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Abstract

:

Fe(II)-bearing minerals (magnetite, siderite, green rust, etc.) are common products of microbial Fe(III) reduction, and they provide a reservoir of reducing capacity in many subsurface environments that may contribute to the reduction of redox active elements such as vanadium; which can exist as V(V), V(IV), and V(III) under conditions typical of near-surface aquatic and terrestrial environments. To better understand the redox behavior of V under ferrugenic/sulfidogenic conditions, we examined the interactions of V(V) (1 mM) in aqueous suspensions containing 50 mM Fe(II) as magnetite, siderite, vivianite, green rust, or mackinawite, using X-ray absorption spectroscopy at the V K-edge to determine the valence state of V. Two additional systems of increased complexity were also examined, containing either 60 mM Fe(II) as biogenic green rust (BioGR) or 40 mM Fe(II) as a mixture of biogenic siderite, mackinawite, and magnetite (BioSMM). Within 48 h, total solution-phase V concentrations decreased to <20 µM in all but the vivianite and the biogenic BiSMM systems; however, >99.5% of V was removed from solution in the BioSMM and vivianite systems within 7 and 20 months, respectively. The most rapid reduction was observed in the mackinawite system, where V(V) was reduced to V(III) within 48 h. Complete reduction of V(V) to V(III) occurred within 4 months in the green rust system, 7 months in the siderite system, and 20 months in the BioGR system. Vanadium(V) was only partially reduced in the magnetite, vivianite, and BioSMM systems, where within 7 months the average V valence state stabilized at 3.7, 3.7, and 3.4, respectively. The reduction of V(V) in soils and sediments has been largely attributed to microbial activity, presumably involving direct enzymatic reduction of V(V); however the reduction of V(V) by Fe(II)-bearing minerals suggests that abiotic or coupled biotic–abiotic processes may also play a critical role in V redox chemistry, and thus need to be considered in modeling the global biogeochemical cycling of V.
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1. Introduction


Vanadium (V) is a Group 5 transition metal found in a variety of aquatic and terrestrial environments [1,2,3,4,5] and is a relatively abundant trace metal (e.g., an average of 97 mg kg−1 within the Earth’s crust [6]; from <1 to 460 mg kg−1 in soils and sediments ([5] and references therein); and 0.04–220 µg L−1 in surface waters [7]). The biogeochemistry of V is highly complex [4]; V is essentially never present as a free element in nature, but it is a major constituent (>10 wt%) of over 150 minerals including vanadiferous magnetite and ilmenite, carnotite, mottramite, patronite, roscoelite, and vanadinite [8,9]. In addition to natural inputs of V into the environment via weathering of V-bearing minerals [10,11], human activities have discharged V into the air, land, and water by the burning of fossil fuels, releases associated with mining and ore processing, industrial uses and application of phosphate fertilizers [5]. V is used in the production of alloys (primarily for high-strength steel and alloys used in the aerospace industry), as industrial catalysts, in production of glasses, ceramics, and pigments, and in V redox-flow batteries [9]. Global consumption of V has been increasing in recent years with total global V production of 73 Gg tons in 2019 [12], and it has been characterized as a re-emerging environmental hazard [13].



Vanadium can exist in multiple valence states (−I, 0, II, III, IV, and V; however, only III, IV, and V are relevant under conditions typical of environments at the Earth’s surface), and the biogeochemistry of V—as for many other transition elements—is heavily influenced by redox conditions and pH [1,4,5,9]. Vanadium(III) is typically stable under highly anoxic conditions such as those in euxinic soils/sediments. Vanadium(IV) is stable in moderately reducing environments, particularly under acidic conditions, while V(V) is stable under oxic conditions and in suboxic alkaline environments. Both the mobility and toxicity of V are influenced by the valence state of V. Vanadium(III) and V(IV) tend to form relatively insoluble (oxy) hydroxides (e.g., V(OH)3 and VO(OH)2, respectively) and V(IV) also forms highly stable organic complexes, thus limiting their mobility in environmental systems; however, due to the formation of various oxyanions (e.g., VO43−, HVO42−, and H2VO4−), V(V) is significantly more soluble and tends to be more mobile [9,14]. Vanadium can be toxic to aquatic and terrestrial organisms [4,7,15,16,17], with V(V) considered to be more toxic than V(IV) and V(III) given that it is a potent inhibitor of many phosphatase enzymes including adenosine triphosphatases (attributed to the structural similarity of the tetrahedral o-vanadate anion to o-phosphate) and given its comparatively higher mobility and bioavailability [4,7].



There has been a growing interest in understanding V redox transformations, particularly among the III, IV, and V oxidation states, to better determine V mobility and fate in natural systems. Microbes play a central role in the speciation and mobility of V in aquatic and terrestrial environments [1,4], particularly the reduction of V(V). Pure culture studies have identified over 14 V(V)-reducing bacteria and archaea spanning 9 genera isolated from soils and sediments from diverse environments [18,19,20,21,22,23,24,25,26,27,28,29]. Furthermore, microbial reduction of V(V) has been reported in laboratory and field systems by members of microbial communities present in soils, sediments, and sludges [30,31,32,33,34,35,36,37,38,39,40]. Microbial reduction of V(V) typically leads to the formation of V(IV) species (i.e., soluble complexes and various precipitates); however, reduction to V(III) has been reported [18,22,28]. In addition to direct microbial reduction of V(V), microbes can indirectly impact V speciation/mobility by altering the geochemical conditions of their environment, particularly microbes involved in the biogeochemical cycling of Fe and S. Microbial reduction of ferric iron (Fe(III)) can result in the formation of a broad range of Fe(II) species including mineral phases containing structural Fe(II) (e.g., magnetite (Fe3O4) , siderite (FeCO3), vivianite [Fe3(PO4)2•8H20], green rust (a mixed Fe(II)/Fe(III) layered double hydroxide), and chukanovite [Fe2(OH)2CO3]) [41,42,43,44,45,46,47,48,49,50,51]. Likewise, microbial reduction of oxidized S species such as sulfate, sulfite, and thiosulfate, and S(0), results in the production of sulfide, and its subsequent reaction with Fe(II) leads to the formation of insoluble ferrous sulfides such as mackinawite (FeS), greigite (Fe3S4), pyrite (FeS2), and pyrrhotite (Fe(1-x)S (x = 0 to 0.2)) [52,53,54,55,56,57,58]. In contrast to direct microbial reduction, little is known regarding the potential for reduction of V(V) by Fe(II)-bearing minerals. Structural Fe(II) in magnetite and ilmenite (Fe(II)Ti(IV)O3) can reduce V(V) to V(IV) over a pH range of 1–7, but the rate decreases markedly above pH 5 [59]. A recent study by Vessey and Lindsay [60] reported limited reduction of V(V) to V(IV) by magnetite, essentially complete reduction to V(IV) by siderite, and to V(IV), with possibly some V(III), by mackinawite. These results suggest that other Fe(II)-bearing minerals may also be effective reductants for V(V).



To better understand the redox behavior of V under ferrugenic/sulfidogenic conditions, we examined the interactions of V(V) (1 mM) in aqueous suspensions containing 50 mM Fe(II) as magnetite, siderite, vivianite, green rust, or mackinawite, and two additional systems containing either 60 mM Fe(II) as biogenic green rust or 40 mM Fe(II) as a mixture of biogenic siderite, mackinawite, and magnetite, using X-ray absorption spectroscopy to determine changes in the valence state of V.




2. Materials and Methods


2.1. Fe Minerals


Magnetite, siderite, vivianite, green rust, and mackinawite were prepared as described by Johnson et al. [61]. Biogenic green rust (BioGR) was produced by the bioreduction of lepidocrocite (γ-FeOOH) by Shewanella putrefaciens strain CN32 [62]. The BioGR was pasteurized (70 °C for 1 h) and the solids were collected by centrifugation and repeatedly washed with sterile, anoxic water. A mixed phase suspension containing biogenic siderite, mackinawite, and magnetite (BioSMM; each phase is 52, 26, and 22 mol% Fe, respectively, as determined by Fe X-ray absorption near edge spectra (XANES) analysis) was formed during the bioreduction of 50 mM Fe(III) as ferrihydrite in a system containing 10 mM sulfate that was inoculated with wetland sediment (details in [61]). Both the BioGR and BioSMM were pasteurized at 70 °C for 1 h prior to use. Ferrihydrite and goethite were prepared as described by Kwon et al. [58].




2.2. Experimental Setup


The interaction of V(V) with Fe(II) minerals was investigated in sterile 50-mL polypropylene centrifuge tubes containing 40 mL of 50 mM 3-morpholinopropane-1-sulfonic acid (MOPS) buffer at pH 7.0 amended with 1 mM NaVO3 and 50 mM Fe(II) as either magnetite, green rust, siderite, vivianite, or mackinawite. Two additional systems were prepared by adding 1 mM NaVO3 to 40 mL of either BioGR (60 mM Fe(II)) or BioSMM (40 mM Fe(II)). The experimental systems were prepared and maintained in a glove box containing an anoxic atmosphere (Coy Laboratory Products, Grass Lake, Michigan, 3–5% H2 in N2, Pd catalyst, O2 in the box < 1 ppm at all times) and continuously mixed on a rotating mixer (Rotamix RKVSD, Appropriate Technical Resources, Laurel, MD, USA). At selected times, subsamples of each suspension were filtered through 25 mm 0.2 µm pore-size nylon filters. The filtrate was acidified to pH 1 by the addition of concentrated HCl for determination of the concentration of aqueous V by inductively coupled plasma-optical emission spectroscopy (ICP-OES) using a PerkinElmer 4300DV instrument (PerkinElmer Inc., Waltham, MA, USA). Measurement of the V emission line at 290.880 nm in radial view mode provided a detection limit of 0.1 µM. The hydrated solids retained on the filter were sealed between two layers of Kapton film for V XANES analysis. Sample collection and processing were conducted in a glove box containing an anoxic atmosphere.




2.3. X-ray Absorption Spectroscopy Analysis


V K-edge (5465 eV) X-ray absorption spectroscopy measurements were carried out at the MR-CAT/EnviroCAT insertion device beamline (Sector 10, Advanced Photon Source, Lemont, IL, USA) [63]. XANES were collected from the standards and the reactor solids in the transmission mode using gas-filled ionization chambers and in fluorescence mode using a 4-element Vortex detector (Hitachi High-Tech America, Schaumburg, IL, USA). Spectra were collected at room temperature inside a N2-purged sample cell. The anoxic integrity of samples prepared and analyzed this way has been demonstrated in previous work [64]. Some of the wet paste samples (from the FeS and BioSMM systems) showed beam-induced oxidation after the first few scans and were remeasured frozen at −120 °C in a Linkam® stage cooled by liquid nitrogen to mitigate these effects. There were no significant differences between the low temperature measurements and the first few room temperature scans, which provided guidance on how many of the room temperature scans on fresh areas of these samples could be used without beam induced artifacts. Energy calibration was established by setting the inflection point in the spectrum of a V foil to 5465 eV. All scans that did not show radiation- or location-dependent differences were averaged to produce the final spectrum for each sample.



Analysis of the spectra was based on comparisons to V standards (preparation of the V standards is described in Section 2.4). The standards dataset included: V(III)-oxide (V2O3), V(III)-sulfate (V2(SO4)3), aqueous V(III) (VCl3 dissolved in H2O), V(IV)-sulfate (VOSO4), aqueous V(IV) (VOSO4 dissolved in H2O), V(V)-fervanite (FeVO4), aqueous V(V) (NaVO3 in 50 mM pH 7 MOPS), V(V) adsorbed on ferrihydrite, and V(V) adsorbed on goethite (α-FeOOH). The polycrystalline V powders were crushed with a mortar and pestle, sieved, and gently dispersed on the adhesive side of Kapton tape. This procedure selects the smallest particles and creates a visually uniform layer with minimal potential for pinholes on the scale of the beamsize (500 μm × 2000 μm). The tape mounts were folded 2–4 times as needed to achieve an optimal absorption edge step in transmission of 1, effectively eliminating the possibility for pinhole alignment in the folded samples. Spectra were taken from 3 fresh locations on the samples and averaged. Solution samples were mounted in 1.5 mm thick sample holders with Kapton film windows and the spectrum was measured in fluorescence. Adsorbed V standards were mounted as wet pastes in a 1.5 mm thick sample holder with Kapton windows and measured in the fluorescence mode. Potential self-absorption effects in fluorescence were estimated in the more concentrated standards where both transmission and fluorescence data could be collected. By comparing the suppression of the XANES white line in fluorescence relative to its amplitude in transmission and scaling the effect to the relative fluorescence edge steps between the standards (20–50% V content) and the reactor solids (<1% V content) we estimated that self-absorption amplitude suppression, if at all present, will have an effect that is less than the 10% uncertainty typical of linear combination XANES analysis. Furthermore, we only used the pre-edge peak and the edge position in the XANES analysis where the absorption and correspondingly the self-absorption were proportionally smaller (see Section 3.3). Normalization and background removal of the data was done using the program AUTOBK [65]. The combinatorial linear combination (LC) fits were performed using the program ATHENA [66].




2.4. V Standards


V(III) oxide (V2O3) (Alfa Aesar 95%) was used as received. V(III) sulfate [V2(SO4)3] was synthesized as described by Zatko and Kratochvil [67] with minor modification. Briefly, 1 g of V2O5 (Sigma-Aldrich 99.95%) and 1 g of elemental sulfur were added to 15 mL of concentrated (98%) H2SO4 in a 50 mL beaker containing a Teflon-coated magnetic stir bar. The beaker was covered with a watch glass, placed on a magnetic stir plate, and refluxed at 200 °C with continuous mixing for 24 h. The yellow solids were collected by centrifugation, resuspended in 20 mL of water, centrifuged, resuspended in 15 mL of absolute ethanol, centrifuged, and resuspended in acetone. A sample for XANES analysis was prepared by filtering a subsample of the acetone suspension on a 0.22 µm nylon membrane filter that was then sealed between two layers of Kapton film. A 10 mM aqueous V(III) standard was prepared by dissolving VCl3 (Sigma Aldrich 97%) in distilled water. A V(III) carbonate standard was prepared from the precipitate that formed on the addition of 1 mL of 100 mM VCl3 to 10 mL of 500 mM Na2CO3. A V(III) phosphate standard was prepared from the precipitate that formed on the addition of 0.5 mL of 100 mM VCl3 to 10 mL of 100 mM Na2HPO4.



V(IV) sulfate (VOSO4) (Alfa Aesar 99.9%) was mixed with boron nitride (4:1) BN:VOSO4 and the mixture was mounted in a 1.5 mm thick sample holder with Kapton windows. A 10 mM aqueous V(IV) standard was prepared by dissolving VOSO4 in distilled water.



The iron orthovanadate standard FeVO4•1.1 H2O, a synthetic phase similar to the mineral fervanite (Fe4(VO4)4•5H2O), was prepared as described by Poizot et al. [68]. Briefly: 33 mL of 260 mM Fe(NO3)3 was added with stirring to 2 L of 4.27 mM NH4VO3 (Sigma-Aldrich 99%) heated to 75 °C and maintained at 75 °C with continuous stirring for 6 days. The resulting precipitate was recovered by centrifugation, sequentially washed with deionized water and acetone, dried at 50 °C, and ground to pass a 200-mesh sieve. A 10 mM aqueous V(V) standard was prepared by dissolving NaVO3 (Sigma-Aldrich 99.9%) in 50 mM pH 7 MOPS. A standard of V(V) sorbed on ferrihydrite was prepared by adding ferrihydrite (2.0 g L−1) to 50 mM pH 7 MOPS containing 1 mM NaVO3 and equilibrating for 5 d with continuous mixing at 25 °C. A standard representing V(V) adsorbed on goethite was prepared based on an approach used by Peacock and Sherman [69]. Briefly, an aqueous suspension containing 3.3 g L−1 of goethite and 0.5 mM NaVO3 (Sigma-Aldrich 99.9%) in 0.1 M NaNO3 was adjusted to pH 6 and equilibrated with continuous mixing at 25 °C for 5 d.





3. Results and Discussion


3.1. V(V) Uptake and Extent of Reduction


Within 48 h, total solution-phase V concentrations decreased to <20 µM in all but the vivianite and biogenic BioSMM systems (Figure 1); however, within 7 months and 20 months > 99.5% of V was removed from solution in the BioSMM and vivianite systems, respectively.




3.2. XANES Spectra of V Standards


The goal of this initial study was to compare the rates and extents of V(V) reduction among systems with various Fe(II) phases. Determining the coordination environment of the reduced V species requires further analysis and will be the subject of an upcoming report. The XANES spectra from several V(III), V(IV), and V(V) standards measured in this study are compared in Figure 2. The spectra group by the valence state of V in (a) the amplitude of the pre-edge peak near 5470 eV; (b) the overall edge position near 5480 eV; and (c) the amplitude and shape of the white line near 5487 eV. The V(V) standards exhibit the highest amplitude of the pre-edge peak, have the highest edge energy position, and the most suppressed white line. The V(IV) and V(III) standards have similar edge positions and white line intensities but differ in the amplitude of the pre-edge peak. The V(III) standards have the lowest pre-edge peak amplitude, which allows differentiation from the V(IV) valence.



Prior studies have discussed in detail the origin of these spectral features and their relationship to V valence or local coordination environment [70,71,72,73,74]. These works have typically established a functional relationship between the pre-edge peak amplitude (and/or the edge position) and the average V valence state. Other studies have used the linear combination fit (LCF) approach, whereby the experimental spectrum is modeled with weighed combinations of standards spectra [75,76,77,78,79,80,81]. Despite the different approaches in interpreting the data, the general consensus is that as long as the local atomic environment around V in the standards is representative of that in the studied samples, the use of such relationships or of LCFs produces similar results and is reliable in determining the V valence state [4].



We used the LCF approach to determine the evolution of V valence with incubation time in our systems. This approach uses both the pre-edge amplitude and the edge position for V valence determination in an averaged way over the spectral region 5465–5483 eV. In addition, by testing several standards for each valence in the combinatorial LC fits we attempted to average out potential structural interferences on valence determination. As representative standards for the V(V) species in our systems we used an aqueous V(V) sample, V(V) adsorbed to ferrihydrite, V(V) adsorbed to goethite, and V(V) in fervanite (Fe(III)V(V)O4). These standards have isolated V(V)O43− tetrahedra in different binding configurations [69,82,83] and their similar XANES spectra reflect the predominant contribution from the rigid tetrahedral O coordination in the V5+O43− entity. As representative V(IV) standards we used an aqueous sample obtained from the dissolution of the vanadyl sulfate hydrate VOSO4, and the VOSO4 powder itself. The structure of VOSO4 has a V(IV) atom surrounded by 4 nearly in-plane O atoms at 2.0 Å from monodentate bound sulfate groups and one out-of-plane short O bond at 1.6 Å [84]. As representative V(III) standards, we used aqueous V(III), V2O3, V(III)-sulfate, V(III)-phosphate, and V(III)-carbonate. V(III) is octahedrally and symmetrically coordinated to O near-neighbors in these compounds, resulting in the significantly lower pre-edge peak amplitude than in the V(IV) and V(V) standards. The spectra of the V(III) standards have nearly identical pre-edge amplitudes and edge positions; differences related to the placement of the V(III) octahedron in different coordination environments appear in the white line region and above. All samples and standards were measured at the same beamline using the same experimental setup, which results in the same instrumental effects on all spectra. Previous V XANES work has highlighted the importance of comparing spectra measured with the same beamline and setup [75].




3.3. Change of V Valence with Incubation Time


Figure 3, Figure 4, Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9 show comparisons of the V K-edge XANES spectra of the solids from the experimental systems to the spectrum of a V(V) and a V(III) standard. All systems show a shift in the edge position to lower energy and a decrease in the pre-edge peak over time, indicating reduction of the added V(V) to a lower valence state. This result confirms the ability of the examined Fe(II)-bearing minerals to serve as reductants for V(V) under our experimental conditions. The spectra from the FeS, siderite, green rust, and BioGR systems all show the decrease and disappearance of the pre-edge peak with time, indicating eventual reduction to V(III) (Figure 3, Figure 4, Figure 7 and Figure 8, respectively). In contrast, the spectra from the vivianite and magnetite systems show about one half of the pre-edge amplitude remaining even after 20 months incubation, and 15–20% of the pre-edge peak amplitude remains at 20 months in the BioSMM system (Figure 5, Figure 6 and Figure 9, respectively), suggesting that reduction to V(III) was suppressed in these systems.



The observed spectral changes were quantified in terms of V valence change by linear combination fit (LCF) analysis. To avoid the slight dependence of the XANES spectra on V coordination environment within each valence group (Figure 2), the region of the white line was excluded from the LCF. The chosen fit range between 5465 and 5483 eV captures the pre-edge peak intensity and the edge position, i.e., the features that have been used for V valence analysis in prior work due to their strongest and most consistent dependence on the valence state [4,70,73,75]. The combinatorial LCF option of the program ATHENA was employed [66], whereby all combinations of up to 3 of the standards in Figure 2 were tested against the data. It was found that combinations of the V(V) adsorbed on goethite, the aqueous V(IV), and the aqueous V(III) standards reproduced the data well in most cases, so for consistency between the different datasets the final fits were performed with these standards. The refined spectral weights are summarized in Table 1. Based on the proportions of V(III), V(IV), and V(V) components in each experimental spectrum, the average V valence was calculated using the formula V_valence = 3x3 + 4x4 + 5x5, where x3 + x4 + x5 = 1 are the weights of the corresponding valence components in the LCF of the XANES data (0 ≤ xi ≤ 1). The resulting average valence over time in each Fe(II)-containing system is plotted in Figure 10. Note that the precise distribution between V(V), V(IV), and V(III) species in systems having an average V valence 3 < x < 5 could not be constrained with the XANES data alone, as using just V(V) and V(III) components we obtained fits of similar quality and determined average valence states within the uncertainty. When interpreting these results it should be kept in mind that an average valence of 4.0, for example, could indicate the predominance of V(IV) species, but it could also be the result of a 50/50 proportion between V(V) and V(III) species in the sample, or, e.g., a 25/50/25 proportion of V(V)/V(IV)/V(III) species. Therefore, the XANES results were interpreted only in terms of average V valence.



The most rapid reduction was observed in the mackinawite system, where all V in the solids was reduced to V(III) by day 2 (Figure 10). These results are consistent with the rapid reduction of V(V) by mackinawite reported by Vessey and Lindsay [60]; however, they reported an average V valence state of only 3.65 within 2 days. The reason for the greater extent of reduction to V(III) in our study compared to that of Vessey and Lindsay is unclear. Both experimental systems were buffered at pH 7.0 with MOPS and both systems contained essentially equivalent amounts of FeS (50 mM in our study and 46 mM in Vessey and Lindsay). The major distinction between the two studies is the difference in initial V(V) concentration; 100 µM in Vessey and Lindsay and 1000 µM in our study. Electrons for the reduction of V(V) by FeS could have come from either the sulfide [85] or the ferrous iron (or both). In either case, there was a stoichiometric excess of reducing equivalents in both experimental systems (the FeS:V(V) (mol:mol) was 50:1 in our study and 460:1 in Vessey and Lindsay), so the lower extent of reduction in the study by Vessey and Lindsey was not due to a lack of reducing capacity. In aqueous systems V(V) can exist as monomeric and polymeric oxo-vanadate species depending on V(V) concentration, so differences in the extent of reduction to V(III) in our study and Vessey and Lindsey may have been due to differences in V(V) speciation [86].



A slower but also complete reduction of V(V) to V(III) was observed in the green rust system within 4 months (Figure 10). Green rust has been shown to reduce an array of toxic metals, metallolids, and radionuclides [87,88,89,90,91,92,93,94,95]; however, this is the first report of the reduction of V(V) by green rust. Vanadium(V) was also reduced to V(III) in the BioGR system, but at a much slower rate than with synthetic green rust; complete reduction to V(III) was not observed until 20 months reaction time. The difference in kinetics between the green rust and BioGR systems was not likely due to differences in the Fe(II) contents of the systems, for while the BioGR systems had only 35 mM Fe(II) (compared to 50 mM in the green rust system), there was still 17 times the number of reducing equivalents needed to reduce 1 mM V(V) to V(III). Green rusts are layered Fe(II)-Fe(III) hydroxides having a pyroaurite-type structure, i.e., alternating positively charged Fe(II)-Fe(III) hydroxide layers and hydrated anion layers having the general composition: [Fe(II)4 Fe(III)2 (OH)12]2+ [(A)2/n yH2O]2−, where A is an n-valent anion (e.g., Cl−, SO42−, or CO32−) and y denotes varying amounts of interlayer water (y = 2–4). The synthetic green rust phase used in this study had sulfate as the interlayer anion, while the BioGR had carbonate. Differences in interlayer anion composition have been shown to affect the rate of reduction of nitrate, chromate (Cr(VI)), and U(VI) by green rust [96,97,98], so it is possible that the differences in V(V) reduction rates by green rust and BioGR are due to the different interlayer anions in each. Furthermore, synthetic green rust and BioGR have different surface properties, attributed largely to sorption of extracellular polymeric substances (EPSs) on BioGR that passivate their surface, thereby inhibiting their redox reactivity [99,100]. However, Remy et al. [100] and Yan et al. [101] found no substantial difference in reactivity between BioGR and synthetic green rust with respect to the reduction of Hg(II) and U(VI), respectively, so it is unclear if the presence of EPS on BioGR contributed to the slower kinetics of V(V) reduction in the BioGR system.



Vanadium(V) was reduced to V(III) in the siderite system (Figure 10). Reduction of V(V) by siderite has been reported by Vessey and Lindsay [60], where after 48 h of reaction, the average valence state of V was 4.14, which is similar to the average valence of 4.0 observed at 48 h in our siderite system. However, in our experiment the average V valence was 3.3 after 3 months with complete reduction to V(III) within 7 months. Although the reduction of V(V) by siderite was only monitored for 48 h in the study by Vessey and Lindsay, it is reasonable to expect that there would have been further reduction over time as their experimental system, like ours, has a large excess of reducing equivalents (the FeCO3:V(V) (mol:mol) was 50:1 in our study and 350:1 in Vessey and Lindsay).



In contrast with mackinawite, green rust, BioGR, and siderite, V(V) was only partially reduced in the magnetite system. Within 48 h, the average valence state of V in our magnetite system was 4.7 and comparable to the average valence of 4.83 reported by Vessey and Lindsay after 48 h of reaction between V(V) and magnetite [60], suggesting similar reactivity for magnetite in both experimental systems. However, in both studies, the average valence states were measured for V associated with the solids (i.e., since the average valence was calculated from XANES analysis of the solids, the valence of V in solution was not included in the determination). Based on a 48 h uptake of 0.21 µmol (uptake of 0.42 µM from 500 mL) in the study by Vessey and Lindsey and a 48 h uptake of 39.4 µmol (uptake of 985 µM from 40 mL) in our experimental system, 11.82 µmol of V(V) was reduced in our experiment compared with only 0.04 µmol in the study by Vessey and Lindsay (based on average valence states of 1.7 and 4.85, respectively and assuming reduction of V(V) to V(IV)). Since both experimental systems contain similar molar Fe3O4:V(V) ratios (60:1 and 50:1 in Vessey and Lindsay and this study, respectively), the differences in the reactivity of magnetite with respect to V(V) reduction in our work and that of Vessey and Lindsay may have been due to differences in surface area or in the Fe(II):Fe(III) ratio [102,103,104] of the magnetite used in each study. Since we do not know the surface area or Fe(II):Fe(III) ratio of the magnetite used in our study or the Fe(II):Fe(III) ratio of the magnetite used by Vessey and Lindsay, it is difficult to speculate; however it is reasonable to expect that the Fe(II):Fe(III) ratio in our magnetite was higher given that it was prepared and maintained under anoxic conditions compared to the magnetite used by Vessey and Lindsay, which was a commercial product that was exposed to ambient atmosphere and may thus have been partially oxidized, which is consistent with the greater apparent reactivity of the magnetite in our study. The reduction of V(V) by magnetite was only monitored for 48 h in the study by Vessey and Lindsay, but we observed continued reduction of V(V) over time, with the average valence of V decreasing to 4.3 after 3 months, 4.1 after 4 months, and 3.7 at 7 months, after which it appeared to be stable. Given the stoichiometric excess of Fe(II) in the system (Fe(II):V(V) 50:1 (mol:mol)), the incomplete reduction to V(III) was not due to insufficient reducing equivalents. In addition to synthetic magnetite, natural magnetite, and ilmenite (Fe(II)Ti(IV)O3) have been shown to reduce V(V) to V(IV) [59].



There was an initial rapid reduction of V(V) in the vivianite system, with an average valence state of solids-associated V of 4.1 within 48 h (Figure 10); however, the uptake of V from solution by vivianite was relatively slow, with 54% remaining in solution (Figure 1). Over the 20 month experimental run, V uptake slowly increased to >99% and the average V valence state decreased slowly to 3.7 by 8 months where it remained at 20 months; despite little change in the average V valence state, there was a progressive increase in the fraction of V(III) (Table 1). As in the other experimental systems, there was a large stoichiometric excess of electron equivalents, so the incomplete reduction to V(III) in the vivianite system was not likely due to limitations in available Fe(II). Compared to Fe(II)-bearing minerals like mackinawite, magnetite, green rust, and siderite, few studies have examined the ability of vivianite to act as a reductant for environmentally-relevant redox active elements; however, vivianite has been shown to reduce U(VI) to U(IV), Cr(VI) to Cr(III) and Hg(II) to Hg(0) [105,106,107] and our study is the first report of V(V) reduction by vivianite.



The BioSMM system contained biogenic siderite, mackinawite, and magnetite (52, 26, and 22 mol% Fe, respectively, as determined by Fe XAFS analysis). However, unlike the mackinawite and siderite systems, V(V) was not completely reduced to V(III). Within 2 days, 36.5% of the V in the system was associated with the solids and had an average valence state of 4.4. After 3 months V uptake by the solids increased to 65.8% and the average V valence decreased to 3.7, and within 7 months >99.5% of the V was associated with the solids and the average valence decreased further to 3.4, which remained unchanged at 20 months. In the systems with synthetic mackinawite (50 mM) and synthetic siderite (50 mM), V(V) was fully reduced to V(III) within 2 days and 7 months, respectively. Although the BioSMM system contained only 20.8 mM siderite and 10.4 mM mackinawite (based on the molar proportion of each and a total Fe(II) content of 40 mM), there was a stoichiometric excess of each phase required to reduce 1 mM V(V) to V(III) (i.e., 2 mM Fe(II)), thus full reduction to V(III) was not prevented due to a lack of reducing equivalents. The diminished reactivity of BioSMM compared to synthetic mackinawite and siderite is consistent with the results of other studies showing lower redox reactivity of biogenic phases compared to their synthetic counterparts [99,100,105,108], and may be due to the presence of other components that diminish their reactivity, e.g., microbial EPS [99].




3.4. Speciation of the Reduced V (XANES)


In general, the XANES part of the absorption spectrum provides limited specificity in determining the speciation of an element, unless the data match a relatively unique reference. Figure 2 shows that the XANES spectra of the V standards are fairly similar within each valence, and in particular, the V(III) standards differ only moderately in the white line and post edge region depending on the local atomic environment of the V(III) center. In addition, our XANES comparisons are limited to standards of V(III) in precipitates, which does not allow us to comment on the possibility of V(III) surface sorption to the Fe oxide phases in our systems. Within this context we provide below a tentative assignment of the reduced V species based on a qualitative interpretation of the obtained XANES spectra.



Figure 11A compares the V XANES spectra from the reactors with FeS, green rust, and BioGR after 20 months of reaction. The three spectra are identical, indicating that the predominant V(III) species in these systems are the same. Since there is no sulfide in the green rust reactors, this result suggests that the V(III) in both the green rust and the FeS systems was O-coordinated, i.e., that V(III) did not bind directly to the S atoms present in the FeS system. Our results are in contrast with those of Vessey and Lindsay who observed V-S coordination by the V EXAFS analysis, consistent with incorporation of V(IV) (and possibly V(III)) into mackinawite [60]. Besides being O-coordinated, the speciation of V(III) in these systems could not be refined any further, as we did not observe a match with the XANES standards available to us. The V-GR and V-FeS spectra exhibited a strong white line and post-edge features of relatively large amplitude, which were different from the measured standards (Figure 11A). For instance, our V(III)-carbonate and V(III)-sulfate standards were shifted and mismatched in the edge position and post-edge features, suggesting that the sulfate and carbonate available in the synthetic and BioGR system did not complex V(III). The closest resemblance we could find to our experimental data was a spectrum measured by Rives et al. [109], who studied hydrotalcite synthesized in the presence of V(III) (the digitized spectrum from that work is shown in Figure 11A). With additional characterization the authors concluded that V(III) was incorporated in the metal hydroxide layer (hydrotalcite is a layered double hydroxide mineral similar to green rust) [110], so it is possible that V(III) was sequestered through a similar mechanism in our green rust and FeS systems. A detailed investigation on the speciation of V(III) in these systems will be the subject of an upcoming report, following additional experiments and characterization.



The V(III) spectrum from the solids of the siderite reactor was significantly different from that of the green rust system (Figure 11A), despite the similarity in reduction kinetics (Figure 10). This suggests that the presence of carbonate affects the resulting V(III) species. The spectrum shows similarity to our V(III)-carbonate standard in the shape and position of the edge and peaks, implying that V(III) may be coordinated to carbonate. However, there were also significant differences between the spectra, such as the split peak and the smaller amplitude of the white line in the siderite reactor. The smaller amplitudes may be indicative of a phase that is similar to that in the V-carbonate standard but is more disordered.



Although the V reduction kinetics and extents were similar between the magnetite and vivianite reactors (Figure 10), the V XANES spectra from these systems show significant differences (Figure 11B). Since the spectra after 7 and 20 months reaction were the same in each system and because the systems were set up with excess reducing capacity, it can be assumed that both reactors have reached the steady state and that the average V valence of 3.7–3.8 (Table 1 and Figure 10) was not the result of incomplete transformation between V(V), V(IV), and V(III) species. Rather, it appeared that the intermediate valence was maintained by the formation of specific minerals, having either V(IV) as the dominant species or having a specific ratio of V(V), V(IV), and V(III) species. The edge and the white line region of the V in the magnetite system show a significant structure, whereas the spectrum of V in the vivianite reactor was relatively featureless. These spectral differences indicate distinct speciation of V in the two systems. Comparison to the available XANES standards and literature references did not produce a match, so the identity of these intermediate valence V phases remain unclear at this point.



The BioSMM system at 20 months had an average V valence of 3.4 (Table 1), which was intermediate between the green rust/FeS and the magnetite/vivianite systems (3.0 and 3.8, respectively, Figure 10). This average valence could be the result of V being distributed between the endmember Fe phases. We performed combinatorial LC fits of the spectrum of the BioSMM solids at 20 months with the V XANES spectra from the magnetite, green rust, FeS, and siderite systems at 20 months, together with the V(V)-goethite and the V(IV)(aq) standards. The best spectral reproduction was obtained by linear combinations with a predominant (60%) component of the reduced V(III) species in the green rust/FeS systems, a smaller (20–30%) component of the partially reduced V in the magnetite system, and a minor (10–15%) component of remaining V(V) (Figure 11B). The identity of the V species resulting from this analysis was consistent with the speciation of V in the BioSMM system being controlled by the mineralization products of Fe reduction. However, the distribution of V between the endmember species is not expected to scale with the distribution of Fe between the secondary mineralization products because the proportion of V associated with each Fe phase will depend in a complex way on the relative surface area of the minerals, potential organic matter coating, and other factors that were not controlled in this experiment.




3.5. Environmental Implications


In identifying V as a re-emerging environmental hazard, Watt et al. highlighted the importance of understanding V speciation in predicting the behavior and fate of V in environmental systems [13]. Given that V is a redox active element, a robust understanding of its behavior in aquatic and terrestrial environments requires knowledge of the biotic and abiotic processes that control its redox state and attendant changes in solubility/mobility and bioavailability [4]; however, the biogeochemistry of V in suboxic and anoxic environments is poorly understood [5]. Largely through microbial reduction of Fe(III), Fe(II) is typically one of the most abundant reductants present in aquatic and terrestrial environments under suboxic and anoxic conditions [111,112,113]. Magnetite, siderite, vivianite, green rust, and mackinawite are common secondary minerals formed during microbial Fe(III) reduction in soils and sediments and our results show that these Fe(II)-bearing minerals can reduce V(V) to V(IV/III), and in the case of mackinawite, siderite, and green rust, complete reduction to V(III). The reduction of V(V) in soils and sediments has been largely attributed to microbial activity, presumably involving direct enzymatic reduction of V(V) [1,4]; however the potential for reduction by Fe(II)-bearing minerals suggests that abiotic or coupled biotic-abiotic processes may also play a critical role in V redox chemistry and thus need to be considered in modeling the global biogeochemical cycling of V.
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Figure 1. Solution phase V concentrations in the experimental systems over time. The lines are a visual aid only. 
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Figure 2. Comparisons of the V K-edge X-ray absorption near edge spectra (XANES) from the V standards. The spectra are grouped by V valence state and offset vertically. The vertical dashed lines indicate the approximate pre-edge, edge, and white line positions. 
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Figure 3. The V K-edge XANES spectra of the solids in the mackinawite system over time compared to representative standards V(V) sorbed to goethite and aqueous V(III). Inset shows details in the pre-edge region. 
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Figure 4. The V K-edge XANES spectra of the solids in the siderite system over time compared to representative standards V(V) sorbed to goethite and aqueous V(III). Inset shows details in the pre-edge region. 
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Figure 5. The V K-edge XANES spectra of the solids in the vivianite system over time compared to representative standards V(V) sorbed to goethite and aqueous V(III). Inset shows details in the pre-edge region. 
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Figure 6. The V K-edge XANES spectra of the solids in the magnetite system over time compared to representative standards V(V) sorbed to goethite and aqueous V(III). Inset shows details in the pre-edge region. 
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Figure 7. The V K-edge XANES spectra of the solids in the green rust system over time compared to representative standards V(V) sorbed to goethite and aqueous V(III). Inset shows details in the pre-edge region. 
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Figure 8. The V K-edge XANES spectra of the solids in the biogenic green rust (BioGR) system over time compared to representative standards V(V) sorbed to goethite and aqueous V(III). Inset shows details in the pre-edge region. 
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Figure 9. The V K-edge XANES spectra of the solids in the biogenic siderite/mackinawite/magnetite (BioSMM) system over time compared to representative standards V(V) sorbed to goethite and aqueous V(III). Inset shows details in the pre-edge region. 
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Figure 10. Average V valence over time in each of the Fe(II)-containing systems, calculated using the refined component weights in the LC fits of the XANES data (V_valence = 3x3 + 4x4 + 5x5, where x3 + x4 + x5 = 1 are the weights of the corresponding valence components). The uncertainty in average V valence determination is estimated at ±0.15 by propagating the ±7% uncertainty in xi reported in Table 1, and is illustrated above as a single error bar for all points. The lines are B-spline interpolations to the data points, intended as a guide to the eye. 
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Figure 11. (A) Comparison of the spectra from the final V(III) species in the green rust and FeS reactors to the available V(III) standards. The vertical dashed lines indicate features discussed in the text. The data for the V(III)-hydrotalcite spectrum was digitized from Figure 2 of Rives et al. [108]. The V(III) species in the siderite system after 20 months are shown at the bottom. (B) The spectra of the intermediate V valence species in the vivianite and magnetite systems are compared to the V(IV) standards at the top. The bottom spectra present the linear combination analysis of the V species in the BioSMM system after 20 months. The scaled best fit components that combine to produce the fit line are also shown. 
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Table 1. Refined spectral components (%) from the linear combination analysis of the XANES data a.
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	Sample
	Time
	V(V)
	V(IV)
	V(III)
	Average

V Valence b
	R-Factor c





	FeS (mackinawite)
	2 days
	0
	0
	100
	3.0
	0.008



	
	8 months
	0
	3
	97
	3.0
	0.013



	
	20 months
	0
	0
	100
	3.0
	0.014



	Siderite
	2 days
	14
	72
	14
	4.0
	0.019



	
	3 months
	0
	29
	71
	3.3
	0.010



	
	7 months
	0
	0
	100
	3.0
	0.005



	
	20 months
	2
	0
	100
	3.0
	0.004



	Vivianite
	2 days
	13
	80
	8
	4.1
	0.014



	
	3 months
	12
	70
	18
	3.9
	0.014



	
	4 months
	13
	65
	22
	3.9
	0.028



	
	8 months
	4
	60
	36
	3.7
	0.019



	
	20 months
	18
	36
	45
	3.7
	0.011



	Magnetite
	2 days
	84
	0
	16
	4.7
	0.005



	
	3 months
	53
	26
	21
	4.3
	0.005



	
	4 months
	35
	43
	22
	4.1
	0.013



	
	7 months
	17
	34
	49
	3.7
	0.006



	
	20 months
	20
	78
	22
	3.8
	0.012



	Green Rust
	2 days
	14
	67
	19
	4.0
	0.004



	
	3 months
	13
	0
	87
	3.3
	0.005



	
	4 months
	0
	0
	100
	3.0
	0.011



	
	8 months
	0
	0
	100
	3.0
	0.014



	
	20 months
	1
	0
	99
	3.0
	0.010



	Biogenic Green Rust
	2 days
	70
	8
	22
	4.5
	0.005



	(BioGR)
	3 months
	36
	47
	17
	4.2
	0.010



	
	7 months
	5
	15
	80
	3.2
	0.006



	
	20 months
	0
	0
	100
	3.0
	0.012



	Biogenic
	2 days
	52
	32
	16
	4.4
	0.008



	Sid/mack/mag
	3 months
	34
	5
	61
	3.7
	0.004



	(BioSMM)
	7 months
	21
	0
	79
	3.4
	0.004



	
	20 months
	22
	0
	78
	3.4
	0.005







a The standards used in the LC fits are V(V)adsorbed on goethite, aqueous V(IV), and aqueous V(III). The refined spectral weight for each standard is shown as a percentage of the experimental spectrum. The uncertainty in spectral weight determination is ±7%, as reported by the fitting program ATHENA; b The average V valence is calculated as V_valence = 3x3 + 4x4 + 5x5, where x3 + x4 + x5 = 1 are the weights of the corresponding valence components; c The R-factor is a goodness of fit indicator quantifying the misfit between data and fit relative to the amplitude of the data. More information on this parameter can be found in the documentation of ATHENA [66].
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