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Abstract

:

The interaction of the actinides Pu(III), Am(III), Np(V), Np(VI), and U(VI) with hardened cement paste (HCP) prepared from ordinary Portland cement was investigated by batch experiments in a diluted caprock solution (I = 2.5 M) as a function of the solid-to-liquid (S/L) ratio (0.5–20.0 g L−1) and pH (10–13). Independent of the oxidation state of the actinides, strong sorption was observed with Rd values between 104 and 5 × 105 L kg−1. For the hexavalent actinides U(VI) and Np(VI), a decrease in sorption was observed with increasing pH, which could be due to the formation of the AnO2(OH)42− species. CE-ICP-MS measurements of the supernatant solution from the U(VI) batch sorption experiment at pH ≥ 10 indicate that UO2(OH)3− and UO2(OH)42− dominate the speciation. Pu LIII-edge XANES and EXAFS measurements showed oxidation of Pu(III) to Pu(IV) when interacting with HCP. Calcium silicate hydrate (C-S-H) phases effectively immobilize Pu(IV) by incorporating it into the CaO layer. This was observed in a C-S-H sample with C/S = 1.65 and HCP at pH 12.7. Compared to data published in the literature on the retention of actinides on HCP at low ionic strength, the influence of high ionic strength (I = 2.5 M) on the sorption behavior was insignificant.
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1. Introduction


In many countries, a repository for high-level radioactive waste is to be constructed in a deep geological formation with several protective barriers. In Germany, possible host rocks for such a repository are clay rock, salt rock, or granite as natural barriers. Suitable clay formations can be found, for example, in Northern Germany, a region with pore and formation waters of medium and high ionic strength [1,2], which is well above 1 M and even up to 4 M at appropriate depths [3]. These values are significantly higher than in other clay formations (e.g., Switzerland, France, Belgium) considered as host rocks for nuclear waste repositories. In addition to the natural barrier of the host rock, the technical components of the repository also have an influence on the confinement of the emplaced radiotoxic waste. Cementitious materials are used widely as construction materials and engineered barriers in high-level waste (HLW) repositories and possess a high capacity for actinide retention [4,5,6]. Hydrated cement consists of different phases, such as portlandite, calcium aluminate/ferrite phases, and calcium silicate hydrate (C-S-H) phases, the latter having a mass fraction of 50–70% [4,7]. Actinides can be retarded by these phases due to their large surface area, microcrystalline structure with defect sites, and the presence of binding sites. The actinides can be adsorbed on the surface or incorporated into their structure, where the C-S-H phases play an important part in the sorption process of actinides (or radionuclides) on hardened cement paste (HCP) [8,9,10,11,12,13]. Potential contact with aqueous solutions, such as the inflowing saline groundwater, can lead to degradation of the cement, where the pH of the inflowing water increases. Furthermore, corrosion of the solid containers with the radioactive waste leads to the release of actinides into the near field of the emplacement spaces [14,15,16]. For the corresponding safety assessment, studies on the retention of actinides by cementitious materials with regard to the high ionic strength of the pore water and its alkalinity (pH 10–13) in a cementitious environment are essential. It is important to know to what extent the findings obtained for low ionic strengths also apply to the description of actinide retention at high ionic strengths. Of particular interest are actinides with long half-lives that have a high contribution to the radiotoxicity of the waste, such as 239Pu (t1/2 = 2.411 × 104 yr), as well as 238U (t1/2 = 4.468 × 109 yr), 237Np (t1/2 = 2.144 × 106 yr), and 241Am (t1/2 = 432.2 yr). Plutonium is very redox-sensitive and can occur in all oxidation states from +III to +VI in aqueous media. The low oxidation states +III and +IV are of particular interest due to reducing conditions in the repository, but the study of the higher oxidation states must also be included to gain a comprehensive insight into the chemical processes in a nuclear waste repository. The current literature contains mainly results of studies of actinide retention on cement at low ionic strength [14,17]. For tri-(Am(III)), tetra-(Th(IV), Np(IV)), and pentavalent (Np(V), Pu(V)) actinides, a strong sorption was reported with distribution ratios, Rd, between 105 L kg−1 and 107 L kg−1, as well as a fast (1–3 d) uptake kinetics. Also, for the hexavalent actinides (U(VI), Np(VI)), a strong sorption was observed with Rd values in the range of ~5 × 102 L kg−1–~3 × 106 L kg−1, but decreasing Rd values were observed with an increasing calcium-to-silicon (C/S) ratio of C–S–H phases in alkali-free conditions, as well as slower sorption kinetics onto cement pastes within ~30 d [17]. It was further observed that the hydrolysis of the actinides has a major influence on their retention in cementitious materials. The associated affinity of the different actinides for cement paste and C-S-H phases was explained by the concept of electrostatic inter-ligand repulsion [18]. In this concept, it is predicted that for each actinide in each oxidation state, the number of OH− groups in the first coordination sphere is limited [19]. The literature presents the following maximal number of hydroxyl groups for the investigated actinides: four (An(III)), four (An(IV)), two (An(V)), and four (An(VI)) [19]. Consequently, the actinide species An(III)(OH)4−, An(V)O2(OH)2−, and An(VI)(OH)42− are unable to form surface complexes with the silanol or silandiol groups of C-S-H phases. Therefore, these species are also described as non-sorbing species [18]. To our knowledge, there are only a few sorption investigations that have been performed at high ionic strength, e.g., on clay minerals, in the current literature. Stockmann et al. found no significant effect of ionic strength on the sorption of U(VI) onto montmorillonite [20].



In this work, the retention of Pu(III), Am(III), Np(V), Np(VI), and U(VI) on HCP prepared from ordinary Portland cement (OPC) was investigated by batch sorption experiments. The electrolyte was chosen to simulate the conditions expected for a nuclear waste repository in claystone formations of Northern Germany according to the “Standortmodell NORD” [1]. These pore waters are characterized by high salinity and an ionic strength of up to 2.5 M [1]. To identify the main processes involved in actinide retention and to obtain a molecular-level understanding, selected speciation measurements of the aqueous and solid phases were performed using CE-ICP-MS (capillary electrophoresis coupled to inductively coupled plasma mass spectrometry) and XANES/EXAFS spectroscopy (X-ray absorption near-edge structure/extended X-ray absorption fine-structure), respectively. The results obtained at 2.5 M ionic strength are compared with results at low ionic strength.




2. Materials and Methods


2.1. Materials


Experiments were performed in a glovebox under Ar atmosphere (Ar ≥ 99.99%, O2 < 0.1 ppm). Solutions were prepared in Milli-Q water (18.2 MΩ cm, SynergyTM Millipore water system, Millipore GmbH, Germany) previously degassed with Ar. All chemicals used were from p.a. (pro analysis) quality grade. As a background electrolyte, a diluted caprock solution (VGL, German acronym for Verdünnte Gipshutlösung) was chosen as a model solution for high saline pore water at the interface between clay and salt formations in Northern Germany [21]. It contains mainly 2.523 M NaCl (VWR Chemicals BDH Prolabo®, VWR Int., USA), 0.010 M CaCl2 (CaCl2 × 6H2O, Merck, Germany), 0.008 M Na2SO4 (Merck, Germany) and 0.005 M KCl (Merck, Germany) with a pH of 8.0. Furthermore, the preparation of HCP powder (particle size of Ø < 63 μm) as the solid phase was based on DIN EN 196–3 [22], which has been slightly modified. Briefly, Portland cement (PZ Doppel N CEM 1 42.5 N, Dyckerhoff, Germany) was mixed with Milli-Q water to achieve a water-to-cement ratio (w/c) of 0.5. The paste was used to fill cylindrical molds and hardened for 48 h before the blocks were demolded and further stored in Milli-Q water for at least 28 d. The obtained HCP was crushed with a vibrating disk mill and sieved to a particle size with a diameter of Ø < 63 μm. The HCP powder was characterized by XRF, XRD, XPS, N2-BET, and CEC measurements. A detailed description of these measurements and of the results can be found in the Supplementary Materials, Sections S1–S5.




2.2. Stock Solutions


A 1 × 10−5 M 239Pu(III) solution and a 6 × 10−6 M 241Am(III) solution, each in 1 M HClO4 (VWR Chemicals BDH, VWR Int., USA), were used for the Pu and Am sorption experiments, respectively. The preparation of these stock solutions is described in [23].



For sorption experiments with Np, 239Np was used as tracer in combination with a 6 × 10−4 M 237Np stock solution. The isotope 239Np was obtained by neutron irradiation of 238U (UO2(NO3)2 × 6 H2O diluted in Milli-Q water) at the research reactor TRIGA Mainz and separation of the 239Np from uranium and its fission products via anion exchange chromatography, as described in [24]. Hexavalent Np was prepared from the respective 237Np and 239Np stock solutions by fuming several times with 1 M HClO4 (not to complete dryness). This oxidation state was stabilized by the addition of aliquots of 2 M NaClO (VWR Chemicals BDH Prolabo®, VWR Int., USA) [25]. By adding NaNO2 to the Np(VI) solution after fuming with HClO4, Np(V) was obtained [24]. The stock solution of 4 × 10−5 M uranium was prepared by diluting an ICP-MS standard solution of 238U (Peak Performance, CPI International, USA) in 2% HNO3.




2.3. Batch Sorption Experiments


Batch sorption experiments were conducted to investigate the influence of various contact times and solid-to-liquid (S/L) ratios, as well as to comprehensively evaluate degradation stages I–III [14] of hardened cement paste (pH 10–13) and their impact on actinide immobilization. For all sorption samples, HCP powder was weighed into 40-mL polycarbonate centrifuge tubes (Beckman Coulter, USA) and filled with VGL (prepared from its chemicals dissolved in Milli-Q water as described in 2.1) to achieve the required S/L ratio. Samples were preconditioned by shaking in an end-over-end rotator (Stuart Rotator SB3, UK) for 72 h. During this time, the pH increased from 8.0 to ~12.2–12.8. Before the addition of the actinides to the HCP suspensions, the pH was adjusted for eight days until the desired pH (10–13) was stable. Adjustments of pH were made with freshly prepared solutions of NaOH (CO2-free; VWR Chemicals BDH Prolabo®, VWR Int., USA) and HCl (Fisher Scientific, UK) ranging from 0.01 M to 5 M. Subsequently, aliquots of the respective actinide stock solution were added to obtain the following initial concentrations: 1 × 10−8 M Am(III), 1 × 10−8 M Pu(III), 8 × 10−6 M and 1 × 10−8 M Np(V), 1 × 10−8 M Np(VI), and 1 × 10−6 M U(VI). The samples were again rotated in the end-over-end rotator for 72 h and afterward centrifuged for 15 min at 3770× g (SIGMA 3K30, SIGMA Laborzentrifugen GmbH, Germany) and ultracentrifuged for 1 h at 108,800× g (Avanti J30I, Beckman-Coulter, USA). Finally, the pH value was again measured in all samples immediately after centrifugation. The equilibrium concentrations of the analyte in the supernatant [An]eq [M] and the initial analyte concentration in the sample [An]0 [M] were determined as described in Section 2.4 and used to calculate the distribution ratio Rd [L kg−1] between the solid and liquid phases according to Equation (1), where V [L] is the sample volume and m [kg] is the total mass of the sorbent.


    R   d   =   V   m   ·         A n     0   −     A n     e q         A n     e q        



(1)







It should be noted that the phase composition of HCP changed during the course of the batch experiments. Due to contact with VGL, which is not in equilibrium with HCP pore fluid in stage I, HCP degraded to stage II, which is characterized by portlandite dissolution [14]. The C/S ratio of HCP powder before and after contact with VGL (S/L = 5 g L−1 for 72 h, final pH = 12.8) was determined by X-ray photoelectron spectroscopy (XPS) (see Supplementary Materials for details). The XPS data show that the C/S ratio decreased from 3.4 to 2.6 due to the degradation of hydrated cement in VGL solution. During the subsequent pH adjustments in the preconditioned suspensions and after addition of the actinide tracer solution, the cement phase might have degraded further. In the pH range of 10–12.5, degradation stage III is reached, which is controlled by soluble C-S-H phases [14]. The pH values of electrolytes in equilibrium with synthetic C-S-H phases with C/S of 1.65 and 0.8 were reported as 12.5 and 10, respectively [26].




2.4. Analytical Methods


To quantify the concentrations of 239Np and 241Am, γ-ray spectrometry was performed with an HPGe (GMX−13180-S, EG & G ORTEC, USA) coaxial γ-ray detector, Canberra InSpector 2000 (model IN2K, Canberra Industries, Inc., USA), in combination with the Genie 2000 Gamma acquisition and analysis software (Canberra Industries, Inc., USA). Calibration of the spectrometric system was carried out with a mixed radionuclide-γ-ray standard reference solution No: 7601 (Eckert und Ziegler, Germany). The resulting limits of detection (LOD) were 3 × 10−16 M for 239Np and 1 × 10−11 M for 241Am, respectively.



Inductively coupled plasma mass spectrometry (ICP-MS) was performed with a 7500ce Series ICP-MS (Agilent Technologies, USA) to quantify 238U, 237Np, and 239Pu. For ICP-MS measurements, aliquots of the samples were diluted in 2% HNO3 (VWR Chemicals BDH Prolabo®, VWR Int., USA), and 200 ppt 193Ir was added as internal standard. The LOD of ICP-MS measurements of 238U and 239Pu were 1 × 10−11 M and 2 × 10−10 M, respectively.



To determine the pH values, a pH meter (WTW ino Lab. pH Level 1, WTW GmbH, Germany) with a BlueLine 16 pH electrode (Schott Instruments GmbH, Germany) was used, calibrated with the certified commercial DIN buffers at pH 4.01, 6.87, and 9.18 (Schott Instruments GmbH, Germany). High pH values above this calibration range were checked with a certified DIN buffer at pH 13.00 (Hanna Instruments, USA), where the resulting pH value was 12.89, indicating an uncertainty of ΔpH = 0.11 by using this calibration. At high ionic strengths (I > 0.1 M), as in the VGL solution, the measured pH values must be corrected since deviations are caused by the activities of the ions in the electrolyte solution of the electrode and in the sample solution [27]. A correction parameter (A = 0.41) was empirically derived by using NaCl solutions with known H+ concentrations at different ionic strengths. This parameter was subsequently added to the experimentally measured pH (pHexp), resulting in the corrected pH (pHC), i.e.,     p H   c   =   p H   e x p   + A  . In the following, pH will be used as a representative for pHC.



Redox potentials were measured by connecting a redox electrode (BlueLine 31 RX, reference system: Ag/AgCl, Schott Instruments GmbH, Germany) to the pH meter, which was checked with standard solutions of known potential (+220, +470, and +640 mV; Schott Instruments GmbH, Germany). The Eh values reported here were converted to the standard hydrogen electrode (SHE) by adding 210 mV to the measured redox potential.




2.5. CE-ICP-MS Measurements


To determine the speciation of ~1 × 10−8 M U(VI) in the aqueous phase at pH values between 10 and 13, the electrophoretic mobility of U(VI) in the supernatant of the batch sorption experiments was measured by capillary electrophoresis (CE). This technique allows conclusions to be made regarding charge distribution and, thus, the complexation of uranium in solution. The CE (Agilent 7100, Agilent Technologies, USA) was coupled with the high sensitivity of ICP-MS (Agilent 7500ce, Agilent Technologies, USA) using a MiraMist CE nebulizer (Burgener Research, Canada), which led into a Scott-type spray chamber (AHF Analysentechnik, Germany). CE-ICP-MS experiments were performed as described in [28]. The high voltage U applied to the fused silica capillary (id. = 50 μm, l = 76 cm, Polymicro Technologies, USA) for the separation was set to 25 kV. To each sample, 2-bromopropane (Merck, Germany) was added as a marker for the electro-osmotic flow (EOF). To match the background electrolyte for CE as close as possible to that of the batch experiments, the electrolyte was prepared by contacting HCP (S/L = 10 g L−1) in VGL for at least one week. Due to the high salt content in this background electrolyte, it had to be diluted 1:100 in Milli-Q water for ICP-MS measurements. This resulted in an ionic strength of I ~ 0.025 M and a pH of 10.8. The sample (~16 nL) was introduced by hydrodynamic injection (100 mbar for 8 s) without prior dilution. The retention times in the electropherograms were obtained using MassHunter Workstation software (G7200B, Agilent Technologies, USA). The electrophoretic mobility µe of 238U was calculated from the retention times t and tEOF of the uranium species and the EOF, respectively, according to Equation (2).


    μ   e   =     l   2     U       1   t   −   1     t   E O F        



(2)








2.6. XAFS Measurements


To obtain information on the speciation of Pu after uptake by HCP, Pu LIII-edge X-ray absorption fine-structure (XAFS) spectroscopy was used. Two HCP samples were prepared by batch experiments following the procedure described in Section 2.3. For the spectroscopic measurements, the Pu uptake by HCP had to be increased by using a higher initial Pu concentration (5 × 10−6 M 239Pu(III)) and a lower S/L ratio (2.5 g L−1). The pH values of the HCP samples were 10.4, corresponding to aged cement (degradation stage III) and 12.7 for cement at stage II, respectively. Since C-S-H is the main constituent of HCP, one additional sample representative for cement degradation state II was prepared by contacting 5 × 10−6 M 239Pu(III) with a C-S-H (C/S = 1.65) suspension (S/L = 2.5 g L−1) at pH 12.5 under Ar atmosphere. The C-S-H phase was synthesized by the reaction of appropriate amounts of SiO2 (Aerosil 300, Evonik Industries AG, Germany) and CaO (ThermoFisher GmbH, Germany) in Milli-Q water for two weeks. For all samples, solid and liquid phases were separated by centrifugation, as described before. Afterward, the solids were dried under an Ar atmosphere at room temperature and placed as a homogenized powder into double-confinement oblong plastic holders transparent to X-rays. The samples were transported under a liquid nitrogen atmosphere to the European Synchrotron Radiation Facility (ESRF) in Grenoble (France). The Pu LIII-edge XAFS spectra were recorded at the Rossendorf Beamline (ROBL BM20) [29]. The ESRF storage ring was operated in 7/8 bunch mode. Samples were positioned in a closed-cycle He cryostat (CRYOVAC, Germany) and kept at 15 K during the entire measurement to prevent beam damage to the samples and to increase signal intensity. The tuneable synchrotron radiation beam was delivered by a Si(111) double-crystal monochromator (DCM). Two Rh-coated mirrors located before and after the DCM suppressed higher harmonic radiation. Multiple scans of Pu LIII-edge (18,057 eV) XAFS spectra were recorded in fluorescence mode using a 13-element Ge detector (Canberra, USA). For each scan, energy calibration was achieved by simultaneously recording the transmission spectrum of a Zr metal foil at the Zr K-edge (17,998 eV). The X-ray absorption near-edge structure (XANES) part of the XAFS spectrum was recorded with energy steps of 0.5 eV. The region of the extended X-ray absorption fine-structure (EXAFS) was recorded in k-space with 0.05 Å−1 steps and gradually increasing counting time (2–20 s).



To determine the Pu oxidation state in the samples, the XANES spectra were analyzed by two methods: (i) The energy of the Pu LIII-edge, defined as the first inflection point of the absorption spectrum, was determined from the zero-crossing of the second derivative of the XANES. (ii) The module ATHENA of the software package Demeter (version 0.9.25) [30] was used to analyze the Pu LIII-edge XANES spectra by least-squares fitting. After energy calibration, the averaged Pu LIII-edge XANES spectra were modeled using published reference spectra of Pu(III) [31] and Pu(IV) [32] to determine the fractions of these oxidation states in the samples.



The software packages EXAFSPAK [33] and FEFF9 (version 9.6) [34] were used to analyze the EXAFS data. To calculate FEFF scattering amplitudes and phases, a structural model based on density functional calculations of the sorption modes of U(IV) in the C-S-H phase was used [35], where U in the CaO layer of the C-S-H was substituted by Pu.




2.7. Speciation Calculations


The speciation of U, Np, Pu, and Am in VGL in the pH range 10–13 was calculated using PHREEQC [36] in combination with thermodynamic data of the ThermoChimie database 12a, version 7 August 2023 [37]. The high ionic strength of VGL was taken into account by using the specific ion interaction theory (SIT) as implemented in ThermoChimie. Since Si can be released into VGL due to HCP degradation, the influence of Si on the actinide speciation was considered by adding 4 × 10−3 M Si to the composition of VGL, as provided in Section 2.1. It should be noted that VGL (pH = 8.0) contains 0.01 M Ca2+. Therefore, the possible formation of ternary actinide complexes with Ca2+ was also included in the speciation calculations based on the available thermodynamic data.





3. Results and Discussion


3.1. Batch Sorption Experiments


Sorption kinetics were studied using 1 × 10−6 M U(VI) and a S/L ratio of 1.0 g L−1 in VGL at pH 11.9. The experiments were performed over a period of 5 min to 28 d. As shown in Figure 1a, the Rd values increased from 3 × 103 L kg−1 at 5 min contact time to 6 × 104 L kg−1 at 24 h, after which the uptake remained > 99%. Note that the sorption equilibrium was reached after only three days of contact. Results from the literature for C-S-H phases (C/S = 1.65, pH = 11.4–12.5) at low ionic strength are about one order of magnitude higher, with Rd values between 5 × 104 and 5 × 105 L kg−1 [17]. It has been further described that the sorption proceeds in two steps [17]. After a very rapid initial uptake during about one day, Rd values continue to increase slightly until equilibrium is reached after about 30 days. For the C-S-H phases, the sorption kinetics is relatively fast, and a steady state is reached within about three days [17]. A similar observation was also made in previous studies of U(VI) uptake onto degraded cement pastes and C-S-H phases by Pointeau et al., which suggest that the initial uptake mechanism includes a surface sorption process, followed by a slow incorporation into the structure [38]. In addition, the literature reports that the sorption kinetics of U(VI) is very similar to that of pentavalent actinides but different from that of tri- and tetravalent actinides [17]. For the latter actinides, equilibrium was achieved within one day without a second slow sorption step [17]. Therefore, a contact time of three days was chosen for further experiments in this study.



The sorption of Am(III), Np(V), Np(VI), and U(VI) was studied at different S/L ratios from 0.5 to 15 g L−1. In all cases, the actinide uptake exceeded 85% (see Figure 1b). In this experiment, a quantitative uptake of Am(III) by HCP was observed, even at a low S/L ratio of 0.5 g L−1. Furthermore, both the pentavalent and hexavalent actinides show a similar sorption behavior after a contact time of three days.



In the sorption experiments at different pH values, an S/L ratio of 5.0 g L−1 was used for Pu(III), Am(III), and Np(V) and 1.0 g L−1 for U(VI), Np(VI), respectively. As can be seen in Figure 2a, pH has no effect on the uptake of Pu(III), Am(III), and Np(V). Independent of the actinide and its oxidation state, a high uptake of 99%, corresponding to Rd values in the range between 1 × 104 and 2 × 105 L kg−1, was observed. Note that for the experimental conditions of the batch experiments, the following upper limits for the determination of sorption values apply: Trivalent actinides—Rd,max = 2 × 104 L kg−1; Np(V)—Rd,max = 2 × 106 L kg−1).



A significant influence of pH on the uptake of the hexavalent actinides, especially at high pH values, was observed (Figure 2b). A steady decrease in Rd values at pH ≥ 11 from 1 × 105 to 1 × 103 L kg−1 (U(VI)—Rd,max = 5 × 106 L kg−1; Np(VI)—Rd,max = 1 × 107 L kg−1) is observed for both U(VI) and Np(VI), respectively. This observation at high ionic strength agrees well with the observations from the literature at low ionic strength [17].



The distribution coefficients for Am(III) (Rd(av) = 2 × 105 L kg−1) determined in this study confirm the data known from the literature for the uptake of Am(III) by HCP at different degradation levels in the pH range 10–12 with Rd values between 2 × 104 L kg−1 and 2 × 105 L kg−1 [39]. Strong sorption of Am(III) on HCP at pH values of 12.5 and 13.3 was reported by Tits and Wieland, with Rd values between 105 and 106 L kg−1 [17]. Speciation calculations show that the dihydroxy species Am(OH)2+ dominates in the pH range between 10 and 11, and the trihydroxy species Am(OH)3(aq) dominates above pH 11 [36,37], as well as in calculations at high ionic strength. The theory of electrostatic inter-ligand repulsion predicts that the limited number (nlimit) of OH− groups that fit into the first coordination sphere of trivalent actinides is four and that the formation constants for adding a third or fourth OH− group into the first coordination sphere of the metal cation are similar [19]. This implies that the sorption of aquatic dihydroxy and trihydroxy Am(III) species is similar, agreeing with the observations shown in Figure 2a. The sorption of Am(III) on HCP at pH 10–13 is the same in all samples. For the redox-sensitive species Pu(III), values of Rd (av = 1 × 104 L kg−1 were determined, which are about one order of magnitude lower than those for Am(III). However, the redox sensitivity of Pu required further considerations, so Eh and pH measurements of the supernatant solutions were performed. The Eh values obtained indicate that Pu(III) should be oxidized to Pu(IV) during the batch sorption experiment at pH 10–13, as can be seen in the predominance diagram in Figure 3a. This observation is discussed further in the following section using XAFS spectroscopy of Pu uptake on HCP.



The Rd values determined for Np(V) are shown in Figure 2a. Between pH 10 and pH 13, the Rd values range between 1 × 105 L kg−1 and 4 × 105 L kg−1. The measured Eh-pH values (red dots in Figure 3b) and the thermodynamic calculations indicate that the redox state of Np in VGL changed from Np(V) to Np(IV) with increasing pH, i.e., from NpO2+ at pH 10–11 to Np(OH)4(aq) at pH ≥ 11.5 (Figure 3b). However, the Np uptake by HCP does not seem to be affected by this change in speciation (Figure 2a). This agrees with the observation that the sorption of both Np(IV) and Np(V) on cementitious phases is very strong, with Rd values ranging from 105 L kg−1 to 107 L kg−1 [17]. To confirm the uptake of Np(IV) by HCP, XAFS measurements should be performed in the future.



The sorption of U(VI) and Np(VI) on HCP in VGL was also studied in the pH range 10–13 (Figure 2b). A pronounced effect of pH on actinide uptake by HCP can be seen for U(VI) and Np(VI), where the Rd values decrease in the pH range 11–13 by more than one order of magnitude (Figure 2b). For the discussion of these results, the speciation of both actinides should be considered.



Due to the addition of 5 × 10−3 M NaClO to the HCP suspensions, the measured Eh and pH values (black dots in Figure 3b) were outside the stability range of water, and the hexavalent Np oxidation state was stabilized in the pH range 10–13. This agrees with similar experiments performed by Gaona et al. [25].



In the case of uranium, the measured Eh and pH values (dots in Figure 4a) are in the stability field of U(VI). The dominating species are UO2(OH)3− and UO2(OH)42− with nearly equal contributions at pH 12 (Figure 4a,b). The calculated speciation could be confirmed by CE-ICP-MS measurements. In Figure 4b, the measured electrophoretic mobilities µeff of U(VI) for the batch samples in the pH range 10–13 are shown and compared with the average ionic charge derived from the calculated speciation of U(VI) [36,37]. The measured mobilities of U(VI) follow the trend of the average charge of all U(VI) species (Figure 4b). For example, at pH 13, the average ionic charge is approx. −1.95 since UO2(OH)42− is the dominating species at this pH. Consequently, the largest negative electrophoretic mobility of approx. −5.6 × 10−4 cm2(Vs)−1 was measured in the corresponding supernatant.



Several studies for the sorption of hexavalent actinides, especially U(VI) on cementitious phases, have been performed in the past. The Rd values for U(VI) sorption on different cement types in different degradation stages are relatively independent of salinity, pH, stage of degradation, and temperature and range from ~2 × 103 L kg−1 to 104 L kg−1 [14,38,40]. In addition, the same effect observed in this study at high ionic strength was also observed in studies of U(VI) and Np(VI) on C-S-H phases at low ionic strength [17,18]. A decreasing Rd value with increasing pH is largely explained in the literature by hydrolysis effects, assuming that the species NpO2(OH)42− and UO2(OH)42− are non-sorbing species [18] (see Section 1). However, the observed sorption behavior could also be rationalized by the increase of electrostatic repulsion between the negatively charged U(VI)/Np(VI) species and the negative surface charge of HCP. Only for U(VI) and Np(VI) are species with a high negative charge formed by hydrolysis. For the other actinide oxidation states III–V, the hydrolysis species are positively charged or neutral (see Figure 3a,b). Therefore, the electrostatic repulsion from surface functional groups is less, and the sorption does not decrease with pH.




3.2. XAFS Measurements


Based on the Eh-pH measurements of the supernatant solution in the batch sorption experiments with Pu(III) (Figure 3a), its oxidation to Pu(IV) was expected. The Pu LIII-edge XANES was analyzed to obtain the Pu oxidation state after uptake from 5 × 10−6 M Pu(III) solution by HCP (S/L = 2.5 g/L, S% = 99%) in VGL at pH 10.4 and 12.7. In Table 1, the energies of the absorption edge for the samples and of reference spectra of Pu(III)(aq) and Pu(IV)(aq) are summarized [41]. The corresponding Pu LIII-edge XANES spectra are shown in Figure S3. Both the Pu LIII-edge energies and the least-squares fits (Figure S3) show the presence of Pu(IV) as the dominant species, indicating that the initial Pu(III) was oxidized to Pu(IV) during the uptake of HCP. The same results were observed for the uptake of Pu by C-S-H with C/S = 1.65 at pH 12.5 (Table 1) and previously also for C-S-H with C/S = 0.8 at pH 10 [42].



In addition, Pu LIII-edge k3-weighted EXAFS was analyzed to obtain structural and chemical information about the plutonium coordination environment after the uptake on HCP, including the identities and coordination numbers of the neighboring atoms and the bond distances to them. The EXAFS modeling was performed in k-space (2.1–10.9 Å−1) without a window function. The maximum number of independent fit parameters was ten. Figure 5 shows the Pu LIII-edge k3-weighted EXAFS spectra with applied fit and the corresponding Fourier transform magnitudes. Note a monochromator-induced glitch in the EXAFS data at k = 7.8 Å−1. In Table 2, the structural parameters are summarized. The raw EXAFS data could be best modeled with two coordination shells for the samples HCP/Pu/VGL (pH 10.4) and with three coordination shells for the samples of HCP/Pu/VGL (pH 12.7) and C-S-H (C/S 1.65)/Pu/Milli-Q (pH = 12.5). A Pu-Pu interaction indicative of polynuclear Pu species or precipitates was not observed in any sample. In all samples, the Pu-O distance ranges from 2.24 to 2.27 Å, indicating the tetravalent oxidation state of Pu, as reported previously [43]. This result agrees with the interpretation of the corresponding XANES analysis mentioned above. The sample of HCP/Pu/VGL at pH 12.7 could be modeled with two silicon atoms at 3.13 Å and four calcium atoms with an average Pu-Ca distance of 4.19 Å. This result fits well with the reference sample C-S-H (C/S 1.65)/Pu/Milli-Q (pH = 12.5) modeled with one silicon atom at 3.13 Å and five calcium atoms with an average distance of 4.17 Å. It is also consistent with the literature describing the incorporation of Pu(IV) into the CaO layer of the C-S-H phases by two Si atoms at 3.15 Å, five Si atoms at a larger distance of 3.54 Å, and six Ca atoms with 4.12 Å [42]. The observed Si and Ca coordination numbers of the samples HCP/Pu/VGL (pH 12.7) and C-S-H (C/S 1.65)/Pu/Milli-Q (pH = 12.5) agree well with the structural parameters obtained by density functional calculations for the incorporation of U(IV) into the CaO layer [35]. Furthermore, Gaona et al. [11] describe the uptake mechanism as the incorporation of Np(IV) into C-S-H phases based on the observed short distances for the Np-Si shell in combination with high coordination numbers of Si and Ca shells. The evaluation of the EXAFS measurements and the agreement of the spectra for HCP (pH = 12.7) with the spectra of the C-S-H phases also demonstrate that the C-S-H phase is the primary sorption phase of hardened cement paste, independent of ionic strength.



A considerable deviation was observed for sample HCP/Pu/VGL at pH 10.4, as no Pu-Si interaction could be modeled. In addition to the Pu-O shell, a Pu-Ca shell with two calcium atoms with an average Pu-Ca distance of 3.41 Å had to be included in the fit. An incorporation into the intermediate layers of the C-S-H phases, as observed for the other samples, seems unlikely here. This observation should be confirmed by additional EXAFS measurements.





4. Conclusions


The main objective of this work was the investigation of the influence of diluted caprock solution (VGL, I = 2.5 M) on the retention of actinides by HCP in degradation stages II and III. It was observed that actinides in oxidation states III–VI strongly interact with HCP in the pH range of 10–12.5. The corresponding Rd values determined after a contact time of three days range from 1 × 104–5 × 105 L kg−1. This corresponds to an actinide retention of ≥99%. This general observation agrees with published results obtained at lower ionic strengths in the range of 0.1 M. Regarding the safety analysis of a nuclear waste repository, one can conclude that the kinetics and the degree of actinide uptake by HCP are not significantly dependent on ionic strength of the cement pore water. For the specific situation of a future nuclear waste repository in Northern Germany with an argillaceous host rock, sorption data obtained at low ionic strengths might be used as an estimate for missing data for high ionic strength.



For plutonium, which determines the long-term radiotoxicity of the nuclear waste, XAFS measurements indicate that the incorporation of Pu(IV) into the C-S-H phase is the main retention mechanism of HCP at pH 12.5. The result obtained for degradation stage II of HCP should also be verified for stage III at pH < 12.5.
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Figure 1. (a) Distribution coefficients Rd for the sorption of U(VI) on HCP in VGL for S/L = 1.0 g L−1 and pH = 11.9 after contact times of 5 min to 28 d and (b) for the sorption of Am(III), Np(V), Np(VI), and U(VI) on HCP in VGL for S/L ratios between 0.5 and 15.0 g L−1 at pH ~10 after three days of contact. A calculated actinide uptake of 99% is represented by the dashed line. 
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Figure 2. Distribution coefficients Rd for the sorption of (a) Pu(III), Am(III), and Np(V) at S/L = 5 g L−1 and (b) of U(VI) and Np(VI) at S/L = 1 g L−1 on HCP in VGL. A calculated actinide uptake of 99% is represented by the dashed line. 






Figure 2. Distribution coefficients Rd for the sorption of (a) Pu(III), Am(III), and Np(V) at S/L = 5 g L−1 and (b) of U(VI) and Np(VI) at S/L = 1 g L−1 on HCP in VGL. A calculated actinide uptake of 99% is represented by the dashed line.



[image: Minerals 13 01380 g002]







[image: Minerals 13 01380 g003] 





Figure 3. (a) Predominance diagram for 1 × 10−8 M Pu in VGL. The dots mark the measured Eh and pH values of the batch sorption samples (black dots) and of EXAFS samples (white dots). (b) Predominance diagram for 1 × 10−8 M Np in VGL. The dots mark the measured Eh and pH values of the batch sorption samples of Np(V) (red dots) and Np(VI) (black dots) in presence of 5 × 10−3 M NaClO. (Graphic generated by PhreePlot (version 1.0) using PHREEQC [36] and the ThermoChimie database 12a, 2023 [37]). 
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Figure 4. (a) Predominance diagrams for 1 × 10−6 M U in VGL. The dots mark the measured Eh and pH values of the batch sorption samples. (Graphic generated by PhreePlot (version 1.0) using PHREEQC [36] and the ThermoChimie database 12a, 2023 [37]). (b) Measured effective electrophoretic mobilities μeff of 238U (black points) in the supernatant of the U(VI) batch samples. The calculated speciation of U(VI) (colored lines) was used to derive the average ionic charge of uranium complexes in dependence on pH (dotted grey line). 






Figure 4. (a) Predominance diagrams for 1 × 10−6 M U in VGL. The dots mark the measured Eh and pH values of the batch sorption samples. (Graphic generated by PhreePlot (version 1.0) using PHREEQC [36] and the ThermoChimie database 12a, 2023 [37]). (b) Measured effective electrophoretic mobilities μeff of 238U (black points) in the supernatant of the U(VI) batch samples. The calculated speciation of U(VI) (colored lines) was used to derive the average ionic charge of uranium complexes in dependence on pH (dotted grey line).



[image: Minerals 13 01380 g004]







[image: Minerals 13 01380 g005] 





Figure 5. Pu LIII-edge k3-weighted EXAFS spectra (left) of Pu uptake on HCP and on C-S-H phases (C/S = 1.65) and the corresponding Fourier transform magnitudes (right). Black line: experimental; red line: best model. 
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Table 1. Pu LIII-edge energies derived from the inflection points of the XANES spectra of the studied samples in comparison to that of the Pu(III)(aq) and Pu(IV)(aq) aquo ions [41].
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	Sample
	Energy/eV





	HCP/Pu/VGL (pH 10.4)
	18,062.0



	HCP/Pu/VGL (pH 12.7)
	18,062.1



	C-S-H (C/S 1.65)/Pu/Milli-Q (pH 12.5)
	18,062.0



	Pu(III)(aq)
	18,060.0



	Pu(IV)(aq)
	18,063.2










 





Table 2. Structural parameters of Pu of the measured samples determined by Pu LIII-edge EXAFS spectroscopy with N—coordination number; R—distance; and σ2—Debye–Waller factor (S02 = 0.9) and data from the literature for C-S-H with C/S = 0.8 [42]. * Linked to the Pu-O shell during the fit.
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	Sample
	Shell
	N
	R/Å
	σ2/Å2





	HCP/Pu/VGL (pH 10.4)
	Pu-O
	6.0 (± 0.2)
	2.24 (± 0.01)
	0.011 (±0.001)



	(norm. error = 0.2,

ΔE0 = 0.46 eV)
	Pu-Ca
	2.1 (± 0.4)
	3.41 (± 0.01)
	0.008 (±0.002)



	HCP/Pu/VGL (pH 12.7)
	Pu-O
	7.4 (± 0.4)
	2.27 (± 0.01)
	0.011 (±0.001)



	(norm. error = 0.4,

ΔE0 = 2.11 eV)
	Pu-Si
	1.7 (± 0.5)
	3.13 (± 0.01)
	0.008 (±0.003)



	 
	Pu-Ca
	4.2 (± 1.3)
	4.19 (± 0.01)
	0.009 (±0.003)



	C-S-H (C/S 1.65)/Pu/Milli-Q (pH = 12.5)
	Pu-O
	6.0 (± 0.3)
	2.27 (± 0.01)
	0.008 (±0.001)



	(norm. error = 0.3,

ΔE0 = 1.31 eV)
	Pu-Si
	1.2 (± 0.4)
	3.13 (± 0.01)
	0.006 (±0.002)



	 
	Pu-Ca
	5.0 (± 1.3)
	4.17 (± 0.01)
	0.011 (±0.002)



	C-S-H (C/S 0.8)/Pu/Milli-Q (pH = 10)
	Pu-O
	6.8 ± 0.3
	2.25 (± 0.02)
	0.0119 (± 0.0004)



	(norm. error = 0.9,

ΔE0 = 0.26 eV)
	Pu-Si1
	2.0 ± 0.3
	3.15 (± 0.02)
	0.0119 *



	 
	Pu-Si2
	4.6 ± 0.5
	3.54 (± 0.02)
	0.0119 *



	 
	Pu-Ca
	6.3 ± 1.0
	4.12 (± 0.02)
	0.0179 *
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