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Abstract: Calcium silicate hydrate (C-S-H) is the main product of cement hydration and has also been
shown to be the main sorbing phase of actinide ions interacting with cement. U(IV) has been chosen
as an exemplary actinide ion to study actinide sorption at C-S-H as U is the main element in highly
active radioactive waste and because reducing conditions are foreseen in a deep geological repository
for such waste. U(IV) surface adsorption, absorption in the interlayer, and incorporation into the
calcium oxide layer of C-S-H has been modeled quantum mechanically, applying a density functional
approach. For each sorption mode various sites have been considered and a combined dynamic
equilibration and optimization approach has been applied to generate a set of representative stable
sorption complexes. At the surface and in the interlayer similar U(IV) hydroxo complexes stabilized
by Ca2+ ions have been determined as sorbates. Surface adsorption tends to be preferred over
absorption in the interlayer for the same type of sites. Incorporation of U(IV) in the CaO layer yields
the most favorable sorption site. This result is supported by good qualitative agreement of structures
with EXAFS results for other actinides in the oxidation state IV, leading to a new interpretation of the
experimental results.

Keywords: actinides; uranium; calcium silicate hydrate; tobermorite; sorption; density functional theory

1. Introduction

The interaction of actinide ions with various minerals is an important process [1]
affecting the mobility and distribution of these elements in nature. It also plays a key role in
safety considerations related to the storage of radioactive waste in a geological repository.
In this respect, besides the minerals of the host rock formation, construction materials also
have to be considered, such as cement as the main ingredient of concrete.

Cement consists to a considerable amount of calcium silicate hydrate phases (C-S-H),
which are the main reaction products of cement hydration [2]. These minerals of very
low crystallinity [3,4] are characterized by their calcium to silicon ratio C/S, which varies
between 1.7 for fresh cement to 0.7 for aged cement [2]. For lower C/S ratios the structure
of C-S-H resembles tobermorite [2,5,6], which is a layered mineral composed of a CaO
sheet covered on both sides with silicate chains [3,4]. Experiments with hardened cement
paste and C-S-H showed a very similar sorption behavior of actinides [7–10]. Thus, C-S-H
is considered the main sorbing phase of cement.

In this study, we inspect the interaction of U(IV) with C-S-H, modeled as tober-
morite [11] with a C/S ratio of 1, corresponding to aged cement [2,10]. With this work, we
extend our previous investigation of U(VI) sorption in C-S-H [12] to reducing conditions.
Such conditions are expected for geological disposal of radioactive waste because of the
anoxic conditions after closure of a repository, due to steel corrosion, and also microbial
activity [13]. For actinides in the oxidation state IV, fast and strong sorption to C-S-H and
cement has been found in batch and spectroscopic experiments [10,14,15]. In contrast to
older experiments [15], the more recent show that the sorption of An(IV) is independent of
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the C/S ratio and pH [10]. Similar distribution coefficients have been determined for Th(IV),
Np(IV), and Pu(IV) [10,14,16]. As for other actinide ions, surface adsorption, sorption in the
interlayer of C-S-H, and incorporation in the CaO layer of C-S-H are discussed as possible
sorption mechanisms [7,10]. Results of an EXAFS study on Np(IV) uptake by synthesized
C-S-H with C/S = 1.07 and 1.65 and cement paste were interpreted to show interlayer
sorption [7]. Similar structural results have been obtained recently for Pu(IV) for C/S = 0.75
and 1.65 [17], as well as for cement [18]. These results can be reliably compared with our
calculations for U(IV) as all of these three An(IV) ions show rather similar ionic radii [19].

In this work, we modeled the sorption of U(IV) at C-S-H, taking into account species at
the (001) surface, in the interlayer, and incorporated in the CaO layer of the substrate. Our
results provide for the first time a detailed structural model of An(IV) sorption complexes
in C-S-H, allowing for the investigation of the preferred sorption mode by comparison
with experimental findings for other An(IV) ions. These considerations are supported by
estimates of the sorption energy of U(IV).

2. Computational Details

First-principles density functional calculations were carried out using the plane-wave
based Vienna Ab initio Simulation Package (VASP, Version 5.4.4.18) [20]. Electronic structure
calculations were carried out at the generalized gradient approximation (GGA) level for
the exchange–correlation interactions of electrons as parameterized by Perdew, Becke, and
Ernzerhof, PBE [21,22]. The effect of core electrons was accounted for by the projector-
augmented wave (PAW) method [23,24]. The PAW potential includes the scalar relativistic
effects via mass-velocity and Darwin corrections [25]. An energy cut-off of 520 eV of the
plane-wave expansions of the one-electron states was used to reduce the effect of Pulay
forces. The medium “precision mode”, PREC = Medium, was applied and the integrations
over the Brillouin zone were carried out using the Γ-point only. Convergence criteria for
the total energy and for the forces acting on ions were set to 10−5 eV and 2 × 10−4 eV/pm,
respectively. In dynamic simulations, the NVT canonical ensemble at 300 K with the
Nosé-Hoover thermostat was used. In these calculations the plane-wave energy cutoff was
reduced to 400 eV. A time step of 0.5 fs and PREC = Low was chosen.

Water molecules in the interlayer of tobermorite and at its surface interact with the
substrate only weakly, leading to a large number of shallow potential minima. This
prevents straightforward optimization to find the more stable local minima. We used
first-principles molecular dynamics (FPMD) calculations to approximate an equilibrated
arrangement of the soft degrees of freedom of water molecules in the interlayer and at the
surface of tobermorite. To circumvent a costly fully dynamic treatment of the large systems
considered, we generated structures via an annealing protocol, which we had introduced
in our earlier studies on actinide sorption at clay minerals [26] and successfully applied to
the sorption of U(VI) in C-S-H [12]. As shown earlier [12,26], representative approximate
structures and energies can be obtained in this way for various sorbed species and not only
for the most stable ones. The annealing starts with a pre-optimization. Then each system
is initially dynamically equilibrated for 3 ps and optimized again. Afterwards a series of
further dynamic simulations of 1 ps duration followed by structure optimizations is carried
out. This series is continued until the lowest energy is not improved after 2–4 further
FPMD steps. Typically, energy differences between consecutive steps are then converged
to 10 kJ/mol and the structure can be considered to be essentially equilibrated. For the
optimization steps, the atomic arrangement corresponding to the lowest potential energy
in the last 0.15 ps of the FPMD runs was chosen as starting geometry.

Because VASP provides compensating corrections for charged unit cells of cubic lat-
tices only, we choose the unit cells of our tobermorite models always to be neutral. The
positive charge of the U4+ ion was compensated by removing a calcium cation, Ca2+, and
two protons for one sorbed U4+ in our model systems. The solvation energy ∆Gsolv of
molecular species involved in the sorption reaction of U(IV) was estimated using the
polarizable continuum model COSMO [27] as the energy difference between structures
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determined in the gas-phase and in aqueous solution. For these calculations we used the
software Turbomole (V6.6) [28] with the same exchange-correlation functional as in the
VASP calculations. In these calculations the Kohn-Sham orbitals were generated from stan-
dard triple-zeta basis sets together with the Stuttgart-Dresden effective small core potential
for U [29]. For the solvation energy of the hydronium ion, we utilized the experimental
value, −430 kJ/mol, to increase the accuracy [30]. To better account for the energies of
solvated water molecules we used the cluster approach, treating them as fractions of the
tetrameric water complex (H2O)4 [31]. All reactions were basically considered in the form
involving hydronium ions. To account for the highly basic conditions typical for cement,
all energies were corrected by neutralizing each hydronium by a hydroxide ion. Here, we
used the experimental dissociation energy of water, derived from pKw = 14, leading to a
correction of 90 kJ/mol per hydronium ion.

3. Models

The structure and the composition of C-S-H phases have been studied since
long [3,32,33] due to the difficulties given by their variability and low crystallinity. X-ray
diffraction analysis suggests that C-S-H with a C/S ratio < 1.5 exhibits a tobermorite-
like structure [6,33]. Tobermorite is a layered mineral with a central CaO sheet, which
is decorated at both sides by silicate chains in a so-called “dreierkette” arrangement
(Figure 1) [3,4,34]. The silicate chains show a periodicity of three units. Two SiO4 tetrahedra,
which are directly connected to the CaO sheet, are paired. These pairs are connected by
a third bridging SiO4 unit (Figure 1). The tobermorite layers carry a net negative charge
which is neutralized by either protons or Ca2+ cations between the layers, interacting with
bridging SiO4 tetrahedra of two adjacent layers. We derived our C-S-H model from the
ideal tobermorite 14 Å structure [34] with the formula unit Ca5Si6O16(OH)2·7H2O [34],
corresponding to a C/S ratio of 0.83. We increased the C/S ratio to 1 by exchanging protons
of bridging silicate tetrahedra with Ca2+ ions in the interlayer, resulting in the formula unit
Ca6Si6O18·7H2O. For the sorption studies, we used a 2 × 2 × 1 unit cell of the bulk tober-
morite. This unit cell was optimized starting with half protonated bridging silicates, as we
observed in earlier studies a partial protonation of these silicate tetrahedra for tobermorite
with C/S = 1 [12]. The necessary protons were taken from interlayer waters and the remain-
ing hydroxides were co-ordinated to Ca2+, thus simulating a basic solution in the interlayer.
After equilibration and optimization the bulk system showed partially deprotonated layers
and the freed protons neutralized some of the OH groups. The ratio of bridged silicate
protonation remained at 4 from 16 per interlayer, varying in further equilibration runs by
±1. Starting the bulk equilibration from a fully deprotonated structure led to a similar
structure with 3 protonated SiO groups per interlayer.

For the adsorption, we considered the basal (001) surface of tobermorite. One layer
of tobermorite was chosen as a slab model of the (001) surface of C-S-H. The surface
slab was created from the optimized bulk of 14 Å tobermorite with C/S = 1. As in the
bulk model, we used a 2 × 2 unit cell for the surface model and treated surface solvation
explicitly by adsorbing 2-3 layers of water. In the c direction, we used a periodicity of
2.7 nm, which includes a vacuum layer between the periodic slab models of approximately
0.8 nm. To ensure bulk boundary conditions at the lower side of the slab model, we fixed
atomic positions of all atoms of the CaO layer and below to their bulk values, Thus, the
silica tetrahedra and the water layer of the surface were optimized when modeling U(IV)
adsorption. Oxygen atoms of the bridging silica tetrahedra of the lower part of the slab
models were saturated with hydrogen to avoid dangling bonds. The position of these
hydrogen atoms was optimized, keeping all other atoms of the slab model fixed, and not
varied later on. Although the C/S ratio of a tobermorite (001) surface is not determined
by the bulk and is influenced by the contacting solution, we choose deliberately a model
with C/S = 1 by placing 8 Ca2+ ions at the surface. Some of them are co-ordinated to
SiO groups of the bridging silica tetrahedra and some solvated in the water layer. In
this way, we created a model surface with the same number of Ca2+ ions as present in
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the interlayer of the bulk. On the equilibrated surface, we obtained 3 protonated silanol
groups and 11 hydroxyl ions, which balance the charge of the 8 Ca2+ ions. To test the
influence of the bulk boundary conditions, we relaxed the upper oxygen layer of the CaO
layer of the surface model for the example of U(IV) adsorbed at the SiO site (see next
section). Compared to the more restricted surface model as described above, the geometry
optimization lead to changes in bond lengths of less than 1 pm. A U-Ca distance contracted
by 1.3 pm. The gain in energy was 18 kJ/mol due to the additional degrees of freedom.
Taken into account the large 2 × 2 × 1 unit cell of our tobermorite models, these changes
are regarded as small.
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Figure 1. Schematic structure of 14 Å tobermorite. Regions corresponding to various sorption
mechanisms: Adsorption on the (001) surface, absorption in the interlayer, and incorporation into the
CaO layer. Examples of various sorption sites are indicated by blue balls for U(IV). Silica tetrahedra
are shown in orange, Ca ions of the CaO layer in green. Ca ions and water in the interlayer are
omitted for clarity.

Vacancies in the silica chains are a typical defect in C-S-H [35]. These vacancies are
commonly formed by missing bridging silica tetrahedra [2,36]. To include this structural
feature in our sorption study, we prepared also bulk and surface models including such a
defect by removing SiO2 of a bridging silica tetrahedron (Figure 1, Def site) and saturated
the dangling bonds to the neighboring pairing silica tetrahedra by hydrogen. Equilibrated
structures of such bulk and surface models including a single vacancy defect showed a
similar degree of silica protonation as the defect free models, as only one of the SiO groups
aside the defect is protonated.

4. Sorption Sites

The tobermorite structure exposes silicate tetrahedra towards the interlayer and at the
(001) surface. Thus, possible sorption sites for actinide ions, such as U(IV), will be formed
by oxygens of SiO(H) and SiOSi groups. Due to their negative polarization, unsaturated
SiO groups of bridging silica tetrahedra will form stronger bonds to actinide ions than co-
ordinationally saturated bridging oxygens between silica tetrahedra or SiOH groups. From
these considerations, one expects at the (001) surface of tobermorite monodentate binding
to an SiO group (SiO site), bidentate co-ordination to both SiO groups of a bridging silicate
tetrahedron (SiOO site), or binding to the bridging oxygens of the pairing silicates, resulting
in sites between the silicate chains (chain bridging sites, ChBr) with a co-ordination of 2-3
to the substrate (Figure 1). These latter sites may include also a contact to the lower SiO
group of the bridging silicate tetrahedra or to an oxygen co-ordinated between a pairing
silicon and a calcium of the central CaO sheet.



Minerals 2022, 12, 1541 5 of 14

In the interlayer the same sites are imaginable. In addition, an actinide ion may bind
to SiO groups of bridging silicates of both sides of the interlayer (layer bridging site, LBr,
Figure 1). The common defect of a missing bridging silicate leads to further sorption sites
due to the terminating SiO groups of pairing silicate tetrahedra at both sides of the vacancy
in the silicate chain. These sites were labeled as defect sites (Def). As ChBr, LBr, and Def
sites may involve a varying number of oxygens of the substrate, we add a number to the site
label to indicate the number of these oxygens involved in the binding of U(IV). For example,
ChBr2 indicates a chain bridging site with two U-O bonds to the substrate, while for ChBr3
three substrate oxygens are co-ordinated to U(IV). All of these types of sites have been
already found for the sorption of U(VI) in the interlayer of various C-S-H models [12]. While
for U(VI), which forms the uranyl ion UO2

2+, co-ordination to the substrate is sterically
essentially restricted to the equatorial plane, a more versatile co-ordination to the substrate
is possible for U(IV) due to lower steric restrictions.

In addition to the sorption at the surface and in the interlayer of tobermorite, U(IV)
may be also incorporated into the CaO layer, replacing a sevenfold co-ordinated Ca atom
(Inc site). Here two inequivalent sites have to be considered [12]: one with sixfold oxygen
co-ordination and an additional aqua ligand (IncW) and a second one where the seventh co-
ordination is given by an oxygen of a SiO(H) group of a bridging silicate tetrahedron (IncO).

In the sorption calculations, we considered a single U(IV) species per unit cell. As
starting structures we used where available structures previously obtained for U(VI) [12]
and replaced UO2

2+ by U(OH)2
2+, which typically yields a CN of 6 for U(IV). In addition,

we also inspected for some structures additional aqua ligands (CN = 7–8) or varied the
position of OH ligands. When clear from the context, we will use the site labels also for the
U(IV) sorption complexes at the corresponding sites.

5. Results

In the following sections, we discuss our results on sorbed U(IV) species at the (001)
surface, in the interlayer space, and in the CaO layer of 14 Å tobermorite with C/S = 1. We
begin with geometry aspects in some details in order to inspect the characteristics of various
sites and to provide the background for comparison with experiment. Next, we discuss the
energies of U(IV) sorption at tobermorite for various sorption modes. Finally, we compare
our results with experimental results and provide an interpretation with respect to the
preferred sorption mode.

5.1. Geometries

At the (001) surface we found stable adsorption complexes of U(IV) at five types of
sites (Table 1, Figures S1–S5 in the Supplementary Materials). All except one exhibit a CN
of 6. The number of U-OSi bonds to the substrate varies from one for the SiO site over
two for the site SiOO, a chain bridging site (ChBr2) and at a chain defect (Def2) to three
for the ChBr3 site. Other variants of ChBr type sorption complexes, as determined in the
interlayer, converged to SiOO type species during equilibration. In addition to the bonds
to the substrate, U(IV) co-ordinates in most cases to 3–5 OH ligands, in agreement with
the rather high pH of the cement environment. This leads to the formal sorbed species
U(OH)5

− at the SiO site, U(OH)4
0 at the SiOO site, and to U(OH)3

+ for all other sites
(Table 1). These sorbed species have to be regarded as formal as all of them carry Ca2+ ions
in second shell positions. For example, to the species U(OH)5

− at the SiO site two Ca2+ ions
are attached via OH bridges. Thus, this species is only formally anionic and may be better
characterized as a sorbed complex U(OH)5Ca2

3+. In addition, all other complexes at the
surface carry 1–4 Ca2+ ions in their second shell. An aqua ligand is found only for the Def2
site in the first co-ordination shell of U(IV), resulting in the sorbed species U(OH)3+ with a
CN of 6 and two bonds to the substrate. This aqua ligand shows a rather long U-OH2 bond
of 262 pm (Table 1).
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Table 1. Selected geometry parameters a (distances in pm), formal sorption energy ∆E b, and relative
energy ∆Erel (in kJ/mol) of U(IV) sorbed at the (001) surface (Surface) and in the interior (Interlayer
or CaO layer) of 14 Å tobermorite. For those sites where we obtained several complexes, we give the
most stable one.

Site Species U-OSi U-OH2 U-OH U-Oav U-Si U-Ca ∆E ∆Erel

Surface

SiO U(OH)5
− 218 215, 227, 229,

239, 245 229 (6) 378 416, 466 −200 42

SiOO U(OH)4
0 229, 236 225, 227, 229,

231 229 (6) 293 388, 452, 485 −183 59

ChBr2 U(OH)3
+ 229, 241 221, 224, 230 229 (5) 333, 334, 343 383, 402, 416,

423, 436, 468 −128 114

ChBr3 U(OH)3
+ 222, 251, 262 223, 229, 232 236 (6) 307, 355 391, 414, 429 −128 114

Def2 U(OH)3
+ 215, 219 262 218, 221, 240 229 (6) 358, 370 403, 464 −102 140

Interlayer
LBr2 U(OH)3

+ 227, 237 245 216, 226, 231 230 (6) 350, 358 404, 407, 446 −125 117
SiO U(OH)3

+ 238 231, 242, 251 217, 221, 243 235 (7) 349 365, 415 −177 65

SiOO U(OH)4
0 236, 238 218, 223, 231,

232 230 (6) 299 349, 417 −104 137

ChBr1 U(OH)2
2+ 225, 272, 276 243, 264 203, 234 245 (7) 306, 357, 400 374, 431,447,

489, 491 −81 161

ChBr3 U(OH)3
+ 216, 230, 257 224, 225, 231 231 (6) 301, 360, 420 342, 450, 454,

479 −215 27

ChBr3’ U(OH)3
+ 215, 228, 254 221, 232, 239 232 (6) 333, 340, 341,

444 407, 412, 426 −179 63

Def2 U(OH)4
0 214, 221 219, 233, 238,

242 228 (6) 360, 362 406, 411 −76 166

CaO layer

IncO7 U4+
225, 228, 229,
231, 231, 252,

259
236 (7) 319, 343, 344,

355, 363, 368
376, 379, 398,
406, 409, 415 −208 33

IncW7 U(OH)3+ 227, 227, 227,
232, 253, 260 221 235 (7) 318, 341, 345,

364, 367
372, 382, 403,
403, 404, 425 −242 0

Experiment c

Np(IV) d 231
(7.7) 363 (4.3) 419 (8.0)

Pu(IV) e 225 (7) 315 (2), 354
(5) 412 (6)

a U-OSi: Bonds to silicate oxygens; U-OH2: Bonds to aqua ligands; U-OH: Bonds to hydroxide ligands;
U-Oav: Average U-O bond lengths of all U-O bonds, co-ordination numbers of U are given in parentheses;
U-Si: Distances to Si atoms closer than 450 pm; U-Ca: Distances to Ca atoms closer than 500 pm. b According to
Equation (2): T(Ca2+, 2 H+) + U(H2O)9

4+ + 2OH− → T(U4+) + Ca(H2O) 6
2+ + 5H2O. c Bond lengths and distances

together with their co-ordination numbers in parentheses. d Ref. [7]. e Ref. [17].

U-O bond lengths to the substrate, U-OSi, vary between 215 pm (Def site) and 262 pm
(ChBr3) (Table 1) and depend to some extent on steric restrictions. A short U-OSi bond of
218 pm length is found for the SiO site with monodentate co-ordination to the substrate.
For the SiOO site, two longer U-OSi bonds of 229 pm and 236 pm (Table 1) are calculated.
These bonds are elongated due to co-ordination of their oxygens to neighboring Ca2+ ions
and also because the angle between these two bonds to the bridging silicon tetrahedron of
68◦ is smaller than the ideal angle of 90◦ in an octahedral complex (see Figure S2). Shorter
U-O bonds of 215 pm and 219 pm are determined for the bidentate Def site due to missing
neighboring Ca2+ ions and a better fitting angle between these bonds of 78◦. For the site
CHBr2 two relatively long U-OSi bonds of 229 pm and 241 pm are determined and as
for SiOO, the shorter one of these attaches a Ca2+ ion. For the site ChBr3 a shorter U-OSi
bond of 222 pm and two longer, of 252 pm and 262 pm, are obtained. The longer U-OSi
bonds of both ChBr complexes appear due to steric restrictions and rigidity of the SiO
and SiOSi groups of the silicate rows of the substrate (Figure 1). U-OH bond lengths to
the OH ligands vary between 215 pm and 245 pm, thus in a somewhat narrower range
than the bonds to the substrate (Table 1), as these ligands can arrange more flexibly than
SiO groups. Nevertheless, typical U-OSi and U-OH bonds are of comparable lengths and
shorter than the single bond of U to an aqua ligand of 262 pm found for the site Def2.
All complexes show at least one short U-OH bond of approximately 220 pm. The longer
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bonds (>225 pm) result from the effect of hydrogen bonds to water molecules or by Ca2+

co-ordination to the oxygen of an OH ligand. For most sorption complexes at the (001)
surface of 14 Å tobermorite an average U-O distance U-Oav of 229 pm is determined, in
fortuitous agreement with the U(IV)-O bond length calculated for CN = 6 from crystal ionic
radii of 229 pm [19]. The exceptional value of U-Oav of 236 pm calculated for the ChBr3
site results from two rather long U-OSi contacts to the substrate (see above and Table 1).
Thus, this complex may also be interpreted as ChBr1 with a CN of 4 and consequently an
effective lower U-Oav value of 227 pm. This rather low CN for U(IV) is a result of steric
restrictions at this site between the silicate chains of the substrate, but also other complexes
at ChBr sites show relatively long U-OSi distances (Table 1).

U-Si distances of the various adsorption complexes vary strongly (Table 1). The
shortest one of 293 pm is calculated for the SiOO site due to the bridging co-ordination of
U(IV) to the edge of a bridging silicate tetrahedron. A somewhat longer U-Si distance is
observed for the ChBr3 site with a length of 307 pm, also due to edge bridging co-ordination,
together with a longer one of 355 pm to a silicon of the neighboring silicate chain. For the
defect site two long U-Si distances of 358 pm and 370 pm are obtained. The longest U-Si
distance of 378 pm is calculated for the SiO site, as U(IV) at this site is situated farthest from
the substrate surface. Thus, for adsorption at the (001) surface 1–3 close U-Si distances are
determined. 2–6 U-Ca distances shorter than 500 pm are found for the U(IV) adsorption
complexes at the (001) surface. Most of the corresponding Ca2+ ions are co-ordinated to an
oxygen of the first co-ordination shell of the adsorption complexes. Ca2+ co-ordination to
two of the first shell oxygens of the U(IV) complexes is found only for the SiOO and ChBr3
sites with the rather short U-Ca distances of 388 pm and 391 pm, respectively. Nearly all
U-Ca distances relate to Ca2+ ions from solution. Only for the ChBr sites 1–2 Ca2+ ions of
the CaO layer of the substrate are closer than 500 pm to U(IV).

For the sorption of U(IV) in the interlayer of 14 Å tobermorite we find similar sorption
sites as on the surface (Figures S6–S12). The only specific sorption site is the LBr site, where
U(IV) bridges two bridging silica tetrahedra at opposite sides of the interlayer (Figure 1).
As on the surface, the number of U-OSi bonds to the substrate varies between 1 for SiO and
3 for some ChBr sites (Table 1). The number of OH ligands varies between 2 and 4 and only
for the sites SiOO and ChBr3 their number is equal to the one of the corresponding surface
complexes. For three of the six sites shown in Table 1 we find also aqua ligands. As for
surface adsorption, mainly U(IV) complexes with a CN of 6 are determined. For the sites
SiO and ChBr1, we find a CN of 7 (Table 1). All of these complexes also include 2–4 Ca2+

ions in second shell positions.
At the LBr2 site, we obtain the species U(OH)3(H2O)+ with two U-OSi bonds of 227 pm

and 237 pm and an overall CN of 6 (Table 1). The relatively long U-OSi bonds can be ratio-
nalized by steric restrictions and again the influence of two co-ordinating Ca2+ ions. We
find U-OH bonds of comparable lengths as for the SiO site on the surface (Table 1), despite
more Ca2+ ions co-ordinated to the oxygens of the corresponding OH ligands. The bond
to the aqua ligand is the longest U-O bond of 245 pm (Table 1). At the SiO site, we find
the adsorbate complex U(OH)3(H2O)3

+ with three aqua ligands, leading to a CN of 7 and
deviating from the formal species U(OH)5

− at the surface (Table 1). We notice a longer
U-OSi bond of 238 pm and two marginally shorter U-OH bonds of 217 pm and 221 pm
compared to the corresponding site at the surface. The longer U-OSi bond of this complex
in the interlayer is related to the co-ordination of a Ca2+ ion to the oxygen of this bond,
which is missing for SiO at the surface, and also to the higher overall co-ordination of
U(IV). For the SiOO site we find the same adsorbate U(OH)4

0 as on the surface (Table 1).
We notice for this species a longer U-OSi bond and two shorter U-OH bonds compared to
the corresponding complex at the surface, while the other U-O bonds are similar. Thus,
the small geometry differences between these complexes result from bonding competition
between the U-OSi bond and the U-OH bonds. A similar result is obtained for the chain
bridging site ChBr3 (Table 1). For this site the same sorption species U(OH)3

+ with the
same CN of 6 as on the surface is obtained. On average, shorter U-OH bonds lead again
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to longer U-OSi bonds to the substrate due to bonding competition. On the other hand,
also steric reasons are related to the observed geometry differences, as in these two ChBr3
complexes different SiO(Si) groups are involved in the bonding to the substrate. Two
further variants of sorption complexes of ChBr type with relatively low energies could be
stabilized in the interlayer, ChBr3’ and CHBr1. The complex at the site ChBr3’ shows rather
similar U-OSi and U-OH bonds and an average U-O bond lengths of 232 pm, which is only
by 1 pm longer than for ChBr3, although it is connected to different SiO groups. While
ChBr3 involves three SiO groups of two bridging silica tetrahedra, ChBr3’ includes two
SiO groups of different bridging silica tetrahedra and an SiOCa group of a pairing silica
tetrahedron. This example shows that similar sorption complexes may result from different
co-ordinations of U(IV) between the silicate chains of the substrate. The small differences
in U-O bond lengths between these two ChBr complexes show once again the trend that
on average shorter U-OSi bonds come along with on average longer U-OH bonds. The
sorption complex at the site CHBr1 exhibits U(OH)2

2+ as adsorbate. CHBr1 shows a short
U-OSi bond of 225 pm and two rather long U-OSi contacts of 272 pm and 276 pm and
consequently is classified as essentially mono co-ordinated to the substrate (see Figure S9 in
the Supplementary Materials). Besides two aqua ligands, it is also distinguished from the
other chain bridging sorption complexes by a very short U-OH bond of 203 pm. This bond
may be interpreted as intermediate between an OH bond and an oxo bond, as the O-H
bond is elongated to 105 pm compared to typical O-H bond lengths of approximately 99 pm
due to a close contact to a substrate oxygen (147 pm). At the Def2 site we find a similar
U(IV) complex as on the surface, albeit with one OH ligand more, leading to the adsorbate
U(OH)4

0 (Table 1). The U-OSi bonds of 214 pm and 221 pm are similar as for the species at
the surface (215 pm and 219 pm). Also, the shortest of the U-OH bonds of 219 is only by
1 pm longer as for the corresponding surface complex, while the second shortest one is
longer by 12 pm and the two longest (238 pm and 242 pm, respectively) are again compa-
rable (Table 1). Such long U-OH bonds are explained partially by bonding competition
between more OH ligands. Hydrogen bonds of water molecules to the corresponding
OH ligands contribute also. Average U-O bond lengths of absorption complexes in the
interlayer with CN = 6 are calculated between 228 pm (Def site) and 232 pm (CHBr3’ site).
These values are comparable with the findings for the surface adsorption complexes, but
tend to be slightly larger. This tendency is expected, as steric restriction in the interlayer
hinder somewhat a free arrangement of ligands. A longer value of U-Oav of 235 pm (Table 1)
has been obtained for species SiO with a CN = 7, as expected due to the increased CN.
The even larger value of U-Oav of 245 pm for ChBr1 has to be regarded as formal because
this complex is better interpreted to exhibit a CN of 5 with a resulting U-Oav of 234 pm
(see above).

One to four close U-Si distances have been calculated for the U(IV) absorption com-
plexes in the interlayer. For SiO and SiOO we determine a single U-Si contact, for the Def
site two of them and for ChBr sites three or four (Table 1). Thus, the numbers of these
distances are in most cases the same as for corresponding complexes at the (001) surface.
For the specific site LBr we find two U-Si contacts to the closest silicate tetrahedra. Their
lengths of approximately 350 pm are comparable to the one of the SiO site of 349 pm.
At the surface this U-Si contact of the complex at the SiO site is longer, approximately
380 pm, as the angle Si-O-U of 173◦ is larger than for the LBr2 and SiO sites in the interlayer.
Steric constraints lead for these latter sites to the smaller angles of 121◦ at the SiO site and
of approximately 127◦ at the LBr2 site. The strong variation of 300–400 pm of the U-Si
distances of sorption complexes in the interlayer (Table 1) is only somewhat larger than for
the surface adsorption complexes. As on the surface, rather short U-Si distances of 299 pm
(SiOO site), 301 pm (ChBr3), and 306 pm (ChBr2) are related to a bridging co-ordination
of U(IV) to the edge of a silicate tetrahedron. The numbers of U-Ca contacts of 2-5 for
absorption complexes in the interlayer are similar to those of their surface congeners. In
addition, their length variation is similar. While at the surface the shortest U-Ca distance
amounts to approximately 383 pm (ChBr2), we find in the interlayer some that are shorter,
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with the shortest measuring only 342 pm (ChBr3). As on the surface, most of the Ca2+

ions involved in the U-Ca contacts shown in Table 1 occupy a second shell position in the
sorption complexes and thus affect their properties.

It should be noted, with the exception of the LBr2 site in the interlayer, that the same
type of sorption sites and rather similar sorbed species have been found at the (001) surface
and in the interlayer of 14 Å tobermorite with C/S = 1. The favorable CN of 6 for most
complexes together with the typical number of 3-4 OH and water ligands (Table 1) shows
that a distinction between surface and interlayer adsorption is difficult.

Finally we considered U(IV) incorporation in the CaO layer of the tobermorite sub-
strate, replacing a Ca2+ ion and leading to sorption complexes with CN = 7 at two inequiv-
alent sites (Table 1, Figures S13 and S14)). For the site IncO7, we determine five short U-O
bonds of 225–231 pm lengths and two longer of 252 pm and 259 pm (Table 1). A very
similar pattern is calculated for the site IncW7, except that one of the shorter U-O bonds is
replaced by an OH ligand with a U-OH bond lengths of 211 pm. This OH ligand results
from hydrolysis, replacing the water ligand present in the substrate at the IncW7 site [12].
Calculated U-Oav values of 235 pm and 236 pm are in agreement with average U-O bond
lengths determined for species in the interlayer for CN = 7 (see above). Six and five U-Si
distances have been determined for U incorporated in the CaO layer. These distances vary
between 320 pm and 370 pm (Table 1), which as a narrower range than for sorption at the
surface or in the interlayer. In both complexes, a single U-Si distance of nearly 320 pm
length is observed, while the others vary between 340 pm and 370 pm (Table 1). As for
the U-Si distances, also for the U-Ca distances both incorporation sites are rather similar.
The six U-Ca distances vary between 370 pm and 425 pm (Table 1). This range is again
considerably narrower than for the sorption complexes at the surface and in the interlayer.
For both sites, the U-Ca distances group into two shorter ones of 370–380 pm lengths, three
longer ones of 400-410 pm, with the longest measuring 415 pm for IncO7 and 425 pm for
IncW7. Overall, more close U-Si and U-Ca distances than for nearly all of the sorption
complexes at the surface or in the interlayer are observed for U(IV) incorporation into the
CaO layer.

5.2. Energies

Sorption energies of U(IV) at 14 Å tobermorite for C/S = 1 have been determined
according to the formal reaction equation

T(Ca2+, 2H+) + U(H2O)9
4+ → T(U4+) + Ca(H2O) 6

2+ + 2H3O+ + H2O (1)

where T represents the tobermorite substrate. The U(IV) adsorbate as well as the ions it is
replacing in the substrate to achieve charge equilibration are given in parentheses. This
equation describes the formal exchange of a Ca2+ ion and two protons of the substrate
by a solvated U4+ ion from solution. As it is easier seen by comparing relative energies
∆Erel (Table 1), the lowest energy is obtained when U(IV) is incorporated into the CaO
layer at the site IncW7, forming a monohydroxo species. Slightly less favorable sorption
complexes are formed at the sites CHBr3 in the interlayer and by incorporation at the site
IncO7 in the CaO layer, which are by 27 kJ/mol and 33 kJ/mol less stable than the most
favorable site (Table 1). All other sites show relative energies more than 40 kJ/mol higher
than for the most favorable site. Among those sites with relatively low energy (Erel < 70
kJ/mol) are two sites at the (001) surface (SiO and SiOO) and two sites in the interlayer
(SiO and ChBr3’, Table 1). These results support preferential incorporation of U(IV) in
the CaO layer, but do not exclude other sorption complexes. These may be stable due to
kinetic hindrance or appear when the thermodynamic equilibrium is reached only slowly.
Among these monodentate co-ordination to an SiO group or specific types of chain bridging
co-ordination are expected to be probable (Table 1).
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The formal Equation (1) does not reflect the basic conditions known for cement pore
waters [2]. Under these conditions H3O+ will readily react with OH− to water:

T(Ca2+, 2H+) + U(H2O)9
4+ + 2OH− → T(U4+) + Ca(H2O)6

2+ + 5H2O (2)

For all inspected sorbed species the energy according to Equation (2) is exothermic,
with values between −242 kJ/mol and −76 kJ/mol (Table 1).

Under strongly basic conditions the U(IV) aqua ion will be present only in trace
amounts and can be replaced in Equation (2) by the predominant tetrahydroxo species
U(OH)4

0 [37] to achieve a more realistic reaction equation:

T(Ca2+, 2H+) + U(OH)4(H2O)2
0 + 2H2O→ T(U4+) + Ca(H2O)6

2+ + 2OH− (3)

In Equation (3) we assumed that the U(IV) tetrahydroxo complex carries two additional
aqua ligands. The U(IV) tetrahydroxo complex without aqua ligands has been calculated to
be by 65 kJ/mol less stable. Reaction 3 shows that the sorption of an U(IV) tetrahdydroxo
complex results in the formation of hydroxide ions and the equilibrium will be shifted
to the left side with increasing pH, suppressing the sorption reaction. Alternatively one
may consider sorption of positively charged U(IV) hydroxo species. For the complex
U(OH)2(H2O)5

2+, which has been calculated to be the favorable U(IV) dihydroxo species
together with the energetically degenerate complex U(OH)2(H2O)6

2+
, one arrives at the

reaction equation

T(Ca2+, 2H+) + U(OH)2(H2O)5
2+ → T(U4+) + Ca(H2O)6

2+ + H2O (4)

This equation shows an equilibrium independent of pH, facilitating sorption compared
to the U(IV) tetrahydroxo complex at high pH. Thus, these considerations suggest that
positively charged minority species of U(IV) hydrolysis, U(OH)n

4−n with n = 1–3, might
easier be sorbed into C-S-H than the neutral tetrahydroxo complex.

Reaction energies of the Equations (1)–(4) differ only by a constant, which is indepen-
dent of various sorption modes and sites, as the substrate related systems in all of these
equation are the same. Correspondingly, relative energies of the various sorption complexes
are unaffected and only absolute energies shift. These shifts amount to +110 kJ/mol for
Equation (3) and to +52 kJ/mol for Equation (4) compared to the absolute energy values for
Equation (2) given in Table 1. Thus, for the most favorable U(IV) incorporation into the CaO
layer, sorption energies are estimated at −132 kJ/mol for U(OH)4

0 and at −190 kJ/mol for
U(OH)2

2+. These strongly exothermic energies are in line with the observed fast sorption
behavior of An(IV) species in cement and C-S-H [10]. They also show that most of the
sorption species listed in Table 1 are thermodynamically stable against desorption forming
U(IV) hydroxo complexes.

6. Comparison with Experiment

Until now there are no measured structures available for U(IV) sorbed in C-S-H. Thus,
we compare our results to EXAFS measurements carried out for Np(IV) [7] and Pu(IV) [17].
These results can be compared to U(IV) as the ionic radii of Np(IV) and Pu(IV) are by only
2 pm and 3 pm, respectively, smaller than the one of U(IV) [19].

EXAFS measurements for Np(IV) sorbed at C-S-H with C/S = 1.07 yield an Np-O
distance of 231 pm and Np-Si and Np-Ca distances of 363 pm and 419 pm, respectively [7]
(Table 1). Similar results have been obtained for Pu(IV) for C/S = 0.75. The average Pu-O
bond length amounts to 225 pm and the Pu-Ca distance to 412 pm [17]. For the Pu-Si
distance two shells have been resolved at 315 pm and 354 pm, where the latter one is a little
shorter than the result for Np(IV). For Np(IV) a CN of 8 [7] and for Pu(IV) a CN of 7 [17]
have been determined for the An(IV)-O bonds. Furthermore, for the Ca neighbors a higher
value of 8 has been measured for Np(IV), while for Pu(IV) 6 have been obtained. For the



Minerals 2022, 12, 1541 11 of 14

An(IV)-Si distances a CN of approximately 4 is determined for Np(IV) [7], while the two
Pu-Si distances determined lead to an overall CN of 7 [17].

For U(IV), we calculated an average U-O bond length U-Oav of 229 pm for the more
stable adsorption complexes at the surface and of 228-232 pm in the interlayer for various
adsorption sites for species with a CN of 6 (Table 1). A longer value of U-Oav of 235 pm
has been determined for the rather stable SiO complex in the interlayer for a CN of 7.
For U(IV) incorporated in the CaO layer with a CN of 7 U-Oav values of of 235 pm and
236 pm have been calculated (Table 1). In direct comparison, the average U-O distances for
CN = 6 are in reasonable agreement with the experimental results of 231 pm for Np(IV)
pm [7] and 225 pm for Pu(IV) [17], the values obtained for CN = 7 overestimate them
somewhat. Thus, U-Oav does not allow a discrimination of the sorption mechanism. The
distances for the lower CN of 6 of species at the surface and in the interlayer fit slightly
better the experiments for Np(IV) and Pu(IV). The higher CN of 7 for U(IV) incorporation
is in better agreement with the experimental result of 7–8 [7,17]. From the U-Oav value of
231 pm for Np(IV) [7] and of 225 pm for Pu((IV) [17] one estimates U-Oav = 233 pm and
228 pm for U(IV), respectively, taking into account the differences of crystal ionic radii [19].
These estimated values for U(IV) are in good agreement with calculated results for sorption
complexes at the surface and in the interlayer for CN = 6 and somewhat below the average
U-O values obtained for U(IV) incorporation in the CaO layer (Table 1). Overall, we obtain
for all sorption complexes average U-O distances compatible with experiment and tend to
obtain lower co-ordination numbers.

Calculated closest U-Si distances scatter widely between 300 pm and 420 pm for all
sorption modes and various sorption sites (Table 1). One to two U-Si distances in the
range between 340 pm and 380 pm have been found for surface and interlayer adsorption
complexes. These U-Si distances can be regarded as compatible with the longer of the ex-
perimental results for Np(IV) (363 pm) [7] and Pu(IV) (354 pm) [17] although the measured
CN for these distances of 4 and 5, respectively, is higher. Single U-Si distances close to the
short measured one of 315 pm for Pu(IV) [17] have been calculated for ChBr type sorption
complexes (Table 1). For incorporation into the CaO layer, 5 and 6 close Si neighbors are
determined (Table 1). This higher co-ordination of the Si shell for this sorption mode is in
better agreement with the experimental values of 4.3 [7] and 7 (Table 1) [17], as for the other
sorption modes at most 3 U-Si distances have been determined. For the two sites in the
CaO layer a short U-Si contact of nearly 320 pm and a set of 4 and 5 longer ones between
340 pm and 370 pm is calculated (Table 1). The short U-Si contacts agree well with the
measured one of 315 pm length for Pu(IV) [17]. The averages of the longer U-Si distances
of 355 pm and 354 pm also agree with the measured value of 354 pm for Pu(IV) [17] and
are compatible with the result of 363 pm for Np(IV) [7]. In addition, the measured CN of
the longer U-Si shell of 4-5 agrees with the 4 or 5 U-Si contacts of this distance determined
in the calculations. Thus, while adsorption complexes at the surface and in the interlayer
show a too small number of U-Si contacts, the characteristics of the U-Si shell of U(IV)
incorporated in the CaO layer are in good agreement with experimental evidence.

The number of calculated U-Ca distances with lengths below 500 pm amounts to 2-4
for the more stable sorption complexes at the surface and in the interlayer, while 6 of these
distances have been determined when U(IV) is incorporated into the CaO layer (Table 1).
This latter CN of 6 is in agreement with the experimental value of 6 ± 1 for Pu(IV) [17]
and lower than the value of 8 ± 3 determined for Np(IV) [7]. Calculated U-Ca distances
for various sites at the surface and in the interlayer scatter widely between 340 pm and
500 pm around the measured values of 412 pm for Pu(VI) [17] and 419 pm for Np(IV) [7].
U-Ca distances determined for U(IV) incorporation vary less, between 372 pm and 425 pm
(Table 1) and the average values for the two sites of this sorption mode of 397 pm and
398 pm underestimate somewhat the experimental results. Nevertheless, the higher CN of
the U-Ca shell for U(IV) incorporation together with the reasonable values of the average
U-Ca distance suggest to interpret also these parameters in support of U(IV) incorporation
in the CaO layer.
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Summarizing these considerations, distances and CNs of the U-Si and U-Ca shells
around U(IV) favor an interpretation of the experimental results as showing mainly U(IV)
incorporation in the CaO layer. Average U-O distances do not contribute to a distinction of
the sorption modes, but the corresponding results for U(IV) incorporation can be regarded
to be compatible with experiment. These geometry considerations are supported by
calculated energies. The IncW7 site of U(IV) incorporation in the CaO layer yields the
lowest energy of all sorption complexes considered (Table 1). The alternative IncO7 site
for incorporation in the CaO layer is only 33 kJ/mol higher in energy and close to the
energy of the ChBr3 site in the interlayer, which is the lowest one of the other sorption
modes (Table 1). Taking together, incorporation of U(IV) and other actinide(IV) ions in the
CaO layer of C-S-H is suggested to be the favorable but probably not exclusive sorption
mode, in contrast to the interpretation of an experiment for Np(IV) [7], invoking interlayer
absorption as preferred sorption mode.

7. Summary

A representative set of sorption complexes of U(IV) sorbed at calcium silicate hydrate
(C-S-H) with a Ca/Si ratio of 1, modeled by 14 Å tobermorite, has been determined by
means of density functional calculations. Sorption of U(IV) at the (001) surface, in the
interlayer, as well as incorporation into the CaO layer of the substrate has been considered
to investigate the preferred sorption mode. To achieve a reliable co-ordination environment
of the sorbates, dynamic annealing of soft degrees of freedom has been applied together
with unrestricted geometry optimization.

Estimated sorption energies yield U(IV) incorporation as the most stable sorption
complex. Comparison with EXAFS measurements for Np(IV) [7] and Pu(IV) [17] sorption in
C-S-H yields good agreement for average U-O bond lengths for all sorption modes. Higher
co-ordination numbers for the U-Si and U-Ca shells for U(IV) incorporation in the CaO
layer are in better agreement with experiment compared to U(IV) sorption at the surface
or in the interlayer. Additionally, U-Si and U-Ca distances obtained for incorporation are
in better agreement with the measurements than for the other sorption modes. These
results suggest incorporation into the CaO layer to be the favorable sorption mode of
An(IV) interacting with C-S-H, in contrast to the earlier interpretation of experiments with
Np(IV) [7] as sorption in the interlayer. Furthermore, some sorption at the surface and in
the interlayer can not be excluded.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min12121541/s1, Figures showing all sorption complexes of
U(IV) in C-S-H according to Table 1 of the main text. For the labeling of sites see section Sorption
Sites of the main text. Surface: Figure S1: SiO, Figure S2: SiOO, Figure S3: Chbr2, Figure S4: Chbr3,
Figure S5: Def2. Interlayer: Figure S6: Lbr2, Figure S7: SiO, Figure S8: SiOO, Figure S9: Chbr1, Figure
S10: Chbr3, Figure S11: Chbr3’, Figure S12: Def2. CaO layer: Figure S13: IncO7, Figure S14: IncW7.
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