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ABSTRACT 

 Sequestration of uranium (U) by magnetite is a potentially important sink for U in natural 

and contaminated environments.  However, molecular-scale controls which favor U(VI) uptake 

including both adsorption of U(VI) and reduction to U(IV) by magnetite remain poorly 

understood, in particular the role of U(VI)-CO3-Ca complexes in inhibiting U(VI) reduction.  To 

investigate U uptake pathways on magnetite as a function of U(VI) aqueous speciation, we 

performed batch sorption experiments on (111) surfaces of natural single crystals under a range 

of solution conditions (pH 5 and 10; 0.1 mM U(VI); 1 mM NaNO3; and with or without 0.5 mM 

CO3 and 0.1 mM Ca) and characterized surface-associated U using grazing incidence extended 

x-ray absorption fine structure spectroscopy (GI-EXAFS), grazing incidence x-ray diffraction 

(GI-XRD), and scanning electron microscopy (SEM).  In the absence of both carbonate ([CO3]T, 

denoted here as CO3) and calcium (Ca), or in the presence of CO3 only, co-existing adsorption of 

U(VI) surface species and reduction to U(IV) occurs at both pH 5 and 10.  In the presence of 

both Ca and CO3, only U(VI) adsorption (VI) occurs.  When U reduction occurs, nanoparticulate 

UO2 forms only within and adjacent to surface microtopographic features such as crystal 

boundaries and cracks.  This result suggests that U reduction is limited to defect-rich surface 

regions.  Further, at both pH 5 and 10 in the presence of both CO3 and Ca, U(VI)-CO3-Ca ternary 

surface species develop and U reduction is inhibited.  These findings extend the range of 

conditions under which U(VI)-CO3-Ca complexes inhibit U reduction. 
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INTRODUCTION 

 Uranium (U) has been released into the environment through mining operations, nuclear 

testing, and accidental spills, and is a contaminant in soils, sediments and groundwater at 70% of 

the U.S. Department of Energy (DOE) facilities.1  Development of accurate predictive models of 

subsurface U transport in such contaminated environments is dependent upon an understanding 

of the fundamental processes by which U can be sequestered, including adsorption, precipitation, 

and reduction.  Uptake of U by magnetite is a potentially complex process as at least three 

sequestration pathways are feasible; (1) U(VI) surface adsorption at Fe(II) and/or Fe(III) sites; 

(2) U(VI) surface adsorption on and/or coprecipitation with Fe(III)-(oxy)hydroxides formed by 

the weathering and oxidation of Fe(II) from the magnetite; and (3) heterogeneous reduction of 

U(VI) to U(IV) by Fe(II) at the magnetite surface and the resulting precipitation of an insoluble 

U(IV)-bearing solid, typically uraninite (UO2) in the absence of complexing ligands.2   

 Magnetite is a commonly occurring Fe-oxide in the environment, and forms in sediments 

and soils that are relevant to natural and contaminated settings.  In addition, magnetite is used as 

a sorbent in soil and water remediation.3, 4  Magnetite has the potential to act as a sink for redox-

active metal contaminants in a variety of settings, including contaminated vadose zone sediments 

5, and during the corrosion of nuclear waste-bearing steel canisters.6  The ability of magnetite to 

effectively reduce aqueous metal species has been shown for a variety of contaminants, including 

arsenic(V) 7, chromium(VI) 8, 9, and mercury(II).10  A fundamental understanding of these 

heterogeneous redox processes is required for developing predictive models for contaminant 

transport in environments that contain Fe(II)-bearing solid phases.  However, even in the case of 

U, there is no consensus regarding the conditions under which U(VI) reduction by magnetite is 
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favorable, with variable results ranging from complete reduction of U(VI) to U(IV) resulting in 

the formation of UO2
6, 11-13, to incomplete reduction.14-16  Some of these later studies reported the 

formation of a presumed mixed-valent phase (e.g. ~ U3O8) 
15 and a U(V)-U(VI) phase with no 

U(IV).16  Whereas there is evidence that variable bulk stoichiometry influences redox reactions 

involving magnetite17, other factors such as surface composition and defect structure densities, as 

well as the interplay between U(VI) solution and surface speciation have not been well 

constrained.    

 In the current work, our aim was to use a thoroughly characterized magnetite substrate 

with respect to surface structure and composition, and examine U uptake by magnetite as a 

function of U aqueous speciation.  With respect to the role of aqueous speciation, reduction of 

uranyl to UO2 by structural Fe(II) in chlorite is inhibited in the presence of U(VI)-CO3-Ca 

aqueous complexes.18  These results parallel those for biological reduction of U(VI), in which 

bacteria use U(VI) as a terminal electron acceptor in anaerobic respiration.19   In these systems, 

bacteria can reduce U(VI) when in the form of U(VI)-hydrolysis products and U(VI)-CO3 

aqueous complexes, but the presence of Ca inhibits U(VI) reduction.20-22  Results such as these 

have provided important insights into the conditions that stabilize U(VI).  However, it not clear if 

this effect is solely due to the formation of aqueous U(VI)-CO3-Ca complexes which simply 

lower the total chemical potential of U(VI) in the system, or whether U(VI)-CO3-Ca complexes 

also form at the surface of the solid phase.  Part of this uncertainty stems from the fact that direct 

spectroscopic evidence for possible U(VI)-CO3-Ca surface complexes is difficult to acquire 

using standard XAS methods. Consequently, the presence or absence of surface bound U(VI)-

CO3-Ca complexes is an open question.  If present, a pressing question would be how the U(VI) 

coordination environment might impact U(VI) reducibility. 
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 Here we focus on the following questions: (1) Does magnetite (111) surface 

heterogeneity impact U(VI) reduction? (2) What is/are the dominant U sorption product(s)?  (3) 

What are the structures and stoichiometries of U(VI) surface complexes in the presence of CO3 

and Ca and how does Ca limit U(VI) reduction?  To answer these questions, we used a 

combination of benchtop batch sorption experiments, scanning electron microscopy, and 

synchrotron-based grazing-incidence x-ray absorption spectroscopy (GI-XAS).  GI-XAS 

experiments yield similar metal coordination environment information as bulk XAS, but with 

greater sensitivity to small amounts of a surface phase 23, and are ideally suited for obtaining 

chemical information of surface and near-surface phases including U-bearing sorption complexes 

and surface precipitates.24, 25  Single crystal experiments allow for a controlled model system 

where the surface is well defined, and the nature of surface complexes can be studied in great 

detail.23  Further, the magnetite (111) surface was chosen because it is the most common 

magnetite growth face.26   

 

MATERIALS AND METHODS 

Magnetite preparation and characterization  Magnetite crystals used in the present study 

were prepared from two samples with cubic (100) habit from Balmat, New York, U.S.A.  

Magnetite crystals from this location are relatively pure; Zn is the highest impurity at ≤ 0.01 wt% 

and no other significant trace-level impurities.27  Oriented (111) slabs, approximately 10 mm x 

10 mm x 1 mm, were prepared by Princeton Scientific Corp.  The desired surface orientation was 

confirmed by Laue x-ray diffraction to be within 0.05o.  The magnetite (111) surface final 

polishing step was performed in a Coy Laboratories, Inc. anoxic chamber (2% H2/98% N2, < 0.1 
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ppm O2) using a modified chemical mechanical polishing (CMP) procedure.26  Detailed 

information can be found in the Supporting Information (SI); briefly, samples are polished with 

alkaline silica solutions, following by cleaning solutions to remove residual polishing fluids and 

airborne-deposited surface impurities including adventitious carbon.  Surface roughness and 

stoichiometry after the CMP procedure were determined by contact-mode atomic force 

microscopy (AFM) and x-ray photoelectron spectroscopy (XPS), respectively (SI).  All crystals 

exhibit topographically negative linear surface features consistent with CMP-based preferential 

exposure of structurally defective boundaries and, to a lesser extent, cracks and scratches (SI Fig. 

1).  The domain boundaries are consistent with magnetic closure domain structures observed on 

magnetite crystals28-30, and are likely the result of sub-grain domain boundaries within a mosaic 

single crystal.  Closure domains are planar structures that intersect with <111> axes within the 

magnetite structure to minimize free energy between adjacent internal magnetic domains.  They 

are structurally defective, likely rich in dislocations, and therefore weak with respect to the 

surrounding domains, and can be typically observed on {110} and {111} surfaces manifesting as 

regularly repeating linear features.  On the (111) surface, we also observed partial “coat hanger” 

domains (c.f. Özdemir et al., 1995).29  These features tend to be evenly spaced at 20-50 m, on 

the order of several micrometers in length and one to two nanometers in depth, and manifest 

shallow walls (1-2º).  The degree to which the surface structure and stoichiometry on or near 

these boundaries deviates from the uniform magnetite (111) surface has not been established.  

Analysis of the AFM images indicates that the post-CMP magnetite (111) samples with a 

moderate to high density of such surface features (~ 5-10 % surface coverage) have a root mean 

squared (RMS) roughness of approximately 1.5  0.1 nm.  Crystal samples with a low density of 

surface features (≤ 5 % surface coverage) have an RMS roughness of approximately 0.5  0.1 
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nm.  XPS of post-CMP samples yielded Fe(II)/Fe(total) of 0.27 ( 0.01) (following the 

methodology in Ilton et al., 2010 16), which reflects a mixture of bulk and surface properties, 

where the oxidation states of bulk stoichiometric magnetite and the top monolayer of the 

naturally terminated (111) surface have Fe(II)/Fe(total) values of 0.33 and 0.22, respectively.  

 

Batch experiments All experiments were performed in an anaerobic chamber; detailed 

information regarding the protocol for the batch sorption of U(VI) by magnetite (111) is in the 

SI.  Briefly, magnetite (111) samples were prepared under batch conditions at pH 5 and 10, with 

varying [CO3]T and [Ca] (Table 1).  After 12 hrs of exposure to 0.1 mM U(VI)-bearing solutions, 

the crystals were removed from the solution reservoir, dried rapidly by heating to 90oC for  one 

minute under N2, and mounted for either SEM or GI-XAS as described below.  Changes in the 

aqueous concentrations of U and Fe were measured by using a Perkin Elmer SCIEX Elan DRC II 

Inductively Coupled Plasma Mass Spectrometer (ICP-MS). 

 

Scanning electron microscopy  Scanning electron microscopy (SEM) analysis was 

performed at the Environmental Molecular Sciences Laboratory using a field-emission 

environmental SEM (FEI Model XL30) equipped with an EDX spectrometer (EDAX Model 

136-10).  The dried samples, see above, were rapidly carbon-coated and transferred to the SEM 

under N2.  The SEM was run at 15 kV and images were collected in secondary electron mode.  
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Grazing-incidence x-ray absorption spectroscopy (GI-XAS) and diffraction (GI-XRD) Crystal 

samples were mounted on an anodized Al platform with a 25 m Kapton film dome over the 

sample (SI Fig. 2).  Samples were stored for less than 6 hr under N2 prior to analysis, and the 

sample cell was purged with He gas (> 99.995%) during data collection.   U LIII-edge grazing-

incidence x-ray absorption near edge structure (GI-XANES) and extended x-ray absorption fine 

edge structure (GI-EXAFS) spectra were collected at room temperature at beamline 13-IDC at 

the Advanced Photon Source (APS) using a cryogenically cooled Si (111) double-crystal 

monochromator.31  The beam was focused using two Rh-coated Si mirrors in both the vertical 

and horizontal directions, producing a beam size of (20 m x 500 m).  A Newport 2+2+kappa-

geometry diffractometer was used for sample orientation and mounting.   Fluorescence-yield 

data were collected using a four-element silicon detector (SII NanoTechnology USA Inc.).  The 

angle of the incident x-rays to the crystal surfaces was set to 0.12°, which is less than the critical 

angle of the substrate over the energy range examined.  The x-ray energy was calibrated using an 

yttrium foil; the first inflection point in the Y K-edge was set to 17038 eV. 

 The U LIII-edge position was set as the half-height of the normalized adsorption edge.  

The dominant U oxidation state(s) were determined based on the calibrated edge position with 

respect to uraninite and uranyl nitrate mechanical mixture standards with an uncertainty of the 

oxidation state of about 5%.32  Background-subtracted k3-weighted EXAFS data were analyzed 

using the SixPACK33 interface to IFEFFIT.34  The EXAFS spectra were fit with the linear-

combination fitting (LCF) module in SixPACK using the most likely candidates based on the 

SEM and GI-XANES analyses and several less likely but potentially relevant candidates (i.e., 

other U-bearing reference or model compounds which are not predicted to occur based on 

thermodynamic modeling).  The reduced chi squared value was used to determine the goodness-
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of-fit for the one-, two-, and three-species linear combination fits (SI Table 1).  The applications 

and limitations of linear-combination fitting of EXAFS spectra of complex environmental 

samples have been described previously.35  The components used in the LCF were: bulk 

uraninite32, nanoparticulate uraninite32, schoepite36, boltwoodite37, and uranyl sorbed on 

chlorite.18  The reference sorption samples were reacted under similar solution composition 

conditions (pH, [U(VI)], [CO3]T, and [Ca]) as the uranyl-magnetite samples in the current study.  

Phase-shift and backscattering amplitude functions for quantitative EXAFS fitting were 

generated using FEFF 7.038 from the crystal structures of soddyite39, liebigite40, and Fe-

substituted phuralumite41, which have been shown to reliably fit the uranyl oxygen atoms, 

CO3/Ca, and Fe nearest neighbors, respectively. 

 Grazing-incidence x-ray diffraction patterns were collected by keeping the incident x-ray 

angle set at 0.120 and scanning 2θ at a constant energy of 17200 eV.  Diffraction patters were 

collected over the 2θ-range of 5 - 250, and a corresponding d-range of 1.6 - 8.1 Å-1.  Prior to peak 

identification for reacted samples, diffraction patterns were background-subtracted and 

normalized using an unreacted magnetite sample. 

 

RESULTS AND DISCUSSION 

SEM and EDX analysis of surface particles  Observation of magnetite (111) samples 

exposed to U(VI)-bearing solutions for 12 hours showed nanoparticles form on the surface when 

CO3 is both absent and present (Fig. 1 and SI Fig. 3).  These roughly spherical particles were 

approximately 5 nm in diameter, with particle aggregates forming up to 400-500 nm in diameter.  
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Detailed information regarding particle size analysis has been reported with a parallel kinetic 

study.42  These particle clusters were only observed to form in and adjacent to the linear surface 

features (i.e., crystal domain boundaries and cracks; see Fig. 1D and G and SI Fig. 3A and B).  

High magnification showed that these particles formed on the slopes of the domain boundaries, 

as well as forming aggregates bridging across from some of the steeper boundaries and cracks 

(Fig. 1 E and H).  Further, the particle aggregates were never found beyond ~ 500 nm from these 

surface features. 

 To ensure that the location and size distribution of these particles was not an artifact of 

the polishing step in the CMP protocol, two experiments were performed: (1) a subset of 

polished crystals were not completely washed and therefore remained in contact with colloidal 

silica (i.e., the polishing solution was allowed to remain on the polished crystal) and (2) properly 

cleaned crystals were exposed to a high electrolyte concentration that was then allowed to dry in 

the anaerobic chamber.  The experiments were intended to confirm that the topographically 

negative surface features were not acting as physical traps that preferentially ‘collect’ particles 

formed during reaction.  In both cases, particles (either colloidal silica or NaNO3 crystals) were 

observed uniformly over the entire magnetite (111) surface and there was no evidence for 

preferential deposition and/or precipitation near the surface features.  These results suggest that 

the particles observed at the magnetite (111) surface after reaction with U(VI) represent a site-

specific reaction mechanism occurring in and near the surface features. 

 Under conditions when both Ca and CO3 were present, no U-bearing particles were 

observed on the magnetite (111) surface (SI Fig. 3), even though U uptake by the surface did 

occur (Table 1).  The U sorption loading () was ~ 30 % lower when Ca was present in solution, 
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at both pH 5 and 10, compared to when Ca was absent.  Although it is possible that the formation 

of U-bearing particles in the absence of Ca was a result of the rapid-drying process prior to 

carbon-coating via super-saturation of a U(VI)-(hydro-)oxide phases such as schoepite, it is 

unlikely as it then would have occurred for all cases involving a drying step and would not have 

displayed the strong apparent correlation between particle location and surface topographic 

features.  Further, the usual morphology of uranyl hydroxides is needle-like or tabular, not 

roughly spherical.43  

 EDX analysis of these particles indicated the presence of U, Fe, O, and Zn (SI Fig. 4).  It 

is more likely that the EDS spectra represent the overprinting of the signature from a potential U-

bearing (hydr-)oxide phase and the magnetite background (O, Fe, and minor Zn), rather than a 

single phase that contains all elements, given the features of the GI-EXAFS spectra and fit 

results, discussed below.  The lack of a U bearing precipitate in the presence of aqueous Ca 

indicates that U is likely adsorbed.  In contrast when Ca is absent both adsorption and 

precipitation, likely via reduction to U(IV), is inferred. These observations are consistent with 

GI-XAS and GI-XRD, as discussed below. 

  

Identification of the dominant U-bearing species  Linear-combination fitting (LCF) 

results of the GI-EXAFS spectra showed that in the absence of Ca at both pH 5 and 10, the 

sample spectra were best fit by a combination of that for nanoparticulate UO2 and adsorbed 

U(VI) (Fig. 2, SI Table 1).  Bulk UO2 did not yield a good fit (SI Table 2) due to the strong U-U 

pair correlation present in the EXAFS spectra between ~ 8-12 Å for bulk UO2 that is weaker in 

nanoparticulate UO2.
32  In the presence of Ca, the GI-EXAFS spectra at both pH 5 and 10 were 
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best fit by sorbed U(VI) only.  Under all sets of conditions, the GI-EXAFS could be confidently 

fit either by sorbed U(VI) alone (Ca present) or by a combination of sorbed U(VI) and 

nanoparticulate UO2 (Ca absent); addition of other U(VI) phases did not improve the fit results, 

and in all cases resulted in a worse fit (i.e., fit features did not match spectral features, and the 

reduced 2 value increased).  Examination of the spectral residuals (Fig. 2) shows that the 

remaining data (less than 5% of the total signal) is random noise, indicating that a potentially 

significant U-bearing phase has not been missed during the fitting routine.  Discussion and 

comparison of the GI-EXAFS spectra Fourier transforms (SI. Fig. 5) are presented in the SI 

document. 

 The ability to spectroscopically distinguish simultaneously occurring adsorbed and 

precipitated U-bearing phases by linear-combination fitting of U LIII-edge XANES and EXAFS 

spectra has been previously shown, for example in systems with adsorbed U(VI) and U(VI)-

bearing phosphates and silicates 5, 44, as well as systems with both simultaneous U(IV) and U(VI) 

present.45  The presence of both nanoparticulate UO2 and adsorbed U(VI) in the current study is 

supported by the GI-XANES spectra; in the absence of Ca, at both pH 5 and 10, the edge 

position of the GI-XANES spectra indicates that U reduction occurred, and that ~ 46-60 % of the 

total U present occurs as U(IV) (Table 1, SI Fig. 6).  The amount of U(IV) present based on the 

LC fitting of the GI-EXAFS results is 35-42%.  The minor difference between GI-XANES and 

GI-EXAFS could be due to the following factors: (1) the error associated with both the GI-

XANES edge position and LCF protocol (both ~ ± 10 %) and (2) differences in sensitivity 

toward U(IV)- and U(VI)-bearing phases by the different spectroscopic geometries used to 

collect the reference spectra and the fitting techniques.  Ultimately, the SEM, GI-XAS, and XPS 

analyses (SI Fig. 7) indicate that in the absence of Ca, both adsorption of U(VI) and reduction to 
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U(IV) and precipitation of nanoparticulate UO2 occur simultaneously in adjacent regions of the 

magnetite surface.  In the presence of Ca, no reduction occurred within error, and hence only 

adsorption of U(VI) is observed.  It is therefore possible to elucidate the U(VI) coordination 

environment as there is only one dominant contribution to the GI-EXAFS spectra when Ca and 

CO3 are present and no reduction occurred. 

 

Direct identification of the U(IV)-bearing precipitates  Scanning XRD patterns were 

collected in the grazing incidence geometry to confirm the identity of the U-bearing precipitates 

on the surface (SI Fig. 8).  Under conditions in which no U reduction and precipitation occurred 

(with Ca and CO3 present), as determined by GI-XAS and SEM, the only peaks present in the 

diffraction pattern are the magnetite (220) and (311) reflections (SI Fig. 8 A and C).  These 

diffraction peaks result from a small degree of penetration and subsequent diffraction of the 

incident x-ray beam into the surface of the magnetite crystal.  The observed (220) and (311) 

reflections are the first and third most intense diffraction peaks for magnetite.46  Where U 

reduction and precipitation occurred (without Ca), as determined by GI-XAS and SEM, two 

additional peaks are observed which correspond to uraninite (111) and (200) (SI Fig. 8 B and D), 

the two most intense uraninite diffraction peaks.47  These results, in combination with the SEM 

and GI-XAS data, confirm that when U reduction and surface precipitation occur, crystalline 

nanoparticulate UO2 is the dominant U(IV)-bearing reaction product and co-exists with adsorbed 

uranyl.  Although we cannot exclude the possibility of a small fraction (less than 5% of the total 

reduced U) of a non-uraninite U(IV)-bearing phase48, 49, there was no x-ray diffraction or 

spectroscopic evidence to support the presence of such phases. 



14 

 

 

U(VI) adsorption complex analysis  The LCF results above indicated that in the 

presence of Ca, at both pH 5 and 10, there was a single dominant U-bearing phase, specifically 

adsorbed U(VI).  In the absence of a second contribution to the U LIII-edge GI-EXAFS spectra, 

shell-by-shell (SBS) fitting analyses of the sorption sample spectra reveal the coordination 

environment of the surface complex.  The GI-EXAFS spectra and Fourier transform of the pH 5 

and 10 sorption samples (Fig. 3) show subtle differences, particularly in the k range 7 to 9 Å-1.  

The GI-EXAFS spectra of the pH 5 and 10 sorption samples were all fit with an axial oxygen 

shell at 1.799-1.802 ± 0.0003 Å, and a single equatorial oxygen shell at 2.37-2.39 ± 0.1 Å (Table 

2).  Use of a split equatorial oxygen shell did not produce a significantly improved fit to either 

spectra, although this splitting has been observed for other U(VI) surface complexes on Fe-

bearing surfaces.18, 50-53  Similar to these previous studies, the GI-EXAFS spectra were fit with an 

Fe shell (~ 2 Fe atoms at 3.70 Å) and a C shell (~ 2-3 C atoms at 2.94 Å).  These results are 

consistent with a U(VI)-CO3 surface species adsorbed in an inner-sphere configuration.  The U-

Oeq and U-Fe interatomic distances were used to constrain the geometry of the sorption complex 

based on the reported surface structure of magnetite (111).26  Petitto et al. (2010) showed that for 

surface preparation and experimental condition similar to those used here, magnetite (111) is 

dominated by two oxygen terminated domains: 75% oxygen octahedral iron (OOI) termination 

and 25% oxygen mixed-iron (OMI) termination.26   The OMI termination contains both IVFe 

(tetrahedrally coordinated Fe, or equivalently A-sublattice Fe) and VIFe (octahedrally coordinated 

Fe, or B-sublattice Fe) sites, and therefore U-O-Fe coordination environments on the OMI and 

OOI terminations can be expected to be different.  Based on the GI-EXAFS spectra fit results, 

the U(VI) coordination environment can be best described as dominantly bidentate, likely 
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through two bridging equatorial oxygen atoms each to a different surface Fe site (i.e., biatomic-

bidentate), with a spatial distribution over the surface in the ratio of ~ 60% OOI and ~ 40% OMI.  

This result is consistent with the coordination geometry of previously observed U(VI)-CO3 

sorption complexes.25, 50, 51  The U(VI) sorption loading in the presence of both CO3 and Ca was 

approximately 16 moles m-2 (Table 1), which is consistent with the formation of 1.2 

monolayers of adsorbed U(VI) species assuming that all adsorbed U(VI) forms a U(VI)-CO3-Ca 

surface complex.  These high sorption loadings are likely the result of underestimating the 

magnetite (111) crystal surface area.  The crystal surface area values ranged from 7.37x10-4 to 

8.23x10-4 m2 (SI).  However, we could not accurately account for the exposed surface area on the 

sides of the magnetite crystals due to their rough nature, and these surfaces likely add up to an 

additional ~ 10-20 % reactive surface area.  It is also possible that since there was no evidence 

for the precipitation of U(VI)-bearing solid phase, a small fraction of the total adsorbed U(VI) 

could be present as polynuclear surface species, although there was no evidence to support their 

presence in the GI-EXAFS spectra. 

 The fitting results also allow for U(VI) to be present by as much as 20% as a 

monodentate complex.  Monodentate complexes are less likely, given the steric constraints of the 

non-complexed Oeq atoms bent upwards above the magnetite surface and the lower bond valence 

value of a surface oxygen atom bound to U(VI) in a monodentate coordination (1.79 v.u.) 

compared to the bidentate coordination (1.96 v.u.).  Given the U-O and U-Fe interatomic 

distances, monodentate U(VI) would dominantly occur on the OMI layer, in contrast to the 

bidentate complex.  The subtle differences in the GI-EXAFS spectra of the two sorption samples 

in the k range 7 to 9 Å-1, can be attributed to differences in the U-Fe pair correlation.  The GI-

EXAFS spectrum of the pH 10 sample was fit with a slightly shorter U-Fe distance and slightly 
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greater coordination number compared to the pH 5 sample.  These differences in the sorption 

complex coordination geometry at pH 5 and 10 could be due to more U(VI) sorbed on the OMI 

surface (and resulting sorption distribution ratio of ~ 45% OOI and ~ 55% OMI) and/or a slightly 

higher proportion of monodentate U(VI) (up to 25%).   

 The U-O, U-Fe, and U-C pair correlations were not sufficient to fully fit the GI-EXAFS 

spectra for the pH 5 and 10 sorption samples.  Specifically, a peak feature in the Fourier 

transform at ~ 4 Å was confirmed to be a true single-scattering contribution and not multiple 

scattering or noise by continuous Cauchy wavelet transforms.54  This contribution was fit with 

~2 Ca atoms at 4.04 Å ± 0.3 Å.  Although this region of the Fourier transform of U(VI) EXAFS 

spectra can be the result of single- and multiple-scattering contributions from distal oxygen 

atoms in the bound CO3 groups55, addition of these contributions to the model prior to or after 

adding the U-Ca pair correlation did not statistically improve the fit of this feature.  An F-test 

was performed to determine the confidence level (p) of the SBS fit after including each 

additional shell.  The p values after including each shell beyond the uranyl oxygen atoms were; 

0.6 (C), 0.85 (Fe), and 0.95 (Ca), providing additional support for inclusion of the Ca shell.  

Although it remains unclear how Ca is bonded to the U(VI)-CO3 surface complex, the proposed 

CO3-Ca arrangement that results from constraining the U-Oeq, U-C, and U-Ca interatomic 

distances is consistent with the coordination environment for other Ca-CO3-bearing phases with 

respect to interatomic distance and bond angles (Fig. 4).  Further, the coordination environment 

of this proposed U(VI)-CO3-Ca surface complex is consistent with the bulk EXAFS-determined 

atomic arrangement of aqueous U(VI)-CO3-Ca complexes and that in the mineral liebigite 

(Ca2(UO2)(CO3)3•11(H2O)).55-57   
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The ability to directly observe the presence of U(VI)-CO3-Ca surface complexes has 

likely been hindered in previous work (e.g. reference 18) due to the difficulty in detecting the U-

Ca pair correlation, although such complexes has been invoked when modeling U(VI) sorption 

(e.g. 18, 58, 59).   The lower Fe fluorescence background and inherit surface sensitivity in GI-

EXAFS compared to bulk EXAFS experiments, resulted in higher quality data leading to the 

possibility of detecting the presence of U-Ca pair correlation.  For example, previous bulk 

EXAFS measurements with the U-PO4-Ca system detected U-Ca nearest-neighbors, when there 

was no Fe fluorescence background.44   

 

Simultaneous U adsorption and reduction  Exposure of magnetite (111) to U(VI) in the 

presence of CO3 and absence of Ca under batch conditions results in simultaneous adsorption of 

U(VI) and reduction of U(VI) to U(IV) and formation of nanoparticulate UO2.  The SEM 

analyses indicated that U reduction/precipitation occurred only at linear topographically negative 

features interpreted to be strained domain boundaries.  In contrast, U(VI) adsorption presumably 

occurred along both the flat magnetite (111) surfaces and on domain boundaries and cracks 

walls.  Restriction of reduction to domain boundaries and crack walls potentially explains some 

of the variability in results for U(VI) reduction by magnetite described in previous work.  

Specifically, the density of domain boundaries and other defects in the surface likely depend on 

the preparation method for both synthetic and natural samples, as well as variable inherent 

properties of natural crystals. Although not examined exhaustively, results from the current work 

indicate that single crystals with a high surface feature density (~ 20%) tended to yield higher 

U(IV)/U(VI) values after reaction compared to crystals with lower surface feature densities (~ 
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10% or less).  These results, in addition to previous work, indicate the U(VI) reduction by 

magnetite is controlled by the surface structure and stoichiometry17, and defect concentration as 

well as the solution composition.  This concept is further reinforced by recent computational 

molecular modeling studies.  These studies indicate that the extent of U reduction on magnetite 

surfaces depends on the magnetite surface structure and Fe(II)/Fe(III) ratio60, the local Fe(II) site 

density, the relative rates of electron conduction from the bulk to surface sites, and U 

coordination.43 

 

Role of Ca and implications for U reactive transport modeling  Results reported here 

indicate that prediction of retention by magnetite or release of U at a contaminated site requires 

understanding of the structure and stoichiometry of U surface species under a given set of 

conditions.  The importance of aqueous U(VI)-CO3-Ca ternary complexes under alkaline pH 

conditions has been observed in a variety of laboratory and field settings, as these complexes 

influence the fate of U(VI) in the environment by affecting both U(VI) adsorption and 

reduction.20-22, 61  Differences in adsorption behavior is due in part to differences in the way 

U(VI) aqueous complexes can interact with a surface; a dominant U(VI)-CO3-Ca aqueous 

complex, Ca2UO2(CO3)3
0,  is neutrally charged, in contrast to mostly negatively charged U(VI)-

hydrolysis and U(VI)-CO3 complexes.  Although the reduction mechanism and the effect of Ca 

during reduction remain unclear, it is obvious that Ca plays a major role in the fate of U in the 

environment.  For example, bioremediation projects that aim to immobilize U via reduction and 

precipitation as insoluble UO2 must first treat the groundwater to remove Ca.62  Further, U(VI) 

can also form CO3-ternary complexes with Mg such as MgUO2(CO3)3
2-].57  It is possible that 
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other alkaline earth uranyl carbonate, in addition to U(VI)-CO3-Ca aqueous complexes, exhibit 

similar behavior with respect to U(VI) reduction. 

 It has previously been assumed that Ca has a less important role in affecting U mobility 

under acidic to circum-neutral pH conditions, where U(VI)-CO3 and U(VI)-CO3-Ca aqueous 

complexes are not predicted to dominate U speciation63, and therefore U(VI) reduction under 

acidic conditions is not hampered by the presence of Ca and CO3.  However, the results 

presented here indicate that in fact, U(VI)-CO3-Ca surface complexes can form at pH 5 under the 

conditions of our experiments.  Although these complexes may not significantly affect the 

overall sorption/desorption behavior of U(VI), they inhibited U reduction on the magnetite (111) 

surface.  If such inhibition occurs more broadly, some fundamental components in modeling U 

retention and release in the environment may need to be reconsidered.  If U adsorption precedes 

Ca-complex formation, inhibition of U reduction indicates that complex formation is faster than 

reduction.  Density functional theory calculations suggest that with Fe(II) bound to U(VI) 

through bridging axial oxygen atoms, the first electron transfer step is on the order of once per 

second64, consistent with slow U(VI) reduction by Fe(II) in the presence of carbonate, in 

principle allowing time needed to form ternary U(VI)-CO3-Ca complexes at the magnetite 

surface prior to and subsequently inhibiting U reduction.  Further, the inhibition of U(VI) 

reduction in the presence of CO3 and Ca at the surface might reflect slow kinetics of electron 

transfer (e.g., 64), not necessarily thermodynamics,  and that longer time frames need to be 

explored.  Although further work is required to test these hypotheses, the present study indicates 

that this process can occur under a wider range of solution conditions than previously assumed.  

In summary, the results presented here represent the first direct spectroscopic evidence for 

U(VI)-CO3-Ca surface complexes and provides insight into their structural topology.  Further, 
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the reduction behavior of U(VI) at pH 5 depends strongly on the presence or absence of Ca and 

CO3.  The lack of significant aqueous U(VI)-CO3-Ca complexes present in solution at acidic pH 

points strongly to a role for Ca at the magnetite-solution interface and that aqueous U(VI) does 

not need to be initially complexed with CO3 and Ca in solution for heterogeneous surface 

reduction to be inhibited. 
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TABLES 
 

Table 1.  Experimental, conditions, GI-XANES results, and U surface coverage. 

GI‐EXAFS sample conditions 

pH a   [CO3]T  [Ca]  U(IV) / UT  
b   (moles / m2) c 

5  0  0  0.60  22.34 ± 0.09 

5  0.5 mM  0  0.49  21.27 ± 2.62 

5  0.5 mM  0.1 mM  0.03  15.90 ± 0.68 

10  0  0  0.47  25.23 ± 0.65 

10  0.5 mM   0  0.46  28.67 ± 0.10 

10  0.5 mM  0.1 mM  0.02  16.86 ± 1.12 

         

a. All solutions contained 0.1 mM UO2(NO3)2 and 1.0 mM NaNO3; all Fe3O4 (111) samples exposed to solutions for 
12 hours. 

b. U(IV)/UT determined from the energy position at ½E0, with an error of ± 0.1. 

c. Sorption loading,  obtained from ICP measures of batch sorption experiments under similar conditions; error 
derived from 2SD of triplicate measurements.  The crystal surface area values ranged from 7.37x10-4 to 
8.23x10-4 m2 (SI). 
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Table 2.  Shell-by-shell fit results of the U LIII-edge GI-EXAFS spectra of magnetite(111) 
exposed to U(VI) at pH 5 and pH 10 in the presence of CO3 and Ca. 

               

      pH 5           pH 10    

Z  N a  R (Å) b  2 (Å2) c    N  R (Å)  2 (Å2) 

Oax  2.1(2)  1.802(6)  0.0016(3)    2.1(1)  1.799(1)  0.0003(1) 

Oeq  6.4(5)  2.39(1)  0.007(2)    5.8(2)  2.37(2)  0.010(2) 

C  3(1)  2.94(2)  0.003(2)    2(1)  2.95(3)  0.006(2) 

Fe  2.0(5)  3.72(4)  0.007(3)    2.5(1)  3.68(2)  0.009(2) 

Ca  2(1)  4.05(3)  0.008(4)    2.2(2)  4.03(4)  0.008(2) 

E0 d  8.0(5)        5.0(5)     

v
2 e  16.4           11.2       

 

Note: The estimated standard deviations are listed in parentheses, representing the errors in the last digit; values 
without reported errors were fixed during fitting. 

a. Coordination number 

b. Interatomic distance 

c. Debye-Waller factor 

d. Difference in threshold Fermi level between data and theory 

e. Reduced 2, a goodness-of-fit parameter34 
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FIGURE CAPTIONS 

 

Figure 1. Representative SEM images of magnetite (111) exposed to a background electrolyte 

solution (1 mM NaNO3) at pH 5 (A) and pH 10 (B), and to 0.1 mM U(VI) with no CO3 and no 

Ca present at pH 5 (D-E) and pH 10 (G-H).  The black dots on the SEM images are the location 

of where the EDS spectra were collected (see SI Fig. 4C, F, and I).  Additional SEM images of 

magnetite exposed to U(VI) with CO3 and no Ca present, and with CO3 and with Ca present can 

be found in SI Fig. 5. 

 

Figure 2.  Best fit results (dashed gray lines) by least-squares linear combination fitting of the U 

LIII-edge GI-EXAFS spectra (solid lines) and residuals (light gray line).  The best-fit components 

are uranyl sorbed to chlorite and nanoparticulate UO2; tabulated best-fit results are presented in 

SI Table 1 and additional multi-component fit results are tabulated in SI Table 2. 

 

Figure 3. U LIII-edge GI-EXAFS spectra (solid line) and fits (dashed lines) of magnetite(111) 

exposed to U(VI) at pH 5 and pH 10 in the presence of CO3 and Ca at left, and Fourier transform 

at right. In the Fourier transform plots, the vertical lines represent the position of the first shell of 

axial oxygen atoms (Oax), second shell of equatorial oxygen atoms (Oeq), third shell of carbon 

atoms, fourth shell of Fe atoms, and fifth shell of Ca atoms. 

 

Figure 4. Schematic drawing of the likely dominant bidentate U(VI)-CO3-Ca sorption complex 

on the OOI surface of magnetite (111); U(VI) (cross-hatched), oxygen (equatorial lined), carbon 

(white), tetrahedral iron (black), octahedral iron (gray), and calcium (striped).  The full complex 

is not shown on the OMI surface, in order to illustrate the potential positions of U(VI). 
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FIGURES 

 

 

 

 

Figure 1. Representative SEM images of magnetite (111) exposed to a background electrolyte 
solution (1 mM NaNO3) at pH 5 (A) and pH 10 (B), and to 0.1 mM U(VI) with no CO3 and no 
Ca present at pH 5 (D-E) and pH 10 (G-H).  The black dots on the SEM images are the location 
of where the EDS spectra were collected (see SI Fig. 4C, F, and I).  Additional SEM images of 
magnetite exposed to U(VI) with CO3 and no Ca present, and with CO3 and Ca present can be 
found in SI Fig. 5. 
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Figure 2.  Best fit results (dashed gray lines) by least-squares linear combination fitting of the U LIII-edge GI-EXAFS spectra (solid 
lines) and residuals (light gray line).  The best-fit components are uranyl sorbed to chlorite and nanoparticulate UO2; tabulated best-fit 
results are presented in SI Table 2 and additional multi-component fit results are tabulated in SI Table 2.
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Figure 3. U LIII-edge GI-EXAFS spectra (solid line) and fits (dashed lines) of magnetite(111) 
exposed to U(VI) at pH 5 and pH 10 in the presence of CO3 and Ca at left, and Fourier transform 
at right. In the Fourier transform plots, the vertical lines represent the position of the first shell of 
axial oxygen atoms (Oax), second shell of equatorial oxygen atoms (Oeq), third shell of carbon 
atoms, fourth shell of Fe atoms, and fifth shell of Ca atoms. 
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Figure 4. Schematic drawing of the likely dominant bidentate U(VI)-CO3-Ca sorption complex on the 
OOI surface of magnetite (111); U(VI) (cross-hatched), oxygen (equatorial lined), carbon (white), 
tetrahedral iron (black), octahedral iron (gray), and calcium (striped).  The full complex is not shown on 
the OMI surface, in order to illustrate the potential positions of U(VI). 
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