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Abstract

:

The uptake of beryllium by hardened cement paste (HCP, with CEM I 42,5 N BV/SR/LA type) in degradation stage I was investigated with a series of batch sorption experiments with 10−6 M ≤ [Be(II)]0 ≤ 10−2.5 M and 2 g·L−1 ≤ [S/L] ≤ 50 g·L−1. All experiments were performed under Ar atmosphere at T = (22 ± 2) °C. Solubility limits calculated for α-Be(OH)2(cr) in the conditions of the cement pore water were used to define the experimental window in the sorption experiments. Beryllium sorbs strongly on HCP under all of the investigated conditions, with log Rd ≈ 5.5 (Rd in L⋅kg−1). Sorption isotherms show a linear behavior with a slope of ≈+1 (log [Be(II)]solid vs. log [Be(II)]aq) over four orders of magnitude (10−8 M ≤ [Be(II)]aq ≤ 10−4 M), which confirm that the uptake is controlled by sorption processes and that solubility phenomena do not play any role within the considered boundary conditions. The similar uptake observed for beryllium in calcium silicate hydrate (C-S-H) phases supports that the C-S-H phases are the main sink of Be(II) in cement. The strong uptake observed for Be(II) agrees with the findings reported for heavier metal ions, e.g., Zn(II), Eu(III), Am(III), or Th(IV). The exceptional sorption properties of beryllium can be partially explained by its small size, which result in a charge-to-size ratio (z/d) of the same order as Eu(III) or Am(III). Kinetic experiments confirm the slow uptake of Be(II), which is characterized by a two-step process. In analogy to other strongly sorbing metal ions such as Zn(II) or Th(IV), a fast surface complexation (t < 4 days) followed by a slower incorporation of Be(II) in the C-S-H structure (t ≥ 60 days) are proposed. The surface complexation was studied in detail with molecular dynamic simulations, and the most common surface species are identified and described. This work provides the first experimental evidence supporting the strong uptake of Be(II) by HCP in degradation stage I, further extending previous findings on C-S-H phases and HCP in degradation stage II. These results overcome previous conservative estimates assuming no or only a weak uptake in cementitious systems and represent a relevant contribution for the quantitative assessment on the retention/mobilization of beryllium in the context of nuclear waste disposal.
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1. Introduction


Beryllium is a relatively rare element found in the Earth’s crust in a concentration of 4−6 ppm [1]. It is a component in more than 50 minerals, with the two main ores being beryl (Al2Be3Si6O18) and bertrandite (Be4Si2O7(OH)2) [1]. In the nuclear field, beryllium is used in the moderators and reflectors for research reactors due to its low thermal neutron absorption cross-section and specific chemical/structural properties [2,3,4]. Due to the alteration of its mechanical properties, irradiated components containing beryllium need to be replaced and disposed of in underground repositories for nuclear waste.



In aqueous systems, beryllium is only expected in the +II oxidation state. The solubility and hydrolysis of Be(II) have been extensively studied under acidic conditions [5,6,7,8,9,10], but the number of experimental studies is very limited in the alkaline to hyperalkaline conditions [5,11,12,13]. The recent work by Çevirim-Papaioannou and co-workers represents the most systematic solubility study of Be(II) with a focus on the alkaline pH conditions of relevance for cementitious systems [13]. In combination with extensive solid phase characterization and 9Be NMR, the authors provided comprehensive chemical, thermodynamic, and activity models for the system Be2+–Na+–K+–H+–Cl−–OH−–H2O(l). These models allow the calculation of the solubility of Be(II) over a broad pH-range, whilst predicting the predominance of the hydrolysis species Be(OH)2(aq), Be(OH)3− and Be(OH)42− within 10 ≤ pH ≤ 13.3, i.e., covering the complete range of pH defined by the different degradation stages of cement.



Cement is one of the materials considered for the stabilization of the waste and for construction purposes, and hence it is part of the multi-barrier system in some of the repository concepts for nuclear waste. In contact with groundwater, cementitious materials undergo a degradation process following three main degradation stages [14,15,16,17,18]. The first degradation stage is controlled by the dissolution of Na and K oxo/hydroxides, which result in high pH values (≈13.3) and high concentrations of both alkalis, i.e., [Na] ≈ 0.11 M and [K] ≈ 0.18 M. After the full dissolution of Na and K oxo/hydroxides, the pore water composition in degradation stage II is mostly controlled by the dissolution of portlandite (Ca(OH)2), which buffers the pH at ≈12.5 whilst retaining high concentrations of Ca in the pore water, i.e., [Ca] ≈ 0.02 M. Calcium silicate hydrates (C-S-H) with Ca : Si ratios of 1.5 to 0.6, which are the last cement phases to be dissolved/degraded, and buffer the pH in degradation stage III of cement formation, and ≈12.5 to ≈10. C-S-H phases are considered to be among the most important cement components governing the uptake of metal ions [16,19].The retention mechanisms include not only surface complexation, but also incorporation in the CaO-layer as well as in the interlayer of the C-S-H structure [17].



With the exception of the recent work by Çevirim-Papaioannou and co-workers dedicated to the uptake of Be(II) by C-S-H phases and HCP in degradation stage II (Cevirim-Papaioannou et al. 2021), no experimental studies investigating the uptake of Be(II) by cementitious materials are available in the literature. Although acknowledging that an average to strong uptake might be expected on the basis of the high charge-to-size ratio (z/d) of the Be2+ ion, most of the reference works (sorption databases, safety assessments of waste management organizations, reference books) assume no or weak sorption of beryllium by cement [16,18,19,20,21,22,23]. In the “Cementitious Near-Field Sorption Data Base for Performance Assessment of an ILW Repository in Opalinus Clay”, Wieland and Van Loon (2003) acknowledged that the uptake of beryllium by hardened cement paste (HCP) is likely, but set the sorption value to zero and also considered the possible competition imposed by the strong hydrolysis of Be(II) and the predominance of the anionic species Be(OH)3− and Be(OH)42− [13]. The same criteria was retained in the updated sorption database reported by Wieland in 2014 [19]. In the Dossier 2005 Argile (Tome: Évaluation de Sûreté du Stockage Géologique), Andra assumed a retardation coefficient for 10Be in concrete of 1, which implies no sorption [20]. A small inventory of beryllium arising from the decommissioning of a research reactor in Studsvik (estimated as 300 kg, with 2.7 × 1010 Bq in 10Be) is expected to be disposed of in SFL, the planned Swedish repository for long-lived low- and intermediate-level radioactive waste [21,22,23]. In the compilation of data for the analysis of radionuclide migration from SFL, Skagius and co-workers proposed a distribution coefficient of 0.05 m3⋅kg−1 for the uptake of beryllium by concrete [24,25]. This value was based on the direct analogy with radium, which can be put on doubt by considering the large difference in the ionic radii of both metal ions (rBe2+ = 0.27 Å and rRa2+ = 1.48 Å, with coordination numbers CN = 4 and 8, respectively) [26]. In their report dedicated to the toxicity screening assessment for the Nirex phased geological disposal concept, Hunter and co-workers acknowledged the lack of experimental data for the uptake of beryllium in cement and proposed a distribution coefficient of 1 × 10−4 m3⋅kg−1 based on near-field data [27,28].



The discussion above evidences the need of experimental data for the uptake of beryllium by cementitious materials. In the context of the EU-funded collaborative project “Cement-based materials, properties, evolution, barrier functions” (Cebama), this study aims at a quantitative description of the beryllium uptake by cement HCP in degradation stage I under a range of initial beryllium concentrations ([Be]0) and solid-to-liquid ratios (S/L). The present work complements and further expands the experimental study by Çevirim-Papaioannou et al., which was dedicated to the uptake of beryllium by HCP in degradation stage II and C-S-H phases [13].




2. Experimental


2.1. Chemicals


Samples were prepared, handled, and equilibrated at T = (22 ± 2) °C in an Ar-glove box with O2 < 1 ppm. All solutions were prepared using purified water (Milli-Q academic, Millipore, 18.2 MΩ∙cm) purged with Ar for ≈1 h to remove dissolved CO2(g). BeSO4⋅4H2O (99.99%), NaOH Titrisol, KOH Titrisol, and HCl Titrisol were obtained from Merck. Na2O7Si3 and Ca(OH)2 were of analytical grade and were purchased from Merck.




2.2. Cement and Cement Pore Water


A hydrated cement paste (HCP) with CEM I 42.5 N BV/SR/LA type was provided by the Swedish Nuclear Fuel and Waste Management Company (SKB) (see [29] for more details). The first 2.5 mm of the cement monolith were cut off to remove the possibly carbonated surface. The remaining HCP material was milled, sieved to a particle size of <100 μm, and stored under Ar atmosphere. The HCP powder was extensively characterized at KIT-INE in a previous study by Tasi and co-workers using X-ray diffraction (XRD), thermogravimetry/differential thermal analysis (TG-DTA), X-ray photoelectron spectroscopy (XPS), and Brunauer-Emmett-Teller (BET) surface area [29].



Artificial cement porewater (ACW) corresponding to degradation stage I was prepared based on the pore water composition reported by Lagerblad and Trägårdhof for the same cement formulation [30,31], i.e., [Na] = 0.028 M, [K] = 0.083 M, [Ca] = 9 × 10−4 M, [Si] = 8 × 10−4 M and a pH of 13.06. Aluminum and sulfate were disregarded in the preparation of the ACW due to the low concentration of both components in the reported pore water, [Al] = [SO4] = 4 × 10−5 M.




2.3. Sorption Experiments


Sorption samples were prepared with 20 mL of ACW and the corresponding amount of HCP to attain 2 g·L−1 ≤ [S/L] ≤ 50 g·L−1. Stock solutions with [BeSO4]aq = 0.35–10−3 M were used to obtain the targeted initial Be concentrations of 1 × 10−6 M ≤ [Be]0 ≤ 0.03 M. Experimental solubility data and thermodynamic models reported in Çevirim-Papaioannou et al. (2020) [13] for α-Be(OH)2(cr) in NaCl-NaOH and KCl-KOH systems were considered for the definition of the initial beryllium concentrations in the sorption experiments (see also Section 3). Sorption kinetics were monitored for t ≤ 145 days.



Total concentrations of Be(II) and major ions (Ca, Na, K, and Si) in the aqueous phase were quantified by inductively coupled plasma mass spectroscopy (ICP-MS, Perkin Elmer ELAN 6100) and inductively coupled plasma optical emission spectroscopy (ICP–OES, Perkin–Elmer 4300 DV) after ultrafiltration with 10 kD filters (2–3 nm cut-off Nanosep® centrifuge tubes, Pall Life Sciences). The detection limit of ICP-MS for the quantification of beryllium in the conditions of our experiments (≈10−8 M) was calculated as 3 times the standard deviation of the blank.



Distribution ratios, Rd (in L∙kg−1), were calculated as the ratio of beryllium concentration in the solid phase ([Be]solid, in mol∙kg−1) and aqueous solution ([Be]aq, in M):


   R d  =      [  Be  ]    solid        [  Be  ]    aq     ·    V m  =      [  Be  ]   0  −    [  Be  ]    aq        [  Be  ]    aq       ·    V m   



(1)




where [Be]0 is the initial beryllium concentration in the aqueous phase, V is the volume of sample (L), and m is the mass of HCP (kg). Sorption isotherms were represented as log [Be]solid vs. log [Be]aq.




2.4. Computational Methods


Classical molecular dynamics (MD) was used to study surface complexes of beryllium on the (001) C-S-H surface [32]. The structure of C-S-H with Ca:Si = 0.5 reported by Jamil et al. [32] was modified as follows: all the bridging Si on the surface were removed, the silanol groups were deprotonated, and the missing Si were replaced by Ca2+. This results in a C-S-H with Ca:Si > 1.4, as expected in the cement paste investigated in this work. The interfacial aqueous solution contained six ions of Be(OH)3−, and four ions of Be(OH)42− with ~5400 H2O molecules, which corresponds approximately to a 0.1 M beryllium ion concentration and a pH of ~12.7, as estimated using reported thermodynamic data [33]. The formation of polynuclear species at this high Be(II) concentration was evaluated by molecular dynamics and disregarded in [33]. The interatomic interaction parameters for C-S-H and H2O were taken from the ClayFF [34] and its later modifications for cement systems [35,36]. The 12-6-4 LennardJones type non-bonded parameters for Ca2+ and Be2+, which include the contribution from the ion-induced dipole interaction, were taken from Li and Merz [30]. The main MD production run was performed for 5 ns (NVT-ensemble, T = 300 K, timestep = 1 fs). All simulations were performed using the LAMMPS software package (3 March 2020 version) [37].





3. Solubility and Aqueous Speciation of Be(II) in ACW


Chemical, thermodynamic, and activity models reported in Çevirim-Papaioannou et al. for the solubility and hydrolysis of Be(II) in NaCl-NaOH and KCl-KOH solutions were considered to calculate the solubility upper limits and the precise aqueous speciation of Be(II) in ACW [13]. The three main equilibrium reactions controlling the solubility and hydrolysis of beryllium in cementitious systems with 10 ≤ pH ≤ 13.3 are defined as:


α-Be(OH)2(cr) ⇔ Be(OH)2(aq)



(2)






α-Be(OH)2(cr) + H2O(l) ⇔ Be(OH)3− + H+



(3)






α-Be(OH)2(cr) + 2 H2O(l) ⇔ Be(OH)42− + 2 H+



(4)




with


log *K’s,(1,2) = log *K°s,(1,2) = log [Be(OH)2(aq)]



(5)






log *K’s,(1,3) = log [Be(OH)3−] + log [H+] = log *K°s,(1,3) − log γBe(OH)3− − log γH+ + log aw



(6)






log *K’s,(1,4) = log [Be(OH)42−] + 2 log [H+] = log *K°s,(1,4) − log γBe(OH)42− − 2 log γH+ + 2 log aw



(7)




where log *K°s,(1,x) and log *K’s,(1,x) are the solubility constants at the reference state (I = 0) and the conditional solubility constants at a given ionic strength (I > 0), respectively, γ is the activity coefficient of a given ion, and aw is the activity of water at a given background electrolyte concentration. The specific ion interaction (SIT) theory and the SIT coefficients reported in Çevirim-Papaioannou et al. (2020) [13] for ε(Be(OH)x2−x, Na+) and ε(Be(OH)x2−x, K+) are considered to extrapolate the values of log *K°s,(1,x) to the pore water composition in ACW and thus to calculate the solubility and fraction diagrams shown in Figure 1.



The solubility calculations in Figure 1a show a clear increase in the concentration of beryllium with increasing pHm due to the formation of anionic hydrolysis species in equilibrium with α-Be(OH)2(cr). The solubility limit calculated at pHm = 13.1 is [Be(II)] ≈ 10−4 M, which represents an upper concentration limit for beryllium in ACW. This upper limit was considered as key input in the definition of the experimental window of the sorption experiments. The aqueous speciation of Be(II) in ACW is dominated by close to equimolar concentrations of Be(OH)3− and Be(OH)42−, i.e., negatively charged species are responsible for the interaction of Be(II) with cement in degradation stage I. Note that the predominance of anionic hydrolysis species was raised in previous studies as a possible argument to predict a weak or no uptake of beryllium by cement [16,18].




4. Results and Discussion


4.1. Pore Water Composition


Table 1 summarizes the pore water composition (pH, [Na], [K], [Ca], [Si]) in ACW equilibrated with HCP in the absence and presence of beryllium (1 × 10−6 M ≤ [Be]0 ≤ 0.03 M) at S/L = 2–50 g⋅L−1. Table 1 also shows the composition of ACW in the original recipe before equilibration with cement and beryllium.



Nearly constant values of pH, [Na], [K], and [Ca] are measured after the equilibration of ACW with cement and beryllium with [Be]0 below ≈10−3 M, which support that the cement material was not altered over the course of the sorption experiments. The increase in the Ca concentration observed after equilibrating ACW with cement can be attributed to the slight undersaturation conditions of the original recipe with respect to Ca(OH)2(s), as calculated using the ThermoChimie database ([Ca] ≈ 3 × 10−3 M at pH = 13.06) [38].



Table 1 shows that the pore water composition (in terms of pH and [Ca]) is impacted at [Be]0 ≥ 1 × 10−3 M. The observed decrease in pH is rationalized by the consumption of the OH− that is required for the formation of Be(OH)3− and Be(OH)42− from the initial Be2+ spiked to ACW. For this reason, the samples highlighted in cursive in Table 1 are not considered in the discussion of sorption isotherms in Section 4.3.




4.2. Sorption Kinetics


The uptake of Be(II) by HCP in degradation stage I (expressed in terms of log Rd values, with Rd in L⋅kg−1) shows slow sorption kinetics (Figure 2). A first, the fast uptake of Be(II) (log Rd ≈ 4.5 after 4 days) is followed by a slower increase in the distribution coefficients, which reach steady state conditions after only ≈ 60 days. Figure 2 also shows the evolution of the beryllium concentration as a function of time (right Y-axis in Figure 2). The initial beryllium concentration ([Be]0 = 3 × 10−3 M) drops (t < 4 days) below the solubility limit of α-Be(OH)2(cr) in ACW (≈10−4 M see Section 3) very quickly. This indicates that solubility phenomena have no or a very minor impact on the experimental observations collected within the kinetic study.



In their sorption study with HCP in degradation stage II and with C-S-H phases, Çevirim-Papaioannou et al. reported very similar, two-step kinetic behaviour for the uptake of Be(II) [33]. The log Rd values reported by these authors for C-S-H phases with Ca:Si = 1.6 are of the same order as the distribution coefficients determined in this work for HCP in degradation stage I, thus supporting than C-S-H phases are the main sink of Be(II) in cement.



As described for other strongly sorbing metal ions, the two-step uptake observed for beryllium can be interpreted with a first, fast surface complexation process followed by the incorporation of beryllium in the structure of C-S-H, most likely in the interlayer [39,40,41,42,43].




4.3. Uptake of Be(II) by HCP in the Deg. Stage I: Sorption Isotherms and Effect of S/L Ratio


Sorption isotherms for the uptake of Be(II) by HCP in degradation stage I are shown in Figure 3a for 2 g⋅L−1 ≤ S/L ≤ 50 g⋅L−1. All data represent contact times of t ≥ 60 days, thus corresponding to equilibrium conditions. In all of the investigated systems, a linear behavior with a slope ≈+1 is observed over up to four orders of magnitude in the aqueous Be(II) concentration (−8 ≤ log [Be(II)aq] ≤ −4). In line with the discussion in Section 4.2, this observation supports that Be(II) uptake is controlled by sorption processes and that solubility phenomena do not play any role within the investigated boundary conditions. These results are also consistent with sorption isotherms reported in Çevirim-Papaioannou et al. for HCP in degradation stage II and the C-S-H phases with Ca:Si = 1.0 and 1.6 [33].



The very high log Rd values determined in this work (log Rd ≈ 5–5.5, see Figure 3b) are in line with data reported for other strongly sorbing metal ions, mostly M3+ and M4+. As initially speculated by Wieland and Van Loon (2003) [18] and extensively discussed in Çevirim-Papaioannou et al. (2021) [33], the similarities in the uptake behavior of Be(II) and apparently very different elements such as Zn(II), Eu(III), Th(IV), or Pu(IV) can be qualitatively explained by the large ratio z/d that they all have(z/d ≥ 1). For several of these systems, spectroscopic evidence supports the incorporation of the metal ion in the interlayer of the C-S-H structure [39,44,45]. In the case of lanthanides, EXAFS and XRD confirmed the incorporation of Nd(III) into the CaO-layer of C-S-H [46]. This observation is rationalized by the similarities in the ionic radii of Nd3+ and Ca2+, i.e., rNd3+ = 0.98 Å and rCa2+ = 1.00 Å for CN = 6 [46]. Considering the large differences in the ionic radii of Be2+ and Ca2+ with CN = 6 (rBe2+ = 0.45 Å and rCa2+ = 1.00 Å), the incorporation of the former in the interlayer of C-S-H is envisaged as the most likely uptake mechanism.



Figure 3b shows similar log Rd values of Be(II) within the range of the S:L ratios investigated in this work (2–50 g⋅L−1). Wieland, Tits, and co-workers observed a decrease in log Rd for the uptake of Eu(III) and Th(IV) by HCP (deg. stage I) when increasing the S:L ratio from 0.01 to 25 g⋅L−1. The authors argued that although the effect seemed experimentally significant, the uncertainty associated with the experimental data prevented them from reaching a final conclusion [17]. In a recently published reference book, Ochs et al. gave credit to the effect described by the PSI team [16] but acknowledged that the mechanism behind this effect is not yet understood. This effect is not observed for Be(II) within the investigated S:L ratios, but its confirmation for other radionuclides or toxic elements could have important implications in repository systems where much higher S:L ratios apply.




4.4. Surface Complexation of Be(II) on C-S-H: Molecular Dynamics Study


The (001) surface is the most energetically stable cleavage plane in C-S-H and thus has an important role in Be(II) uptake by HCP. When Ca:Si is high, the surface is expected to be relatively homogeneous since the silicate layer is composed of dimers with deprotonated silanol groups [47]. Sorption sites for beryllium on the C-S-H (001) surface were identified and described in Çevirim-Papaioannou et al. [33]. It is also important to understand which surface complexes are the most characteristic. Therefore, the running coordination numbers were calculated from the radial distribution functions for individual Be(II) atoms that were close to the surface during the classical molecular dynamics (MD) simulation run. As a distance criterion (the maximum distance), 6 Å from the average position of the deprotonated surface oxygen atoms was chosen. The results are shown in Figure 4. In total, six surface beryllium complexes were identified: three for Be(OH)42− (Be1-Be3) and three for Be(OH)3− (Be4-Be6).



The abundance of charge-compensating Ca2+ ions creates multiple binding possibilities for anionic species, and the mediation role of Ca2+ in the adsorption of highly hydrolyzed metal ions on C-S-H has been already proposed and discussed [33,48]. As it can be seen from Figure 4, all of the observed surface complexes involve at least one Ca2+ cation coordinated with deprotonated silanol groups. For the complexes Be1 and Be2, Ca(OH)+ was present in the second coordination sphere, increasing the total number of hydroxyl groups to five. On average, Be(OH)42− ions coordinate three Ca2+ cations both as inner-sphere (Be1 and Be2) and outer-sphere (Be3) complexes, while Be(OH)3− ions mostly coordinate 1–2 Ca2+. It is apparent that the more surface Ca2+ ions that are involved in the complexation, the stronger and closer to the surface Be(II) binding is. The results support our previous experimental and modeling insights well and provide defined target surface species for further free energy of adsorption calculations. These calculations as well as the mechanisms and energetics of beryllium binding on the edge surfaces and in the interlayer of C-S-H will be reported in a separate publication by Androniuk et al. that is presently under preparation.





5. Conclusions


This work represents the first experimental study systematically investigating the uptake of Be(II) by HCP in degradation stage I. This study complements and further extends the previous work by Çevirim-Papaioannou et al. (2021) [33] on the uptake of Be(II) by the C-S-H phases and HCP in degradation stage II.



A very strong sorption of Be(II) (with log Rd ≈ 5.5, Rd in L⋅kg−1) was observed in all of the investigated systems in spite of the anionic character of the Be(II) hydrolysis species prevailing in the pore water. Very similar observations have been reported for the update of Be(II) by C-S-H, unequivocally supporting that this component is the main sink of beryllium in cementitious materials. The results obtained for the uptake of Be(II) by HCP are also in line with data reported for other strongly sorbing elements, e.g., lanthanides, actinides, or other highly charged metal ions. These similarities are qualitatively explained on the basis of the high charge-to-size ratio shared by these metal ions, i.e., z/d ≥ 1.



Sorption kinetics show a two-step behavior, which can be interpreted by a fast surface complexation process (t < 4 days) followed by the slower incorporation of Be(II) in the C-S-H structure (t ≥ 60 days). A similar uptake sequence has been proposed for other strongly sorbing metal ions such as Zn(II) or An(IV). Additionally, the results of MD simulations confirm that beryllium forms very stable surface complexes on C-S-H and that the number of the coordinated surface Ca2+ ions increases the stability and strength of Be(II) binding.



In agreement with our previous study on other cementitious materials [33], the distribution coefficients determined in this work confirm very low Be(II) concentrations in the cement pore water, even in hyperalkaline systems (degradation stage I) characterized by higher beryllium solubility. This experimental study thus fills a relevant knowledge gap affecting the retention/mobilization processes of beryllium in cementitious environments.
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Figure 1. (a) Solubility and (b) fraction diagrams of Be(II) within 10 ≤ pHm ≤ 14 calculated for the pore water composition of ACW using the chemical, thermodynamic, and activity models reported in [13]. 
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Figure 2. Kinetics of the Be(II) uptake by HCP in degradation stage I with [Be]0 = 3 × 10−4 and S/L = 2 and 10 g⋅L−1. Sorption kinetics expressed in terms of log Rd values (left Y-axis, with Rd expressed in L⋅kg−1) and Be(II) concentrations (right Y-axis) as a function of time. Grey region defines the solubility limit of α-Be(OH)2(cr) in ACW. 
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Figure 3. (a) Sorption isotherms of Be(II) taken up by HCP in degradation stage I with S/L = 2–50 g⋅L−1. Grey regions correspond to the solubility limit of α-Be(OH)2(cr) calculated for ACW using thermodynamic data reported in [13]. (b) Values of log Rd calculated for the uptake of Be(II) by HCP in degradation stage I with S/L = 2–50 g⋅L−1. Dashed line corresponds to log Rd,max, the highest log Rd that can be determined at each S:L ratio on the basis of the detection limit of Be(II). 
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Figure 4. Running coordination numbers for Be-X atom pairs for selected Be atoms. Snapshots of the corresponding Be2 and Be4 surface complexes (water molecules omitted for clarity). Ow and OOH- correspond to the oxygen atoms in water and hydroxyl-groups, respectively. 
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Table 1. Aqueous composition (pH, [Na], [K], [Ca], [Si]) of the pore water in contact with HCP (deg. stage I) before and after equilibration with beryllium. Related uncertainties are ± 0.10 for pH measurements and ± 2–30% for the measured concentrations.
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[Be]0 [M]

	
pH

	
Na [M]

	
K [M]

	
Ca [M]

	
[Si] [M]






	
ACW recipe

	

	
13.06

	
0.028

	
0.083

	
9.0 × 10−4

	
8 × 10−4




	
ACW contacted with HCP

Absence of Be(II); S/L = 2 g⋅L−1

	

	
13.10

	
0.032

	
0.076

	
3.7 × 10−3

	




	
ACW contacted with HCP

Presence of Be(II); S/L = 2 g⋅L−1

	
1 × 10−6 M

	
13.10

	
0.034

	
0.076

	
3.8 × 10−3

	




	
3 × 10−6 M

	
13.04

	
0.032

	
0.080

	
4.0 × 10−3

	




	
1 × 10−5 M

	
13.09

	
0.031

	
0.075

	
3.4 × 10−3

	




	
3 × 10−5 M

	
13.14

	
0.029

	
0.078

	
3.4 × 10−3

	




	
1 × 10−4 M

	
13.04

	
0.033

	
0.079

	
3.8 × 10−3

	




	
3 × 10−4 M

	
13.03

	
0.032

	
0.081

	
3.7 × 10−3

	




	
1 × 10−3 M

	
13.02

	
0.032

	
0.077

	
3.5 × 10−3

	




	
3 × 10−3 M

	
12.98

	
0.032

	
0.079

	
2.0 × 10−3

	




	
0.03 M

	
12.85

	
0.032

	
0.070

	
1.5 × 10−3

	




	
ACW contacted with HCP

Presence of Be(II); S/L = 10 g⋅L−1

	
1 × 10−6 M

	
13.05

	
0.031

	
0.082

	
4.0 × 10−3

	




	
3 × 10−6 M

	
13.09

	
0.036

	
0.088

	
4.2 × 10−3

	




	
1 × 10−5 M

	
13.07

	
0.029

	
0.076

	
3.7 × 10−3

	




	
3 × 10−5 M

	
13.06

	
0.031

	
0.082

	
4.0 × 10−3

	




	
1 × 10−4 M

	
13.08

	
0.032

	
0.084

	
4.0 × 10−3

	




	
3 × 10−4 M

	
13.05

	
0.032

	
0.084

	
3.9 × 10−3

	




	
1 × 10−3 M

	
13.02

	
0.033

	
0.081

	
4.0 × 10−3

	




	
0.03 M

	
13.01

	
0.032

	
0.082

	
4.3 × 10−3

	




	
ACW contacted with HCP

Presence of Be(II); S/L = 20 g⋅L−1

	
3 × 10−5 M

	
13.07

	
0.032

	
0.079

	
4.1 × 10−3

	




	
1 × 10−4 M

	
13.08

	
0.035

	
0.087

	
4.6 × 10−3

	




	
3 × 10−4 M

	
13.09

	
0.034

	
0.083

	
4.3 × 10−3

	




	
1 × 10−3 M

	
13.10

	
0.035

	
0.078

	
4.3 × 10−3

	




	
3 × 10−3 M

	
12.97

	
0.028

	
0.075

	
5.6 × 10−3

	




	
0.03 M

	
12.96

	
0.032

	
0.083

	
4.1 × 10−3

	




	
ACW contacted with HCP

Presence of Be(II); S/L = 50 g⋅L−1

	
3 × 10−5 M

	
13.07

	
0.034

	
0.086

	
4.6 × 10−3

	




	
1 × 10−4 M

	
13.10

	
0.032

	
0.088

	
4.7 × 10−3

	




	
3 × 10−4 M

	
13.06

	
0.030

	
0.084

	
4.4 × 10−3

	




	
1 × 10−3 M

	
13.05

	
0.030

	
0.084

	
4.4 × 10−3

	




	
3 × 10−3 M

	
13.05

	
0.027

	
0.084

	
4.0 × 10−3

	




	
0.03 M

	
12.96

	
0.029

	
0.078

	
5.1 × 10−3
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