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ABSTRACT 16 

To assess the dynamics of microbially mediated U-clay redox reactions, we 17 

examined the reduction of iron(III)-rich nontronite NAu-2 and uranium(VI) by 18 

Shewanella oneidensis MR-1.  Bioreduction experiments were conducted with 19 

combinations and varied concentrations of MR-1, nontronite, U(VI) and the electron 20 

shuttle anthraquinone-2,6-disulfonate (AQDS).  Abiotic experiments were conducted to 21 

quantify U(VI) sorption to NAu-2, the reduction of U(VI) by chemically-reduced 22 

nontronite-Fe(II), and the oxidation of uraninite, U(IV)O2(s), by nontronite-Fe(III).  When 23 

we incubated S. oneidensis MR-1 at lower concentration (0.5*108 cell mL-1) with 24 

nontronite (5.0 g L-1) and U(VI) (1.0 mM), little U(VI) reduction occurred compared to 25 

nontronite-free incubations, despite the production of abundant Fe(II).  The addition of 26 

AQDS to U(VI)- and nontronite-containing incubations enhanced both U(VI) and 27 

nontronite-Fe(III) reduction.  While U(VI) was completely reduced by S. oneidensis MR-28 

1 at higher concentration (1.0*108 cell mL-1) in the presence of nontronite, increasing 29 

concentrations of nontronite led to progressively slower rates of U(VI) reduction.  U(VI) 30 

enhanced nontronite-Fe(III) reduction and uraninite was oxidized by nontronite-Fe(III), 31 

demonstrating that U served as an effective electron shuttle from S. oneidensis MR-1 to 32 

nontronite-Fe(III).  The electron-shuttling activity of U can explain the lack or delay of 33 

U(VI) reduction observed in the bulk solution.  Little U(VI) reduction was observed in 34 

incubations that contained chemically reduced nontronite-Fe(II), suggesting that   35 

biologic U(VI) reduction drove U valence cycling in these systems.  Under the conditions 36 

used in these experiments, we demonstrate that iron-rich smectite may inhibit or delay 37 

U(VI) bioreduction.  38 
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1. INTRODUCTION 39 

Uranium pollution is a consequence of the nuclear age and is problematic because 40 

of its complicated speciation and varied sorption affinity for sediment minerals.  Poorly 41 

soluble U(IV) minerals and highly soluble U(VI) species govern uranium mobility in 42 

groundwater and sediments (Grenthe et al., 1992).  Soluble U(VI) species can be 43 

biologically or chemically reduced to the sparingly soluble U(IV) mineral uraninite to 44 

retard uranium transport.  Bacterial reduction of U(VI) to U(IV) may be exploited for in 45 

situ remediation of contaminated sites  (Anderson et al., 2003; Istok et al., 2004; Wu et 46 

al., 2006a; Wu et al., 2006b).  The low solubility of uraninite and relatively high rates of 47 

bacterial U(VI) reduction and its potential cost-effectiveness makes bioremediation an 48 

attractive approach for large sites with relatively low levels of contamination (Brooks et 49 

al., 2003). 50 

Dissimilatory metal-reducing bacteria (DMRB) gain energy by utilizing a variety 51 

of oxidized metals such as Cr(VI), Fe(III), Mn(VI), Tc(VII) and U(VI) as terminal 52 

electron acceptors (TEAs) with organic acids, alcohols or H2 as electron donors (Lovley, 53 

1993; Nealson and Saffarini, 1994).  Iron is the fourth most abundant element and the 54 

most dominant redox active metal in the Earth’s crust.  Iron-bearing clay minerals are 55 

widely distributed in soils and sediments (Schwertmann and Cornell, 2000), and 56 

represent a large mass of electron acceptor Fe(III) for DMRB (Kostka et al., 2002).  In 57 

subsurface sediments containing U(VI), DMRB may encounter multiple electron 58 

acceptors, and when evaluating the potential for in situ uranium remediation, it is 59 

important to understand how the presence of alternative electron acceptors such as 60 
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nitrate, Mn(III/IV) oxides, and Fe(III) oxides affect U(VI) remediation (Wielinga et al., 61 

2000). 62 

Smectite is a dioctahedral layer phyllosilicate that is ubiquitous in soils and 63 

sediments.  Structural Fe in smectite often accounts for about half of the Fe pool in soils 64 

and sediments (Favre et al., 2006).  The Fe(II)/(III) redox couple generally has a higher 65 

half-cell reduction potential than the U(IV)/(VI) redox couple (Table 1), such that Fe(III) 66 

may be a more thermodynamically favorable TEA than U(VI) (Fredrickson et al., 2000).  67 

However, the actual potentials are dependent upon several factors such as mineralogy, 68 

speciation, solubility, concentration, and pH.  For example, based on reduction potentials, 69 

Fe(III) (oxyhydr)oxides may be respired in preference to uranyl carbonate complexes that 70 

may in turn be respired in preference to structural Fe(III) in iron-rich smectites.  71 

However, bioreduction of soluble U(VI) species may be physiologically easier (and 72 

therefore kinetically favored) compared to bioreduction of solid-phase ferric oxides or 73 

structural Fe(III) in phyllosilicates.  In addition to thermodynamic and kinetic constraints, 74 

differences in the mass of Fe(III) (e.g., %-levels) and U (e.g., μM-levels) will exert an 75 

effect on TEA utilization.  At present, it is difficult to predict the fate of U(VI) as 76 

microbial metal reduction proceeds in iron(III)-rich clay-containing sediments. 77 

In addition to “direct” microbial reduction of U(VI), the “indirect” abiotic 78 

reduction of U(VI) by various reactive forms of Fe(II) (or other reductants) may be an 79 

equally important process.  Experiments have demonstrated that U(VI) can be reduced by 80 

Fe(II) sorbed to a variety of iron oxides (Liger et al., 1999; Fredrickson et al., 2000; Jeon 81 

et al., 2004b; Jang et al., 2008), Fe(II)-containing natural sediments (Behrends and Van 82 

Cappellen, 2005; Jeon et al., 2005), Fe(II)-containing carboxyl-functionalized 83 
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microspheres (Boyanov et al., 2007), structural Fe(II) in green rust (O'Loughlin et al., 84 

2003), and structural Fe(II) in magnetite (Missana et al., 2003).  Experiments have also 85 

demonstrated that structural Fe(II) in specimen and natural smectites can reduce 86 

nitroaromatic compounds (Hofstetter et al., 2003; Hofstetter et al., 2006), chlorinated 87 

aliphatics (Sorensen et al., 2005), pesticides (Elsner et al., 2004), Cr(VI) (Gan et al., 88 

1996; Taylor et al., 2000), and Tc(VII) (Peretyazhko et al., 2007). 89 

The objective of this research was to study the interactions between uranium(VI) 90 

and the iron(III)-rich smectite nontronite NAu-2 during their concomitant biological 91 

reduction.  Bioreduction experiments were designed to measure the effects of variable 92 

concentrations of either U(VI) or nontronite-Fe(III) and the presence/absence of the 93 

electron shuttling compound anthraquinone disulfonate (AQDS) on the net reduction of 94 

all TEAs.  Abiotic reduction experiments were conducted to measure the reduction of 95 

U(VI) by chemically-reduced nontronite-Fe(II), and the oxidation of biogenic uraninite 96 

by unaltered nontronite-Fe(III) to determine the relative importance of other operative 97 

redox processes.  The sorption of U(VI) to nontronite was measured as a function of pH 98 

and ionic strength to quantify the distribution of aqueous and nontronite-sorbed U(VI) in 99 

these systems.  Wet chemical methods were used to measure reaction kinetics and 100 

reaction products were characterized by scanning electron microscopy, X-ray diffraction, 101 

and X-ray absorption spectroscopy.  102 
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2.  EXPERIMENTAL SECTION 103 

2.1.  Cell cultivation  104 

 Shewanella oneidensis MR-1 (referred to hereafter as MR-1) was cultured in a 105 

chemically defined minimal medium (McDonough, 2006; Burgos et al., 2008).  MR-1 106 

cells were harvested by centrifugation (15 min and 20 °C at 3,500 g), washed three times 107 

with anoxic 30 mM NaHCO3 buffer (pH 6.8, prepared under an 80:20% N2:CO2 atm) and 108 

resuspended in the same buffer.  Cell density was measured by absorbance at 600 nm and 109 

correlated to cell number by acridine orange direct counts. 110 

2.2. Mineral preparation  111 

Nontronite NAu-2, an iron-rich variety of smectite from Uley graphite mine, 112 

South Australia (Keeling et al., 2000) was purchased from the Source Clays Repository 113 

(West Lafayette, IN).  The formula for NAu-2 is 114 

M+
0.72(Si7.55Al0.16Fe0.29)(Al0.34Fe3.54Mg0.05)O20(OH)4 where M may be Ca, Na or K (Gates 115 

et al., 2002).  A clay fraction (0.5 – 2.0 μm) was suspended in 1 M NaCl for one week, 116 

separated in distilled water by centrifugation, washed repeatedly until no Cl- was detected 117 

by silver nitrate, and then air-dried.  This Na-saturated nontronite was pure without any 118 

other mineral phases (as determined by XRD) and contained 23.4% total iron (4.2 mmol 119 

Fe/g) in its structure with almost all (99.4%) iron as Fe(III) (Keeling et al., 2000).  The 120 

majority of structural Fe(III) in NAu-2 is contained within octahedral layers (92 % FeT) 121 

and the remainder in tetrahedral layers (8 % FeT) (Gates et al., 2002; Jaisi et al., 2005).  122 

The BET surface area of the air-dried nontronite was determined to be 42.5 m2/g based 123 

on N2 adsorption. 124 



 7

2.3. Uranium – nontronite adsorption experiments 125 

Uranyl nitrate was dissolved in distilled deionized water to produce a stock 126 

concentration of 1.0 mM U(VI).  Sorption of uranyl onto nontronite was measured as a 127 

function of pH at 10 – 14 duplicated pH values (pH 2.5–9.0) and four ionic strengths 128 

(0.001, 0.01, 0.1 and 1 M NaNO3).  For each batch system (50 mL Teflon centrifuge 129 

tubes), uranyl nitrate stock solution was added to achieve an initial concentration of 0.01 130 

mM U(VI) that reacted with a final nontronite concentration of 3.0 g L-1.  Variable 131 

amounts (μL quantities) of 0.01 M HNO3 or 0.01 M NaOH were added to each tube to 132 

give the desired range in equilibrium pH values.  All experiments were conducted at 133 

room temperature under atmospheric conditions.  All tubes (ca. 20 mL suspension, 30 mL 134 

air) were equilibrated with atmospheric PCO2 through a combination of passive mixing 135 

and active purging throughout the 10 – 14 day sorption period.  Tubes were mixed by 136 

end-over-end rotation (7 rpm) except when periodically placed on a shaker table (80 rpm) 137 

with loosened caps.  Tubes were also periodically purged with filter-sterilized air during 138 

the sorption period.  After equilibration, suspensions were centrifuged for 10 min at 139 

14,100 g and room temperature.  The pH of the supernatant was measured using a 140 

combination electrode (Fisher Scientific), and the quantity of U(VI) sorbed was 141 

calculated from the difference between initial total and final aqueous U(VI) 142 

concentrations (measured by kinetic phosphorescence analysis (KPA) as described 143 

below).  No loss of U(VI) from solution was measured in nontronite-free controls. 144 

Sorption of uranyl onto nontronite was measured as a function of [U(VI)] in 145 

anoxic 30 mM NaHCO3 to quantify the distribution of U(VI) in the bioreduction 146 

experiments.  Sorption was measured in duplicate at 10 initial total U(VI) concentrations 147 
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ranging from 0.025 mM to 1.5 mM with a constant nontronite concentration of 5.0 g L-1.  148 

Serum bottles were equilibrated for ten days (under 80:20% N2:CO2 atm), and the 149 

quantity of U(VI) sorbed was calculated from the difference between initial total and 150 

final aqueous U(VI) concentrations (measured by KPA). 151 

2.4. Bacterial reduction experiments 152 

 MR-1 bioreduction experiments were conducted in the presence or absence of 153 

U(VI), nontronite or anthraquinone-2,6-disulfonate (AQDS) to examine the effects of 154 

multiple electron acceptors on concomitant U(VI) and Fe(III) reduction.  Uranyl acetate 155 

was dissolved in anoxic 30 mM NaHCO3 to produce a stock concentration of 25 mM 156 

U(VI).  Speciation modeling using PHREEQC (Parkhurst et al., 1999) confirmed that 157 

U(VI) was undersaturated with respect to schoepite (UO2(OH)2·H2O(schoepite) + 2H+ = 158 

UO2
2+ + 3H2O; log K = 5.39) for concentrations >25 mM U(VI) in this buffer.  Sterile 159 

nontronite suspensions (100 g L-1) were prepared in anoxic 30 mM NaHCO3 and served 160 

as stock suspensions for subsequent experiments.  Nontronite suspensions were sterilized 161 

by a five-minute exposure to microwave radiation (Keller et al., 1988), and sterility was 162 

confirmed by lack of bacterial growth in tryptic soy broth following a 48 hr aerobic 163 

incubation at 30 oC.  AQDS was dissolved in anoxic 30 mM NaHCO3 to produce a stock 164 

concentration of 1.0 mM.  Variable amounts of uranyl acetate, nontronite or AQDS stock 165 

solutions were added to anoxic 30 mM NaHCO3 in 120 mL glass serum bottles.  166 

Nontronite and uranyl acetate were equilibrated for two weeks before inoculation with 167 

MR-1.  Nontronite concentrations ranged from 0 to 5.0 g L-1, uranyl acetate 168 

concentrations ranged from 0 to 1.5 mM, and AQDS concentrations were 0 or 0.10 mM 169 

depending on the experiment.  MR-1 was inoculated at either 0.5*108 or 1.0*108 cells 170 
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mL-1 (final concentrations) with sodium lactate (5 mM) provided as the electron donor.  171 

Cell-free abiotic controls were prepared along with every experiment.  All incubations 172 

were conducted in anoxic 30 mM NaHCO3 at room temperature in the dark with no 173 

mixing except for sample collection.  After cells were added, samples were periodically 174 

removed with sterile needle and syringe and 0.5 N HCl-extractable Fe(II), ferrozine-175 

extractable Fe(II), aqueous Fe(II), NaHCO3-extractable U(VI), and aqueous U(VI) 176 

concentrations were quantified as described below.  All sample manipulations were 177 

performed inside an anoxic chamber (95:5% N2:H2 atm; Coy Laboratory Products Inc.; 178 

Grass Lake, MI). 179 

2.5. Experiments with biogenic uraninite and nontronite 180 

Biogenic uraninite (UO2(s)) precipitates produced by MR-1 in experiments 181 

conducted with 1.0 mM uranyl acetate as the sole electron acceptor (5 mM sodium lactate 182 

in 30 mM NaHCO3 buffer) were collected after a 50 d incubation period.  The cell-183 

uraninite precipitates were pasteurized (70 oC for 30 min) to deactivate biological activity, 184 

concentrated by centrifugation, and resuspended in anoxic 30 mM NaHCO3.  Nontronite 185 

was dispensed into anoxic 30 mM NaHCO3 in 20 mL glass serum bottles (5.0 g L-1, 186 

99.4% Fe(III)).  Abiotic uranium(IV) oxidation experiments were initiated by the 187 

addition of 0.14 mM U(IV) as uraninite.  Samples were periodically removed with sterile 188 

needle and syringe (in anoxic chamber) and NaHCO3-extractable U(VI) and aqueous 189 

U(VI) concentrations were measured.  A nontronite-free control was prepared along with 190 

this experiment.191 
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2.6. Experiments with chemically-reduced nontronite 192 

Uranyl acetate was reacted with chemically-reduced nontronite to evaluate the 193 

rate and extent of U(VI) reduction by nontronite-Fe(II).  Low-temperature oxygen traps 194 

were used to remove trace concentrations of dissolved oxygen from all reactant solutions 195 

and experimental reactors (Jeon et al., 2004a).  Nontronite was reduced using the sodium 196 

citrate, bicarbonate, and dithionite (CBD) method as described by Stucki et al. (1984).  197 

Chemically-reduced nontronite was washed three times with anoxic distilled water as 198 

described by Hofstetter et al. (2003)  and resuspended in anoxic 30 mM NaHCO3 to yield 199 

a CBD-reduced nontronite stock suspension of 25 g L-1.  The CBD reduction period was 200 

purposefully controlled (Komadel et al., 1990) such that 27 % of the Fe(III) in nontronite 201 

was reduced to 0.5 N HCl-extractable Fe(II), a reduction extent comparable to the 202 

maximum extent in our bioreduction experiments.  CBD-reduced nontronite was 203 

dispensed into anoxic 30 mM NaHCO3 in 20 mL glass serum bottles (2.5 g L-1 final 204 

concentration, 2.8 mM 0.5 N HCl-extractable Fe(II)), and equilibrated at least 3 d before 205 

uranium addition.  Abiotic uranium(VI) reduction experiments were initiated by the 206 

addition of 0.23 mM uranyl acetate to these bottles.  Samples were periodically removed 207 

with sterile needle and syringe (in anoxic chamber) and 0.5 N HCl-extractable Fe(II), 208 

ferrozine-extractable Fe(II), aqueous Fe(II), NaHCO3-extractable U(VI), and aqueous 209 

U(VI) concentrations were measured.  All experiments were conducted in the dark at 210 

room temperature with no mixing except for sample collection.  A uranium-free control 211 

was prepared along with this experiment.  212 
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2.7. Analytical techniques 213 

 Aqueous Fe(II) was measured after centrifugation for 10 min at 14,100 g and 20 214 

oC, and analyzed using the ferrozine assay (Stookey, 1970; Royer et al., 2002).  215 

Ferrozine-extractable Fe(II) was measured after 0.1 mL of well-mixed suspension was 216 

added to 0.9 mL of anoxic ferrozine solution for 2 hours, centrifuged, and analyzed using 217 

the ferrozine assay.  The ferrozine reagent (1.96 mM ferrozine in 50 mM HEPES, pH 8.0) 218 

does not dissolve nontronite (data not shown).  We assume that ferrozine can extract 219 

Fe(II) adsorbed to clay surfaces, a fraction of the Fe(II) cation-exchanged in the clay 220 

interlayers, and the Fe(II) adsorbed to cell surfaces.  We have operationally defined the 221 

difference between ferrozine-extractable and aqueous Fe(II) concentrations as “surface-222 

adsorbed Fe(II).”  0.5 N HCl-extractable Fe(II) was measured after 0.5 mL of suspension 223 

was added to 0.5 mL of 1 N HCl for 24 h, centrifuged, and analyzed using the ferrozine 224 

assay.  In previous studies it has been assumed that 0.5 N HCl can extract essentially all 225 

of the Fe(II) from the clay structure (Kostka et al., 1999a; Kostka et al., 1999b; O'Reilly 226 

et al., 2006; Furukawa and O'Reilly, 2007; Jaisi et al., 2007a; Zhang et al., 2007a; Zhang 227 

et al., 2007b), however, Jaisi et al. (2007b) have reported that 0.5 N HCl extracted only 228 

73 % of total biogenic Fe(II) in NAu-2 compared to a HF/H3PO4 total dissolution method.  229 

Therefore, using select split samples, we compared the extraction efficiency of 0.5 N HCl 230 

to valence state determinations based on Fe X-ray absorption near edge structure 231 

(XANES) spectroscopy (described below).  For bioreduced and re-oxidized samples 232 

(NUR and NUO), the Fe(II)/{Fe(II) + [Fe(III)]} ratios based on 0.5 N HCl extraction 233 

were equal to approximately 74 % of the Fe(II) ratios determined by linear combination 234 

fitting Fe XANES analysis (Table 2).  Therefore, we assume that 0.5 N HCl can extract 235 



 12

only ca. 74 % of the Fe(II) from the clay structure, in good agreement with Jaisi et al 236 

(2007b). 237 

Aqueous U(VI) was measured after centrifugation for 10 min at 14,100 g and 20 238 

oC.  NaHCO3-extractable U(VI) was measured in samples of well-mixed suspensions that 239 

were placed in 1 M anoxic NaHCO3 (pH 8.4) (all sample collection and manipulations 240 

performed in anoxic chamber) (Elias et al., 2003; Zhou and Gu, 2005).  After extraction 241 

for 1 hr, solids were removed by centrifugation and U(VI) was measured in the 242 

supernatant.  U(VI) was measured by kinetic phosphorescence analysis on a KPA-11 243 

(ChemChek Instruments, Richland, WA) (Brina and Miller, 1992).  Adsorbed U(VI) was 244 

operationally defined as the difference between NaHCO3-extractable and aqueous U(VI) 245 

concentrations, divided by the nontronite concentration.  U valence state determinations 246 

based on U XANES spectroscopy were in good agreement with the 1 M NaHCO3 247 

extraction data (Table 2). 248 

2.8. Electron microscopy 249 

Scanning electron microscopy (SEM) samples were prepared in an anoxic 250 

glovebox following a previously published procedure (Zhang et al., 2007a).  Briefly, cell-251 

mineral suspensions were fixed in anoxic 2.5% glutaraldehyde, placed on a glass cover 252 

slip, and mineral particles were allowed to settle onto the cover slip for 15 min.  The 253 

particle-coated cover slips were gradually dehydrated in an ethanol series followed by 254 

critical point drying (CPD).  All sample preparation, except CPD, was performed in an 255 

anoxic chamber.  Cover slips were mounted onto a SEM stub and Au coated for 256 

observation using a Zeiss Supra 35 FEG-VP SEM at an accelerating voltage of 10 to 15 257 

kV.  A short working distance (6 -10 mm) and low beam current (30 – 40 mA) were used 258 
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to achieve the best image resolution.  A longer working distance (8.0 mm) and higher 259 

beam current (50 – 70 mA) were used for energy dispersive spectroscopy (EDS) analysis.   260 

2.9. X-ray absorption spectroscopy 261 

XAS measurements were made at the Materials Research Collaborative Access 262 

Team (MR-CAT) sector 10-ID beamline (Segre et al., 2000) of the Advanced Photon 263 

Source at Argonne National Laboratory (ANL).  The XAS spectra were collected in 264 

transmission mode using quick-scanning of the monochromator.  XANES spectra from 265 

the cell-uranium-nontronite precipitates were used to determine the average valence state 266 

of uranium and iron within the samples.  For uranium and iron, the X-ray absorption edge 267 

energy was calibrated by collecting the reference spectrum from hydrogen uranyl 268 

phosphate (U(VI) Std) and an iron foil (Fe(0) Std), respectively, during the collection of 269 

each spectrum.  All data sets were accurately aligned in energy using the derivative of the 270 

edge of the U(VI) or Fe(0) standard.  A linear combination fitting (LCF) of the U(VI) Std 271 

and a biogenic nanoparticulate UO2 standard (U(IV) Std) (O'Loughlin et al., 2003) was 272 

used to determine the approximate U(VI) to U(IV) ratio in the sample spectra.  This 273 

approach assumes that the standard spectra represent the uranyl species in the samples.  274 

This assumption can lead to a systematic uncertainty for these samples because we do not 275 

know the U(VI) species.  Similarly, the Fe XANES spectra were modeled with linear 276 

combinations of an Fe(II) standard spectrum from a fully reduced Fe(II)-nontronite NAu-277 

2 and an Fe(III) standard spectrum from an unaltered fully oxidized Fe(III)-nontronite 278 

NAu-2.  To further validate the valence state of the Fe in the Fe(III)-nontronite, the 279 

spectrum was modeled with a combination of Fe(III) oxide standards. 280 

281 
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Samples (approximately 40 mg cell-uranium-nontronite precipitates) were 282 

mounted as a moist paste on filter paper and covered with Kapton film and sealed with 283 

Kapton tape.  All sample preparation was performed in a Coy anoxic chamber and all 284 

samples were stored in the chamber prior to analysis.  Samples mounted in the holders 285 

were exposed to the atmosphere for less than 1 min before being mounted for XAS 286 

measurements in a free-flowing N2 environment to limit possible sample oxidation.  287 

These XAS sample holders have been shown to maintain anoxic integrity when exposed 288 

to an oxic environment for at least 8 h (O’Loughlin et al., 2003).  Uranium and iron 289 

XANES spectra were collected in 30 second intervals consecutively for 5 minutes.  No 290 

radiation-induced changes to the XANES spectra were observed at the 30 second 291 

intervals of data collection. 292 

3. RESULTS 293 

3.1.  U(VI) Speciation and Nontronite Dissolution  294 

The speciation of uranyl(VI) is sensitive to the concentrations of dissolved 295 

calcium and magnesium (Fig. 1; Brooks et al., 2003; Dong and Brooks, 2006; Dong and 296 

Brooks, 2008).  While nontronite NAu-2 was prepared in a Na-saturated form, Ca and 297 

Mg were detected in nontronite suspensions (5.0 g NAu-2 L-1; anoxic 30 mM NaHCO3 298 

buffer, pH 6.8) before and after inoculation with Shewanella putrefaciens CN32 in 299 

previous experiments very similar to those presented here (Table 3; Zhang et al., 2007a).  300 

PHREEQC (Parkhurst et al., 1999) was used to model U(VI) speciation in 30 mM 301 

NaHCO3 with variable concentrations of Ca and Mg – 0 mM Ca and 0 mM Mg assumed 302 

in the absence of nontronite; 0.06 mM Ca and 0.68 mM Mg measured with nontronite at 303 

the start of the bioreduction period, and; 0.27 mM Ca and 1.16 mM Mg measured with 304 
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nontronite after a 23 d bioreduction period with CN32.  Details of the U(VI) speciation 305 

modeling are included in Electronic Annex EA-1.  Ca and Mg were not measured as part 306 

of our current experiments conducted with Shewanella oneidensis MR-1.  With the lower 307 

concentrations of Ca and Mg measured before bioreduction, UO2(CO3)3
4- was the 308 

predominant U(VI) species accounting for 39 to 67 % of dissolved U(VI) species for total 309 

U concentrations of 10 to 1,000 μM, respectively (Fig. 1b).  With the higher 310 

concentrations of Ca and Mg measured after bioreduction, CaUO2(CO3)3
2- became the 311 

predominant U(VI) species below ca. 600 μM U(VI) (Fig. 1c). 312 

0.5 N HCl-extractable Fe(II) concentrations were measured along with soluble Ca, 313 

Mg, Si, Al and FeT during nontronite bioreduction by CN32 (Table 3; Zhang et al., 314 

2007a).  Based on these evolving concentrations of soluble Fe, Mg, Si and Al during 315 

bioreduction, congruent reductive dissolution of nontronite (Eq. 1 in Table 1) likely did 316 

not occur.  The final reduction extent reported in Table 3 is very similar to reduction 317 

extents measured in our current experiments (Fig. 3 – 5).  While a certain amount of Fe(II) 318 

was released into solution, the majority of Fe(II) was retained in the clay structure.  As 319 

noted in section 2.7, we assume that 0.5 N HCl can extract ca. 74 % of the Fe(II) from the 320 

nontronite structure as supported by Fe XANES spectroscopy measurements for select 321 

samples (Table 2).   322 

3.2.  U(VI) Sorption onto Nontronite 323 

The sorption of uranyl onto nontronite was dependent on both the pH and ionic 324 

strength of the background electrolyte (Fig. 2a).  The pH effect was caused by both 325 

changes in uranyl speciation and nontronite surface charge as a function of pH.  While 326 

U(VI) speciation is sensitive to Ca and Mg, because these metals were not measured as a 327 
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function of pH during the sorption experiments, Ca-U(VI)-CO3 and Mg-U(VI)-CO3 328 

species were not included in reaction networks used for speciation modeling of the 329 

sorption edges (Electronic Annex EA-1).  For a solution of 10 μM U(VI) in 0.01 M 330 

NaNO3 (in equilibrium with atmospheric CO2), U(VI) speciation modeling demonstrated 331 

that cationic uranyl species were predominant up to ca. pH 5.5, and that anionic uranyl 332 

species were predominant at pH values above ca. pH 6.0.  Nontronite contains both a 333 

permanent negative layer charge and a pH-dependent edge charge.  Structural Fe(III) in 334 

the octahedral layer (92 % FeT) imparts no layer charge (Fe3+ substituted for Al3+), 335 

however, structural Mg(II) substituted for Al3+ imparts a permanent negative charge.  336 

Structural Fe(III) in the tetrahedral layer (8 % FeT) imparts a permanent negative charge 337 

(Fe3+ substituted for Si4+) to basal siloxane surfaces.   338 

The pH-dependent edge charge is located at the layer edges and is regulated by 339 

surface hydroxyl groups.  The pH at zero point of charge (pHzpc) for nontronite has been 340 

reported to range from pH 6.5 (Merola et al., 2007) to pH 7.0 (Jaisi et al., 2007a), 341 

therefore, nontronite was likely predominantly positively charged below ca. pH 5.5 and 342 

predominantly negatively charged above ca. pH 8.0.  Complexation to edge sites is not 343 

favorable at low pH because H+ can out-compete UO2
2+ for sorption sites.  Furthermore, 344 

the predominant sorption mechanism onto nontronite at low pH is presumed to be cation 345 

exchange to basal siloxane surfaces (Boult et al., 1998; Kowal-Fouchard et al., 2004), 346 

consistent with our results that showed higher Na+ concentrations suppressed UO2
2+ at 347 

low pH.  The sorption of uranyl to nontronite was relatively constant between pH 6.0 – 348 

8.0 and independent of ionic strength, suggesting that neutral (UO2CO3) and polymeric 349 

((UO2)2CO3(OH)3
–) species could sorb strongly (e.g., as inner sphere complexes) under 350 



 17

these conditions.  Catalano and Brown (2005) used EXAFS spectroscopy to show that 351 

UO2(CO3)4-
3(aq) was preferentially bound to [Fe(O,OH)6] octahedral sites over 352 

[Al(O,OH)6] octahedral sites on layer edge sites of smectite.  Because nontronite has very 353 

low aluminum content in octahedral sites (Keeling et al., 2000), we speculate that 354 

[Fe(O,OH)6] octahedral layer edge sites play a predominant role in uranyl sorption to 355 

nontronite. 356 

The extent of uranyl sorption onto nontronite at pH 6.8 in anoxic 30 mM NaHCO3 357 

was measured to quantify the distribution of U(VI) under the conditions used in the 358 

bioreduction experiments (Fig. 2b).  We assumed that 0.06 mM Ca and 0.68 mM Mg 359 

dissolved from nontronite under this one pH condition (Table 3).  Depending on the 360 

initial U(VI) concentration (0.025 – 1.5 mM), 13.3 – 24.6 % of the total U(VI) was 361 

sorbed onto nontronite (5.0 g L-1).  The predominant uranyl species for all the sorption 362 

experiments in 30 mM NaHCO3 was UO2(CO3)3
4- (Fig. 1b).  Uranyl surface coverage 363 

achieved a maximum value of 1.73*10-3 mole m-2 (equivalent to1.04 sites nm-2) at the 364 

highest U(VI) concentration tested.  The maximum sorption density of Fe(II) onto 365 

nontronite (5.0 g L-1) at pH 6.8 in anoxic 30 mM PIPES buffer was reported to equal 17 366 

sites nm-2 (Jaisi et al., 2007c).  The differences in sorption density of Fe(II) versus U(VI) 367 

was likely due to the strong complexation of UO2
2+ by carbonate under these conditions.  368 

Based on our review of the literature, the sorption of uranyl onto nontronite has been 369 

reported only one other time (Ames et al., 1983) (Table 4).  From results reported by 370 

Ames et al. (1982), we calculated a uranyl sorption density of 3.34*10-3 mole m-2 for 371 

their experiments conducted at pH 7.7 in Hanford groundwater with a natural smectite 372 

(experiments in equilibrium with atmospheric CO2).  For uranyl sorption onto 373 
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montmorillonite SWy-2, a sorption density of 9.57*10-3 mole m-2 was reported for 374 

experiments conducted at pH 7.1 in 100 mM NaNO3 (Pabalan and Turner, 1997; Prikryl 375 

et al., 2001).   376 

3.3. Bioreduction of U(VI) and Nontronite 377 

Shewanella oneidensis MR-1 was able to reduce both uranyl(VI) and structural 378 

Fe(III) in nontronite when both of these TEAs were present (Fig. 3; 0.5*108 cell mL-1).  379 

In the absence of nontronite or AQDS, U(VI) was removed relatively slowly from 380 

solution but was effectively removed to <5 μM after 21 days.  The addition of the soluble 381 

electron shuttle AQDS increased the rate of U(VI) removal.  In the presence of nontronite 382 

(but absence of AQDS), U(VI) was not effectively removed at a cell density of 0.5*108 383 

cell mL-1 even though substantial Fe(II) had evolved (Fig. 3b).  However, when AQDS 384 

was later added to U(VI)-with-nontronite suspensions, complete removal of U(VI) 385 

occurred rapidly.  In the presence of U(VI), nontronite and AQDS, bioreduction of 386 

nontronite occurred most rapidly and to the greatest extent, and U(VI) removal kinetics 387 

were faster compared to suspensions of U(VI)-with-nontronite and U(VI) alone.  The 388 

addition of AQDS was previously shown to significantly increase the rate and extent of 389 

nontronite bioreduction (Dong et al., 2003). 390 

 With a near-constant initial concentration of U(VI) (0.7 – 0.8 mM), increasing 391 

concentrations of nontronite increased the lag time prior to U(VI) reduction but did not 392 

inhibit the ultimate removal of U(VI) (Fig. 4; 1.0*108 cell mL-1).  The extent of 393 

nontronite reduction in our experiments was measured only after 27 and 52 days.  After a 394 

52 day incubation with variable nontronite concentrations, the extent of U(VI) removal 395 

was near-constant and complete, while the extent of nontronite reduction (expressed as % 396 



 19

of FeT) decreased with increased clay concentrations (Fig. 4b).  With a constant initial 397 

concentration of nontronite (5.0 g L-1), increasing concentrations of U(VI) increased the 398 

rate and extent of nontronite reduction, however, this enhancement effect began to 399 

decline at U(VI) concentrations above 800 μM (Fig. 5; 1.0*108 cell mL-1).  The extent of 400 

U(VI) reduction in these experiments was measured only after 27 and 52 days.  After a 401 

52 day incubation with variable U(VI) concentrations, the extent of nontronite reduction 402 

was near-constant (ca. 30 %) except for 0 and 1500 μM U(VI) concentrations, while the 403 

extent of U(VI) removal was relatively low at the lowest (25 – 100 μM) and highest 404 

(1500 μM) U(VI) concentrations but essentially complete at intermediate U(VI) 405 

concentrations (400 – 1000 μM) (Fig. 5b).   406 

3.4. Abiotic Oxidation of Biogenic Uraninite by Nontronite 407 

Biogenic uraninite was effectively oxidized by structural Fe(III) in nontronite 408 

when reacted in anoxic 30 mM NaHCO3 (Fig. 6).  Complete re-oxidation of uraninite to 409 

U(VI) occurred in ca. 1.2 days.  Structural Fe(III) in nontronite oxidized biogenic 410 

uraninite at rates comparable to uraninite oxidation by poorly crystalline Fe(III) 411 

(oxyhydr)oxides (Senko et al., 2005; Ginder-Vogel et al., 2006).  The rate of uraninite 412 

oxidation was quantified as the rate of soluble U(VI) production according to: 413 

Rox = d[UO2]/dt = –kox·([UTOT] – [U(VI)(sol)])  (1) 414 

where kox is the pseudo-first-order oxidation rate constant (d-1) and [UTOT] is the total 415 

uranium concentration (both U(IV) and U(VI)) in the reactor.  The rate constant for 416 

nontronite-Fe(III) oxidation of uraninite was 1.14 d-1 (R2 = 0.96), and was measured 417 

using identical procedures developed in our previous experiments on the oxidation of 418 

biogenic uraninite (Burgos et al., 2008).  In those experiments, uraninite was produced by 419 



 20

S. oneidensis MR-1 in 30 mM NaHCO3 and subsequently oxidized by dissolved oxygen.  420 

The values for kox for uraninite oxidation by dissolved oxygen were found to vary from 421 

16 to 27 d-1.  While these two sets of experiments were not conducted side-by-side with 422 

identical materials, it appears that dissolved oxygen will react more rapidly than 423 

nontronite-Fe(III) in the oxidation of uraninite.  This is not unexpected considering that 424 

oxygen is a stronger oxidant than structural Fe(III) and, as a dissolved constituent, would 425 

have greater access to uraninite particles. 426 

3.5. Abiotic Reduction of U(VI) by Chemically-Reduced Nontronite 427 

 Uranyl was only partially removed from solution in the presence of citrate-428 

dithionite-bicarbonate (CBD)-reduced nontronite (Fig. 7), even in the presence of a large 429 

stoichiometric excess of Fe(II) relative to U(VI).  In preparing the CBD-reduced 430 

nontronite, the extent of reduction, 27 % Fe(II) (equivalent to 2.8 mM 0.5 N HCl-431 

extractable Fe(II)), was purposefully controlled (Komadel et al., 1990) to be comparable 432 

to maximum reduction extents achieved in the bioreduction experiments.  The CBD-433 

reduced nontronite was washed three times with anoxic distilled water such that Ca 434 

concentrations were likely low (e.g., << 0.06 mM).  Surface-adsorbed Fe(II) 435 

concentrations remained relatively constant, ranging from 75 to 100 μM (equivalent to 436 

2.7 – 3.6 % of 0.5 N HCl-extractable Fe(II) in system), and aqueous Fe(II) concentrations 437 

ranged from 10 to 30 μM.  Structural Fe(II) was the predominant reductant in this system.  438 

The NaHCO3-extractable U(VI) concentration decreased from 230 to 180 μM between 439 

days 1 and 4 in conjunction with a decrease in the of 0.5 N HCl-extractable Fe(II) 440 

concentration.  However, the decrease and subsequent increase in the 0.5 N HCl-441 

extractable Fe(II) concentration could not be solely attributed to changes in U(VI) 442 
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concentrations, suggesting that other redox active components could have been present in 443 

these suspensions.  The use of low-temperature O2-traps in the preparation and 444 

maintenance of all reactant solutions used in these experiments would lead us to believe 445 

that O2 was not significant in these incubations.  Regardless of the time-dependent 446 

behavior of 0.5 N HCl-extractable Fe(II), both structural and surface-adsorbed Fe(II) 447 

species were present and yet the total U(VI) concentration was not statistically different 448 

from 4 to 82 days (t  = –19.8; p = 0.0001).   449 

3.6. Characterization of Mineral Products 450 

 Mineral products from many of these experiments were characterized by XRD, 451 

SEM, and XANES spectroscopy.  The presence of nontronite did not substantially affect 452 

the XRD patterns of biogenic uraninite (Electronic Annex EA-2), even though uraninite 453 

and nontronite were observed in close proximity in SEM images (Fig. 8b,c).  In the 454 

absence of nontronite, a predominant portion of uraninite accumulated extracellularly of 455 

MR-1 (Fig. 8a).  In the presence of nontronite, MR-1 cells were found to associate with 456 

both nontronite and uraninite.  MR-1 cells were not found preferentially associated with 457 

any specific facet of the nontronite particles (e.g., along layer edges or basal siloxane 458 

surfaces).  Nontronite particles collected at the end of the bioreduction experiment 459 

exhibited severe dissolution features (Fig. 8d).  SEM-EDS analyses revealed increased 460 

uranium content with bioreduced nontronite particles, presumably nanoparticulate 461 

uraninite, that was not observed in abiotic U(VI)-with-nontronite controls.  Broad 462 

diffraction peaks for biogenic uraninite were indicative of fine-grained nanoparticulate 463 

uraninite, consistent with our SEM observations. 464 
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 The biological reduction of nontronite affected the XRD patterns of these clays 465 

compared to the initial unaltered material (Electronic Annex EA-2).  Bioreduction of 466 

Fe(III) in nontronite resulted in the disappearance of the peak at 12.8 Å (2θ = 6.9°) and 467 

appearance of peaks at 15.2 Å (2θ = 5.8°) and 12.4 Å (2θ = 7.1°).  The dissolution of 468 

nontronite caused by bioreduction was consistent with previous studies that, either 469 

directly or indirectly, observed collapsed nontronite layers upon reduction (Lear and 470 

Stucki, 1989; Wu et al., 1989; Kostka et al., 1999a; Dong et al., 2003; Zhang et al., 471 

2007b). 472 

 The average oxidation state of both Fe and U were determined by XANES 473 

spectroscopy for select samples collected during these experiments.  XANES spectra 474 

were collected from abiotic controls (1.0 mM U(VI), 5.0 g L-1 nontronite) that had been 475 

incubated for 52 days, biotic controls inoculated with 1.0*108 cell mL-1 MR-1 and 476 

incubated for 52 days (Fig. 4), and the biotic controls after they were oxidized by 477 

dissolved oxygen for 20 h.  The Fe K edge XANES spectrum for the bioreduced sample 478 

was intermediate between our Fe(III) and Fe(II) nontronite NAu-2 standards (sample 479 

NUR in Fig. 9a).  The Fe(II)/Fe(III) ratio was determined by linear combination fitting 480 

(LCF) as described in section 2.9.  The Fe reduction extent calculated as ([Fe(II)]/{[Fe(II)] 481 

+ [Fe(III)]}) was 38 ± 10 % compared to our estimate of 28.3 % based on Fe(II) 482 

measured after 0.5 N HCl extraction (Table 2).  The Fe(II)/FeT ratio of the abiotic control 483 

was 0 ± 10 %, in good agreement with the 0.5 N HCl extraction measurement (0.38 ± 484 

3.0 %).  The U LIII edge XANES spectra for the bioreduced sample closely matched that 485 

of a U(IV) standard of biogenic UO2 nanoparticles (Fig. 9b).  The U(IV)/U(VI) ratio was 486 

determined by LCF of the XANES spectra.  The U reduction extent calculated as 487 
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([U(IV)]/{[U(IV)] + [U(VI)]}) was 90 ± 10 % in good agreement with our estimate of 83 488 

± 2.7 % based on total U(VI) measured after 1 M NaHCO3 extraction (Table 2). 489 

4. DISCUSSION 490 

The biologic and abiotic reactions between DMRB, nontronite and uranium 491 

represent a series of complex, coupled processes (Fig. 10).  In the current experiments we 492 

found that U(VI) enhanced the rate and extent of nontronite-Fe(III) reduction (Fig. 3 – 5), 493 

and that uraninite oxidation by structural Fe(III) in nontronite was relatively fast (Fig. 6).  494 

The relatively rapid reoxidation of U(IV) allows uranium to serve as an effective electron 495 

shuttle to nontronite-Fe(III).  We also found that U valence cycling was driven primarily 496 

by biological reduction because abiotic reduction of U(VI) by CBD-reduced nontronite-497 

Fe(II) was thermodynamically unfavorable or kinetically limited (Fig. 7).  An important 498 

finding from this work with respect to engineered systems for in situ immobilization of 499 

uranium is that iron-rich clays may inhibit the goal of U removal from solution.  Indeed 500 

we observed that increasing concentrations of nontronite increased the lag time prior to 501 

U(VI) reduction (Fig. 4).  502 

 A mechanistic description of the operative reactions in these experimental 503 

systems requires an understanding of U(VI) speciation and the reactive forms of Fe(II).  504 

The redox behaviors of the U(VI)/U(IV) couple and the nontronite-Fe(III)/Fe(II) couple 505 

are relatively complex and strongly dependent on chemical activities and bulk 506 

geochemical conditions.  While the thermodynamics of uranium geochemistry are well 507 

established, the thermodynamic properties of iron-rich smectites like nontronite are less 508 

constrained.  For example, reduction potentials for nontronite are often written as 509 

congruent dissolution reactions (Eq. 1 in Table 1) while it is known that the majority of 510 
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reduced Fe(II) remains in the clay structure.  Thus, Fe(II) can exist in a variety of forms 511 

in reduced nontronite suspensions, each of which may have a distinct but unknown 512 

reduction potential.  We envision that Fe(II) in these systems can exist in the octahedral 513 

and tetrahedral layers of the clay, complexed to layer edge sites, sorbed to basal siloxane 514 

surfaces, or dissolved in solution. 515 

 Nontronite dissolution or cation exchange reactions can also lead to the 516 

introduction or alteration of dissolved concentrations of Ca and Mg.  These two cations 517 

have particularly important effects on uranium speciation and reactivity (Brooks et al. 518 

2003; Dong and Brooks, 2006; Dong and Brooks, 2008).  As shown in Fig. 1, U(VI) 519 

speciation is significantly altered with the addition of just 0.06 mM Ca.  The shift of the 520 

predominant U(VI) species from UO2(CO3)3
4- to CaUO2(CO3)3

2- could affect sorption 521 

and redox reactions with nontronite.  Using published values of standard-state reduction 522 

potentials (E0) for these U(VI) species (Table 1), effective reduction potentials (E'red) 523 

were calculated for the current experimental conditions.  The following conditions were 524 

selected for comparison purposes: 25 oC, pH 6.8, 30 mM NaHCO3, 500 μM UO2(CO3)3
4- 525 

with no Ca present or 500 μM CaUO2(CO3)3
2- with 0.27 mM Ca.  For these conditions, 526 

UO2(CO3)3
4- has an E'red of +0.12 V, while CaUO2(CO3)3

2- has an E'red of +0.22 V.  Thus, 527 

while Ca does affect U(VI) speciation, it does not decrease the reduction potential of 528 

other predominant U(VI) species.  If the Ca concentration increased to 10 mM, 529 

CaUO2(CO3)3
2- has an E'red of +0.13 V. 530 

Selection of a redox couple for nontronite-Fe(III)/Fe(II) is more challenging 531 

compared to U(VI)/U(IV).  On one hand, a redox couple that represents reduction 532 

without dissolution for structural nontronite-Fe(III)/structural nontronite-Fe(II) (Eq. 2 in 533 



 25

Table 1; Favre et al., 2006) is appealing because the majority of Fe(II) does indeed 534 

remain in the clay structure.  However, calculation of the reduction potential as a function 535 

of reaction extent is problematic due to the assignment of chemical activities to these 536 

solid-phase species.  On the other hand, a redox couple that represents congruent 537 

dissolution for structural nontronite-Fe(III)/Fe2+(aq) (Eq. 1 in Table 1; Jaisi et al. 2007b) 538 

is appealing because the reduction potential of the remaining nontronite-Fe(III) can be 539 

calculated directly from aqueous metal concentrations.  However, as noted above, 540 

congruent dissolution of nontronite does not commonly occur. 541 

The bioreduction of UO2(CO3)3
4- coupled to lactate oxidation has an effective 542 

overall reduction potential (E'overall) of +0.59 V with an initial U(VI) concentration of 543 

1,000 uM, 5 mM lactate, and 2 mM acetate (from UO2(Ace)2).  In comparison, the 544 

bioreduction of nontronite-Fe(III) (using Eq. 1 in Table 1) coupled to lactate oxidation 545 

has an E'overall of +0.97 V with an initial Fe(II) concentration of 1 uM and a lactate/acetate 546 

ratio of 5/2.  Therefore, the bioreduction of nontronite-Fe(III) was thermodynamically 547 

favorable compared to U(VI) bioreduction in these experimental systems.  However, in 548 

experiments conducted with sole electron acceptors, both the rate and extent of electron 549 

acceptor utilization was greater with U(VI) compared to nontronite-Fe(III).  Due to 550 

kinetic constraints related to transferring electrons to a solid-phase electron acceptor, 551 

U(VI) was likely reduced before nontronite-Fe(III).   552 

With these conceptual thermodynamic calculations and experimental observations, 553 

we propose that U valence cycling in these systems can be explained as follows (Fig. 10): 554 

DMRB preferentially bioreduce soluble U(VI) over solid-phase nontronite-Fe(III); 555 

uraninite is rapidly reoxidized by nontronite-Fe(III) at the start of the experiments; as 556 
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Fe2+(aq) or structural Fe(II) accumulate in the system, the reduction potential of 557 

nontronite-Fe(III) decreases; at some elevated concentration of Fe(II), nontronite-Fe(III) 558 

can no longer oxidize uraninite; DMRB continue to bioreduce U(VI), however, now it 559 

remains as uraninite and finally precipitates from solution.  The lag phase for the onset of 560 

U(VI) loss from solution increased with increasing nontronite concentrations (Fig. 4).  561 

Higher nontronite concentrations provide greater sorption capacity for Fe2+, which delays 562 

the increase in Fe2+(aq) and, therefore, prolongs the lag phase.  The important implication 563 

of this is that U valence cycling with iron-rich clays may inhibit U removal from solution 564 

in subsurface environments. 565 
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Table 1.  Standard state reduction potentials (E0) for iron oxides, nontronite, uranium, 765 

technetium, and experimental components. 766 

Redox couple                                                                                           (eq #) E0 (V) 

Ferrihydrite, Fe(OH)3 

Fe(OH)3(s) + 2H+
(aq)+ e- +HCO-

3(aq) → FeCO3(s) + 3H2O(l) 

 

0.971 a 

Goethite, α-FeOOH(s) 

α-FeOOH(s) + 2H+
(aq) + e- + HCO3(aq) → FeCO3(s) + 2H2O(l) 

 

0.848 a 

Pertechnetate, TcO4
- 

TcO4
-
(aq) + 4H+

(aq) + 3e- → TcO2·nH2O(s) + (2-n)H2O(l) 

 

0.748 b 

Nontronite SWa-1                                                                                  (Eq. 2) 

mFe3+
(s) + w0Na+

(s) + ni(OH-)(s) + me- + pNa+
(aq) + niH+

(aq)  →  

mFe2+
(s) + wNa+

(s) + niH2O(l) 

 

0.70 c 

Uranyl carbonate, UO2(CO3)3
4- 

0.5UO2(CO3)4-
3(aq) + 1.5H+

(aq) + e- → 0.5UO2(s) + 1.5HCO-
3(aq) 

 

0.687 a 

Ca-U(VI)-CO3 complex, CaUO2(CO3)3
2- 

0.5CaUO2(CO3)3
2-

(aq) + 1.5H+
(aq) + e- → 0.5UO2(s) + 1.5HCO-

3(aq) + 0.5Ca2+ 

 

0.576 d 

Nontronite NAu-2                                                                                  (Eq. 1) 

Na.71Mg.05Fe3.83Al.5Si7.55O20(OH)4(s) (NAu-2) + 3.83e- + 11.8H+
(aq)  → 

0.71Na+
(aq) + 0.05Mg2+

(aq) + 3.83Fe2+
(aq) + 0.5Al(OH)4

-
(aq) + 7.55SiO2(aq) + 6.9H2O(l) 

 

0.60 e 

Ca2-U(VI)-CO3 complex, Ca2UO2(CO3)3(aq) 

0.5Ca2UO2(CO3)3
2-

(aq) + 1.5H+
(aq) + e- → 0.5UO2(s) + 1.5HCO-

3(aq) + Ca2+ 

 

0.424 c 

Anthraquinone-2,6-disulfonate, AQDS 

0.5AQDS(aq) + H+
(aq) + e-

(aq) → 0.5AH2DS(aq) 

 

0.230 f 

Acetate/lactate, CH3COO-/C2H5COO- 

0.25CH3COO-
(aq) + 0.25HCO-

3(aq) + 1.25H+
(aq) + e-

(aq) →  

0.25C2H5COO-
(aq) + 0.5H2O(l) 

 

0.121 f 

a Fredrickson et al. (2002) Geochim. Cosmochim. Acta. 66, 3247–3262. 767 
b Peretyazhko et al. (2008) Geochim. Cosmochim. Acta. 72, 1521–1539. 768 
c Favre et al. (2006) Clays and Clay Minerals. 54, 466-472. 769 
d Brooks et al. (2003). Environ. Sci. Technol. 37, 1850-1858. 770 
e Jaisi et al. (2007b) Geochim. Cosmochim. Acta. 71, 1145-1158. 771 
f Fredrickson et al. (2000) Geochim. Cosmochim. Acta. 64, 3085–3098. 772 

773 
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Table 2.  Average valence states of Fe and U within uranium-nontronite samples as 774 

determined by wet chemical methods and linear combination fitting of the XANES 775 

spectra.  Sample names correspond to XANES spectra presented in Figure 9. 776 

Sample name/description % Fe(II) in Nontronite % U(IV) in precipitates 

  0.5 N HCl 
extraction 

Fe-XANES 1 M NaHCO3 
extraction  

U-XANES 

NUC  
5 g L-1 Nontronite NAu-2 + 
1 mM Uranyl(VI) acetate +  
0 MR-1 (abiotic control) 
incubated for 52 days 

0.38 ± 3.0 0 ± 10 -3.5 ± 4.1 
  

0 ± 10 

NUR 
5 g L-1 Nontronite NAu-2 + 
1 mM Uranyl(VI) acetate +  
1*108 cell mL-1 MR-1 
incubated for 52 days 

28.3 ± 1.6 38 ± 10 82.7 ± 2.7  90 ± 10 

NUO 
NUR sample reacted with 
dissolved oxygen for 20 hrs 

13.3 ± 0.2 18 ± 10 30.6 ± 0.8  20 ± 10 

777 
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Table 3.  Concentrations of select dissolved metals measured before and after 778 

bioreduction of nontronite by Shewanella putrefaciens CN32 (Zhang et al., 2007a).  779 

Experiments conducted with 5.0 g L-1 nontronite NAu-2 and 5.0 mM sodium lactate in 780 

anoxic 30 mM NaHCO3 (pH 6.8; 80:20% N2:CO2 atm) incubated with 0.5*108 cell mL-1 781 

CN32 for 23 days. 782 

Reaction time (days) 0 23 

Ca (mM) a 0.06 0.27 

Mg (mM) 0.68 1.16 

Si (mM) 0.83 0.79 

Al (mM) <0.001 <0.001 

FeT (mM)  0.021 0.036 

0.5 N HCl-extractable Fe(II) (mM) 

reduction extent (% Fe(II)/FeT) 

0.10 

0.5% 

4.3 

20.5% 

pH  6.8 6.8 

a Mg, Ca, Si, Al and FeT measured by ICP-MS where samples were first filtered (0.2-μm) 783 

and acidified with conc. HNO3.  Zhang et al. (2007a) American Mineralogist. 92, 1401-784 

1410. 785 

786 
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Table 4.  Comparison of uranyl(VI) sorption to nontronite NAu-2 (current study) with 787 

other smectites. 788 

Reference Solid-phase Solution 
chemistry 

Sorption characteristics 

Ames et al., 
(1983) 

Nontronite NG-1  
CEC = 95 meq/100g 
SA = 861 m2/g 

10 mM NaHCO3 
pH 8.5 

Γmax =1.21*10-7  mole/m2 
Kd = 4.1 ml/g 
 

Ames et al., 
(1983) 

Nontronite  NG-1 
CEC = 95 meq/100g 
SA = 861 m2/g 

10 mM NaCl 
pH 7.0 

Γmax =6.55*10-7 mole/m2 
Kd = 300 ml/g 
 

Ames et al., 
(1983) 

Montmorillonite  
CEC = 120 meq/100g 
SA = 747 m2/g 

10 mM NaHCO3 
pH 8.5 

Γmax =8.99*10-8   mole/m2 
Kd = 1.8 ml/g 
 

Ames et al., 
(1983) 

Montmorillonite  
CEC = 120 meq/100g 
SA = 747 m2/g 

10 mM NaCl 
pH 7.0 

Γmax =1.18*10-6 mole/m2 
Kd = 542 ml/g 
 

Ames et al., 
(1982) 

Smectite 
CEC = 4.84meq/100g 
SA = 31.2 m2/g 

Hanford 
groundwater  
pH 7.7 

Γmax =3.34*10-3 mole/m2 
Kd = 12 – 127 ml/g 
 

Catalano and 
Brown (2005) 

Montmorillonite SWy-2  
CEC = 85meq/100g 
SA = 31.8 m2/g 

100 mM NaNO3 
pH 7.1 

Γmax =9.57*10-3 mole/m2 
Kd = 8.2 ml/g 
 

Current study Nontronite NAu-2 
CEC=69.7 meq/100g 
SA = 42 m2/g 

30 mM NaHCO3 
pH 7.0 

Γmax =1.73*10-3 mole/m2 
Kd = 64.9 ml/g 
 

Ames et al. (1983) Chemical Geology. 35, 205-225. 789 

Ames et al. (1982) Clays and Clay Minerals. 31, 321-334. 790 

Catalano and Brown. (2005) Geochim. Cosmochim. Acta. 69, 2995-3005. 791 
792 
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FIGURE CAPTIONS 793 

Figure 1.  Uranyl(VI) speciation as a function of U(VI) concentration in 30 mM 794 

NaHCO3 in equilibrium with an 80:20 % N2:CO2 atm at pH 6.8 with (a) 0 mM Ca and 0 795 

mM Mg (no nontronite); (b) 0.06 mM Ca and 0.68 mM Mg (with nontronite before 796 

bioreduction); and (c) 0.27 mM Ca and 1.16 mM Mg (after bioreduction of nontronite). 797 

 798 

Figure 2.  (a) U(VI) sorption edge on nontronite NAu-2 (3.0 g L-1) as a function of pH in 799 

0.001 M, 0.01 M, 0.1 M and 1 M NaNO3 background electrolytes ([Total U(VI)] = 0.01 800 

mM).  Symbols represent means of duplicate measurements.  (b) U(VI) sorption isotherm 801 

on nontronite NAu-2 (5.0 g L-1) in anoxic 30 mM NaHCO3, pH 6.8.  Symbols represent 802 

means of duplicate measurements and error bars represent 1 standard deviation. 803 

 804 

Figure 3.  Biological reduction of U(VI) and nontronite NAu-2 Fe(III) by S. oneidensis 805 

MR-1 (0.5*108 cells mL-1) in the presence or absence of AQDS (0.1 mM).  Experiments 806 

were conducted with 1.0 mM U(VI), 5.0 g L-1 nontronite NAu-2 and 5.0 mM lactate in 30 807 

mM NaHCO3, pH 6.8.  (a) Aqueous U(VI), (b) 0.5 N HCl-extractable Fe(II), and (c) 808 

Surface-adsorbed Fe(II).  Symbols represent means of triplicate measurements and error 809 

bars represent 1 standard deviation.  810 

 811 

Figure 4.  Biological reduction of U(VI) in the presence of variable concentrations of 812 

nontronite NAu-2 by S. oneidensis MR-1 (1.0*108 cells mL-1).  Experiments were 813 

conducted with 0.7 – 0.8 mM U(VI) and 5.0 mM lactate in 30 mM NaHCO3, pH 6.8.  (a) 814 

Time-dependent consumption of soluble U(VI), and (b) final extent of U(VI) and Fe(III) 815 
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(0.5 N HCl-extractable Fe(II)) reduction after 52 d.  Symbols represent means of 816 

duplicate measurements and error bars represent 1 standard deviation. 817 

 818 

Figure 5.  Biological reduction of nontronite NAu-2 in the presence of variable 819 

concentrations of U(VI) by S. oneidensis MR-1 (1.0*108 cells mL-1).  Experiments were 820 

conducted with 5.0 g L-1 nontronite NAu-2 and 5.0 mM lactate in 30 mM NaHCO3, pH 821 

6.8.  (a) Time-dependent production of 0.5 N HCl-extractable Fe(II), and (b) final extent 822 

of U(VI) and Fe(III) (0.5 N HCl-extractable Fe(II)) reduction after 52 d.  Inset in (b) 823 

shows final extent at lowest U(VI) concentrations tested.  Symbols represent means of 824 

duplicate measurements and error bars represent 1 standard deviation. 825 

 826 

Figure 6.  Abiotic oxidation of biogenic uraninite (0.14 mM) by unaltered nontronite 827 

NAu-2 (5 g L-1, 99.4% Fe(III)) in 30 mM NaHCO3, pH 6.8.  Symbols represent means of 828 

duplicate measurements and error bars represent 1 standard deviation. 829 

 830 

Figure 7.  Abiotic reduction of 0.23 mM U(VI) by chemically reduced nontronite NAu-2 831 

(2.5 g L-1, 27% Fe(II)) in 30 mM NaHCO3, pH 6.8.   832 

 833 

Figure 8.  (a) Scanning electron micrographs of unstained Shewanella oneidensis MR-1 834 

cells and uraninite produced in the absence of nontronite NAu-2.  Inset is SEM-EDS 835 

spectrum of uraninite showing typical elemental composition (Au peak from Au coating).  836 

(b)  Secondary electron image of abiotic control (no cells) containing nontronite NAu-2 837 

and U(VI).  Inset is SEM-EDS spectrum showing typical elemental composition.  (c) 838 
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Secondary electron image of uraninite produced in the presence of nontronite NAu-2.  (d) 839 

Secondary electron image of bioreduced nontronite NAu-2 in the absence of uranium.  840 

 841 

Figure 9.  (A) Fe K edge normalized XANES spectra offset vertically by 1.0, and (B) 842 

overlaid.  (C) U LIII-edge normalized XANES spectra offset vertically by 0.8, and (D) 843 

overlaid.  The measured spectra (symbols) from the samples are over-plotted by linear 844 

combination fitting of the XANES spectra (solid lines).  The reduced standards (Fe(II) 845 

and U(IV)) are shown as blue lines while the oxidized standards (Fe(III) and U(VI)) are 846 

shown as black lines.  The samples shown from bottom to top in panels (A) and (C) are: 847 

NUC –  5 g L-1 nontronite NAu-2, 1 mM uranyl(VI) acetate, and no cells; NUR – 5 g L-1 848 

nontronite NAu-2, 1 mM uranyl(VI) acetate, 1*108 cell mL-1 MR-1 and incubated for 52 849 

days; NUO – the NUR sample reacted with dissolved oxygen for 20 hrs. 850 

 851 

Figure 10.  Conceptualization of operative reactions in experiments conducted with 852 

nontronite NAu-2, uranium and dissimilatory metal-reducing bacteria (DMRB). 853 

854 
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EA-1 U(VI) speciation modeling. 901 

Table EA-1.  Uranium(VI) aqueous and solid phase reactions and thermodynamic 902 

stability constants used with PHREEQC for U speciation modeling. 903 

Reaction log K 

UO2
2+ + H2O = UO2OH+ + H+  -5.78 a 

UO2
2+ + 2H2O = UO2(OH)2(aq) + 2H+  -12.15 b 

UO2
2+ + 3H2O = UO2(OH)3

- + 3H+  -19.2 b 

UO2
2+ + 4H2O = UO2(OH)4

2- + 4H+ -32.4 b 

2UO2
2+ + 3H2O = (UO2)2(OH)3

+ + 3H+  -2.70 b 

2UO2
2+ + 2H2O = (UO2)2(OH)2

2+ + 2H+ -5.62 a,b 

3UO2
2+ + 4H2O = (UO2)3(OH)4

2+ + 4H+  -11.90 b 

3UO2
2+ + 5H2O = (UO2)3(OH)5

+ + 5H+ -15.63 a 

3UO2
2+ + 7H2O = (UO2)3(OH)7

- + 7H+ -31.0 b 

UO2
2+ + CO3

2- = UO2(CO3)0  +10.06 a 

UO2
2+ + 2CO3

2- = UO2(CO3)2
2- +16.98 a 

UO2
2+ + 3CO3

2- = UO2(CO3)3
4- +21.40 a 

2UO2
2+ + CO3

2- + 3H2O = (UO2)2CO3(OH)3
- + 3H+  -0.94 b 

UO2
2+ + 3CO3

2- + Ca2+= CaUO2(CO3)3
2- 27.18 c 

UO2
2+ + 3CO3

2- + 2Ca2+= Ca2UO2(CO3)3
0 30.7 c 

UO2
2+ + 3CO3

2- + Mg2+= MgUO2(CO3)3
2- 25.8b 

UO2
2+ + NO3

- = UO2NO+  0.3 b 

UO2
2+ + 3H2O = UO2(OH)2·H2O(schoepite) + 2H+  -5.39 a 

 904 
a Langmuir, D. (1978) Uranium solution-mineral equilibria at low temperatures with applications to 905 
sedimentary ore deposits. Geochim. Cosmochim. Acta 42, 547–569. 906 
b Guillaumont, R., T. Fanghänel, J. Fuger, I. Grenthe, V. Neck, D.A. Palmer and M.H. Rand. (2003) Update 907 
on the Chemical Thermodynamics of Uranium, Neptunium, Plutonium, Americium and Technetium. 908 
Elsevier, Amsterdam. 909 
c Dong, W., and S.C. Brooks. (2006) Determination of the Formation Constants of Ternary Complexes of 910 
Uranyl and Carbonate with Alkaline Earth Metals (Mg2+, Ca2+, Sr2+, and Ba2+) Using Anion Exchange 911 
Method. Environ. Sci. Technol. 40, 4689-4695. 912 
d Dong, W., and S.C. Brooks. (2008) Formation of Aqueous MgUO2(CO3)3

2-  Complex and Uranium Anion 913 
Exchange Mechanism onto an Exchange Resin. Environ. Sci. Technol. 42, 1979-1983. 914 
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 915 
Figure EA-1.  Uranyl(VI) speciation as a function of pH in the presumed solution 916 

chemistry for one of the sorption edge experiments – 10 μM uranyl acetate, 0.01 M 917 

NaNO3 in equilibrium with air (PCO2 = 10-3.46 bar), Ca and Mg both assumed equal 0 mM 918 

for all pH values. 919 

920 
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EA-2 X-ray diffraction of nontronite and uraninite. 921 

Samples for X-ray diffraction (XRD) were washed with deoxygenated water and 922 

air dried in an anoxic glovebox and prepared in ambient condition for XRD 923 

measurements.  Samples were examined using a Rigaku Geigerflex microdiffractometer 924 

equipped with a graphite monochromater and a cylindrical image plate area detector.  A 925 

Mo tube was used as the X-ray source and a 0.3 mm collimator was used to ensure 926 

parallel X-ray beams.  Samples were mounted on a flat quartz zero-background holder 927 

using petroleum-based grease.  During exposure to the X-ray beam, the sample was 928 

oscillated between 2 to 10° omega angle and -30 to +30° phi angle simultaneously to 929 

minimize the effects of sample heterogeneity and preferred orientation.930 
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 931 

Figure EA-2.  X-ray diffraction patterns from biogenic uraninite, biogenic uraninite produced in 932 

the presence of nontronite NAu-2, bioreduced NAu-2 in the absence of U(VI), and the unaltered 933 

nontronite NAu-2. 934 


