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Abstract

Beryllium has applications in fission and fusion reactors, and it is present in specific streams of
radioactive waste. Accordingly, the environmental mobility of beryllium needs to be assessed
in the context of repositories for nuclear waste. Although cement is widely used in these
facilities, Be(ll) uptake by cementitious materials was not previously investigated and was

hence assumed negligible.

Sorption experiments were performed under Ar-atmosphere. Ordinary Portland cement, low pH
cement, calcium silicate hydrated (C-S—H) phases and the model system TiO> were
investigated. Sorption Kinetics, sorption isotherms and distribution ratios (Rg, in kg-L™) were
determined for these systems. Molecular dynamics were used to characterize the surface

processes driving Be(ll) uptake.

A strong uptake (5 <log Rd < 7) is quantified for all investigated cementitious systems. Linear
sorption isotherms are observed over three orders of magnitude in [Be(ll)]ag, confirming that
the uptake is controlled by sorption processes and that solubility phenomena is not relevant
within the investigated conditions. The analogous behaviour observed for cement and C-S—H
support that the latter are the main sink of beryllium. The two step sorption kinetics is explained
by a fast surface complexation process, followed by the slow incorporation of Be(ll) in C-S—
H. Molecular dynamics indicate that Be(OH)s™ and Be(OH).? are sorbed to the C-S—H surface
through Ca-bridges.

This work provides a comprehensive quantitative and mechanistic description of Be(ll) uptake
by cementitious materials, whose retention properties can be now reliably assessed for a wide

range of boundary conditions of relevance in nuclear waste disposal.

Keywords: beryllium, sorption, cement, C-S-H phases, molecular dynamics, mechanistic
understanding



1. Introduction

Beryllium is used as neutron reflector and moderator in test and research fission reactors due to
its specific chemical and structural properties, relatively low neutron absorption cross section
and high neutron scattering cross section (Beeston 1970; Longhurst et al. 2003; Chandler et al.
2009). Beryllium is also considered as a plasma-facing material and neutron multiplication in
breeding blankets in fusion reactors (Longhurst et al. 2003; Kawamura et al. 2004). In these
applications, substantial amounts of “He, 3He and ®H gases are generated as a result of (n, 2n)
and (n, o) reactions, leading to the swelling of beryllium and to significant changes in its
mechanical properties (Chandler et al. 2009; Longhurst et al. 2003). Irradiated beryllium
components must be regularly replaced, and thus are part of the inventory in specific

wastestreams of nuclear waste.

Deep underground repositories are considered in several countries for the final disposal of
radioactive waste. The safety concept in such repositories relies on the combination of
engineered and geological barriers, which minimize the release of radionuclides into the
biosphere. Cementitious materials are used for the stabilization of the waste and for construction
purposes, mostly (but not exclusively) in the case of low- and intermediate level radioactive
waste (L/ILW). The contact of cement with groundwater leads to its chemical degradation,
which is commonly described in three degradation stages (Atkinson et al. 1988; Berner 1992;
Wieland and Van Loon 2003; Ochs et al. 2016; Tits and Wieland 2018). In the first degradation
stage, the composition of the porewater is controlled by the dissolution of K- and Na-
oxide/hydroxides, buffering the pH at = 13.3 and leading to high alkali concentrations in
solution ([K*]= 0.18 M, [Na*] = 0.11 M). Degradation stage II is dominated by the dissolution
of portlandite, Ca(OH)., which buffers the pH at = 12.5 and imposes high calcium
concentrations in the pore water ([Ca]wt =~ 2:102 M). After the complete dissolution of
portlandite, the third degradation stage is characterized by the incongruent dissolution of
calcium silicate hydrated (C-S-H) phases. Throughout this process, the Ca:Si ratio of C-S-H
phases varies from = 1.6 to = 0.6, whilst the pH decreases from = 12.5 to = 10.

Low-pH cement formulations are gaining relevance in the context of nuclear waste disposal
due to the negative impact that high-pH plumes can potentially have on other natural or
engineered barriers, especially those containing clay materials. In low-pH cements, discussed
for potential use in order to limit alkalinity inventories, the addition of materials such as silica
fume, blast furnace slag or fly ash to cement results in a low content / absence of portlandite

and an increased fraction of C-S-H phases with low Ca:Si ratio (Coumes et al. 2006; Savage
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and Benbow 2007; Codina et al. 2008; Calvo et al. 2010; Lothenbach et al. 2012; VVasconcelos
et al. 2020).

C-S-H phases are considered as the main sink of several metal ions in cementitious materials.
Three main mechanisms are described in the literature for the uptake of metal ions by C-S-H
phases: (i) surface complexation onto the silanol groups of the C-S-H surface, (ii) incorporation
in C-S-H structure by replacement of Ca?* in the CaO layers, and (iii) development of a bond
to the interlayer silandiol groups, which can be also interpreted as incorporation in the C-S-H
interlayer (Tits and Wieland 2018).

In contrast to beryllium, the uptake of other alkali-earth metals by cementitious materials has
been extensively investigated in the literature (Bayliss et al. 1989; Holland and Lee 1992; Tits
et al. 2006a; Tits et al. 2006b; Wieland et al. 2008; Dauzeres et al. 2010; Jenni et al. 2014;
Lothenbach et al. 2015; Missana et al. 2017; Olmeda et al. 2019). Sr(I1), Ba(ll) and Ra(ll) are
characterized by a weak to moderate uptake, with Rq values ranging from 10 to 10* L'kg ™. Both
surface complexation and ion exchange with Ca are described as main uptake mechanisms for
these metals. On the other hand, Mg(Il) is known to form magnesium silicate hydrated phases
(M-S-H), which are stable in alkaline systems with pH =~ 8 to = 11 (Dauzeres et al. 2010; Jenni
et al. 2014; Lothenbach et al. 2015).

A number of experimental studies available in the literature have investigated the uptake of
other divalent metals (e.g. Fe(ll), Zn(I1), Cd(ll), Pb(ll), among others) by cement and C-S-H
phases (Ziegler et al. 2001a; Pomies et al. 2001; Pointeau et al. 2001a; Ziegler et al. 2001b;
Ochs et al. 2002; Tommaseo and Kersten 2002; Mancini et al. 2020). For some of these
elements (e.g. Zn(I1), Pb(Il)), the uptake by cement and C-S-H phases has been reported to
decrease with increasing pH. The analogies in the aqueous speciation of these metal ions with
Be(11), which involve the predominance of M(OH)s~ and M(OH)4+>~ hydrolysis species in
hyperalkaline systems, may provide relevant insights to understand the uptake of beryllium by
cementitious materials.

Aluminium is a relevant element in cementitious systems, where it is predominantly found as
calcium aluminate hydrate phases (AFm) and ettringite (Taylor 1997). Aluminium is taken up
strongly by C-S-H phases, and has been reported to form Al-substituted C-S-H phases
(L'Hopital et al. 2015; Barzgar et al. 2020). Due to the similar z/d ratio and aqueous speciation
in hyperalkaline systems, aluminum has been proposed as possible chemical analogue to assess

the uptake of beryllium by cementitious materials (Ochs et al. 2016).



Molecular modelling allows interpretation of the experimentally observed interfacial behaviour
on the atomic and molecular scale considering the effects of the structure and composition of
the surface on the interaction. C-S-H interfaces are complex systems with disordered structures
(Grangeon et al. 2017; Monteiro et al. 2019), and larger system sizes and longer simulation
times, compared to routine quantum simulation set-ups, are therefore required to obtain
meaningful statistical data to describe sorption processes (Mutisya et al. 2017). Quantum
chemical calculations are more precise, but they are computationally very expensive, and thus
mostly used either to describe preselected sorption sites on the surface, and incorporated
species, where ion mobility is less important (Kremleva et al. 2020; Lange et al. 2018), or to
study substitution reactions with simpler and smaller systems (Churakov and Labbez 2017).
When sorption sites are not known, molecular dynamics (MD) simulations are typically used
to study sorption mechanisms of ions on cementitious materials (Honorio et al. 2019; Bu et al.
2019; Androniuk and Kalinichev 2020), and this method was chosen to study the sorption of
beryllium on the C-S-H surface.

Many computational studies have been previously conducted to describe the behaviour of
beryllium complexes in aqueous solutions on a molecular scale, and significant efforts have
been dedicated to go beyond the classical two-body potentials for aqueous Be?* ions to describe
its interactions realistically using molecular dynamics (D'Incal et al. 2006; Gnanakaran et al.
2008; Azam et al. 2009; Raymond et al. 2020). The 12-6-4 Lennard-Jones-type nonbonded
parameters for Be?* and Ca?* have been used in our simulations. This model can reproduce the
correct geometry for the binding of cations as observed in crystal structures, and the
experimental hydration free energies (De et al. 2020; Li and Merz 2014; Li et al. 2020).
Combinational analysis of the time-averaged local structures and 1D and 2D density profiles
for target aqueous species together with the experimental data provides an insight into the

prevailing uptake mechanisms and the preferential sorption sites on the surface.

In the context of the EU funded collaborative project “Cement-based materials, properties,
evolution, barrier functions” (Cebama), the present study aims at a comprehensive investigation
of beryllium uptake by cementitious systems. The cement materials investigated include an
ordinary Portland cement in the degradation stage Il, a low pH cement defined as the Cebama
reference cement (Vehmas et al. 2020), as well as C-S-H phases with Ca:Si = 0.6, 1.0 and 1.6.
The latter phases are expectedly the main sink of Be(ll) in cement. Sorption experiments with
TiO, are performed to gain additional insight on the mechanisms driving the uptake of Be(ll)

in hyperalkaline systems. Surface complexation is known to be the main uptake mechanism in
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TiO2 systems (Bouby et al. 2010; Tits et al. 2011; Tits et al. 2014; Tits et al. 2015), thus allowing
to distinguish the possible incorporation mechanism into the C-S-H phases. Beyond the
quantitative investigation of the uptake on the basis of sorption Kkinetics, sorption isotherms and
distribution ratios, the use of molecular dynamics provides a very accurate description of the
surface processes driving the uptake of beryllium at molecular scale. This work complements
and further extends our previous study on the solubility, hydrolysis and thermodynamic
description of Be(ll) in alkaline to hyperalkaline conditions relevant for cementitious systems

(Cevirim-Papaioannou et al. 2020).

2. Experimental

2.1. Chemicals and analytical methods

All solutions and samples were prepared with purified water (Milli-Q academic, Millipore,
18.2 MQ-cm) purged with Ar for at least one hour before use to remove CO2(g) dissolved in
solution. Sample preparation, handling and equilibration were performed in an Ar—glove box
(O2<1ppm)atT= (22 + 2) °C. BeSO4-4H20 (99.99%), NaCl EMSURE, KCI EMSURE,
NaOH Titrisol, KOH Titrisol and HCI Titrisol were obtained from Merck. CaO, Na>SOg,
Na207Sis, CaClz-H20, CaCOz and Ca(OH)2, H2SO4 (96%) were all of analytical grade and were
purchased from Merck. TiO2 (Degussa P-25) and SiO, (AEROSIL 300) were obtained from

Evonik Industries.

The pH in solution was measured using combination pH electrodes (ROSS Orion, with 3.0 M
KCI as filling solution). Calibration of the electrode was performed with standard pH buffers
(pH 1-12, Merck).

2.2. Sorption materials used in this study

A monolith of a hydrated cement paste (HCP, CEM 1 42,5 N BV/SR/LA type) was provided by
the Swedish Nuclear Fuel and Waste Management Company (SKB) in Sweden. The HCP was
milled, sieved to a particle size of < 100 um as described in Tasi et al. (2021) and stored under

Ar atmosphere until use in the sorption experiments. An extensive characterization of the HCP



(XRD, TGA-DSC, XPS, BET) is provided in Tasi et al. (2021). The surface area of the powder

material used in the present study was determined by Tasi and co-workers as 79.2 m?.g L,

A monolith of the CEBAMA reference cement (low pH cement, CEM | 42.5 MH/SR/LA
mixture with silica fume, BFS and plasticiser pantarhit) was provided by the Technical
Research Centre of Finland (VTT) (Vasconcelos et al. 2020; Vehmas et al. 2020) within the
CEBAMA project. All surfaces (=~ 5 mm thickness) of the cement monolith were cut under Ar
atmosphere using a radial saw in order to remove the potentially carbonated surface.
Afterwards, the cement block was crushed and powdered with a grinder, then sieved to a particle
size of < 63um and stored under Ar atmosphere. The characterization of the CEBAMA reference
cement is reported in Vasconcelos et al. (2020). The latter authors reported a Ca:Si = (0.9 £0.1)

for the hydrated material after a curing time of 18 months.

Boiled and degassed ultrapure water was used in the synthesis of C-S-H phases. All C-S-H
phases were prepared by mixing Ca(OH)2-Prolabo which was heated at 1000°C for 24 h and
SiO2 (Aerosil 200, Degussa) in inert atmosphere (N2 glovebox). C-S-H phases with Ca:Si ratio
ranging from 0.6 to 1.6 were precipitated at 22°C. Further details on the preparation and

characterization of C-S-H phases are reported elsewhere (Gaboreau et al. 2020).

The commercial TiO used in this work was extensively characterized by XRD, BET, photon
correlation spectroscopy and FTIR in a previous study (Bouby et al., 2010). The authors
reported a composition of 85% anatase and 15% rutile, with an average surface area of 50.6
m2-g~L. Bouby and co-workers determined also the point of zero charge (pzc) of this material
as pHpzc = 6.1. TiO2 is a sparingly soluble metal oxide (Schmidt and VVogelsberger 2009), which
has been extensively used in previous sorption studies covering acidic to hyperalkaline pH
conditions (Bouby et al. 2010; Tits et al. 2011; Tits et al. 2014; Tits et al. 2015). TiO: is
considered in this work as a reference material to assess the surface complexation behavior of

Be(I1) within the investigated pore water conditions.

2.3. Preparation of cement pore waters

Sorption experiments with HCP targeted the degradation stage Il of cement. To obtain the
corresponding pore water solution, the powdered HCP (< 100 um) was immersed in 1 L of
Milli-Q water at a solid to liquid ratio (S:L) of 25 g-L. This suspension was shaken regularly
for two weeks under Ar atmosphere. Thereafter, the supernatant was removed and eventually,

the same volume of Milli-Q water was contacted with the HCP to retain the same S:L ratio. The
7



resulting pore water is representative of the cement degradation stage Il, i.e. low alkali content,
pH = 12.5 and [Caliwt = 2-102 M as buffered by portlandite.

The artificial pore water of the CEBAMA reference cement was prepared as described in Ait
Mouheb et al. (2019). Corresponding amounts of KOH, CaO, NazS04, Na207Si3, CaCl,-H0,
CaCOs and Ca(OH). were dissolved in 660 mL of Milli-Q water, and the pH adjusted with a
0.04 M H>SOs4 solution. The resulting pore water was filtered with membrane filter (0.2 um,
Millipore) before the preparation of the sorption samples.

Artificial pore water for C-S-H phases with Ca:Si = 0.6, 1.0 and 1.6 were prepared with Milli-
Q water, CaO and SiO> targeting the pH, [Ca] and [Si] of the original C-S-H phases as reported
in (Gaboreau et al. 2020).

Besides the investigated cementitious systems, the uptake of Be(ll) by TiO> was studied in
contact with the pore water solutions of C-S-H 1.0, C-S-H 1.6 and HCP in the degradation stage
I. The latter system was considered to provide an upper pH limit in the sorption experiments
with TiO2. The corresponding artificial pore water was prepared as described in Han et al.
(2021), and is characterized by pH values of = 13.2, [Na] = 0.032 M, [K] = 0.075 M, [Ca] =
4.1-10*Mand [Si] =1.1.10“4 M.

2.4, Sorption experiments

All experiments were carried out under Ar atmosphere. The sorption samples with cement (HCP
or low pH), C-S-H phases or TiO. were prepared with 20 mL of the corresponding pore water
solution (see section 2.4) and a S:L = 0.2 or 2 g-L 1. BeSO4 stock solutions (0.35 — 10 M)
were used to obtain the targeted initial Be concentrations, i.e. 3-10° M < [Be]o < 10°° M. The
range of Be concentration considered for each system was selected on the basis of the solubility
data reported in Cevirim-Papaioannou et al. (2020) for a-Be(OH).. Table 1 summarizes the

experimental boundary conditions considered for the sorption experiments.

Sorption samples with HCP (deg. stage Il) and low pH cement were contacted with the
corresponding pore water solutions. Stock suspensions (S:L = 4 g-L 1) of C-S-H phases with
Ca:Si = 0.6, 1.0 and 1.6 were diluted with the artificial pore waters of each phase in order to
obtain the targeted S:L = 2 g-L™L. Due to the strong uptake observed for this system, additional
samples with S:L = 0.2 g-L ! were prepared for C-S-H 0.6. The samples containing TiO2 were
prepared by contacting the solid material with pore waters of C-S-H 1.0 (pH =12.1), C-S-H 1.6
(pH = 12.6) and HCP (degradation stage I, pH = 13.2), in all cases with S:L =2 g-LL.



Table 1. Experimental conditions considered in the uptake experiments with Be(ll),
cementitious materials and TiO2. p.w. refers to the cementitious pore waters used in the
experiments with TiOa.

Sorbent S/L[g-LY Eg.time(d) pH Initial [Be] [M]  Number of samples
C-S-H phases Ca:Si=0.6 02,2 4-145 10.1 3-10%-1-10°3 12
Ca:Si=1.0 2 121 1-105-3-10°3 8
CaSi=1.6 2 12.6 1-105-2-10°3 7
HCP, deg. stage Il 2 4-145 12.7 1-105-3-10°3 7
Low pH cement 2 60 11.4 1-106-3.10°2 7

(CEBAMA ref. cement)

TiO, p.w. C-S-H 1.0 2 1-20 121 1-105-3-10* 4
p.w. HCP deg. stage II 2 12.6 1-10°-3-10* 4
p.w. HCP deg. stage | 2 13.2 1-10%-3.10* 4

Beryllium concentration and pH in each sample were monitored at regular time and 23 + 2 °C
intervals from 1-145 days until equilibrium conditions were attained. An aliquot of the
supernatant (200 to 500 uL) of each sample was centrifuged for 2-3 minutes with 10 kD filters
(2-3 nm cut-off Nanosep® centrifuge tubes, Pall Life Sciences) to separate colloids or
suspended particles. After centrifugation, the respective volume of the filtrate was diluted (1:40
to 1:1000, depending upon initial Be concentration) in 2% ultrapure HNOs, and [Be] was
quantified by ICP-MS (inductively coupled plasma mass spectrometry, Perkin EImer ELAN
6100). The accuracy of ICP—MS measurements was + 2-5%. Detection limit varied between
107>° and 108 M depending on the dilution factor. Previous tests experiments confirmed that
the sorption of Be(ll) in the 10 kD filters is not significant in the pH- and [Be]-range
investigated in this study.

Before the addition of beryllium in each sample as well as after attaining the thermodynamic
equilibrium in all investigated systems, the concentrations of Ca, K and Na were quantified
using ICP-OES (inductively coupled plasma-optical emission spectroscopy, Perkin—Elmer
4300 DV) in order to determine the composition of the aqueous phase. The replicate aliquots
taken from the supernatant (200 to 500 uL) were ultrafiltrated (2-3 minutes centrifugation with
10 kD filters) and diluted (1:40 to 1:100) in 2% HNOs. The detection limit of this technique is
~ 10 to = 10~° M, depending on the measured element and dilution factor.



Sorption kinetics were investigated following the evolution of the distribution ratio, Rq (in L-kg™
1, as a function of time. Rq values were calculated as the ratio of beryllium concentration in the
solid ([Be]solig, in mol-kg™?) and aqueous ([Be]ag, in M) phases:

R, = [Belsot . V _ [Be]o— [Be]aq v
4= — " —= ————— - —
[Belag m [Belag m

M)

where [Be]o is the initial beryllium concentration, V is the volume of sample (L) and m is the
mass of the solid used as sorbent (kg).

The uptake of beryllium under equilibrium conditions i.e. after contact time of >125 days for
cementitious phases was evaluated in terms of sorption isotherms (log [Be]solid Vs. 10g [Be]aq),
although distribution ratios were also used to compare the uptake of Be(ll) with other metal

ions.

2.5. Computational methods

Molecular dynamics was used to study the sorption of beryllium on the C-S-H surface.
Combinational analysis of the time-averaged local structures and 1D and 2D density profiles
for target aqueous species provides an insight into the preferential sorption sites of Be(ll) on
the C-S-H surface.

Calculations were performed using the (001) surface of C-S-H. This is the most typical cleavage
plane of C-S-H, parallel to silicate chains and CaO-layers, where the least number of bonds had
to be broken. The model of this surface was taken from (Jamil et al. 2020). All the bridging Si
were removed to get the structure of C-S-H with Ca:Si > 1.4 following available experimental
spectroscopy data (Cong and Kirkpatrick 1996; Roosz et al. 2018). The silanol groups were
deprotonated, and missing Si were replaced by Ca?". The deprotonated oxygen atoms of the
surface were assigned a partial charge of gonn = —1.3|e|, higher than the protonated ones in the
standard ClayFF model (Androniuk et al. 2017; Kirkpatrick et al. 2005a; Kirkpatrick et al.
2005b).

The interfacial aqueous solution contained 6 ions of Be(OH)s~, and 4 Be(OH)4%~ with ~ 5400
H>0 molecules, which approximately corresponds to 0.1 M beryllium ion concentration and
pH of ~ 12.7, as estimated using thermodynamic data reported in (Cevirim-Papaioannou et al.
2020). This relatively high concentration had to be used in the simulations for better statistical

sampling. The possible formation of polynuclear Be-species under these conditions was also
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evaluated in the calculations. Aqueous hydroxyl ions were added to the system in order to

maintain the total electrostatic neutrality of the models.

Three-dimensional periodic boundary conditions (Allen and Tildesley 2017) were applied to
the constructed model interface, and the thickness of the solution layer between the two external
C-S-H surfaces was large enough (=~ 70 A) to ensure that the interactions at the surfaces would
not affect each other, and result in bulk-like solution behavior at distance d > 10 A from each

surface (Figure 1).

Be(OH)> [+,

Figure 1. Snapshot of (001) C-S-H simulation supercell. Colour scheme: Si — yellow; Ca —
green; O — red; H — white; Be — black. Water molecules shown in transparent for clarity.

The interatomic interaction parameters for C-S-H and H20 were taken from the ClayFF (Cygan
et al. 2004), and its later modifications for cement systems (Kalinichev et al. 2007; Kirkpatrick
et al. 2005b; Mishra et al. 2017). The 12-6-4 Lennard-Jones type non-bonded parameters for
Ca?* and Be?*, which include the contribution from the ion-induced dipole interaction, were
taken from Li and Merz (Li and Merz 2014).

Standard Lorenz-Berthelot mixing rules (Allen and Tildesley 2017) were applied to calculate
short-range Lennard-Jones interactions between the unlike atoms (with a cut-off distance of 14
A). Long-range electrostatic forces were evaluated by means of the Ewald summation method.
The Verlet leapfrog algorithm was used to integrate the equations of motion with a time step of

0.001 ps. The simulation model was initially equilibrated for 5 ns in the isobaric—isothermal
11



statistical ensemble (NPT), then for 5 ns in the canonical ensemble (NVT). Temperature and
pressure were constrained using the Nose-Hoover thermostat and barostat (Allen and Tildesley
2017) at ambient conditions (T = 300 K, P = 0.1 MPa). The equilibration process was monitored
by assessing the temperature, pressure, individual components of the potential energy of the
system, density, and dimensions of the simulation box, in order to confirm that these parameters
reach their equilibrium steady-state values on average (Braun et al. 2019). The main MD
production run was performed for 5 ns (NVT-ensemble). All simulations were performed using
the LAMMPS software package (Plimpton 1995). VMD software package has been used for
visualisation (Humphrey et al. 1996).

The most probable sorption sites on the C-S-H surfaces can be found based on the calculation
of one-dimensional atomic density maps in the direction perpendicular to the surface, and
atomic density distributions parallel to the surface in the defined layer of solution. These
profiles were calculated as time averages over the entire duration of the corresponding
equilibrium production runs, and over two statistically independent solid/solution interfaces of
the simulation box: both surfaces are characterized by the same amount of created structural

defects and are interacting with the aqueous solution of the identical composition.

The local atomic density is calculated through the evaluation of the average number of atoms
of a type A (Na) found within the range of distances from z to z+Az parallel to the surface:

Na (Az)

Density, = Vour

2

where Ve is the total volume of the simulation cell, and Az = 0.1 A. The two-dimensional
density in the xy plane within a layer of solution parallel to the surface at a certain distance z is

defined by the probability of finding an atom of type A at a position (X,y) above the surface (Ax
=Ay=02A):

Surface density, (x,y) = Nj(AxAy) €))
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3. Results and discussion

3.1. Characterization of the pore water solutions in equilibrium with cement and C-S-H

phases

Table 2 summarizes the pore water composition (pH and concentrations of Na, K, Ca and Si)
in contact with the investigated cement systems (C-S-H phases with Ca:Si = 0.6, 1.0 and 1.6,
HCP in degradation stage Il and low pH cement). These values are in line with data available
in the literature for analogous systems (Atkins and Glasser 1992; Pointeau et al. 2004a; Tits et
al. 2006b; Gaboreau et al. 2020; Tasi 2018; Ait-Mouheb 2021). As expected, C-S-H phases are
characterized by an increase of pH and Ca concentration with increasing Ca:Si ratio. Similar
pH and [Ca] are determined for C-S-H 1.6 and HCP in the degradation stage 11, thus reflecting
the predominance of C-S-H phases with high Ca:Si ratio in this degradation stage of cement.

The values of pH and [Ca] in both systems are consistent with an equilibrium with portlandite.

Porewater compositions were also characterized after completing the sorption experiments with
Be(ll). Table SM-1 in the Supporting Material shows that no significant changes in the
composition of the pore water occurred within the uptake process, except for the low pH cement
equilibrated with the highest initial beryllium concentration ([Be]o = 3.0-10° M), for which a
decrease of =~ 0.3 pH-units was observed. These results support that the sorption process did not
alter the composition of the sorbent material.
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Table 2. Aqueous composition (pH, [Na], [K], [Ca], [Si]) of the pore water in contact with the
investigated cement systems (C-S-H with Ca:Si = 0.6, 1.0, 1.6), HCP in the degradation stage
Il and low pH cement (CEBAMA reference cement). Measurements conducted after filtration
and before the addition of Be(ll) to the system. Pore water composition of the C-S-H phases
was measured in two independent laboratories, BRGM (*) and KIT-INE (*).Related
uncertainties are + 0.1 for pH measurements and + 2-30% for the measured concentrations.

pH Na [M] K [M] Ca[M] [Si] [M]
C-S-H 0.6 10.0/10.0% 1.2.10%7/1.2.10%% 29.10°"
C-S-H1.0 12.0%/12.1% 4010°"/4.6:10°%% 3.4.10°"
C-S-H1.6 125°/126% 1.9-1027/1.7.102%% 3.0.10°"
HCP, deg. stage Il 12.7 1.0-10°3 8.6:10*  2.0-10°?
Low pH cement 11.5 1.8-1072 7.310°% 75.10°

(CEBAMA
reference cement)

3.2. Sorption kinetics

Figure 2 shows the sorption kinetics (as log Rq vs. time) for the uptake of Be(ll) by C-S-H 1.6,
HCP and TiOz. A similar uptake behavior is observed for C-S-H 1.6 and HCP, thus highlighting
the known analogies between these systems. In both cases, a fast sorption taking place within
4 days (log Rq~4.5) is followed by a slower increase of the log Rq up to = 5.5, with equilibrium
conditions being attained at t > 60 days. This step-wise behavior expectedly reflects the
involvement of two uptake mechanisms, possibly corresponding to a fast surface complexation
process followed by the slower incorporation of Be(ll) into the structure of C-S-H. A similar
behavior has been previously described for other strongly sorbing metal ions, e.g. Zn(ll),
Nd(11), Eu(H), Np(IV) or U(VI) (Pointeau et al. 2001b; Ziegler et al. 2001a; Pointeau et al.
20044a; Schlegel et al. 2004; Stumpf et al. 2004; Mandaliev et al. 2010a; Mandaliev et al. 2010b;
Tits et al. 2011; Gaona et al. 2011; Tits et al. 2015).

A much faster equilibrium (t > 7 days) is attained in the three investigated TiO2 systems where
no incorporation process is possible. TiOz is often considered as a model compound for the
study of adsorption processes (Hakem et al. 1996; Guo et al. 2005; Bouby et al. 2010; Tits et
al. 2014; Tits et al. 2015; Tits and Wieland 2018), and thus the fast uptake observed for Be(ll)
is exclusively attributed to surface complexation. Although showing similar uptake kinetics,
significant differences arise for the adsorption of Be(ll) onto TiO2 at pH = 12.1 (log Rq = 4.8),
12.6 (log Rg = 4.5) and 13.2 (log R4 =~ 2.5). An extensive discussion of this observation is
provided in Sections 3.4 and 3.5.
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Figure 2. Kinetics of the Be(ll) uptake by C-S-H 1.6, HCP (degradation stage Il) and TiO-
(pore water solutions of C-S-H 1.0, 1.6 and HCP degradation stage I). Initial Be(ll)
concentrations are 10 M (C-S-H and HCP) and 10 M (TiO). Rq values expressed in L kg 2.

3.3. Uptake of Be(ll) by C-S-H, HCP (deg. stage II) and “low pH” cement: sorption

isotherms

Sorption isotherms of Be(ll) (as log [Be]solid VS. 10g [Be]ag) for the uptake by C-S-H 1.0, C-S-H
1.6 and HCP (deg. stage 1) are shown in Figure 3. The experimental window in the systems C-
S-H 0.6 and low pH cement is limited by the low solubility of a-Be(OH)2(s) at these pH values
(= 107 to = 107® M, see Cevirim-Papaioannou et al., 2020) and the detection limit of the ICP-
MS technique (= 1078 M). For this reason, insufficient data for the construction of the sorption
isotherms were collected for these systems, and only log Rq values calculated on the basis of
experiments with the lowest [Be]o are discussed in Section 3.5.

Figure 3 shows consistent Be(Il) sorption data for the systems C-S-H 1.0, C-S-H 1.6 and HCP.
All sorption isotherms show a linear trend over three orders of magnitude in [Be]aq, in all cases
with a slope of = 1. This observation suggests that the same mechanism is controlling the uptake
of beryllium under the investigated conditions. The grey regions in the figure illustrate the
solubility limits of a-Be(OH)(cr) calculated at pH =12.1 (light grey, C-S-H 1.0) and 12.6 (dark

grey, C-S-H 1.6 and HCP) (Cevirim-Papaioannou et al. 2020). These regions define lower
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solubility limits of Be(Il) in the investigated conditions, bearing in mind that the formation of
amorphous Be(OH)2(am) expected in early precipitation stages may result in solubility limits
1-2 orders of magnitude higher. A slow decrease in the concentration of Be(ll) is observed for
the three samples in the dark grey region in Figure 3, corresponding to sorption experiments
with [Be]o = 102° and 10~ M. These samples are considered to be controlled by solubility,
with the slow decrease in concentration with time reflecting the transformation of the
amorphous Be(OH)2(am) into a-Be(OH)2(cr) as reported in Cevirim-Papaioannou et al. (2020).
Figure 3 shows also the sorption isotherms previously reported for the uptake of Sr(lIl) (C-S-H
1.07 and 1.6; Tits et al., 2006b), Zn(1l) (C-S-H 1.0; Ziegler et al., 2001) and Th(IV) (HCP deg.
stages | and I1; Tits and Wieland, 2018). In spite of belonging to the same group in the periodic
table, Sr(Il) shows a much weaker and pH-dependent uptake compared to the Be(ll) data
obtained in the present study. These observations suggest that a different mechanism is
controlling the uptake of both alkali-earth metals. Among all divalent ions, sorption isotherms
reported for the uptake of Zn(Il) by C-S-H (Ziegler et al. 2001a) show the closest behavior to
the sorption data determined in the present study for Be(ll). Although Ziegler and co-workers
observed the precipitation of CaZnz(OH)e-2H20(s) above log [Zn(I)] = —4.2, the agreement
with Be(II) sorption data is excellent down to [Zn(II)] = —6. For the sake of comparison, Figure
3 includes also the sorption isotherms reported for a strongly sorbing metal, i.e. Th(IV). Tits
and Wieland reported the sorption isotherms for the uptake of Th(IV) by HCP (deg. stages I
and 1) (Tits and Wieland 2018). The authors targeted very low metal concentrations (101410~
"M, using 226Th) to avoid the precipitation of the sparingly soluble ThOz(am, hyd). In spite of
covering largely different metal concentrations, the overall uptake and the trend with increasing
pH reported for Th(IV) by Tits and Wieland (2018) are similar to the results obtained in this
study for Be(ll). An extensive discussion on the uptake of Be(ll) by C-S-H phases and cement
in terms of log Rq values, as compared to other metal cations is provided in Section 3.5.
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Figure 3. Sorption isotherms of Be(ll) taken up by C-S-H 1.0, 1.6 and HCP (deg. stage II).
Grey regions correspond to the solubility limits of a-Be(OH)2(cr) calculated at pH = 12.1 (light
grey, C-S-H 1.0) and 12.6 (dark grey, C-S-H 1.6 and HCP) using thermodynamic data reported
in Cevirim-Papaioannou et al. (2020). Sorption isotherms of Zn(lIl) (C-S-H 1.0 at pH= 12.48
and 12.78, Ziegler et al.,2001), Sr(Il) (C-S-H 1.0 and 1.6, Tits et al., 2006) and Th(IV) (HCP
deg. stage I, Tits and Wieland 2018) are appended for comparison.

3.4. Uptake of Be(l1) by TiOz2: sorption isotherms

Figure 4 shows the sorption isotherms for the uptake of Be(Il) by TiO2 in equilibrium with pore
water solutions of C-S-H 1.0, C-S-H 1.6 and HCP (deg. stage I). In all cases, a linear sorption
with slope =~ +1 is observed. In contrast to C-S-H phases and HCP, the uptake of Be(Il) by TiO>
is strongly affected by pH, with a significant drop in log [Be]soiia 0bserved between pH = 12.1
and 13.2. These large differences can be partly explained by the different aqueous speciation of
Be(ll) at these pH values, with the predominance of Be(OH)s™ and Be(OH)4?>~ at pH = 12.1 and
13.2, respectively, and assuming that the latter species does not sorb onto TiO,. Based on the
concept of electrostatic inter-ligand repulsion proposed by Neck et al. (2001) and the definition
of limiting hydrolysis species for metal ions, Tits and co-workers elaborated on the uptake of
highly hydrolyzed metal ions by TiO2 in hyperalkaline pH conditions (10 < pH < 14) (Tits et

al., 2014). This approach was successfully applied to quantitatively explain the decrease in log
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Rq values induced by the predominance of the limiting hydrolysis complexes Np(V)O2(OH)2~
and Np(VI)O2(OH)s* in the aqueous phase (with n hydroxo-groups), which accordingly
hindered the step-wise formation of surface complexes with (n + 1) hydroxo- / oxo-groups. A
similar effect could be claimed to explain the decreased uptake of Be(ll) by TiOz in the pH-
range where the limiting complex Be(OH)4?~ prevails.

The presence of Ca in hyperalkaline solutions has been reported to compensate the negative
charge of the TiO. surface, and thus enhance the adsorption of negatively charged aqueous
species (Tits et al., 2014). From the three investigated TiO> systems, the one in equilibrium
with the pore water of HCP in the degradation stage | is characterized by the lowest Ca
concentration (7.5-10~° M), which possibly contributes to the weaker sorption observed for this
system. The combination of both factors (pH and [Ca]) is considered to drive the large

differences in the uptake of Be(ll) by TiO2 systems.

1
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Figure 4. Be Sorption isotherms of Be(ll) taken up by TiO2 equilibrated with pore water
solutions of C-S-H 1.0, 1.6 and HCP (deg. stage I). Grey regions correspond to the solubility
limits of a-Be(OH)(cr) calculated at pH = 12.1 (light grey, C-S-H 1.0), 12.6 (dark grey, C-S-
H 1.6) and 13.2 (dashed grey, HCP deg. stage 1) using thermodynamic data reported in
Cevirim-Papaioannou et al. (2020).
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3.5. Discussion of log Rd values and comparison with other M(11)

Figure 5a summarizes the log Rq values of all investigated C-S-H, cement and TiO> systems.
The figure includes also the log Rq value for the uptake of Be(ll) by HCP in the degradation
stage | as reported in Han et al. (2021). Dashed lines in the figure represent the highest
distribution ratios (log Ra,max) that can be quantified for experiments at S/L = 0.2 and 2 g-L %,
considering a detection limit of = 10 M. Very high log Rq values (5 — 7, with Rq in L-kg™?) are
determined for all C-S-H and cement materials investigated. The strongest sorption (log Rq =
7) is observed for the system C-S-H 0.6, which is characterized by the lowest pH conditions
investigated in this study (pH = 10). The uptake decreases to log Rq = 6.1 for low pH cement
(pH = 11.5), and further to log R¢~ 5 for C-S-H 1.0 (pH = 12.1). Above this pH, all investigated
cement systems hold similar distribution ratios, with log R4 = 5. We hypothesize that the
predominance of the neutral aqueous species Be(OH)2(aq) in the pore water of C-S-H 0.6 may
be responsible for the stronger uptake observed for this system.

The log Rq values determined in this work for Be(ll) are significantly higher than those reported
for the uptake of other divalent cations by C-S-H and HCP, i.e. Sr(Il) (1 <log Rq < 3.3), Ba(ll)
(1.3 <log Rg £3.7), Ra(Il) (2 <log Rqg <4.1), Fe(Il) (= 2) or Pb(Il) (2.9 <log Ry < 3.8), with
the exception of Zn(II) (4.3 <log R¢ <5.5) (Pointeau et al. 2001a; Ziegler et al. 2001a; Wieland
and Van Loon 2003; Tits et al. 2006a; Tits et al. 2006b; Wieland et al. 2008; Wieland 2014;
Missana et al. 2017; Olmeda et al. 2019; Mancini et al. 2020).

The large differences between log Rq values of M(11) possibly reflect the different mechanisms
controlling the uptake of these metal cations by cementitious materials. The uptake of alkali-
earth metals by C-S-H phases is driven by ion-exchange in the case of Sr(ll) (Tits et al., 2006b),
but is controlled by a combination of surface complexation and ion-exchange in the case of
Ba(ll) and Ra(ll) (Tits et al. 2006a; Missana et al. 2017; Olmeda et al. 2019). Bernard and co-
workers found no evidence for the uptake of Mg(ll) by C-S-H phases, and instead reported the
co-existence of two separate phases (C-S-H and M-S-H) within 10 <pH < 11 (Bernard et al.
2018a; Bernard et al. 2018b).

Fe(I), Pb(1l) and Zn(l1) are characterized by the formation of anionic hydrolysis species in
alkaline to hyperalkaline pH conditions. The solution chemistry of Fe(Il) and Pb(Il) is
dominated by the species M(OH)3™ above pH = 11-12 (Brown and Ekberg 2016; Bruno et al.
2018). Based on their XRD and EXAFS observations, Mancini and co-workers reported the
presence of both surface- and interlayer-bound Fe(I1) species in the sorption experiments with
C-S-H phases (Mancini et al., 2020). In line with these observations, Pointeau et al. proposed
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surface complexation as main mechanism for the uptake of Pb(Il) by C-S-H (Pointeau et al.,
2001).

In spite of their largely different ionic radii (rzn2- = 0.6 A; rae2+ = 0.27 A; values corresponding
to a CN =4; Shannon, 1976), Zn(1l) and Be(ll) are characterized by a strong hydrolysis and the
predominance of M(OH)s~ and M(OH)4>~ in hyperalkaline pH conditions (see Figures 5b and
5¢). Zn(I1) shows the strongest uptake by C-S-H of all previously reported divalent cations,
with log Rqg values slightly lower but comparable to Be(ll). Based on their kinetic and
spectroscopic (XAFS) data, Ziegler and co-workers reported a step-wise uptake of Zn(1l) with
a fast (t < 4 days) surface complexation process followed by the slower (t < 87 days)
incorporation in the C-S-H interlayer (Ziegler et al., 2001a and 2001b). The similar kinetic
behavior observed in this work for Be(Il) possibly hints to analogous uptake mechanisms for

both metal ions.

The values of log Rq determined in this work for Be(ll) are also in line with data reported for
strongly sorbing metal ions such as lanthanides or actinides in the +111 and +IV oxidation states
(Wieland and Van Loon 2003; Pointeau et al. 2004b; Wieland 2014; Tits and Wieland 2018;
Haussler et al. 2018; Tasi 2018). The pH-independent behavior observed for the uptake of these
elements by C-S-H and HCP can be partially explained by the invariant aqueous speciation
within the pH-region covered by the different degradation stages of cement, i.e.
Ln(I11)/An(111)(OH)3(aq) and An(IV)(OH)s(aqg). For the Ln(I1I)/An(Ill) systems, several
spectroscopic studies (TRLFS, EXAFS) support their incorporation in the CaO-layer of C-S-
H, which can be rationalized by the similar ionic radii of Ln**/An®* and Ca?". In the case of
An(IV), EXAFS studies hint to their incorporation in the interlayer of C-S-H (Gaona et al.,
2011; Haussler et al., 2018).

The comparison of the uptake of Be(ll) by C-S-H / HCP and TiOz in absolute terms is not
straightforward due to the differences in the surface area of these materials (see Section 2.2).
However, differences in the uptake trends observed for C-S-H / HCP and TiO; can be
considered to gain indirect evidence on the mechanism controlling the uptake of Be(ll) in
cementitious systems. A significant decrease in the uptake is observed for TiO, systems
between pH =12.1 (log Ra~4.7) and 13.2 (log R4 = 2.5). As discussed in Section 3.4, this trend
is partly explained by the increasing fraction of the limiting complex Be(OH)4>~ in solution,
which prevents the step-wise formation of the surface complex >S-0O-Be(OH)s. Within the same
pH-region and boundary conditions, the uptake of Be(ll) by C-S-H and HCP remains nearly
constant at log R4 = 5. Together with the step-wise kinetic behavior, this observation is taken
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as indirect evidence for the incorporation of Be(ll) in the C-S-H structure, as opposed to the
surface complexation mechanism reported to control the uptake of metal ions by TiO2 (Bouby
etal., 2010; Tits et al., 2011, Tits et al., 2014, among others).
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Figure 5. (a) log Rq values determined in this work for the uptake of Be(ll) by C-S-H (0.6, 1.0
and 1.6), HCP (deg. stage 1), “low pH” cement and TiO>. log Rq values reported in Han et al.
(2021) for the uptake of Be(Il) by HCP (deg. stage I) are appended for comparison. (b) Fraction
diagrams of Be(ll) and (c)Zn(11) calculated for [M(1D]w= 1-10° M and 9.5 <pH < 13.5) using
thermodynamic data reported in Cevirim-Papaioannou et al. (2020) and Brown and Ekberg
(2016), respectively.

Wieland and Van Loon attempted to rationalize the uptake of metal ions by cement using the
charge-to-size relationship (z/d) of the metal ion, where z is the charge of the metal ion and d
is the M-O interatomic distance, with d = rv= + ro>. This relationship gives insight on the

polarising effect of cations on anionic counter-ions (Wieland and Van Loon, 2003). As
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highlighted by these authors, this approach explains the uptake on the basis of the ionic
character of the bonding and irrespective of the underlying uptake mechanism, thus largely
oversimplifying the uptake process. However, the approach appears useful to qualitatively
explain the general trends observed for the uptake of metal ions by HCP, connecting the very
strong sorption observed in this work for Be(ll) with the uptake of apparently very different
elements such as lanthanides or actinides. The original figure reported by Wieland and Van
Loon for the uptake of Cs(l), Sr(1l), Eu(l11), Th(IV) and Sn(IV) by HCP (deg. stage 1) has been
extended in this work to Be(ll) and other metal ions, including as well data for the uptake of

these metals by HCP in the degradation stage I1.

8 |l O HCP (deg. stage ) ' '

a /A HCP (deg. stage II) ]

6 _ Pu(IV) )
1 Am(II1) Eu(ll) Th(IV)

S S 7 ion exchange and/or Al 7]
e 1 surface complexation Sn(lv)
o 4 Be(ll) Th(lv) 4
o : Ph(I) A Be(ll)
= 3 )

1 ol m incorporation
2 1 Sr(i) | .
14 i
1 Cs(l)
O T + T T T T T T
0 0.5 1 1.5 2
zld

Figure 6. Modification of the figure originally reported in Wieland and Van Loon (2003) for
the uptake of different metal ions by HCP (deg. stage 1) as a function of the charge-to-size
relationship (z/d). The original figure has been updated with data for Be(Il) (HCP in deg. stage
Il and I; this work; Han et al. 2021), Pb(Il) (HCP deg. stage | and I1; Wieland, 2014), Zn(ll)
(C-S-H at pH = 12.5; Ziegler et al., 2001), Am(111) (HCP deg. stage II; Pointeau et al., 2004);
Th(IV) (HCP deg. stage Il; Pointeau et al., 2004) and Pu(1V) (HCP deg. stage II; Tasi et al.,
2021).

Figure 6 shows two clear trends in the uptake of metal ions by HCP (deg. stages | and Il). Lower
log Ry values are obtained for metal ions with z/d < 1, which show also a clear tendency to
decreasing log Rq with decreasing z/d. The uptake of these metals ions by cement and C-S-H

phases has been predominantly reported as ion-exchange and / or surface complexation. Higher
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and nearly constant log Rq values (log R4 = 5 + 1) are reported for those metal ions with z/d >
1. Spectroscopic evidences have systematically hinted to the incorporation in the C-S-H
structure (i.e. CaO-layer or interlayer) as main uptake mechanism for the metal ions in this z/d
region. We note the excellent agreement in the log Rq values determined in this work or reported
in Han et al. (2021) for Be(ll) (z/d = 1.20), with data reported for Eu(l11) (z/d = 1.13) or Am(l11)
(z/d = 1.20). This exercise gives confidence in the incorporation of beryllium to the group of
strongly sorbing metal ions in cementitious systems, usually restricted to lanthanides, actinides

or highly charged cations (e.g. Sn** or Zr*").

3.6. Molecular dynamics simulation of the Be(ll) uptake by C-S-H

The structural properties (coordination numbers and ion-ion distances) of hydrated beryllium
ion in solution are reported in several theoretical and computational studies (Asthagiri and Pratt
2003; Raymond et al. 2020; Rozmanov et al. 2004; Rudolph et al. 2009). It is known that the
Be?* aqua complex has a preferred tetrahedral geometry, with an average Be-Ow distance of
1.64-1.67 A (Azam et al. 2009; Smirnov and Trostin 2008). The calculated radial distribution
functions and running coordination numbers for Be-O, Be-Ca, and Be-Be pairs in the studied
interface can be found in Figure 7. Different kinds of oxygen atoms present in the system were
treated separately: deprotonated (-Si-O°), protonated (-Si-OH), and bridging (-Si-Ob-Si-)
oxygens of silanol groups, water oxygens (Ow, OH3), and oxygen of the aqueous hydroxyl ions
(OH).

As it can be seen in Figure 7, hydroxyls are mostly bound to beryllium in the range of distances
from 1.5 to 1.8 A, while the water molecule in Be(OH)3(OH2) is found at a longer distance
(2.1-2.3 A) because of the repulsion forces from the three neighbouring hydroxyl groups. A
spontaneous proton transfer from the water molecule in the immediate coordination to the water
molecule in the second coordination sphere is very probable (Azam et al. 2009), but this process
cannot be modelled with classical MD. This proton transfer is not expected to affect the results
of this study, since the process leads to the formation of Be(OH)4?", which is also considered in

the MD calculations.
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Figure 7. (a) Radial distribution function and (b) running coordination numbers for Be?* ion
pairs.

From the calculated running coordination numbers (n(r)) (Figure 7) it can be seen that beryllium
hydroxo ions do not directly bind with silanol groups. It can be assumed, that the water molecule
in Be(OH)3(OH2)~ can be replaced by a deprotonated surface silanol group, but this was not
possible in the given simulation time. As discussed in Section 3.2, the adsorption of Be(ll) is
not very fast, and the incorporation of Be?* into the C-S-H structure is expected under
equilibrium conditions. To be able to sample this kind of sorption, a different computational
method will be used in the future to overcome the kinetic factor, e.g. umbrella sampling or
replica MD. These calculations will consider also the C-S-H interlayer, which is expected to
play a relevant role in the uptake of Be(ll) and will be reported in a separate publication by
Androniuk et al..

The probability peak of the deprotonated silanol group is found at d > 4 A, which means that
beryllium ions have approached the surface of C-S-H and stayed as stable bound complexes at
the surface. Additionally, there is a strong interaction with Ca?* cations: well-defined peaks can
be found at the distances of 3.1 and 3.8 A from Be?*. These two distances correspond to Ca?*

coordination with Be?* through 1 or 2 hydroxyl “bridges”.

There is already experimental evidence that at high pH beryllium forms stable monomeric
hydroxo complexes (Cevirim-Papaioannou et al. 2020). However, the probability of formation
of polynuclear Be(Il) species in the aqueous phase or on the interface was also assessed, as the

hydroxo-bridges are common for beryllium in aqueous solutions (Alderighi et al. 2000).
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Furthermore, the presence of a high concentration of Ca?* counter ions can potentially induce
the stabilization of [Be2(OH)7]*>~ anions (Schmidbaur 2001). The formation of Be(ll) dimeric
species was observed in bulk solution, but they were not stable over the production run.
Furthermore, the running coordination number for the Be-Be pair does not show any significant

peak, thus, formation and sorption of dimers were considered negligible within the investigated
boundary conditions.
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Figure 8. Atomic density profiles of solution species near the C-S-H surface. The right-side
axis shows densities plotted with dotted lines.

Atomic density profiles next to the (001) surface of C-S-H are presented in Figure 8. As can be
seen, at the distance > 8 A there is no significant structuring of the interacting solution — it has
a bulk-like behaviour.

It is well-known that Ca?* is strongly attracted to the deprotonated negatively charged surface
and forms a layer that at high Ca?* concentration inverts the overall surface charge from
negative to positive (Pointeau et al. 2006; Viallis-Terrisse et al. 2001). There are several
possible binding geometries for Ca?* with C-S-H silanol groups, therefore, a series of
overlapped peaks of Ca?" is found at a close distance from the surface. The highest peak at 1.5
A corresponds to inner-sphere coordination with 2 silanol groups. Beryllium is found farther
from the C-S-H surface, and the density profile is showing two distinct peaks: at the distance
ranges of 3.0 — 5.2 A and 5.3 — 7 A. There is a maximum density of aqueous hydroxyl (OH")
between adsorbed Ca?* and Be?* (2.5 — 3.5 A). Partially these hydroxyls belong to Ca?*-OH
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pairs, and partially to Ca?*- Be(OH)s~ and Ca®*- Be(OH)4>~ adsorbed on the surface. As a result,
the sorption of beryllium is observed not through the direct binding, but mostly through Ca-
bridges (both coordination with surface Ca?" and sorption of Ca-Be complexes from the

solution is possible).

The formed complexes were stable during the production simulation time, which allowed us to
identify them more accurately with the help of time-averaged 2D surface maps. The contour

density maps and the surface complexes of beryllium are shown in Figure 9.
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Figure 9. Atomic density contour maps of time-averaged surface distributions of selected atoms
at d = 1-5 A from the surface with the simulation snapshots of defined complexes (colour
scheme: Si — yellow; Ca — green; O —red; H — white; Be — black).

Beryllium is known to have a very ordered second coordination sphere. It was found that
aqueous beryllium hydroxides can coordinate multiple Ca?* cations of the C-S-H surface,
forming potentially a much stronger surface complex. Three most stable inner-sphere (IS)
complexes were identified: I1S-1 (Ca.Be(OH)s bound to 3 deprotonated silanol groups), 1S-2
(CaBe(OH)s bound to 2 deprotonated silanol groups), and 1S-3 (CazBe(OH)4 coordinated with
3 deprotonated silanol groups). These complexes correspond to the first beryllium maximum
of the 1D density profile in Figure 9. Additionally, a stable outer-sphere complex (OS-1) was
observed with water molecules present between Ca?* and the surface that corresponds to the

second maximum of the profile. Sorption of hydroxocomplexes on C-S-H through Ca bridging
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has been already seen for uranyl (Androniuk et al., 2019), and this uptake mechanism could be

expected for other divalent cations.

3.7. Conclusions

We have provided the first ever direct experimental evidence that Be(ll) sorbs strongly in the
cementitious systems investigated (HCP deg. stage 11, low pH cement, C-S-H with Ca:Si = 0.6,
1.0 and 1.6). The similar uptake determined for cement and C-S-H phases confirms that the
latter are the main sink of beryllium in cementitious materials. The kinetic behavior observed
supports a two-step uptake mechanism, including a fast surface complexation process followed
by the slower incorporation of Be(ll) in C-S-H. The stronger uptake of Be(ll) (log R4 = 7)
observed at pH = 10 correlates with the predominance of the neutral species Be(OH)2(aq) in
solution. Lower and nearly constant log Rq values are determined within 12 < pH < 13.2,
suggesting a similar uptake of the anionic species Be(OH)s~ and Be(OH)s%. In contrast to this
finding, a clear decrease in log Rq values is observed for the uptake of Be(ll) by TiO2 within
the same pH-range. This supports that incorporation is the main uptake mechanism in cement /
C-S-H phases, as opposed to the surface complexation mechanism controlling the uptake of
Be(ll) by TiOs.

Although the uptake of metal ions by cement and C-S-H phases is affected by several
parameters (pH, metal speciation, [Ca], Ca:Si in the solid phase, etc.), it can be qualitatively
explained by the charge-to-size ratio (z/d). This relationships satisfactorily explains the similar
sorption observed for elements as different as Be(ll) (z/d = 1.2), Zn(ll) (z/d = 1.0), Eu(lll) (z/d
= 1.13) or Am(lll) (z/d = 1.2) (Pointeau et al. 2004b; Wieland and Van Loon 2003; Ziegler et
al. 2001a).

Molecular dynamics highlight the key role of Ca in the uptake of Be(Il) by C-S-H phases. Three
main surface complexes have been identified: >Ca;Be(OH)s (bound to 3 deprotonated silanol
groups), >CaBe(OH)3 (bound to 2 deprotonated silanol groups), and >CazBe(OH)4 (coordinated
with 3 deprotonated silanol groups). Molecular dynamics calculations have shown a great
potential for the description of Be(ll) uptake by the C-S-H surface, and future work at KIT-INE
will target the description of processes taking place at the C-S-H interlayer, which is expected

to play a relevant role in the uptake of Be(ll) and other strongly sorbing metal ions.
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This work provides a comprehensive quantitative and mechanistic description of the uptake of
beryllium by cementitious material which so far was considered negligible in the view of
lacking experimental studies. This new information is of high relevance and allows to better
quantify the retention of beryllium in the context of the Safety Case for deep underground
repositories for nuclear waste. It provides also a thorough scientific basis for the future
development of more detailed thermodynamic / geochemical models, e.g. in the form of

aqueous-solid solution models.
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Supplementary Information

Table SI-1. Aqueous composition (pH, [Na], [K], [Ca]) of the pore water in equilibrium with
the investigated cement systems (C-S-H with Ca:Si = 1.0, 1.6), HCP in the degradation stage
Il and low pH cement (CEBAMA reference cement). Measurements conducted before and
after the addition of Be(ll) to the system. Related uncertainties are + 0.1 for pH measurements
and +0.5-30% for the metal concentrations.

[Belo[M]  pH Na K Ca
C-S-H 1.0 Absence of Be 12.1 4.6-10°2
Presence of Be  1.0-10°° 12.1 48102
3.0.10° 12.1 4.8.10°3
10105 121 4.8.10°3
1010* 121 46103
3.0-104 12.1 46103
1.010° 121 4.9.10°3
3010% 121 4.4.10°3
C-S-H 1.6 Absence of Be 12.7 1.7-107
Presence of Be  1.0-10°° 12.7 1.7-107
3.0-10°® 12.7 1.6:1072
1.0.10° 12.7 1.7-102
3.0-10° 12.7 1.7-102
1.0.10* 12.7 1.7-102
3.0-10* 12.6 1.7-1072
1.0-10°8 12.6 1.7-1072
3.0-10°° 12.5 1.7-102
HCP 11 Absence of Be 12.7 1.0-10°8 8.6:10* 2.0-107
Presence of Be  1.0-10°° 12.7 2.6-10°3 7.0.10* 2.1.10°2
3.0-10°® 12.7 2.4.10°8 6.8-10* 1.9:10°2
1.0.10° 12.7 1.7-.10°° 5.8.10* 1.9:10°2
3.0-10° 12.7 2.7-10°8 8.3.10* 2.0-107?
1.0.10* 12.7 2.4.10°8 7.0-10* 2.0-102
3.0-10* 12.7 2.3-10°8 7.0-10* 2.0-102
1.0.10°8 12.7 2.3-10°8 7.0-10* 2.0-102
3.0-10°8 12.6 2.4.10°8 7.3.10* 2.0-107?
Low pH cement  Absence of Be 11.47 1.8-10? 7.3-10°8 751073
Presence of Be  1.0-10° 11.36  2.1:102 7.6-10°3 6.9-10°2
1.0.10° 11.39 2.0:10°7? 7.5.10°8 6.9-10°°
1.0.10* 11.39 2.2.10°2 7.8.10°3 6.8-10°3
3.0-10°8 11.00 2.1.102 7.7-10°3 7.7-10°2
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