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Abstract

:

Adsorption reactions on mineral surfaces are influenced by the overall concentration of the adsorbing metal cation. Different site types (strong vs. weak ones) are often included to describe the complexation reactions in the various concentration regimes. More specifically, strong sites are presumed to retain metal ions at low sorbate concentrations, while weak sites contribute to metal ion retention when the sorbate concentration increases. The involvement of different sites in the sorption reaction may, thereby, also be influenced by competing cations, which increase the overall metal ion concentration in the system. To date, very little is known about the complex structures and metal ion speciation in these hypothetical strong- and weak-site regimes, especially in competing scenarios. In the present study, we have investigated the uptake of the actinide americium on corundum (α–Al2O3) in the absence and presence of yttrium as competing metal by combining extended X-ray absorption fine structure spectroscopy (EXAFS) with density functional theory (DFT) calculations. Isotherm studies using the radioactive 152Eu tracer were used to identify the sorption regimes where strong sites and weak sites contribute to the sorption reaction. The overall americium concentration, as well as the presence of yttrium could be seen to influence both the amount of americium uptake by corundum, but also the speciation at the surface. More specifically, increasing the Am3+ or Y3+ concentrations from the strong site to the weak site concentration regimes in the mineral suspensions resulted in a decrease in the overall Am–O coordination number from nine to eight, with a subsequent shortening of the average Am–O bond length. DFT calculations suggest a reduction of the surface coordination with increasing metal–ion loading, postulating the formation of tetradentate and tridentate Am3+ complexes at low and high surface coverages, respectively.
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1. Introduction


The adsorption and speciation of several trivalent metal ions belonging to the 4f (lanthanides) and 5f (actinides) elements on various homogenous and heterogeneous solid surfaces have been extensively studied in recent years. Lanthanide sorption reactions are often explored for recovery reasons, as this group of elements constitutes valuable raw materials for a broad range of applications [1,2,3,4,5]. Together with the actinides, lanthanides are also used in uptake studies related to the remediation of anthropogenically contaminated sites or in the context of spent nuclear fuel disposal safety [6,7,8,9,10,11,12,13,14,15,16]. When assessing the extent of sorption of these metal ions on immobile solid surfaces, sorption distribution coefficients (Kd or Rd values) are often used [17,18,19]. These coefficients are then further applied in various reactive transport models to predict the fate of released f elements in our (sub)surface environments. The drawback of these Kd values is that they are often determined under very simplified experimental conditions, and they do not take into account surface heterogeneities, which may influence the speciation of the trivalent metal ion at the interface [20,21,22]. They are, further, only valid at the applied experimental conditions and, thereby, do not allow for extrapolation of the metal ion sorption behavior in differing chemical environments. In the presence of other dissolved ionic or molecular species in solution, competing reactions for available surface sites on the solid surface may take place, which can further influence the extent of adsorption (or the apparent Kd value) of the trivalent metal cation.



Even in the case of simple oxides, such as Al2O3, Fe2O3, MnO2, or TiO2, which do not have an interlayer space for cation attachment or a permanent negative charge allowing for cation exchange reactions, sorption investigations have shown that the presence of different surface planes or different surface sites may influence the speciation of the metal ion at the oxide interface [6,23,24,25,26,27,28,29,30,31]. As an example, Den Auwer et al. (2003) [31] investigated the sorption of uranyl on different surface planes of rutile (TiO2) as well as on polycrystalline powder. The (110) surface was shown to be more reactive than the (001) surface and comparable to the rutile powder sample. The uranyl sorption on the two different surface planes was shown to occur via inner-sphere or outer-sphere complexation on the (110) and (001) surfaces, respectively. Somewhat differing results were obtained by Rabung et al. (2004) [6], investigating the uptake and speciation of Cm3+ on various crystal planes of sapphire (corundum single crystals). Here, the (001) surface was shown to have the largest reactivity towards the trivalent actinide in comparison to the other investigated surface planes. This surface also showed Cm3+ speciation, determined via luminescence spectroscopy, with the closest resemblance to the actinide speciation encountered on polycrystalline aluminum oxide powders (γ–Al2O3 or α–Al2O3 powder). Other surface planes showed a bathochromic shift of the luminescence emission spectra, implying that the sorption reaction at these single crystal interfaces is accompanied by a speciation change. As a bathochromic shift is indicative of a stronger ligand field, the speciation change was attributed to higher coordination or denticity on these corundum surface planes in comparison to the (001) surface.



Whether similar changes with respect to sorption on different oxide mineral surface planes and associated changes in the actinide coordination environment take place with increasing metal ion concentration and gradual saturation of available surface groups at the interface is hitherto not well understood. Polycrystalline oxide surfaces are often described with at least two different hypothetical surface sites, so-called strong sites with low sorption capacity but high affinity (consequently being responsible for adsorption of metal cations at low concentrations) and weak sites of low affinity but high capacity (contributing to sorption at higher overall metal ion concentrations). Especially various surface complexation models include these site types to describe the trivalent metal ion sorption reactions [23,25,26,27,30], while direct spectroscopic evidence of the existence of such sites is rather scarce [24,28]. In fact, these spectroscopic studies have shown that several metal ion complex configurations may coexist at an oxide mineral surface, but they have not directly linked these to the presence of such strong vs. weak site types at the solid/solution interface. To the best of our knowledge, such direct evidence for metal ion sorption on various site types has only been shown spectroscopically for trivalent metal ion adsorption on the clay mineral montmorillonite [32]. Here, the authors identified the concentration regimes in Eu3+ isotherm experiments where strong vs. weak sites are active. In extended X-ray absorption fine structure spectroscopic (EXAFS) investigations at the Am LIII edge, Am3+ was shown to form strong inner-sphere complexes through binding to three aluminum octahedra in the sorption range where strong sites are responsible for the uptake of the metal cation, i.e., at low surface loadings. At higher loadings, where weak sites contribute to the metal ion uptake, the actinide was found to bind to only one Al–octahedron, forming a weaker edge-sharing complex. The study thereby provided a first structural description of trivalent actinide speciation on strong and weak sites and showed that these site types are not just describing steric or repulsive effects between actinide cations on the mineral surface and those in the aqueous phase. Next to the heterogeneities of the oxide material in terms of differing site types or surface planes, the presence of chemically similar elements (competing cations) has been shown to significantly influence metal ion uptake [14,33,34,35,36]. This can partly be assumed to correlate with the total metal ion concentration in the system and the subsequent involvement of strong vs. weak sites in the sorption reaction. However, evidence also exists for a different affinity of the index metal under study and the competing one for the surface hydroxyl groups, indicating that the absolute concentration where strong vs. weak site sorption takes place is not the same in the competing and non-competing cases [14,34]. Here, one should mention that no spectroscopic evidence supporting strong vs. weak site sorption in competitive scenarios exists, and the involvement of different site types in these sorption competition reactions is completely hypothetical.



In our previous study [14], we investigated the adsorption of actinide curium (Cm3+) on the corundum surface in the presence of trivalent yttrium. The adsorption of Cm3+ was kinetically hindered when Y3+ was added to the system prior to Cm3+, and a sorption plateau (steady state) was not reached for Cm3+ even after 20 days. pH-dependent sorption studies using Eu3+ as an actinide analog showed that even after a simultaneous addition of both Eu3+ and the competing Y3+ cation to the corundum suspension, differences in the pH-dependent sorption behavior could be seen. An increase in the Eu3+ concentration was shown to induce a larger shift of the pH-edge position than the same concentration of Y3+. Surface sites can therefore be assumed to have a different affinity for the two metal cations. Luminescence spectroscopic studies of the Cm3+ speciation at the surface further showed that a speciation change of the actinide takes place in the presence of Y3+, which manifests itself as a large bathochromic shift of the emission spectra, speaking for a stronger ligand field effect in the presence of Y3+. The underlying reason for this effect, i.e., whether it is a result of a shortening of the Cm–O bonds to the surface, a change of the surface coordination, or a change of the coordination to hydration water molecules, could not be deduced from the luminescence data alone.



Therefore, the present study aims at understanding these speciation changes occurring in the actinide environment by investigating americium uptake on corundum in the absence and presence of Y3+ as a competing cation. To explore potential changes occurring in the americium speciation at the corundum surface for low-loading and high-loading scenarios (simulating the strong and weak site regimes) in the absence of a competing cation, density functional theory (DFT) calculations were conducted. Here, a small optimized cluster representing the (110) surface of corundum was taken as a model for the solid phase, followed by the addition and geometry optimization of a single and two closely residing Am3+ aqua complexes. To experimentally identify the strong site and weak site sorption regimes, isotherm studies using the radioactive 152Eu tracer were performed at a pH of approximately 8.3. Based on these results, Am3+ samples at this pH were prepared for EXAFS experiments at the Am LIII–edge to address the changes in the Am3+ coordination environment and to obtain further spectroscopic evidence of the involvement of strong vs. weak sites in the sorption reaction under non-competitive and competitive conditions.




2. Materials and Methods


2.1. Density Functional Theory Calculations


To obtain a first insight into potential changes taking place at the corundum surface at low and high Am3+ concentrations, DFT calculations were performed. For these theoretical calculations, an Al27O75H67 + 6H2O cluster, with a fixed charge of zero, depicting the solvated (110) surface of corundum was used. This surface plane was chosen as it contains singly (Al–OH), doubly (Al2–OH), and triply (Al3–OH) coordinated aluminol groups in contrast to the (001) surface with only doubly coordinated ones. Thus, any changes in the Am3+-complex structures due to differences in the hydroxyl coordination to underlying aluminum cations are accounted for. Furthermore, this (110) cluster has been previously used to describe trivalent metal ion (La3+, Eu3+, Cm3+) sorption on corundum [37], as it has been shown to describe deprotonation properties of the surface with great accuracy. Although Am3+-complex configurations on the (001) surface have not been considered in the present study, previously obtained results for La3+, Eu3+, and Cm3+ on this surface plane [38] will be discussed and compared in the results section. As several degrees of deprotonation of the surface aluminol groups and the involvement of aluminol groups with different coordinations (singly, doubly, and triply coordinated) have been tested for La3+ [37], the energetically most stable La3+ complex at the (110) surface, served as a starting point for the Am3+ calculation. In the first step, the structure of a nine-fold coordinated Am3++9H2O cation with a D3 symmetry was optimized. For this, we used the BP86 functional and def2–SVP basis sets as provided in TURBOMOLE [39,40,41,42,43,44]. Default settings of the computer code were used to determine convergence criteria for the calculations. For both Am3+ complexes, we used f-in-core PPs [45]. Thereafter, four water molecules were removed from the hydration sphere, resulting in an Am3+ fragment coordinating with 5 hydration water molecules. This is in line with the results obtained for the La3+ surface complex and agrees with luminescence spectroscopic investigations of actinide complexes on corundum [6,14,46]. The resulting fragment was placed on the fully optimized Al27O75H67 + 6H2O cluster with partly deprotonated surface hydroxyls. Thereafter, the geometry of the surface complex was optimized. Deprotonation of coordinating water molecules, depicting hydrolysis of the trivalent metal cation in solution, was not considered in the calculations. In addition, only the first solvation shell was considered in our model, although bulk water and the resulting hydrogen bonding network may affect the availability of surface sites [47]. With the choice of the small cluster model used in the current work, the number of water molecules that can be included in the calculations is very limited. A larger number of water molecules may falsely describe an interaction with, e.g., edges in the small cluster model, which are not there in the real system [48]. Including a larger number of water molecules would require a model system with periodic boundary conditions [49,50,51]. However, studies have shown that the thickness of the water layer on the geometry of surface hydroxyl groups is very small [51]. In addition, the geometry of the optimized actinide complex should not be affected much when omitting surface solvation, as shown in Martorell et al. (2010) for uranyl complexes on the clay mineral kaolinite [52]. To investigate how the surface loading affects the structure of the metal cation at the corundum surface, we added a second partially solvated trivalent metal ion (Am3+ + 5 H2O) in the vicinity of the first one, followed by optimization of the total surface complexes including both partially hydrated trivalent Am3+.




2.2. Eu3+ Sorption Isotherms in the Absence and Presence of Y3+


To identify the concentration regimes where different site–types on the corundum surface are involved in the uptake of trivalent cations, Eu3+ sorption isotherm experiments in the absence and presence of Y3+ were conducted. The adsorption of 1.3 × 10−9 mol/L–1.0 × 10−4 mol/L Eu3+ on 0.5 g/L corundum was investigated at a constant pH of approximately 8.3 without and with Y3+ as a competing cation. Y3+ was selected for the experiments as it was used as a competing element in our previous study, addressing trivalent metal ion competition reactions via luminescence spectroscopy [14]. More specifically, a non-luminescent cation such as Y3+ was required as a competing element to avoid interference in the luminescence spectroscopic investigations with Cm3+. The aluminum oxide corundum (α–Al2O3, Taimicron, Japan) was used in all experiments. This oxide material was used in our previous study, and it has been thoroughly characterized by Kupcik et al. (2016) [46] and Virtanen et al. (2016) [53]. Briefly, the mineral has a specific surface area of 14.5 m2/g, determined with the BET method, and an average grain size ranging from 100 nm to 200 nm. The isoelectric point of the mineral, determined in H2O and 0.01–0.1 mol/L NaClO4, is found at pH 9.7.



Buffered samples containing 0.01 mol/L TRIS buffer (tris(hydroxymethyl) aminomethane) in 0.01 mol/L NaClO4 were used to avoid pH fluctuations. This buffer has recently been shown to have a very low affinity towards trivalent metal cations, implying a negligible influence of the buffer background on the sorption reaction [54]. Three isotherm experiments (1–3) differing in their Y3+ concentration were prepared. Isotherm 1 was prepared without Y3+ addition, while isotherms 2 and 3 contained Y3+ as a competing element. In all isotherms, a constant concentration of 1.3 × 10−9 mol/L radioactive 152Eu was added to the samples to enable the detection of the lowest metal ion concentrations. The overall Eu3+ concentration was adjusted by adding an appropriate amount of a commercial 1000 ppm Eu3+ standard solution in 0.5 mol/L HNO3 to the samples. For the isotherms with Y3+ as competing metal, the constant amount of 10−6 mol/L (isotherm 2) or 10−4 mol/L (isotherm 3) Y3+ was added to the samples from a commercial 1000 ppm Y3+ standard in 0.5 mol/L HNO3. The addition of the trivalent metal cations was conducted simultaneously to the corundum containing suspensions. Thereafter, the acidic pH of the suspensions was slowly increased to approximately 8.3 with NaOH. All chemicals were carbonate-free and at least of analytical grade. The sample preparation was carried out in a glove box under a nitrogen atmosphere to ensure carbonate-free conditions. After an equilibrium time of one week, the solution was separated from the solid phase by centrifugation (9000 rpm, 45 min). The activity concentration of 152Eu was measured from the supernatant with a Quantulus low-level liquid scintillation counter. The concentration of the radioactive tracer in the supernatant was compared to the overall added Eu3+ concentration in the samples (inactive and radioactive Eu3+) to obtain the isotherms, i.e., the concentration of adsorbed Eu3+ (mol/kg) as a function of the Eu3+ concentration remaining in solution (mol/L). The isotherm experiments are summarized in Table 1.




2.3. Extended X-ray Absorption Fine Structure Spectroscopy (EXAFS)


To study potential changes occurring in the actinide speciation at the corundum interface in the presence of Y3+ as competing metal, EXAFS investigations were performed. For the investigations, two samples with 6 × 10−6 mol/L and 2 × 10−5 mol/L Am3+ were prepared in a glove box under N2 atmosphere from a 5.96 × 10−2 mol/L 243Am3+ stock solution in 1 mol/L HCl. Three additional samples with varying concentrations of Am3+ + Y3+ were prepared as specified in Table 1 using the same 243Am stock solution mentioned above and a 0.2 mol/L Y3+ stock solution prepared by dissolving YCl3 × 6H2O in 0.01 mol/L HClO4. The corundum concentration in the samples was 2 g/L, and 0.01 mol/L NaClO4 was used as the background electrolyte. Similar to the batch sorption experiments, both metal cations were added simultaneously to the mineral suspension. Thereafter the pH of the samples was slowly adjusted to pH 8.5 over several days to avoid precipitation of Am:Y(OH)3 from oversaturated solutions. No buffer solutions were used. After an equilibrium time of two days after the last pH adjustment, phase separation through centrifugation was carried out at 3703× g (6000 rpm) for one hour. A small aliquot of the supernatant was taken for γ measurements of the 243Am activity remaining in the solution, while the rest of the supernatant was decanted to obtain a corundum wet paste. The wet paste was placed in a Teflon sample holder, which was heat-sealed inside the N2 glove box, frozen, and stored in liquid nitrogen until the EXAFS measurements.



The Am LIII-edge (18,510 eV) EXAFS spectra were collected at the Rossendorf beamline (ROBL) at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France, operated at 6 GeV and an electron current of 200 mA [55]. For rejection of higher harmonics, two Rh–coated mirrors were used, and the incident white X-rays were monochromatized with a liquid nitrogen-cooled Si(111) double-crystal monochromator. Measurements were conducted at room temperature in fluorescence mode using a 13-element Ge-detector. For energy calibration, the absorption of a zirconium foil at the K edge (17,998 eV) was measured simultaneously during each energy scan. A minimum of six spectra were collected for each sample, followed by the dead–time correction and energy calibration using EXAFSPAK [56]. The averaged spectra were thereafter treated with WinXAS version 3.2 [57]. The Fourier transform (FT) of the EXAFS data was conducted without a window function as well as using a Hannig window function over a constant k range (1.6–10.5 Å). Theoretical scattering phases and amplitudes were calculated using the ab initio code FEFF8.20 [58]. A hypothetical tridentate Am3+ complex on corundum, displayed in Figure 1, was used in the FEFF calculations. The fit was conducted in R space both by omitting and including multiple scattering (MS) paths. In the latter fit, only the most significant MS path resulting from collinear Am–O–Al double scattering was considered. All fits omitting MS contributions were conducted by fixing ΔS02 to 0.9 and fitting all other parameters.





3. Results and Discussion


3.1. Density Functional Theory Calculations


The results for Am3+ sorption on the corundum (110) surface described by the Al27O75H67 + 6H2O cluster are presented in Figure 2. The optimized structure for Am3+ on corundum in the absence of a second ion in the vicinity, resulted in a tetradentate complex coordinating to three protonated and one deprotonated surface hydroxyl belonging to five different aluminum octahedra (Figure 2, left structure). Two of the four bonds to the surface belong to singly coordinated surface hydroxyls (Al–OH), and the other two to doubly coordinated ones (Al2–OH). No triply coordinated groups (Al3–OH) are involved in the sorption reaction. The addition of another Am3+ surface complex, described by an aquo ion fragment (Am+5H2O) in the vicinity of the complex already at the surface, followed by optimization of the structures, resulted in a decrease in the surface coordination of the Am3+ complex initially at the surface. A bond to a singly coordinated, protonated surface hydroxyl is broken, and the optimized tridentate surface complex is attached to two protonated hydroxyls and one deprotonated one, belonging to four different aluminum octahedra (Figure 2, right structure). In other words, the difference between the two Am3+ structures is the coordination to the surface, which decreases from tetradentate for a single aqua complex (depicting low surface coverage) to tridentate in the vicinity of a second aqua complex (depicting high surface coverage). The amount of coordinating hydration water molecules, however, remains unchanged. This results in an overall change of the Am–O coordination number from 9 to 8.



The computed Am–O bond lengths, separated into the Am–O bond to coordinating water molecules (Am–Owater) and to the surface (Am–Osurface), as well as their average values (Ø) are compiled in Table 2.



In general, the bond lengths to coordinating water molecules and to the corundum surface are very heterogeneous, resulting in asymmetrical complexes with average Am–O bond lengths of 2.52 Å (tetradentate) and 2.49 Å (tridentate). The average Am–O bond length to the surface is shorter for both the tetradentate (2.50 Å) and tridentate (2.35 Å) complexes in comparison to the coordinating water molecules (2.53 Å and 2.60 Å for tetradentate and tridentate, respectively). This results in the average bond length to the coordinating water molecules and the surface oxygens being 0.030 Å shorter and 0.156Å longer, respectively, for the tetradentate complex in comparison to the tridentate one. When considering all Am–O bonds, the overall average bond length is 0.030 Å longer for the tetradentate complex, i.e., the change of the coordination to the surface with increasing metal ion loading is accompanied by a bond contraction.



A similar decrease in the denticity to the surface was shown to occur for La3+ complexes on the (110) surface in Polly et al. (2013) [37]. In their study, the authors aimed to calculate the minimum distance between two trivalent complexes on the (110) surface. Above a distance of 5.28 Å, the two surface complexes turned out to be stable, retaining an overall coordination number of nine, while differing in their coordination to the surface and coordinating water molecules. More specifically, tetradentate surface complexation yielded a La3+ complex with five coordinating water molecules, while six hydration water molecules were coordinated to the tridentate complex. In addition to the La3+ complexes, the authors optimized structures for Cm3+ complexes on the (110) surface plane. The average calculated bond lengths for identical tetradentate Cm3+ and La3+ complexes were Cm–Oall = 2.61 Å and La–Oall = 2.80 Å [37]. The overall longer bonds for the lanthanum complex, in comparison to the curium one, were explained by the larger ionic radius of the lanthanide, i.e., 1.21 Å [59] in comparison to the actinide, 1.15 Å [60]. Although the ionic radii of Am3+ and Cm3+ are very similar, the average computed bond length is slightly shorter, by 0.092 Å, for the tetradentate Am3+ complex in the current study, in comparison to the bond length of the Cm3+ complex. This is likely due to the different basis sets used in the two studies, i.e., def2–SVP (present work) and cc–pVDZ [37]. Thus, a direct comparison between the complex structures obtained in these two studies is not made. Instead, we can include the (001) plane in the discussion, for which optimized Cm3+ complexes have been calculated with the DFT method using the same basis sets (cc–pVDZ) as for the (110) surface [38]. In contrast to the obtained tetradentate Cm3+ complex on the (110) surface, a tridentate surface complex surrounded by six hydration water molecules was obtained for all tested configurations on the (001) surface plane, i.e., for different hydration and deprotonation of the (001) cluster, or for different initial hydration of the trivalent metal. The average bond length of the Cm3+ complex on the (001) cluster without removed protons, however, is almost identical, i.e., 2.61 Å, to the tetradentate complex on the (110) cluster (without proton removal), discussed above. Thus, a distinction between the surface complexes on the different surface planes cannot be conducted based on the overall bond length or the overall coordination number, which equals nine for both complexes.



The discussion of the second Am shell, i.e., the distance to the Al atoms, is more complicated, as there is no direct coordination between Am and Al, but the coordination occurs via shared oxygen atoms at the corundum interface. At low surface coverage (tetradentate complex), the bonding oxygens belong to five different aluminum octahedral units in the corundum structure. Two of these oxygens (referred to as primary oxygen) belong to single Al–octahedra with Am–Al distances of 3.12 Å and 4.20 Å. One of the Am–binding oxygens is coordinated to three Al–octahedra (tertiary oxygen) with Am–Al distances of 3.12, 3.93, and 3.97 Å, respectively. The fourth oxygen atom is coordinated to two Al–octahedra (secondary oxygen), with Am–Al distances of 3.12 and 4.26 Å. At high surface coverage, i.e., the tridentate complex, only four Al cations coordinate with the shared oxygens at the interface. One primary oxygen results in an Am–Al distance of 3.91 Å. The two other oxygens are secondary with Am–Al distances of 3.32 and 3.73 Å as well as 3.32 and 4.23 Å, respectively. The different Am–Al distances are summarized in Table 3 together with a weighted average value (Ø) for the distance. In the weighted values, the number of coordinating Al octahedra per oxygen atom binding directly to the Am complex has been taken into account. More specifically, the distance between Am and Al coordinating to only the primary oxygen was given a weighting factor of 1, while, e.g., an average distance between Am and the two Al octahedra coordinating to the shared secondary oxygen was calculated by giving a weighting factor of 0.5 for each Am–Al distance. This calculation results in a longer average Am–Al distance for the tridentate complex by 0.068 Å. The overall computed Am–O bond lengths and these average Am–Al distances point towards very asymmetrical Am complexes on the corundum surface.




3.2. Eu3+ Sorption Isotherms


The batch sorption data for 1.3 × 10−9–1.0 × 10−4 mol/L Eu3+ on 0.5 g/L corundum at a pH value of approximately 8.3 are presented in Figure 3 (left). Note that the data points for Eu3+ only (black symbols) are barely over the detection limit and therefore inherit a rather large error. The raw data for all isotherms are compiled in a separate table (Table S1) in the Supplementary Information (SI). Figure 3 (left) clearly shows that the presence of Y3+ influences the overall uptake of Eu3+ by the corundum mineral. This behavior was also observed in our previous study investigating the pH-dependent sorption of Eu3+ in the absence and presence of Y3+ as a competing metal [14]. With increasing amount of Y3+, less Eu3+ could be seen to adsorb on the mineral surface, which we attributed to the saturation of available sites as the overall metal ion concentration in the sample increased. Further, the lower uptake of Eu3+ by corundum in the presence of Y3+ is a clear indication of competition of the metal cations for the same sites at the mineral surface. The sorption isotherms in the present study, especially in the absence of Y3+ and for the lower Y3+ concentration, show a clear change of the slope at approximately 0.007 mol/kg Eu3+ sorption (indicated in Figure 3 with a gray horizontal line). This corresponds to the samples with 5 × 10−6 mol/L Eu3+ and 10−6 or 10−4 mol/L Y3+. At lower Eu3+ concentrations, the slope of the isotherm is very close to unity. Thereafter, a slope of 0.38 ± 0.02 (no Y3+), 0.65 ± 0.03 (10−6 mol/L Y3+), and 0.85 ± 0.09 (10−4 mol/L Y3+) is obtained for the three isotherms. In this context, it is important to note that no rapid increase in the Eu3+ uptake, pointing toward (surface) precipitation from oversaturated solutions, can be seen in the isotherms. Thus, these non-linear isotherms with a clear change of their slopes above a certain Eu3+ concentration can be considered indicative of the presence of different sorption sites on the mineral surface. Following the terminology of Dzombak and Morel [61], these site types are often referred to as strong and weak sites, and they have been successfully used in several studies to describe or model non-linear sorption isotherms of several metal ions on various mineral surfaces [23,25,32,62,63]. In the region where the slope is one, the adsorption reaction can be explained by the involvement of only one type of sites in the sorption reaction, the strong sites. When the slope decreases, other effects begin to influence the metal ion uptake, and it is no longer independent of the overall metal ion concentration used. In this range, the number of strong sites with lower abundance is not sufficient for further metal ion sorption, and weak site types with a lower sorption affinity but higher abundance become operative [27,32,62,64,65].



The Am3+ EXAFS samples are included in the isotherm graph (Figure 3, right, green symbols). The raw data are compiled in Table S2 in the Supplementary Information (SI). With a corundum concentration of 2 g/L, the lower Am3+ concentration of 6 × 10−6 mol/L (Sample 1) can be seen to fall in the strong site sorption range and to coincide with the black isotherm for Eu3+ in the absence of Y3+. The higher concentration of 2 × 10−5 mol/L (Sample 2) falls in the weak site regime. Am3+ samples in the presence of 2 × 10−5 mol/L (Sample 3 and Sample 4) or 2 × 10−4 mol/L Y3+ (Sample 5) lie slightly off the red or blue Eu3+ isotherms, respectively, owing to the different Y3+ concentration in the samples and the slightly different solution pH values. The samples can be seen to fall in both the strong site (6 × 10−6 mol/L Am3+) and weak site (2 × 10−5 mol/L Am3+) sorption ranges. Thus, the EXAFS samples can provide information on the actinide speciation in these sorption regimes and elucidate the effect of competing Y3+ on the Am3+ speciation.




3.3. Am3+ EXAFS Investigations


The obtained Fourier-transformed EXAFS data were fitted with several approaches, as explained in Section 2.3. The lowest fitting residual was obtained from the Fourier-transformed EXAFS data using a Hanning window function and considering only the Am–O and Am–Al shells. The addition of MS paths resulted in higher DW factors for the Am–Al shell and a poor overall fitting residual (>10%). The absence of MS paths can be understood when considering the asymmetry of the complexes on the surface, as predicted by our DFT–calculations. The k3-weighted Am LIII-edge EXAFS spectra obtained from Am3+ sorption samples in the absence and presence of Y3+ and their corresponding FTs are presented in Figure 4. A summary of the obtained EXAFS structural parameters is given in Table 4.



The coordination number of the Am–O shell can be seen to decrease from 9.0 to 8.2 when going from the sample with the lowest metal ion concentration (sample 1 = 6 × 10−6 mol/L Am) to the competitive sample with the highest overall metal ion concentration (sample 5 = 2 × 10−5 mol/L Am + 2 × 10−4 mol/L Y). Similarly, an overall decreasing trend can be observed for the Am–O bond length. These trends are visualized in Figure 5 (top) for the non-competitive (black symbols) and competitive (orange symbols) samples. The data points were further divided into samples in the strong site sorption range (closed symbols) and the weak site one (open symbols). In contrast to the first shell, the second shell (Am–Al) does not show any apparent change in the coordination number, as seen in Figure 5 (bottom left). The average coordination number yields a value of 2.8 ± 0.3.



When looking at the experimentally derived bond lengths, a shortening of the average Am–O bond from 2.478 Å for the lowest metal ion concentration to 2.467 Å for the highest one is observed. Note that these small changes can be considered significant, as errors in the determination of relative changes occurring in EXAFS structural parameters are much smaller than the absolute error of ±20% and ±0.02 Å for the CN and R, respectively [67,68,69]. Both the longest and the shortest bond lengths are in line with published values for other Am/mineral systems in the circumneutral pH range. As examples, bond–lengths of 2.475 Å/2.479 Å, 2.478 Å, 2.46 Å, and 2.48 Å have been reported for Am sorption on smectite/kaolinite [70], ferrihydrite [71], montmorillonite [32], and magnetite [72], respectively. The Am–Al distance, on the other hand, shows an increasing trend with increasing total metal ion concentration, Figure 5 (bottom, right). The samples containing only Am yield an almost identical Am–Al distance of 3.228 Å (strong site sorption) and 3.225 Å (weak site sorption), while for the competitive samples containing both Am and Y, a rather systematic increase in the Am–Al distance from 3.210 Å (strong site sorption) to 3.239 Å (weak site sorption, 2 × 10−4 M Y), i.e., an increase of 0.029 Å can be seen. Considering all samples, an average Am–Al distance of 3.219 Å for the strong site sorption range and 3.233 Å for the weak site sorption range can be calculated. These values are well in line with reported literature data (3.20–3.24 Å [32]). Due to the very complex involvement of Al–octahedral units in the sorption reaction, yielding computed Am–Al distances ranging from 3.12 Å to 4.23 Å, we focus in the following on the discussion of the Am–O coordination shell, comparing the experimental results and trends with our computed complex structures.



The absolute values of the coordination numbers derived with the EXAFS method inherit rather large errors (±20%) [66], which renders the definite assignment of coordination numbers for competitive and non-competitive samples in the strong site and weak site sorption regimes difficult. However, the decreasing overall trend with increasing Am+Y concentration is apparent, implying that a reduction of the Am coordination number in the first coordination sphere takes place. In addition, the coordination number of the samples with lower Am3+ concentration (6 × 10−6 mol/L) is higher than for the samples with 2 × 10−5 mol/L Am3+. This corroborates the findings in our computational investigations, where the speciation of Am on the corundum surface could be explained with the help of two complexes, with an overall coordination number of 9 and 8 at low- and high surface coverages, respectively. When looking at the experimentally derived bond lengths, the Am–O distance can be seen to be longer in the samples where sorption occurs in the strong site sorption range. In the weak site sorption range, a contraction of the bond takes place, which is more pronounced in the competitive samples than the non-competitive ones. This is in very good agreement with the computational results, where the presumed tetradentate complex at low surface coverages was found to have a slightly longer Am–O bond on average than the tridentate complex at higher coverage. Although our computations considered the complexes on the (110) surface alone, and hydrolysis of Am3+ was not taken into account when optimizing the surface complexes, the resulting structures can be regarded as acceptable models for trivalent actinide complexes on the corundum surface, which provide some understanding of the coordination chemistry at the corundum surface. That they are not depicting the absolute complex configurations on the corundum surface can be deduced from the discrepancies between the experimentally derived and computed Am–O and Am–Al bond lengths. The experimentally derived bond contraction is 0.011 Å, i.e., smaller than the computed contraction (0.03 Å) by a factor of 2.7. One has to bear in mind, however, that our EXAFS data yield an average value for the bond length for all complexes present at the surface. In the weak site sorption regime, complexes formed on both the strong and weak sites can be assumed to contribute to the EXAFS signal. It is also known that atoms closer to the absorbing element contribute more to the EXAFS signal than atoms located further away. Thus, shorter Am–O bonds (e.g., to the surface) are likely to be overrepresented in comparison to the longer Am–O bonds (e.g., to coordinating water/hydroxyl groups). In addition, the bond distance to coordinating hydroxo groups of a hydrolyzed Am complex is likely to be shorter than the bonds to H2O entities. As hydrolysis was not considered in the computations, this may be an additional source for the overestimation of the Am–O bond lengths. Further, surface solvation and the hydrogen bonding network in bulk water may affect bond lengths and the availability of surface sites, as shown in, e.g., Gao et al. (2021) for Am3+ sorption on bentonite [73].



Finally, taking into account the Am–Al shell, which has not been included in the discussion thus far, a very similar overestimation, by a factor of 2.3, is obtained for the Am–Al bond length, which according to our DFT calculations increases by 0.068 Å and by 0.029 Å according to the EXAFS data, when going from sorption in strong site to the weak site regime. However, in terms of coordination number, this second shell does not show a similarly good agreement between the computed and experimentally determined coordination numbers as was found for the first shell (Am–O). With the EXAFS method, an average coordination number of approximately three is obtained, independent of metal–ion concentration, while five or four Al atoms are involved in the bonding via shared oxygens according to the computed structures for the tetradentate vs. tridentate complexes, respectively. The computed Am–Al distances (summarized in Table 3) show a very large variation, and as discussed above, scattering atoms farther away from the absorbing one will contribute less to the EXAFS signal than closer atoms. Thus, the Al–octahedra located at distances > 4 Å will likely contribute less or not at all to the EXAFS signal, which could explain some of the discrepancies in coordination number and the average Am–Al distance.





4. Conclusions


In the present work, the sorption and speciation of Am3+ on the corundum surface were investigated in the absence and presence of Y3+ using density functional theory and extended X-ray absorption fine structure spectroscopy. Competitive and non-competitive isotherm experiments at a constant pH of approximately 8.3 were conducted with Eu3+ as index metal to identify sorption regimes at which sorption occurs independently and dependently of the metal ion concentration, i.e., in the strong site and weak site sorption regimes, respectively. Y3+ was used as a competing cation.



The X-ray absorption spectroscopic investigations imply that the coordination of Am to surrounding oxygen atoms decreases from nine to eight when going from the strong to weak site sorption regimes. This is true for both non-competitive and competitive samples. With the reduction of the coordination number, the average Am–O distance is shortened by approximately 0.011 Å. These results imply that strong and weak sites are not just hypothetical surface groups required for a correct description of isotherm data for surface complexation models. Their existence can also not be explained simply by surface saturation effects or the repulsion between adsorbed cations at the surface and those in solution. Instead, our study corroborates previously published results on Am3+ sorption on montmorillonite, where the difference between americium sorption in the strong site and weak site regimes was shown to be its coordination to the surface [32]. A very similar result has been obtained in the present study. However, we have additionally shown that such a coordination change also takes place in competitive scenarios in the presence of a chemically similar element. To gain insight into underlying reasons for the experimentally observed coordination change and bond contraction, results were compared to optimized complex structures obtained in previous studies and in the current one using DFT calculations. At the (110) surface, a tetradentate Am complex with five coordinating hydration water entities is obtained when only one Am complex is present at the surface. When a second Am complex is added nearby, the surface coordination changes to tridentate, while the number of coordinating water molecules remains unchanged. Thus, the overall coordination number is reduced from nine to eight. The lower denticity to the surface allows for shorter bonds to be formed between the Am cluster and the corundum surface. Although the computational studies suffer from some drawbacks in terms of surface solvation and omitted hydrolysis of the trivalent cations at the corundum interface, and the computed bond lengths are clearly longer than those derived from our EXAFS data, the computed complexes provide useful insight into plausible speciation changes occurring at oxide mineral surfaces. This is further highlighted when considering our previously obtained luminescence spectroscopic results of the speciation of Cm3+ in the absence and presence of Y3+ [14]. In this earlier study, the presence of Y3+ could be seen to influence the speciation of Cm3+ on the corundum surface, which manifested itself as a strong bathochromic shift of the recorded emission spectra. The luminescence lifetimes remained unchanged, indicating the presence of five coordinating water molecules in the actinide hydration sphere. This pronounced red shift could very well be explained by the reduction of the actinide coordination to the surface and the subsequent overall contraction of the average distance to the coordinating oxygen atoms. With this, the ligand field exerted on the Cm3+ cation by the surrounding oxygen ligands becomes stronger, resulting in the observed bathochromic shift of the emission spectra. On the other hand, the luminescence lifetime, which is strongly influenced by the number of coordinating water molecules around the Cm3+ ion, is not affected as the coordination change occurs to the mineral surface, not to the coordinating hydration sphere. Whether or not the postulated coordination change influences the retention of trivalent actinides on (oxide) mineral surfaces, such as the desorption tendency or reversibility, should be carefully explored in future studies. Furthermore, implications of the suggested surface coordination and bond distance on the bond strength would be important to explore, as a shorter distance to the surface is often taken as an indication of a stronger bond.
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Figure 1. Hypothetical structure of an Am3+ complex on corundum used for the FEFF calculations. The atom colors refer to Al in light blue, O in red, and Am in gray. 
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Figure 2. The optimized Am3+ complexes on the corundum (110) surface. (Left) tetradentate complex at a low surface loading with an overall coordination number of 9. (Right) tridentate complex at a high surface loading with an overall coordination number of 8. Hydrogen atoms have been omitted from the figure for the sake of clarity. Framed figures show the Am3+ complexes with the coordinating oxygen atoms and the underlying aluminum cations only. Al = light blue, Am (tetradentate) = dark blue, Am (tridentate) = green, O (Am hydration sphere) = red, O (coordinating surface oxygens) = dark red, O (others) = light red. 
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Figure 3. (Left): isotherm results for Eu3+ adsorption on 0.5 g/L corundum in the absence (black symbols) and presence of 10−6 mol/L (red symbols) and 10−4 mol/L Y3+ (blue symbols). The gray horizontal line indicates where the slope of the isotherm changes from one (1) to <1. The error given for the pH values is the standard deviation (1σ) of all sample pH values in one isotherm experiment. (Right): EXAFS samples (green symbols) containing Am3+ or Am3+ + Y3+ on 2.0 g/L corundum, displayed together with the Eu3+ isotherms (washed out symbols). For the pH values of these samples, the reader is referred to in Table 1. 
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Figure 4. k3-weighted Am LIII-edge EXAFS spectra (left) and corresponding Fourier transforms (right) of corundum samples containing Am3+ in the absence and presence of Y3+ at pH ~8.5. Solid lines; experimental data, dashed lines; theoretical fitting. Phase shifts (Δ) are not corrected in the FTs. 
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Figure 5. The derived coordination number (left) and bond length (right) for the Am–O shell (top) and Am–Al shell (bottom) as a function of overall metal ion concentration in the EXAFS samples. Black symbols (Am only), orange symbols (Am + Y). Closed and open symbols indicate samples in the strong site and weak site sorption ranges, respectively. The error bars are the calculated confidence limits (2σ) of the fitted parameters. 






Figure 5. The derived coordination number (left) and bond length (right) for the Am–O shell (top) and Am–Al shell (bottom) as a function of overall metal ion concentration in the EXAFS samples. Black symbols (Am only), orange symbols (Am + Y). Closed and open symbols indicate samples in the strong site and weak site sorption ranges, respectively. The error bars are the calculated confidence limits (2σ) of the fitted parameters.



[image: Minerals 12 01380 g005]







[image: Table] 





Table 1. Summary of sample parameters used in the isotherm and EXAFS investigations. The Eu3+ concentration refers to the overall radioactive (152Eu3+) and inactive Eu3+ added to the samples. The error given for pHeq is the standard deviation (1σ) of all sample pH values in one isotherm experiment. The precision of the pH measurements is ±0.1.
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	Isotherm
	c(Eu3+)

(mol/L)
	c(Y3+)

(mol/L)
	n(M3+tot)/m(Al2O3)

(mol/g)
	pHeq



	1
	1.3 × 10−9–1.0 × 10−4
	0
	2.6 × 10−9–2.0 × 10−4
	8.24 ± 0.023



	2
	1.3 × 10−9–5.0 × 10−5
	1 × 10−6
	2.0 × 10−6–1.02 × 10−4
	8.35 ± 0.012



	3
	1.3 × 10−9–2.5 × 10−5
	1 × 10−4
	2.0 × 10−4–2.5 × 10−4
	8.26 ± 0.030



	EXAFS

Sample
	c(243Am3+)

(mol/L)
	c(Y3+)

(mol/L)
	n(M3+tot)/m(Al2O3)

(mol/g)
	pHeq



	1
	6 × 10−6
	0
	3 × 10−6
	8.41



	2
	2 × 10−5
	0
	1 × 10−5
	8.46



	3
	6 × 10−6
	2 × 10−5
	1.3 × 10−5
	8.47



	4
	2 × 10−5
	2 × 10−5
	2 × 10−5
	8.48



	5
	2 × 10−5
	2 × 10−4
	1.1 × 10−4
	8.50
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Table 2. Computed Am–O bond lengths for the tetradentate (low surface coverage) and tridentate (high surface coverage) surface complexes. Am–Owater: Bond length to coordinating water oxygens. Am–Osurface: Bond length to corundum (110) surface oxygens.
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Tetradentate Am Complex (CN 9)

	
Tridentate Am Complex (CN 8)






	
Am–Owater (Å)

	
Am–Osurface (Å)

	
Am–Owater (Å)

	
Am–Osurface (Å)




	
2.46

	
2.39

	
2.45

	
2.27




	
2.46

	
2.46

	
2.523

	
2.33




	
2.52

	
2.57

	
2.57

	
2.44




	
2.56

	
2.59

	
2.60

	




	
2.64

	

	
2.66

	




	
Ø 2.53

	
Ø 2.50

	
Ø 2.56

	
Ø 2.35




	
Øall 2.52

	
Øall 2.49
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Table 3. Computed Am–Al distances for the tetradentate and tridentate Am complexes on the corundum surface.
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Tetradentate Am Complex

	
Am–Al (Å)

	
Am–Al (Å)

	
Am–Al (Å)

	
Tridentate Am Complex

	
Am–Al (Å)

	
Am–Al (Å)






	
Am–O1

	
3.12

	

	

	
Am–O1

	
3.32

	
3.73




	
Am–O2

	
3.12

	
4.26

	

	
Am–O2

	
3.32

	
4.23




	
Am–O3

	
3.12

	
3.93

	
3.97

	
Am–O3

	
3.91

	




	
Am–O4

	
4.20

	

	

	

	

	




	
weighted Ø

	
3.67

	
weighted Ø

	
3.74
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Table 4. Structural parameters derived from the k3-weighted EXAFS spectra for the Am LIII edge. EXAFS fitting was performed over the k range of 1.6–10.5 Å−1 using a constant amplitude reduction factor (S02) of 0.9. CN: coordination number, R: radial distance, σ2: Debye–Waller factor, R%: fitting residual. Values in parenthesis are the calculated confidence limits of the fitted parameters. The conservative common absolute error in EXAFS shell fit is CN ± 20%, R ± 0.02 Å [66].
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Sample Composition

	
Shell

	
CN

	
R (Å)

	
σ2 (Å2)

	
ΔE0 (eV)

	
R (%)






	
Sample 1

6 × 10−6 mol/L Am

	
Am–O

	
9.0 (3)

	
2.478 (3)

	
0.0109 (6)

	
5.07 (17)

	
5.06




	
Am–Al

	
2.9 (7)

	
3.228 (10)

	
0.0122(30)




	
Sample 2

2 × 10−5 mol/L Am

	
Am–O

	
8.5 (3)

	
2.474 (2)

	
0.0107 (5)

	
4.67 (15)

	
4.18




	
Am–Al

	
2.8 (7)

	
3.225 (9)

	
0.0140 (30)




	
Sample 3

6 × 10−6 mol/L Am + 2 × 10−5 mol/L Y

	
Am–O

	
8.8 (5)

	
2.478 (4)

	
0.0116 (7)

	
4.83 (16)

	
7.35




	
Am–Al

	
3.0 (7)

	
3.210 (10)

	
0.0134 (33)




	
Sample 4

2 × 10−5 mol/L Am + 2 × 10−5 mol/L Y

	
Am–O

	
8.4 (3)

	
2.475 (2)

	
0.0107 (4)

	
4.81 (14)

	
3.59




	
Am–Al

	
3.2 (8)

	
3.235 (9)

	
0.0165 (33)




	
Sample 5

2 × 10−5 mol/L Am + 2 × 10−4 mol/L Y

	
Am–O

	
8.2 (3)

	
2.467 (2)

	
0.0105 (5)

	
4.01 (15)

	
4.17




	
Am–Al

	
2.3 (6)

	
3.239 (7)

	
0.0115 (27)
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