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Abstract

:

Rhenium (Re) is an extremely rare element, with a crustal abundance of approximately 0.4 parts per billion (ppb) and a sea water concentration of 8.3 parts per trillion (ppt). However, Re concentrations in anoxic marine sediments range from 2 to 184 ppb, which is attributed to reduction of the highly soluble perrhenate ion (Re(VII)O4−) to insoluble Re(IV) species. Anoxic sediments typically contain Fe(II) and sulfide species, which could potentially reduce Re(VII) to Re(IV). In this study, we examined the interactions of KReO4 with magnetite (Fe3O4), siderite (FeCO3), vivianite (Fe3(PO4)2•8H2O), green rust (mixed Fe(II)/Fe(III) layered double hydroxide), mackinawite (FeS), and chemically reduced nontronite (NAu-1) using X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) spectroscopy to determine the valence state and speciation of Re. Uptake of Re by green rust was rapid, with ~50% associated with the solids within 2 days. In contrast, there was <10% uptake by the other Fe(II) phases over 48 days. Reduction of Re(VII) to Re(IV) was only observed in the presence of green rust, producing clusters of bidentate-coordinated Re(IV)O6 octahedra.. These results suggest that except for green rust, the potential for other Fe(II)-bearing minerals to act as reductants for ReO4− in sedimentary environments requires further investigation.
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1. Introduction


Rhenium (Re), element 75 on the periodic table, is one of the rarest elements on the Earth, with an average seawater concentration of 8.3 ppt and an average crustal abundance of approximately 0.4 ppb [1]. However, Re is enriched in anoxic marine sediments, with reported concentrations ranging from 2 to 184 ppb [2,3], and it is because of this high seawater-to-crustal abundance ratio that it is more enriched than any other metal [4]. Re has 10 valence states ranging from −3 to +7; however, +4 and +7 are the most geochemically relevant in the shallow subsurface [1,5]. In oxic environments, Re is typically present as the highly soluble perrhenate ion (Re(VII)O4−), and Re(IV) is thermodynamically stable under anoxic conditions (Figure 1) and may be found as sparingly soluble ReO2 and ReS2 in anoxic marine and lacustrine sediments [6,7]. The conservative behavior of Re(VII) in aquatic systems under oxic conditions [8] and the accumulation of Re in anoxic sediments have led to the use of Re as a paleoredox proxy [9,10,11,12,13,14].



The mechanism of Re enrichment in anoxic sediments is not well defined but is presumed to involve the reduction of Re(VII) to Re(IV) [2,4,6,7,20]; however, there are proposed mechanisms that could result in accumulation of Re(VII) species in sediments under euxinic (anoxic and sulfidic) conditions [21]. Correlation of Re content with organic carbon in black shales [22,23] could be an indication that reduction of Re(VII) to Re(IV) in sediments is driven by microbial activity. Indeed, direct enzymatic reduction of metals and metalloids by bacteria has been demonstrated for a broad range of elements that are redox-active under anoxic conditions in surficial aquatic and terrestrial environments [24], including reduction of Tc(VII) to Tc(IV) [25]. Since Re is often studied as a nonradioactive geochemical analog of highly radioactive Tc [25], perhaps studies of the microbial reduction of Tc(VII) might provide insights into pathways for Re(VII) reduction. However, Dolor et al. [26] saw no direct evidence of Re(VII) reduction by the Fe(III)-reducing bacteria Geobacter metallireducens GS-15 and Shewanella oneidensis MR-1 and the sulfate-reducing bacterium Desulfovibrio desulfuricans, all of which can reduce Tc(VII) to Tc(IV) [27,28]. Anoxic sediments typically contain Fe(II) and sulfide species, many of which could be electron donors for the reduction of Re(VII) to Re(IV) (Figure 1), and several Fe(II)-bearing minerals and sulfide species are effective at reducing Tc(VII) to Tc(IV) [29]; however, their potential for reduction of Re(VII) has not been well studied. Reduction of Re(VII) to Re(IV) has been observed during coprecipitation of mackinawite (FeS) and during the interaction of perrhenate with pyrite [30,31,32]; however, the potential for Re(VII) reduction by other Fe-bearing minerals has not been reported.



The objective of this study was to assess the potential for reduction of Re(VII) to Re(IV) by Fe(II)-bearing minerals by examining the interaction of Re(VII)O4− (500 µm) in aqueous suspensions containing 25 mM Fe(II) as green rust (mixed Fe(II)/Fe(III) layered double hydroxide), mackinawite, magnetite (Fe3O4), siderite (FeCO3), vivianite [Fe3(PO4)2•8H2O], or structural Fe(II) in an Fe-rich smectite, all of which are minerals containing Fe(II) that are commonly observed products of the bioreduction of Fe(III) phases and are found in lacustrine and marine sediments [33,34,35]. The chemical speciation and valence state of Re were determined using X-ray absorption spectroscopy (XAFS) [36].




2. Materials and Methods


Aqueous suspensions of mackinawite, magnetite, siderite, sulfate green rust, and vivianite were prepared as described by Johnson et al. [37]. The citrate−bicabonite−dithionite method as used to reduce structural Fe(III) to Fe(II) in NAu-1 (a green-colored, Al-enriched nontronite from Uley Mine, South Australia obtained from the Clay Minerals Society’s Source Clays Repository [http://www.clays.org/ (accessed on 27 October 2023)] [38]. All mineral stock suspensions were buffered at pH 7.2 in 20 mM 3-morpholinopropane-1-sulfonic acid (MOPS).



The interaction of Re(VII) with Fe(II) minerals was investigated in 160 mL serum bottles containing 120 mL of 20 mM MOPS buffer at pH 7.2 amended with 500 µM KReO4 and 25 mM Fe(II) as either green rust, mackinawite, magnetite, siderite, vivianite, or chemically reduced nontronite. The experimental systems were prepared and sealed with butyl rubber plugs and aluminum crimp caps in a glove box (Coy Laboratory Products, Grass Lake, Michigan) with an atmosphere containing 3%–5% H2 in N2, using a Pd catalyst to maintain <1 ppm O2 at all times. The bottles were placed on a roller drum and maintained in the dark at 25 °C. Subsamples were removed from the experimental systems at designated times using a needle and a syringe and filtered through 25 mm-diameter 0.2 µm-pore-size nylon filters. Concentrated HCl was added to acidify the samples to pH 1 to preserve the samples prior to the determinations of aqueous Re concentration by inductively coupled plasma-optical emission spectroscopy (ICP-OES) using a PerkinElmer 4300DV instrument (PerkinElmer Inc., Waltham, MA, USA). The Re emission line at 297.248 nm was measured in the radial view mode, which provided a detection limit of 0.5 µM Re. Samples for Re XAFS analysis were prepared by placing the solids that were retained on the filter in a 1.5 mm thick Plexiglas sample holder with Kapton windows. Sample collection and processing were conducted under anoxic conditions using the glove box described above.



Re LIII-edge (10,535 eV) XAFS measurements were conducted at the MR-CAT/EnviroCAT bending magnet beamline (Sector 10, Advanced Photon Source) [39]. X-ray absorption near edge spectra (XANES) and extended X-ray absorption fine structure (EXAFS) spectra were collected using gas-filled ionization chambers (transmission mode) or a four-element Vortex detector (fluorescence mode). Spectra were collected at room temperature inside a N2-purged sample cell. Energy calibration was established by setting the inflection point in the spectrum from a Re metal sample to 10,535 eV. Energy calibration was maintained by collecting data from the reference metal simultaneously with the collection of data from the samples. Radiation-induced changes in the spectra were not detected. No differences were observed between spectra from three fresh areas on the sample, so all scans from each sample were averaged to produce the final spectrum. The speciation of Re in the suspension solids was determined by comparisons of the spectra to standards (polycrystalline NH4ReO4, ReO3, ReO2, and Re metal) mounted on the sticky side of a Kapton tape and measured previously at the same beamline [40]. A standard of Re(VII) sorbed on ferrihydrite was prepared by equilibrating a suspension of ferrihydrite (50 mM Fe(III)) with 20 mM ReO4− for 30 days at 25 °C, after which the hydrated solids were collected by by centrifugation and placed in a Plexiglas sample holder as previously described. An aqueous Re(VII) standard was prepared from a 0.1 M solution of NH4ReO4 [40].




3. Results and Discussion


3.1. Re Uptake by Fe(II)-Bearing Minerals


With the exception of green rust, uptake of Re by the Fe(II) minerals was <10% over a period of 48 days (Figure 2), the majority of which occurred within the first 12 days in all but the Re + FeS system. In the Re + green rust system, ~50% of the added Re partitioned to the solids within 2 days, but there was no additional uptake during the remainder of the experiment (48 days).




3.2. Chemical Speciation of Mineral-Associated Re


3.2.1. Average Valence State of Re in the Solids (XANES)


Figure 3A compares the Re LIII-edge XANES spectra from the solids in the experimental systems to the ferrihydrite-adsorbed Re(VII) standard and the ReO2 Re(IV) standard. The edge position and features clearly indicated that Re associated with magnetite, vivianite, siderite, FeS, and NAu-1 remains as Re(VII), i.e., no reduction was observed over the 48 day duration of the experiment. Linear combination fits of the data determined 100% (±5%) Re(VII) content in the samples).



Re(VII) was only reduced when reacted with green rust. The 12- and 48-day samples showed an edge position that was consistent with the Re(IV) standard ReO2. However, there were shape and amplitude differences in the XANES between the samples and the ReO2 standard, suggesting a different speciation of Re(IV) in the green rust system. The speciation differences were more clearly observable in the EXAFS data, which are presented in Section 3.2.3. To explore the short-term kinetics of Re(VII) reduction by green rust, an additional sample was measured after 2 days of reaction. The spectrum showed an intermediate valence state, which was quantified by linear combination fits with the two standards as 42% (±5%) Re(IV) and 58% Re(VII). After 12 days, the reduction was nearly complete at 95% (±5%) Re(IV), and the 48-day sample contained 100% (±5%) Re(IV). Thus, under the conditions of our study, green rust was able to reduce the solids-associated Re(VII) to Re(IV) within 2–12 days.




3.2.2. Local Atomic Coordination around Re(VII) (EXAFS)


Figure 4 shows the LIII-edge EXAFS spectra of the Re(VII) associated with the reduced Fe solids (EXAFS data for Re in the magnetite system were not collected due to beamtime constraints). All data overlay each other and the Re(VII) standards, indicating a similar coordination environment around Re. The data for Re + siderite, Re + vivianite, and Re+NAu-1 had a higher noise level, but also followed the adsorbed Re(VII) standard in phase and in amplitude, so the analysis below can be assumed applicable to those data as well—albeit with higher uncertainty. The main peak near 1.4 Å in the Fourier transform (Figure 4B) is due to the tetrahedral O shell in the perrhenate anion Re(VII)O4−, and its similarity between the samples and the aqueous standard indicated that the structure of the perrhenate anion was not disturbed. In addition, there were no peaks between R + Δ = 1.7 and 4.0 Å relative to the aqueous standard where atoms from complexed ligands may contribute in the spectrum. The lack of outer-shell features, together with the undisturbed O4 shell, suggests an outer-sphere association of ReO4− with the solids. This binding mechanism is similar to prior findings of Re(VII) adsorbed outer-sphere to a Pd/C catalyst [40] but in contrast to Re(VII) adsorbed onto a siliceous zeolite where the main O peak showed a decreased amplitude indicative of a disturbance due to an inner-sphere monodentate complex [41]. A bidentate complexation mechanism can be excluded here, as the more rigid coordination and better-defined Re-Fe distances would result in contributions from the surface Fe atoms (Figure 4C). Thus, the EXAFS data suggest outer-sphere association of the unreduced perrhenate anions with ferrihydrite, siderite, vivianite, NAu-1, and FeS.




3.2.3. Local Atomic Coordination around Re(IV) (EXAFS)


Figure 5 shows the LIII-edge EXAFS of Re(IV) associated with the green rust solids after 48 days, compared to the ReO2 standard. The main peak near R + Δ = 1.6 Å in the Fourier transform (FT) is due to the octahedral O6 coordination around Re(IV) [40]. Differences from the standard can be seen in the amplitude and position of this peak, in the outer-shell features, and in the shape and phase of the χ(k) signal, all of which indicate that the Re(IV) atoms in the green rust system were not precipitated as ReO2. The presence of outer-shell peaks in the FT suggests the formation of an ordered structure, such as an agglomerate or an inner-sphere adsorption complex.



Further insights on the Re(IV) species were obtained in shell-by-shell fits of the data. The photoelectron scattering paths calculated by FEFF8 were calibrated in fits of the ReO2 standard using its known crystal structure [42,43,44]. A four-shell, single-scattering model reproduced the main features of the ReO2 data, where signals from both the bidentate Re-Re coordination (R = 2.57 Å), as well as monodentate Re-Re coordination (R = 3.67 Å), were needed to fit the data (Figure 6 and Table 1). Analysis of the Re+green rust data at 48 days using the same structural model reveals that the near-neighbor O bonds were slightly elongated (R = 2.03 Å) and less disordered (i.e., smaller σ2) relative to ReO2, suggesting a more relaxed and ordered ReO6 octahedron than in the crystal structure. The FT peak near R + Δ = 2.4 Å is best reproduced by a Re shell at a distance of 2.59 Å, which is consistent with bidentate edge-sharing coordination to 3 or 4 ReO6 octahedra (Figure 6D). The rest of the FT peaks up to R + Δ = 3.5 Å were best reproduced by O shell contributions, presumably from the O atoms in the coordinated ReO6 octahedra. Attempts to fit these peaks with Re shells were unsuccessful, so monodentate coordination (with characteristic Re-Re distances of ~3.7 Å, as in the ReO2 structure) can be excluded. The alternative possibility of the peak near R + Δ = 2.4 Å being due to an Fe atom in a bidentate adsorption complex with the surface was also explored but resulted in a significantly worse fit). Therefore, the analysis of the EXAFS data suggests that Re(VII) reduced by green rust polymerizes in bidentate edge-sharing Re clusters (Figure 6D). Similar edge-sharing ReO6 agglomerates have been observed, when Re(VII) was reduced by H2 in the presence of Pd/C catalysts and on the surface of γ-alumina [45].






4. Discussion


4.1. Reactivity of the Fe(II)-Bearing Minerals with Re(VII)


Among the Fe(II)-bearing minerals examined in this study, green rust was the most reactive, both in terms of uptake from solutions as well as reduction of Re(VII) to Re(IV). Green rusts are layered Fe(II)–Fe(III) hydroxides with a pyroaurite-type structure, consisting of alternating positively charged Fe(II)–Fe(III) hydroxide layers and hydrated anion layers, with the general composition—[Fe(II)1−x Fe(III)x (OH)12]x+ [(A)2/n yH2O]x−, where x typically ranges from 0.25 to 0.33, A is an n-valent anion (e.g., CO32−, SO42−, or Cl−), and y denotes varying amounts of interlayer water (typically 2–4) [33]. Green rusts are key components of the biogeochemical cycling of Fe in aquatic and terrestrial systems [33] and are formed during direct microbial or coupled biotic/abiotic oxidation of Fe(II) under anoxic conditions by denitrifying bacteria [46,47,48,49], during microbial reduction of Fe(III) oxides [50,51,52,53,54,55,56,57,58,59,60], and during abiotic and microbially induced corrosion of iron and steel [61,62,63,64]. The enhanced uptake of Re by green rust observed in our study may be because, as an anion, perrhenate may have been able to sorb to green rust by anion exchange with sulfate (the green rust used in this study had sulfate as the interlayer anion). Uptake of Re(VII) by green rust was followed by reduction to Re(IV), which is consistent with the fact that green rusts are highly redox active and have been shown to be effective electron donors for the reduction of a wide range of nonmetals (N(V) and Cl(V)), transition metals (Ag(I), Au(III), Cr(VI), Cu(II), Hg(II), Pd(II), and Pt(IV)), metalloids (Se(VI/IV) and Te(VI/IV)), and radionuclides (Np(V), Tc(VII), and U(VI)) [65,66,67,68,69,70,71,72,73,74,75,76,77,78].



Uptake of Re from solutions by the other Fe(II)-bearing minerals examined in this study was limited (<10%), and there was no indication of reduction to Re(IV) over the timescale of our experiment (48 days). Given that the interaction of Re(VII) with Fe(II)-bearing minerals has been largely unexplored (i.e., ours is the first study to examine the interaction of ReO4− with green rust, siderite, magnetite vivianite, mackinawite, and Fe(II)-bearing smectite under environmentally relevant conditions), there is a limited basis on which our results can be discussed in the context of previous studies. Wharton et al. [30] reported the reduction of Re(VII) to Re(IV) as an Re–S–Fe phase during coprecipitation with FeS; however, the experimental system is fundamentally different from our study. The study by Wharton et al. involved the addition of a solution of Na2S to a solution containing FeSO4 and ReO4− buffered at pH 4, while in our study, ReO4− was added to an aqueous suspension of pre-formed FeS buffered at pH 7.2. Ding et al. [31] examined the interaction of ReO4− with natural (geogenic) pyrite (FeS2) and reported substantial uptake (~40%) at pH 12 and lower uptake (<20%) at pH ≤ 6.6, with reduction to ReO2. Wang et al. [32] reported reduction of Re to ReO2/ReS2 by synthetic pyrite; however, in their study, the most effective removal of Re occurred at pH 3.5, with the pseudo-second order rate constant decreasing by a factor of 10.33 with increasing pH over a pH range of 3.5–9.0. The opposing pH effects on ReO4− uptake and reduction by natural and synthetic pyrite reported by Ding et al. and Wang et al. highlights how poorly we understand the processes controlling the interactions of Re with Fe(II)-bearing minerals.




4.2. Comparrison of the Reactivity of Re and Tc


Given the hazards in working with highly radioactive Tc, Re has been studied as a nonradioactive geochemical analog of Tc (e.g., [79,80,81]), as they are both Group 7 elements, Re is one row above Te in the periodic table, and they share some physical and chemical properties [82]. For example, under oxic conditions and within the pH range typical of most natural aquatic environments, Re and Tc are present as septivalent soluble anionic species, perrhenate and pertechnetate (TcO4−), respectively. However, largely due to environmental and human health concerns related to the release of 99Tc to the environment from radioactive wastes and fallout from fission bomb explosions, more is known about the biogeochemical behavior of Tc than Re [25,29,83,84,85], so perhaps our understanding of the interactions of Re with Fe(II)-bearing minerals can be informed by the behavior of Tc.



Unfortunately, this does not appear to be the case. Previous studies have demonstrated reduction of TcO4− to Tc(IV) phases (typically TcO2 or TcS2) by green rust [70], magnetite [86,87,88], siderite [87,89], vivianite [89], NAu-2 nontronite [90,91], and ferrous sulfide phases [87,88,92,93,94]. Of these Fe(II)-bearing minerals shown to reduce Tc(VII), only green rust (this study) and pyrite [31,32] have been directly shown to reduce ReO4− to Re(IV). Moreover, recalcitrance of ReO4− to chemical and biological reduction under conditions where Tc is readily reduced has been reported in many experimental systems (e.g., [26,82,95,96,97]). The differences in the redox behavior of Tc vs. Re are likely due, in part, to the difference in the Tc(VII)/Tc(IV) and Re(VII)/Re(IV) reduction potentials (Figure 1). The substantial differences in the redox reactivity of Re(VII) and Tc(VII) indicate that Re is not a good proxy for Tc in processes involving redox transformations.




4.3. Implications for Re Biogeochemistry


The objective of this study was to assess the potential for reduction of Re(VII) to Re(IV) by Fe(II)-bearing minerals that are commonly observed products of the microbial reduction of Fe(III) phases and are found in lacustrine and marine sediments. Our results indicate that green rust could be a potential reductant for ReO4− in sedimentary environments, as it is found in Fe(II)/Fe(III) transition zones across a broad range of aquatic and terrestrial environments [33]. Indeed, green rusts are believed to have played a central role in Fe cycling in Precambrian oceans and the development of iron formations [98], and possibly even the emergence of life on Earth [99,100]. As such, they could play a role in the fixation of Re in marine sediments under ferruginous conditions (Fe-rich, anoxic conditions that have been a dominant feature of the deep ocean throughout much of Earth’s history [101]).



The apparent lack of reactivity of the other Fe(II)-bearing phases examined in this study does not necessarily preclude their involvement in Re reduction in sediments. Crusius and Thomson [102] suggested that the depth distribution profiles of Re in marine sediments from the Madeira Abyssal Palin may have been the result of kinetic limitations on the reduction of ReO4− to Re(IV) due to a multistep reduction reaction with slow kinetics at one or more of the electron transfers. Similarly, Sundby et al. [103] invoked slow kinetics for the reductive immobilization of ReO4− to explain the depth distribution profiles of Re in sediments from the Laurentian Trough. Yamashita et al. [6] suggested that slow reduction kinetics limited the extent of ReO4− reduction to Re(IV) in laboratory incubations of marine sediments even though the thermodynamics for the reaction were highly favorable. Indeed, depending on the geochemical conditions (pH, temperature, and solution phase concentrations of relevant Fe and Re species), reduction of Re(VII) to Re(IV) is thermodynamically favorable for other Fe(II) species/phases in addition to green rust. Therefore, it is possible that reduction of ReO4− in our experimental system by Fe(II) phases other than green rust may have been observed with a longer reaction period. As such, further studies are needed to better determine the potential involvement of Fe(II) phases in the reduction of ReO4− in sedimentary environments over longer timescales as well as under a broader range of geochemical conditions.
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Figure 1. Redox ladder comparing the redox potentials of dominant biogeochemical electron donor−acceptor couples (emphasizing Fe(III)/Fe(II) couples) with reduction potentials of ReO4−/ReO2 and TcO4−/TeO2 couples. Reduction potentials of the dominant biogeochemical couples were obtained from Langmuir [15] and Thandrump [16] (in black) and Amonette [17] (in blue) under the conditions identified therein. The reduction potentials for Re and Tc couples (in red) at 10−8 M aqueous Re or Tc, I = 0, and 298.15 K were calculated from thermodynamic data from Wagman et al. [18] and Rard et al. [19], respectively. 
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Figure 2. Distribution of Re among the solid and solution phases in the Fe(II) mineral suspensions to which 500 µM Re(VII) was added. The proportion of solid-phase Re as Re(VII) or Re(IV) was determined by linear combination fits of the Re XANES spectra. The uncertainty reported by the fitting program was less than ±5%. FeS—mackinawite; GR—sulfate green rust; Mag—magnetite; Sid —siderite; Viv—vivianite; NAu-1—chemically reduced nontronite. 
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Figure 3. (A) Re LIII-edge XANES data from the reactor solids after 48 and 12 days of incubation (lines), compared to standards (symbols) of Re(VII) adsorbed on ferrihydite (Fh) and a Re(IV) mineral, ReO2. Vertical dashed lines indicate the differences in white line positions of the Re(IV) and Re(VII) standards. All experimental spectra overlay the Re(VII) standard, except that from the Re + green rust system which overlays the Re(IV) standard. (B) Reaction kinetics in the Re + green rust system, showing an intermediate reduction extent for the sample taken at 2 days and complete reduction to Re(IV) at 12 and 48 days. 
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Figure 4. (A) Re LIII-edge EXAFS data from the samples in which no reduction occurred. The top graph shows the highest quality spectrum from the Re + FeS system, overlayed on the aqueous and the ferrihydrite-adsorbed Re(VII) standards. Below them, the spectra from Re(VII) associated with NAu-1, siderite, and vivianite were compared to the Re(VII) standard. (B) Fourier transforms of the top spectra in panel (A). (C) Structural models of Re(VII) adsorption to the mineral surface. Curved arrows illustrate the rotational freedom of the perrhenate anion in the different complexes. The Re-Fe distances are correspondingly better-defined in the bi-dentate complexes (solid arrows) and signals from the coordinating atoms appear in the EXAFS. The Re−Fe distances change over a broader range in the looser outer sphere and the monodentate complexes (dashed arrows), so signals from such atomic coordination are expected to lack coherence and not appear in the EXAFS. 
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Figure 5. Re LIII-edge EXAFS data from the ReO2 standard and the green rust sample after 48 days of reaction. 
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Figure 6. (A) Fit of the EXAFS data from the ReO2 standard. (B) Fit of the data from Re(IV) associated with the green rust solids after 48 days; the numerical parameters are summarized in Table 1. (C) Partial structure of ReO2, illustrating the bidentate- and monodentate-coordinated Re octahedra and the corresponding Re−Re distances. (D) Illustration of the bidentate-coordinated Re agglomerate that is consistent with the fit of the EXAFS data from the reduced Re species in the green rust system. 
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Table 1. Numerical parameters for the fits in Figure 6.
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Shell

	
N

	
R (Å)

	
σ2 (Å2)

	
ΔE (eV)

	
D

	
R-Factor






	
(A) ReO2 standard




	
O

	
6.0 a

	
1.99 ± 0.01

	
0.0046 ± 0.0009

	
6.0 ± 2.9

	
4

	
0.0125




	
Re

	
2.0 a

	
2.57 ± 0.01

	
0.0075 ± 0.0013

	

	

	




	
O b

	
7.8 ± 3.6

	
3.67 ± 0.02

	
0.0033 ± 0.0037

	

	

	




	
Re

	
8.0 a

	
3.69 ± 0.01

	
0.0082 ± 0.0017

	

	

	




	
(B) Re reacted with green rust for 48 days




	
O

	
6.0 a

	
2.03 ± 0.01

	
0.0025 ± 0.0005

	
5.5 ± 1.6

	
4

	
0.0128




	
Re

	
3.5 ± 1.3 c

	
2.58 ± 0.01

	
0.0066 ± 0.0021

	

	

	




	
O

	
3.5 c

	
3.11 ± 0.04

	
0.0075 ± 0.0060

	

	

	




	
O

	
7.0 c

	
3.69 ± 0.07

	
0.0146 ± 0.0120

	

	

	








a Coordination numbers were fixed to those in the structure of ReO2 [44]. The refined S02 factor was 0.84 ± 0.09 and was fixed to this value in the remaining fits. b This path was used to mimic the combined effects of single- and multiple-scattering contributions in the spectral region R + Δ = 2.8 Å. As can be seen from the fit, the O shell used only partially reproduced the spectrum but served the purpose of interacting with the larger contributions from the surrounding Re atoms and helped their parametrization. c The coordination numbers for the outer O shells were constrained to vary as 1×N_Re and 2×N_Re; otherwise, the correlation between N and σ2 could not be resolved and led to unphysical values for these parameters. The rationale for the constraints is that the farther O signals were due to ReO6 octahedra coordinated around the central Re, with fewer O atoms at close distances and more O atoms at farther distances. Other coefficients also reproduced the data well (e.g., 2×/4×N_Re), so the coordination numbers of the O shells could not be defined by the fits.
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