling of C-S-H – using 
defect tobermorite as an analogous solid phase structure – requires large 
simulation cells and extensive computation, which are necessary for 
achieving accurate representations of C-S-H interactions with radionu
clides [5,6]. This computational approach helps to interpret the sorption 
dynamics within near- and far-field environments, contributing to 

process understanding and thus improving confidence in the quantita
tive description of retention phenomena. The C-S-H surface model was 
built from the initial structure of tobermorite 14 Å 
(Ca5Si6O16(OH)2⋅7H2O) [7] as it is the closest known crystal structure to 
real cement phase [8,9,10]. The structure is composed of sheets of 
seven-fold coordinated calcium cations with silicate chains on both 
sides. The interlayer space contains additional calcium cations and 
water molecules.

Eu(III) was selected as a representative model for trivalent actinides 
and lanthanides (e.g. Am(III), Pu(III)) commonly expected in nuclear 
waste. It shares a similar charge-to-size (z/d) ratio, coordination 
chemistry, and complexation behavior with both organic and inorganic 
ligands. The presence of organic ligands can increase the mobility of 
radionuclides by enhancing their solubility or decreasing sorption due to 
(i) the formation of stable complexes in the aqueous phases or (ii) 
competition for the sorption sites at cementitious or mineral interfaces 
[11,12].

Molecular dynamics simulations have significantly advanced our 
understanding the hydration structure of europium(III) and its in
teractions with organic ligands. Numerous computational studies have 
examined the hydration shell of Eu(III), using a range of methods with 
varying levels of accuracy [13,14,15]. For example, Clavaguéra et al. 
[16] introduced many-body effects into their models to better capture 
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the structure of the solvation shell and the water exchange dynamics of 
trivalent lanthanides, achieving better agreement with experimental 
results. However, increased model accuracy often comes at the cost of 
computational efficiency, making it necessary to achieve a balance be
tween precision and feasibility.

Several studies have also focused on the binding of Eu(III) to 
different organic ligands, e.g. diglycolamide [17], dipicolinate [18], and 
BTP-based ligands [19]. To facilitate such simulations, Veggel and 
Reinhoudt [20] proposed a set of Lennard-Jones (LJ) parameters for Eu 
(III) that are compatible with organic force fields and produce results 
that are in good agreement with experimental observations [18,19]. 
These parameters were adopted in our study to ensure both reliability 
and computational efficiency.

Ethylenediaminetetraacetic acid (EDTA) is a common decontami
nation agent and is expected in some waste streams in the disposal of low 
and intermediate level waste (L/ILW). EDTA has six functional groups 
(four carboxyl and two amine), and is known for its strong chelating 
properties, which allow it to effectively bind and remove polyvalent 
metal ions, including radionuclides, from surfaces and solutions. EDTA 
is generally thought to have a minimal impact on radionuclide retention 
in cement-based environments because it strongly complexes with cal
cium, which is present at concentrations significantly higher than ra
dionuclides. Multiple studies have confirmed that at low concentrations 
(<10− 3 M) there is no significant effect of the presence of EDTA presence 
on the sorption of Eu(III) in C-S-H and hydrated cement paste 
[21,22,23,24].

However, the latest results obtained from batch sorption and TRLFS 
(time-resolved laser-induced fluorescence spectroscopy) experiments 
have shown that there is a considerable decrease in Eu(III) uptake by the 
C-S-H phases (Ca/Si = 0.7–1.3) in the presence of EDTA with concen
trations higher than 10− 3 M in CaCl2 solutions, or in NaCl solutions for 
C-S-H phases with Ca/Si ≥ 1.3 [24]. The latter system is also charac
terized by higher aqueous calcium concentrations compared to C-S-H 
0.7 and 1.0. It was concluded that the presence of sufficiently high Ca 
concentrations in solution triggers the formation of stable ternary Ca–Eu 
(III)–EDTA species, which stabilize Eu(III) in solution and minimize its 
sorption. An analogous effect was described by Dario and co-workers for 
the uptake of Eu(III) by cement at EDTA concentrations above 10− 3 M 
[22]. Additionally, similar observations have been reported for Ca/Eu 
(III)/gluconate and Ca/Pu(IV)/isosaccharinate systems [25,26,27].

The Eu/EDTA complexes in our work are studied as preformed endo 
complexes, where the cation already coordinates monodentately the 
four carboxylate groups and the two N atoms of the ligand. This decision 
was made because the spontaneous formation of the endo complexes 
cannot be modeled with classical molecular dynamics simulations [28]. 
Several studies suggest that, in the absence of Ca, Eu(III) may form 
ternary complexes Eu(III)–OH–EDTA at pH values higher than 9 [29,
30]. In the presence of Ca, DiBlasi and co-workers hypothesized the 
formation of quaternary complexes Ca-Pu(III)/Cm(III)-OH-EDTA only 
above pH 12, whilst below this pH the formation of ternary complexes 
Ca-Pu(III)/Cm(III)-EDTA was suggested. Using a combination of EXAFS 
and MD simulations, the recent work by Licup et al. [31] hinted that 
water molecules remain in the first coordination sphere of Eu(III) even at 
pH 11. In the modeled experiment of Thumm et al. [24] at pH 11.5, the 
presence of hydroxyl groups in the first coordination sphere could not be 
conclusively demonstrated. With this background, the coordination of 
Eu(III) with aqueous hydroxyls in the presence of EDTA was not 
considered in our model, although we acknowledge that they may form 
(even in the presence of Ca) in a more alkaline pH-regime.

The formation of aqueous systems at elevated ionic strength condi
tions needs to be considered for underground repositories in rock salt 
formations, but also for other potential host rock formations located in 
the vicinity of rock salt layers. Such conditions are found, e.g. in 
northern German clay rock formations, where the clay pore water shows 
a very high salinity of up to 5 M (mostly defined by sodium chloride, 
with magnesium or calcium as additional cations) [32]. It is important to 

understand and describe the sorption sites and local complex structures 
of Eu(III) adsorbed on the C-S-H surface in the presence of EDTA and Ca. 
Therefore, we developed this computational modeling study to interpret 
the macroscopic experimental data and identify molecular mechanisms 
undelying the sorption and desorption phenomena.

2. Computational methods

To study the behavior of the Eu(III)/EDTA complex in a concentrated 
CaCl2 solution, an orthogonal simulation box was built with dimensions 
of 50 Å × 50 Å × 50 Å, which contained 4096 water molecules with 2 
EDTA4− , 2 Eu/EDTA− complexes, 29 Ca2+, and 48 Cl− ions randomly 
distributed. This approximately corresponds to 0.33 M CaCl2 and 0.01 M 
EDTA ion concentration. The total electroneutrality of the simulation 
cell was ensured by balancing the number of counterions. Periodic 
boundary conditions were applied in three dimensions. The model sys
tem was initially equilibrated for 5 ns in the isobaric− isothermal sta
tistical 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, a room temperature, P = 0.1 MPa). Production run was recorded 
during 10 ns in the NVT ensemble. Radial distribution functions (g(r)) 
and running coordination numbers (n(r)) for Eu–X atom pairs (where X 
represents atom types present in the simulation cell) were computed to 
analyze the local structure of the Eu/EDTA complexes: 

gEuX(rEuX) =
NEuX

4πρXrEuX
(1) 

nEuX = 4πρX

∫rEuX

0

gEuX(r)r2dr (2) 

where N‾EuX is the average number of X atoms at a distance rEuX from the 
Eu atom, ρX is the number density of X atoms (i.e., the number of X atoms 
per unit volume).

To build the C-S-H surface, the crystallographic unit cell of tober
morite was multiplied (8 × 8 × 2) to create a relatively large simulation 
supercell to accumulate better statistical data. The simulation cell was 
then cleaved in the middle of the interlayer along the (001) crystallo
graphic plane to form a surface. Next, 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 × 54 × 100 Å3 (a triclinic cell 
with α = β = 90◦, and γ = 66.5◦, including a vacuum gap). 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 around 2.3, so 
the bridging Si tetrahedra were randomly deleted according to available 
experimental NMR and IR data [33,34,35], and additional Ca2+ 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 [36]. The deprotonated oxygens on the 
surface were assigned a partial charge of qonb = 1.3|e|, higher than the 
protonated ones in the standard ClayFF force field [37,38]. The 
extended gap between the cleaved surfaces was filled with solution 
molecules. The charge of the total simulation cell was neutral.

The interaction parameters for the surface were taken from the 
ClayFF force field, known for their reliability and accuracy in cement/ 
water interface simulations [39,40,41]. For the EDTA molecule, pa
rameters were taken from the General Amber force field (GAFF; [42]). 
Water was modeled using the extended simple point charge (SPC/E) 
model [43]. Parameters for Eu(III), which have been proven to be 
compatible with the organic force fields, were taken from [20].

Standard Lorentz− Berthelot mixing rules were applied to calculate 
short-range Lennard-Jones interactions between unlike atoms, using a 
cut-off distance of 14 Å. Long-range electrostatic forces were evaluated 
using the Ewald summation method. All molecular dynamics 
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simulations were performed using the LAMMPS software package 
(September 29, 2021 version; [44]). The equilibration of the model 
system was carefully monitored by evaluating the temperature, pres
sure, kinetic, and potential energy of the system, and the dimensions of 
the simulation box, to verify that these parameters reach their equilib
rium steady-state values on average, ensuring that the system accurately 
represented the desired conditions [45].

The C-S-H surface was equilibrated for 5 ns in the NPT ensemble 
together with the CaCl2 solution (26 Ca2+, 47 Cl− , 5 OH− ) prior to 
introducing Eu(III) and EDTA (2 endo complexes) into the interface so
lution. The Newtonian equations of the atomic motions were then 
numerically integrated with a timestep of 1 fs. The model systems were 
again equilibrated for 5 ns in the NPT and NVT ensembles each (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, although they were still allowed to interact with other atoms. The 
VMD software package (version 1.9.3) was used for visualization of 
simulation trajectories [46].

The potential of mean force (PMF) calculations were used to get 
insight 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 the Eu/EDTA 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 
be unattainable through standard MD simulations [47]. In this tech
nique, biasing potentials are applied to enhance sampling in specific 
regions. While highly precise, this method is computationally expensive. 
Therefore, only the two most typical sorption sites for Eu(III) were 
selected on the (001) surface of C-S-H with high Ca/Si [25]: the bridging 
site (deprotonated silanol group of the bridging Si), and the defect site 
(deprotonated silanol groups of pairing Si (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 PMF curve, approximately 100 
biased MD simulations were run in the NVT ensemble (2 ns each) to 
cover the entire reaction coordinate. The z-distance between the 
topmost oxygens of the surface and europium was selected as the col
lective variable. Additional weak xy constraints were applied as a ‘soft 
cylindrical wall’ of a small diameter to maintain the position of Eu(III) 
on top of the sorption site.

The umbrella sampling calculations were performed using the 
COLVARS module integrated into the LAMMPS software package [48]. 
The weighted histogram analysis method (WHAM) was employed to 
compute the free energy profiles along the reaction coordinate from the 
umbrella sampling data. All simulations for each constrained distance 
window are independent and were run in parallel. The Monte Carlo 
bootstrapping approach implemented in the WHAM algorithm was used 
to calculate statistical uncertainties [49,50].

3. Results and discussion

1.1. Interaction of Eu(III)/EDTA complexes with Ca2+ in CaCl2 
solution.

At high pH conditions characteristic for cement-based systems (pH >
11), EDTA is fully deprotonated, and the structure of its binary complex 
with Eu(III) (i.e., Eu(EDTA)− ) is already well-known. The structure of 
Eu/EDTA was predicted by classical molecular dynamics studies 
(Durand et al., 2000; [31]) and validated by extended X-ray absorption 
fine structure (EXAFS) measurements [51]. They revealed a coordina
tion environment in which the Eu3+ ion is bound by four carboxylate 
groups in a monodentate manner, both amine groups, and three water 
molecules.

In this work, the behavior of Eu/EDTA complexes in a 0.33 M CaCl2 
solution was analyzed to determine the most likely geometries of Ca- 
containing complexes. The local structures around Eu(III) were exam
ined by calculating the radial distribution functions and corresponding 
running coordination numbers for atom pairs involving Eu(III) from the 
10 ns trajectory. The findings are presented in Figs. 2a (Table SI-1 in 
Supporting Information) and 2b.

The Eu/EDTA complex was introduced as an endo complex into the 
simulation cell, with analysis confirming that the complex structure 
remained stable throughout the simulation. A single peak corresponding 
to the coordination of Eu(III)-carboxyl oxygen (Ocarb) clearly appears 
between 2.2 and 2.8 Å, as shown in Fig. 2a. A secondary peak between 
4.3 and 4.6 Å indicates the proximity of the second oxygen within each 
carboxyl group of EDTA. Fig. 2b further reveals that all four carboxylate 
groups are consistently bound to Eu(III) in a monodentate manner (n 
(r)Eu-Ocarb = 4 at 2.7 Å and 8 at 4.6 Å). A distinct N peak is found at d =
2.6–3.0 Å and corresponds to the inner sphere binding of two amine 
groups. The water oxygen peak overlaps with the Ocarb distance, fol
lowed by a hydrogen peak at 3.3 Å, and the calculated running coor
dination number confirms the presence of three water molecules in the 
first coordination sphere of Eu(III).

Altogether, in the CaCl₂ solution, Eu(III) coordinates with six atoms 
from a single EDTA molecule: four carboxylate oxygens and two amine 
groups. This primary coordination shell is completed by three water 
molecules from the solution, giving Eu(III) a total coordination number 
of 9. These results align well with the values reported by Licup et al. 
[31], despite differences in the water model (SPC/E here and TIP3P in 
Licup et al.). This structure is further validated by both spectroscopic 
studies [51] and computational studies (O’Brian, 2022).

No major peak is observed for Cl− , which remains as a background 
ion in the solution, appearing only at distances greater than 5 Å and 
showing no participation in the Eu/EDTA/Ca complexation. Addition
ally, the absence of an Eu–Eu peak confirms that polymerization or 
precipitation do not occur under these conditions.

The simulation was carried out in a Ca-rich solution (c = 0.33 M), 
where Ca was observed at distances of 3–4 Å from Eu(III), indicating Ca 
coordination with the carboxyl groups of EDTA molecules. To assess the 
statistical significance of Ca complexation with Eu/EDTA, the Eu(III) 
coordination sphere was monitored over a 10 ns production run, cate
gorizing binding configurations into three types: complexes without Ca, 
complexes with one Ca, and complexes with two Ca. The results indicate 
that complexes with one Ca formed 75 % of the time, while Eu/EDTA 
remained uncoordinated or bound to two Ca in 13 % and 12 % of the 
instances, respectively. Thus, all three configurations were selected for 
computational sorption studies on the C-S-H surface. In particular, Ca 
predominantly has monodentate coordination with the deprotonated 
carboxyl groups of EDTA, as shown in the simulation snapshots in Fig. 3.

Formation of Ca-stabilized Eu/Eu(OH)-EDTA complexes was indi
rectly hinted by experimental studies on the trivalent lanthanide and 
actinide ions with EDTA in presence of Ca2+. Batch solubility, time- 
resolved laser fluorescence spectroscopy (TRLFS) and density func
tional theory (DFT) studies on Pu(III) and Cm(III) suggested existence of 

Fig. 1. Schematic representation of the two main sorption sites on the (001) 
surface of C-S-H with a high Ca/Si ratio: bridging (BR), defect (DEF).
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Pu/Cm(III)–OH–EDTA, Ca–Pu/Cm(III)–EDTA, and Ca–Pu/Cm(III)– 
OH–EDTA complexes in aqueous solutions [30]. Also, the batch sorption 
and TRLFS study in Thumm et al. [24] showed very stable soluble 
complexes, tentatively defined as Eu/Cm(OH)(EDTA)2− , Cm(OH)x 
(EDTA)-(x+1) and Ca–Eu/Cm(III)-EDTA, formed in CaCl2 solution. 
However, no conclusive evidence on the stoichiometry and structure of 
such complexes was available to date. For the first time, MD calculations 
support the formation of the ternary complexes Ca[Eu(EDTA)]+ and (to 
a lesser extent) Ca2[Eu(EDTA)]3+ in alkaline solutions containing EDTA 
and Ca. Analogous complexes were previously described for the Ca-Pu 
(IV)-EDTA system [30], and also for the complexation of Ln(III)/An 
(III) and An(IV) with other chelating ligands, e.g., (gluconate, iso
saccharinate, citrate) [25,52,26,53,54,55,56]. Thus, the assumption 
that Ca outcompetes radionuclides in the complexation with strong 
chelating ligands must be carefully assessed for each individual system.

3.1. Sorption of Eu(III)/EDTA/Ca complexes on the (001) surface of C- 
S-H

3.1.1. Sorption at the bridging sorption site
The uptake of Eu(III) by C-S-H phases and cement has been widely 

studied using various sorption and spectroscopic techniques. These 
studies have confirmed that C-S-H plays a primary role in europium 
retention, with surface sorption and incorporation into the structure 
identified as the two main uptake mechanisms [57,58,59]. In this study, 
incorporated species are not considered due to their strong immobili
zation within the structure, which makes them inaccessible to the so
lution and, thus, unavailable for interaction with organics at the solid- 
solution interface.

The potential of mean force curves was calculated to study the 
sorption of Eu/EDTA complexes with a varying number of Ca at the two 
most common sorption sites of C-S-H. As a reference for comparison, 
PMF curves of Eu(OH)4

− on these sites were taken from our previous 

Fig. 2. (a) Radial distribution function for pairs of Eu-X atoms, where X – atom types present in the simulation cell. (b) Corresponding running coordination numbers 
for selected pairs of Eu-X atoms.

Fig. 3. Simulation snapshots of Eu(III) complexes with EDTA without Ca2+ (a), with one Ca2+ (b), and with two Ca2+. Colour scheme: Eu – lilac, O – red, C – grey, H – 
white, N – blue, Ca – green. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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work [25] and plotted together with the new data. In addition, PMF 
curves for Ca2+ sorption were calculated to evaluate possible sorption 
competition.

All PMF curves for the bridging sorption site are presented in Fig. 4
(Tables SI-2 and SI-4 in Supporting Information). As previously reported 
in [25], under high pH conditions Eu(OH)4

− forms a strong inner sphere 
complex at the bridging sorption site of the (001) surface of C-S-H, with 
a distinct minimum at d = 2.3 Å (ΔGmin = − 34 kJ/mol). This surface 
complex can be considered as analogous to the Cax[Ln/An(OH)4]2x–1 

aqueous complexes described by Neck and co-workers in alkaline CaCl2 
solutions [60]. Only weak outer sphere complexes are formed at dis
tances between 4 and 5 Å (ΔGmin less than 5 kJ/mol).

The calculated adsorption free energy profile of the Eu/EDTA com
plex without coordinated Ca2+ practically overlaps with the curve for Eu 
(OH)4

− ; the only difference is a higher energy barrier (Δd ≈ 10 kJ/mol) 
at d = 2.9 Å. In the presence of Ca2+, sorption through the inner sphere 
complexation of Eu/EDTA tends to be weaker: ΔGmin = − 14 kJ/mol for 
one Ca2+ and − 19 kJ/mol for two Ca2+ at d = 2.3 Å. At the same time, 
the energy barrier to form these surface complexes is higher, also 
considering a more pronounced energy minimum for outer sphere 
complexation at d = 4.1–4.3 Å for both PMF curves.

The complex was free to approach the surface naturally, with only 
the distance between the Eu(III) and the deprotonated silanol groups 
controlled and without restrictions on the EDTA molecule. Although it is 
possible that the Eu/EDTA complex could adsorb by binding EDTA to 
surface Ca ions or by having EDTA/Ca attach at sorption sites, this 
behavior did not appear in the simulations.

Fig. 4b presents the PMF curve for Ca2+ binding at the bridging site 
of C-S-H. Ca2+ ions show a strong affinity for this site, with a ΔGmin of 
− 12 J/mol at a distance of 1.9 Å and an energy barrier of about 20 kJ/ 
mol. Eu(OH)₄− , however, binds even more strongly and is likely to 
displace Ca2+ from the silanol group at the bridging site. In comparison, 
the Ca[Eu(EDTA)]+ and Ca2[Eu(EDTA)]3+ complexes have binding 
strengths closer to those of Ca2+, indicating that competition for the site 
is likely. Even though the presence of EDTA can potentially complex and 
remove Ca2+ from the sorption sites [61], its concentration in the 
studied systems is much lower than that of Ca2+ and the competition can 
be considered negligible.

Fig. 5 displays two representative snapshots from PMF simulations, 
showing the Eu(EDTA)− and Ca2[Eu(EDTA)]3+ complexes, both at the 

lowest energy distance window. The blue circle highlights the bridging 
sorption site. In both cases, inner sphere coordination is confirmed be
tween the deprotonated silanol group and Eu(III).

In the first complex (Fig. 5a) without coordinated Ca2+, there is a 
higher negative charge density, which attracts to the positively charged 
surface of C-S-H (due to surface-bound Ca). Consequently, three 
deprotonated carboxyl groups of EDTA form outer sphere complexes 
with surface Ca ions (OS-Ca). In contrast, the second complex (Fig. 5b), 
with two coordinated Ca ions, is restricted from approaching the surface 
sufficiently close to interact with additional surface Ca, which may be 
the reason for the observed reduction in sorption strength. Similarly, the 
sorption behavior of the Ca[Eu(EDTA)]+ closely resembles that of the 
Ca2[Eu(EDTA)]3+ complex, as the carboxyl groups remain distant from 
the surface, preventing further coordination with surface-bound Ca ions.

This highlights the impact of the carboxyl groups of the ligand and 
molecular geometry on the complex sorption behavior. In our previous 
study, we evaluated the sorption of the Eu(III)/gluconate complex 
similarly and found no inner sphere coordination of Eu(III) at the 
bridging site [25]. Unlike EDTA, gluconate contains multiple alcohol 
groups but only a single carboxyl group.

3.1.2. Sorption on the defect sorption site
The defect site is the most common sorption site on the (001) surface 

of C-S-H with a high Ca/Si ratio. It contains two negatively charged, 
deprotonated silanol groups from adjacent Si tetrahedra and has a ge
ometry distinct from the bridging site. This site is surrounded by a higher 
density of surface Ca ions and is located closer to other sorption sites. Eu 
(III) is sorbed at the defect site through inner sphere coordination with 
two deprotonated silanol groups (ΔGmin = − 30 kJ/mol at d = 1.8 Å) and 
has a high barrier for desorption, with an energy difference of around 60 
kJ/mol [25]. The free energy of adsorption of the Eu/EDTA complexes is 
shown in Fig. 6a (Table SI-3 in Supporting Information).

All three PMF curves show a very steep increase in energy (> 100 kJ/ 
mol) at distances between 3 and 4 Å from the defect site. For the Eu 
(EDTA)− and Ca2[Eu(EDTA)]3+ complexes the closest energy minima 
are found at d = 1.7 Å and 2.4 Å after the energy barrier. Although inner 
sphere coordination for Eu/EDTA complexes both with and without Ca 
is revealed, the energy barrier to approach it is too high, and it makes the 
inner sphere binding statistically insignificant or even not probable at 
all. It can be concluded that the Eu/EDTA complexes do not bind directly 

Fig. 4. Potential of mean force curves between (a) the bridging sorption site of C-S-H surface and Eu(III) coordinated with aqueous hydroxyls, EDTA, and varying 
numbers of Ca2+: Eu(OH)4

− - Eu(III) hydroxocomplex; Eu/EDTA/noCa – Eu(III) complex with EDTA without Ca2+; Eu/EDTA/1Ca - Eu(III) complex with EDTA with 
one Ca2+; Eu/EDTA/2Ca – Eu(III) complex with EDTA with two Ca2+; and (b) between the bridging sorption site and Ca2+.
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Fig. 5. Simulation snapshots of the Eu/EDTA surface complexation at the bridging sorption site (BR, marked with blue circles): (a) for Eu/EDTA without Ca2+ at the 
PMF window at dz = 2.2 Å; (b) for the Eu/EDTA/2Ca complex at the PMF window at dz = 2.2 Å. Colour scheme: Eu – lilac, O – red, C – grey, H – white, N – blue, Ca – 
green, Si – yellow. OS – outer sphere, IS – inner sphere, Cas – surface Ca. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.)

Fig. 6. Potential of mean force curves between (a) the defect sorption site of the C-S-H surface and Eu(III) coordinated with aqueous hydroxyls, EDTA, and varying 
numbers of Ca2+: Eu(OH)4

− - Eu(III) hydroxocomplex; Eu/EDTA/noCa – Eu(III) complex with EDTA without Ca2+; Eu/EDTA/1Ca - Eu(III) complex with EDTA with 
one Ca2+; Eu/EDTA/2Ca – Eu(III) complex with EDTA with two Ca2+; and (b) the defect sorption site and Ca2+ (b).

Fig. 7. Simulation snapshots of the Eu/EDTA surface complexation on the defect sorption site of C-S-H (marked with blue ellipses): (a) for the Eu(EDTA)− complex in 
the PMF window at dz = 1.7 Å; (b) for the Ca[Eu(EDTA)]+ complex in the PMF window at dz = 4.1 Å. Colour scheme: Eu – lilac, O – red, C – grey, H – white, N – blue, 
Ca – green, Si – yellow. OS – outer sphere, IS – inner sphere, Cas – surface Ca. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.)
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to the deprotonated silanol groups of the defect site and only find 
favorable coordination as an outer sphere surface complex as in the case 
of Ca[Eu(EDTA)]+ (ΔGmin = − 20 kJ/mol at d = 4.1 Å, Fig. 7b).

From the PMF curve in Fig. 6b (Table SI-4 in Supporting Informa
tion), it can be seen that Ca2+ cations are very strongly bound to the 
defect sorption site: with a main minimum at around 1.9 Å, where Ca 
coordinates both of the silanol groups of the defect site; a smaller min
imum at 2.6 Å, where Ca is connected only to a single silanol; and a high- 
energy barrier to detach Ca from the site. These Ca2+ cations will not be 
easily substituted by the Eu/EDTA complexes and will not allow the 
sorption to occur at the defect site.

The inner sphere surface coordination of the Eu(EDTA)− complex is 
shown in Fig. 7a, where two of the coordinated water molecules were 
exchanged for two deprotonated silanol groups of the sorption site. The 
strong minimum is seen on the PMF curve at d = 1.7 Å. The sorbed 
complex has inner sphere coordination of carboxyl oxygens with two 
closest surface Ca and additional outer sphere coordination with two 
more Ca as seen in the snapshot. The sorption of the complex is 
controlled by the electrostatic interaction and steric hindrances that 
form close to the surface. Although the energy gain to form this complex 
is significant (ΔG = 40 kJ/mol) and shows the complexation that is as 
strong as in the case of Eu(OH)4

− sorption (ΔG = 50 kJ/mol), the energy 
barrier to form this complex is prohibitively high (ΔG = 130 kJ/mol).

3.2. Comparison with experimental data

Here we present a direct comparison of the molecular dynamics re
sults with experimental data reported in Thumm et al. [24] for the same 
studied system. The uptake of Eu(III) by C–S–H phases in the absence 
and presence of [EDTA] in CaCl2 and NaCl solutions is shown in Fig. 8
(a) and Fig. 8 (b), respectively. In CaCl2 solutions, Eu(III) sorbs strongly 
at [EDTA] < 10− 3 M with a log Rd in the range between 4.5 and 5.5, 
while at [EDTA] = 10− 2 M, the retention was significantly decreased to 
log Rd ~ 2.8. In NaCl solutions, C–S–H phases with Ca/Si ≤ 1.1 showed 
consistently high log Rd values throughout the complete range of EDTA 
concentrations after 50 days of equilibration (Thumm et al. [24]). For 
C–S–H phases with Ca/Si ~ 1.4 (characterized by greater concentration 
of Ca in the aqueous phase), a similar behavior as for CaCl2 systems is 
observed, i.e., strong sorption at [EDTA] < 10− 3 M, and a significant 
decrease in the uptake at higher ligand concentrations (Fig. 8 (a)).

The results in this work align well with these experimental findings. 
Molecular dynamics simulations suggest that an excess of Ca2+ and a 

relatively high concentration of EDTA stabilize Eu(III) in solution by 
forming a stable ternary complex (Ca-Eu(III)-EDTA). Moreover, sorption 
at the bridging site would account for the weaker sorption still observed 
in the batch sorption experiment (to log Rd ~ 2.8 at [EDTA] = 10− 2 M). 
In those systems presenting lower Ca concentrations in the aqueous 
phase (i.e., C–S–H with Ca/Si ≤ 1.1 in NaCl solutions), the binary 
complex Eu(EDTA)− prevailing in solution can sorb as inner sphere 
complex on bridging sorption sites.

This interpretation is further supported by TRLFS data reported in 
Thumm et al. [24]. Fig. 9 shows Cm(III) TRLFS spectra for C–S–H ~ 1.4 
systems in 0.33 M CaCl2 and [EDTA] = 10− 2 M. The main signal at 
603.8 nm corresponds to the ternary Ca–Cm(III)-EDTA complex, and a 
slight shoulder visible at a wavelength of 607–608 nm was tentatively 
assigned to quaternary Ca-Cm(III)-OH-EDTA species. Very similar fea
tures are obtained for the aqueous phase and C–S–H suspension, thus 
confirming a weak sorption and that the formation of strong complexes 
with EDTA and Ca stabilizes Cm(III) in the aqueous phase. Similar 

Fig. 8. (a) Distribution coefficients for the sorption of Eu(III) on C-S-H phases (Ca/Si ~ 1.4) in the presence of EDTA in CaCl2 solution at equilibration time of 50 days 
(S/L = 1 g/L, [Eu]total = 2⋅10− 8 M) (b) Distribution coefficients for the sorption of Eu(III) on C-S-H phases (Ca/Si ~ 1.4) in the presence of EDTA in CaCl2 solution at 
equilibration time of 50 days (S/L = 1 g/L, [Eu]total = 2⋅10− 8 M).

Fig. 9. Fluorescence emission spectra for Cm(III) in the presence of EDTA and 
C-S-H phases in CaCl2 solution (S/L = 1 g/L; 300 d of contact time; solid line – 
suspension, dashed line – supernatant) (Thumm et al. [24]).
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complexation behavior with Pu(III) and Cm(III) has been proposed by 
DiBlasi et al. [30], based on experimental observations and quantum 
chemistry calculations.

4. Conclusions

In this study, we investigate the sorption behavior of Eu(III)/EDTA 
complexes on the calcium silicate hydrate (C-S-H) (001) surface in a 
CaCl2 solution using molecular dynamics (MD) simulations. The 
complexation behavior of Eu(III) and EDTA in solution is first examined 
to identify the most probable ternary Eu/EDTA/Ca complexes, which 
are subsequently used when analyzing sorption studies. Three configu
rations were chosen to represent different coordination environments: 
Eu(EDTA)− , Ca[Eu(EDTA)]+, and Ca2[Eu(EDTA)]3+.

To quantify the adsorption behavior, potential of mean force (PMF) 
calculations were conducted to derive the one-dimensional free energy 
profiles of adsorption for these complexes on two key sorption sites of 
the C-S-H (001) surface: the bridging site and the defect site. The results 
demonstrate that Eu(III) forms highly stable complexes with EDTA and 
Ca2+ in solution, significantly reducing its interaction with the C-S-H 
surface. Specifically, a substantial reduction in sorption is observed at 
the bridging site, whereas no sorption is detected at the defect site. The 
presence of Cl− ions shows no noticeable effect, as they remain as 
background ions at the interface.

Our findings align well with experimental data, suggesting that Eu 
(III)/EDTA/Ca complexes are stabilized by additional Ca2+, which de
creases their affinity for surface adsorption on C-S-H. This work high
lights the importance of ternary complex formation in radionuclide 
transport and retention in cementitious environments, with implications 
for predicting the behavior of Eu(III) and similar radionuclides in 
radioactive waste repositories.
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