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ABSTRACT  

This study evaluated uranium sequestration performance in iron-rich (30 g/kg) sediment 

via bioreduction followed by reoxidation. Field tests (1383 days) at Oak Ridge, Tennessee 

demonstrated that uranium contents in sediments increased after bioreduced sediments were 

re-exposed to nitrate and oxygen in contaminated groundwater. Bioreduction of contaminated 

sediments (1200 mg/kg U) with ethanol in microcosm reduced aqueous U from 0.37 to 0.023 

mg/L. Aliquots of the bioreduced sediment were reoxidized with O2, H2O2, and NaNO3, 

respectively, over 285 days, resulting in aqueous U of 0.024, 1.58 and 14.4 mg/L at pH 6.30, 

6.63 and 7.62, respectively. The source- and the three reoxidized sediments showed different 

desorption and adsorption behaviors of U, but all fit a Freundlich model. The adsorption 

capacities increased sharply at pH 4.5 to 5.5, plateaued at pH 5.5 to 7.0, then decreased 

sharply as pH increased from 7.0 to 8.0. The O2-reoxidized sediment retained a lower 

desorption efficiency at pH over 6.0. The NO3
--reoxidized sediment exhibited higher 

adsorption capacity at pH 5.5 to 6.0. The pH-dependent adsorption onto Fe(III) oxides and 

formation of U coated particles and precipitates resulted in U sequestration, and bioreduction 

followed by reoxidation can enhance the U sequestration in sediment. 

Keywords: Sediments, Uranium, Sequestration, Bioreduction, Reoxidation 
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Introduction  

Uranium (U) is a major groundwater contaminant at U.S. Department of Energy (DOE) 

and many other sites due to mining, enrichment operations, development of nuclear weapons 

and waste disposal practices. A typical highly contaminated site is the U.S. DOE’s Oak Ridge 

Field Research Center (ORFRC) in Oak Ridge, Tennessee, where high ionic-strength nitric 

acid waste, containing U and other contaminants, was discharged into the S-3 Ponds from 

1946 to 1985 when they were capped with a parking lot (Brooks, 2001; Phillips et al., 2006; 

Phillips and Watson, 2015; Watson et al., 2005). The subsurface adjacent to the former S3 

Ponds in Area 3 has sediments (shallow saprolite) that are highly contaminated with uranium 

(200–1000 mg/kg) and contain ferric iron-rich sediments (Fe≥3%, W/W). Bioreduction of 

soluble U(VI) to sparingly soluble U(IV) was proposed for in situ 

immobilization/sequestration of uranium (Gorby and Lovely, 1992). Mechanisms, rates, and 

microbial processes related to reductive immobilization/bioremediation of uranium and 

co-contaminants, such as NO3
-, were investigated by several research teams at the ORFRC 

(Cardenas et al., 2008, 2010; Du et al., 2011; Gihring et al., 2011; Hwang et al., 2009; Istok et 

al., 2004; Leigh et al., 2015; Watson et al., 2013; Xu et al., 2010; Zhang et al., 2011, 2015).  

A field test for in situ U(VI) bioreduction and U(IV) stability was conducted within a 

hydraulically controlled region of the subsurface adjacent to the former S3 Ponds in Area 3 of 

the ORFRC from August 2003 to December 2008 (Wu et al., 2006a, 2006b, 2007, 2010). 

Prior to conducting the bioremediation tests, the groundwater was acidic (pH of 3.5) with 

aqueous concentrations of up to 51 mg/L (0.212 mmol/L) U, 133 mmol/L NO3
-, 9.9 mmol/L 

SO4
2-, and 0.26 mg/L dissolved oxygen (DO) (Wu et al., 2006a) and the sediment had a pH of 

4.5-5.5, 100-1200 mg/kg U, 0.60 g/kg P, 0.2-0.7 g/kg S, 8.0-27.0 g/kg crystalline Fe, 0.1-7.8 

g/kg crystalline Mn, and 2.0-4.0 g/kg crystalline Al (Phillips et al., 2007). Weekly ethanol 

additions stimulated microbial activities and the reduction of soluble- and solid-phase U(VI) 

to sparingly soluble U(IV), with aqueous U concentrations falling to levels below the US 
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EPA drinking water standard (0.03 mg/L) (Wu et al., 2007). The uranium reduction reaction 

can be described as:   

UO2
2+ + 2 e- → UO2(s)     (ΔGº’ = -43.2 kJ/eq)  (1) 

Subsequent results demonstrated that the reduced/immobilized uranium was stable in the 

absence of DO and nitrate under anaerobic conditions, but susceptible to oxidization and 

remobilization when dissolved oxygen (Wu et al., 2007) and nitrate (Wu et al., 2010) were 

injected into the treatment zone, which is consistent with the observation of increased uranium 

concentrations in the presence of the oxidant nitrate in other studies (Coyte et al., 2018; Nolan 

and Weber, 2015; Senko et al., 2002, 2005b ). After December 2008, the controlled field tests 

stopped and contaminated groundwater, including the oxidants nitrate and oxygen, were 

allowed to reinvade the treatment zone (Li et al., 2018). Bioreduced U(IV) can be microbially 

reoxidized to the more mobile U(VI) form in the presence of nitrate and DO as shown in the 

following simplified equations (Paradis et al., 2016; Wu et al., 2007): 

UO2(s) + 2/5 NO3
- + 12/5 H+ → UO2

2+ + 1/5 N2 +6/5 H2O  (ΔGº’= -66.2 kJ/eq) 

 (2) 

UO2(s) + 1/2 O2 + 2 H+ → UO2
2+ + H2O  (ΔGº’= -157.98 kJ/eq)           (3) 

If a strong oxidant like H2O2 is present the oxidation reaction can be expressed as: 

UO2(s) + H2O2 + 2 H+ → UO2
2+ + 2H2O  (ΔGº’= -261.06 kJ/eq)           (4) 

However, the above oxidants will not only react with U, they will also interact with and alter 

the sediment matrix. In particular, Fe-rich sediments have the potential to be altered to Fe 

oxide forms (e.g., Fe(III)-oxides) that could enhance the adsorption and sequestration of 

uranium. Therefore, if properly controlled, the reoxidation process could be used as part of a 

uranium sequestration strategy. This hypothesis was examined in this study.  

 The sorption of U(VI) on Fe(III) oxyhydroxides or oxides such as ferrihydrite, goethite 

and Fe-rich sediments from the ORFRC site has been studied since the 1980s (Barnett et al., 

2000, 2002; Bruno et al., 1995; Liu et al., 2017; Phillips et al., 2006). It has been shown that 
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U(VI) can be strongly adsorbed and sequestrated with Fe-oxides (Bruno et al., 1995; Phillips 

et al., 2006). Based on our previous studies, we hypothesized that the decrease in soluble U 

during the reoxidation phase (after the initial rebound in U) was due to the U(VI) sorption 

onto Fe(III)-oxides and immobilization of U might be facilitated by controlled reoxidation 

after reduction (Wu et al., 2010). This process could involve sequestering U by U(VI) 

sorption onto Fe(III)-oxides and formation of U coated Fe(III) clusters as the oxidation 

continues and the sediments age. However, the fate of uranium after reoxidation and the 

specific mechanisms and factors influencing U sequestration remain to be investigated.  

The objective of this study was to examine the fate of uranium after reoxidation of 

previously bioreduced sediment and the factors influencing U sequestration in the Fe-rich 

sediments through field observations and laboratory microcosm tests. We monitored the 

changes in geochemistry of groundwater and sediments during bioreduction and reoxidation 

phases at the ORFRC field site and conducted microcosm tests on sediment samples that 

were first bioreduced and then reoxidized with three different oxidants (O2, H2O2 and NO3
-). 

Nitrate and DO are common oxidants that were already present at the ORFRC field site. The 

field results demonstrated that U content in sediment samples increased after reoxidation. The 

sediments reoxidized by the three oxidants showed different U desorption and adsorption 

behaviors, and that a potential remedial option at U contaminated sites of bioreduction 

followed by controlled reoxidation is worthy of further investigation. 

 

1. Materials and Methods  

1.1 Site, Sample Collection and Laboratory-scale Bioreduction 

Groundwater and sediment samples used in laboratory tests to assess geochemical 

conditions were retrieved from Area 3 of the ORFRC site. The treatment system (Appendix 

A Fig. S1) was described previously (Wu et al., 2006a, 2007). Groundwater and sediment 

samples were collected from monitoring wells FW101-2 and FW102-3 in Area 3 of the 
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ORFRC on 5 October 2005 (after 775 days of bioreduction), and 3 October 2012 (after 1383 

days of exposure to the invasion of nitrate-contaminated groundwater) using surge block 

methods to examine geochemical changes, uranium content and Fe content (Wu et al., 2007, 

2013). The sediment samples were stored in anaerobic serum bottles with nitrogen headspace 

at 4oC. Groundwater samples were withdrawn from the monitoring wells to monitor 

subsurface geochemical change.   

For laboratory tests, U contaminated subsurface sediments were collected from wells FW106 
(6 liters) and FW026 (2 liters) at 11 to14 m below ground level where the geological 
materials are primarily contaminated saprolite, weathered interbedded Nolichucky shale, 
sandstone and calcite veins (Phillips et al., 2006, 2007). After collection, settled sediments 
were mixed with 14 liters of tap water (pH 7.8 with 3.1 mmol/L Cl-; 0.044 mmol/L NO3

-; 
0.25 mmol/L SO4

2-; 0.72 mmol/L Ca, < 0.007 mmol/L Al) to dilute the high nitrate 
concentrations. Sediments were allowed to settle in a 25-L glass carboy equipped with a 
rubber stopper which was used as an anaerobic sediment microcosm. After stabilization, the 
aqueous phase contained 1.42 mmol/L sulfate, 1.2 mmol/L Cl-, 0.2 mmol/L nitrate, and 0.9 
mmol/L HCO3

- at an initial pH of 6.0. The major metal composition of the sediment used in 
this study is as following: Fe 27,465 mg/kg, U 1045 mg/kg, Mn 368.8 mg/kg, Zr 237.6 mg/kg, 
Zn 141.9 mg/kg, Ba 189.5 mg/kg, Ni 122.5 mg/kg, Rb 69.9 mg/kg, Th 58.8 mg/kg, Sr 44.0 
mg/kg. 

.  AAPER Alcohol (3 mL) containing (W/W) 88.12% ethanol, 4.65% methanol and 7.23% 

water was added weekly to the microcosm as electron donor to stimulate microbial 

bioreduction of U(VI). Gas produced from microbial activity was released through a water 

seal to maintain an air-free headspace. This bioreduction was conducted for 280 days. 

 

1.2 Reoxidation of Sediment 

After the sediment was reduced in the anaerobic microcosm, three different oxidants (O2, 

NO3
- and H2O2) were used to reoxidize the bioreduced sediment in microcosms. The 

bioreduced sediment was divided into 100 mL aliquots and placed in 150-mL serum bottles. 

After settling overnight, supernatant (60 mL) was removed from each bottle. For O2 

reoxidation, tap water (60 mL) was added, and the bottle was capped with perforated parafilm 

to allow aeration of the sediment. For NO3
- reoxidation, tap water (60 mL) and NaNO3 (0.6 g) 
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were added to reach 110 mmol/L nitrate, which is similar to the nitrate concentration in the 

contaminated groundwater at Area 3 of the ORFRC site. For H2O2 reoxidation, tap water (40 

mL) and 3% H2O2 solution (20 mL) were added to the bottles to reach 294 mmol/L H2O2. 

According to Eqs. (2) and (4), the H2O2 added was enough to oxidize the same quantity of 

U(IV) that the nitrate additions could oxidize. We chose this concentration of H2O2 to help 

assess more extreme oxidation conditions and processes. The H2O2 and NO3
- reoxidation 

experiments were performed in an anaerobic glove box, and the bottles were sealed with 

rubber plugs before removal from the glove box. After 285 days of reoxidation, aliquots of 

the sediment in microcosms were collected for desorption and adsorption experiments.  

 

1.3. Desorption and adsorption experiments 

Two experiments were performed to examine the ability of the reoxidized sediments to 

sequester uranium. The first was a test of U desorption from reoxidized sediments. After 

reoxidation, each sample was divided into 7 subsamples in serum bottles. HNO3 was added to 

adjust the pH of subsamples to different levels (i.e., 4.0, 4.5, 5.0. 5.5, 6.0, 6.5 and 7.0). The 

samples were withdrawn for the measurement of aqueous U(VI) and pH after 7 days of 

equilibration. The U(VI) in the solid phase was extracted by 7.0 mol/L HNO3. The desorption 

efficiency was calculated by dividing the mass of aqueous U(VI) by that of total U(VI). 

The second test was to determine adsorption capabilities of the reoxidized sediment 

samples as a function of pH. The samples were centrifuged, and the supernatant was 

discarded. U(VI) in the solid phase was extracted by 7.0 mol/L HNO3 for measurement. Then 

NaHCO3 solution (20 mmol/L) containing uranyl acetate was added to each sediment sample 

to obtain a total U(VI) aqueous concentration of 7.5 mg/L (i.e., calculated U concentration 

based on U in the sediment and the aqueous phase) at a solid/solution ratio of 2.5 g/L. The 

pH value was reset for the test at ca. 1.5 to 10.0 with HNO3 and NaOH solutions. Aqueous 

U(VI) and pH values were finally measured after 152 days of equilibration.  
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Adsorption isotherms of the reoxidized sediments were characterized for four different 

pHs i.e., 4.5, 5.0, 5.5 and 6.0, which were in the range of pH measurements in the test zone at 

the ORFRC (Li et al., 2018). The sediments (0.1 g dry equivalent) were weighed into 50 mL 

polycarbonate centrifuge tubes and mixed with 40 mL 20 mmol/L NaHCO3 containing uranyl 

acetate. The suspensions were tightly capped and placed on a shaker for 72 hr to reach 

equilibrium at 22.5±0.5 °C. Then the samples were centrifuged, and an aliquot of the 

supernatant was collected. The pH of the supernatant was measured and the U(VI) in the 

supernatant was analyzed. The adsorbed U(VI) was extracted from the sediment samples 

using 7.0 mol/L HNO3 and then measured. The adsorption isotherms were estimated using 

the Freundlich model as reported (Barnett et al., 2000): 

1/ n
Fq K c           (5) 

where q (mg/kg wet weight) represents the amount of aqueous U(VI) adsorbed, c (mg/L) 

represents equilibrium concentration of aqueous U(VI), and KF and n are the Freundlich 

empirical constants (Masel, 1996). 

 

1.4 SEM analysis 

 After centrifugation and removal of the supernatant, the reoxidized sediments were 

air-dried, while other samples were dried in an anaerobic glove bag. The dried sediments were 

sprinkled onto carbon (C) painted stubs, C coated and examined and analyzed with a 

XL30FEG Philips scanning electron microscope (SEM) (Eindhoven, The Netherlands) 

equipped with backscatter analysis (BSE) using energy dispersive spectrometry (EDS) at 20 

kV.   

1.5. Chemicals and analytical methods 

The source and quality of chemicals and analytical methods were described previously 

(Cardenas et al., 2008; Wu et al., 2006a, 2007). The concentrations of aqueous U(VI) were 

measured with a kinetic phosphorescence analyzer (KPA-11) (Chemchek Instruments 
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Inc., Richland, WA, USA). The pH was measured with an Orion Dual Star pH meter 

(Thermo Scientific, Waltham, MA USA). U(VI) in the sediments was extracted by 7.0 mol/L 

HNO3. After discarding the supernatant, two milliliter of 7.0 mol/L HNO3 was add to the 

sediment and then the mixture was placed on a shaker for 24 hr at room temperature. The 

liquid was collected, and the above procedure was repeated once to extract the residual U(VI). 

The liquids from the two extractions were mixed for U(VI) measurement. Anions including 

NO3
−, Cl-, SO4

2− were determined using an ion chromatograph (Dionex DX-120, Sunnyvale, 

CA, USA). Metals were analyzed by inductively coupled plasma mass spectrometry 

(Perkin-Elmer ELAN 6100 spectrometer). The oxidation state and speciation of U and Fe in 

sediments was determined by U L-edge X-ray absorption spectra (XANES and EXAFS, 

details in Supporting Information) (Kelly et al., 2008, 2010). 

 

2. Results and Discussion 

2.1. U sequestration before and after reoxidation at the ORFRC field site 

 Uranium concentrations in sediment samples and geochemical properties of groundwater 

from the test site on 5 October 2005 of bioreduction versus 3 October 2012 after 1383 days of 

reoxidation are provided in Table 1. The contaminated groundwater invaded or infiltrated the 

previously bioreduced zone via natural groundwater gradient at slow rate. The changes in pH, 

and concentrations of nitrate and uranium in two major monitoring wells FW101-2 and 

FW102-3 are shown in Fig. 1. FW101-2 (A) is more closed to outside groundwater source 

than FW102-3 (B) and responded earlier. After invasion of nitrate for 1383 days, the 

subsurface was reoxidized, pH declined from 6.2 to 4.9, Eh increased from <-300 to >200 

mV, nitrate increased from near zero to above 100 mmol/L in FW101-2 and 27 mmol/L in 

FW102-3 (Fig. 1). DO increased slightly to a low level of 0.2 mg/L.  The invasion of 

contaminated groundwater caused a rapid increase of U concentration from less than 0.03 to 

30 mg/L in FW101-2 and 3.0 mg/L in FW102-3 on day 102, dropped to relatively low levels, 
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then gradually increased and finally stabilized.  The increase in aqueous uranium 

concentrations in both monitoring wells indicated mobilization of solid-associated uranium 

due to reoxidation of U(IV) to soluble U(VI). However, U concentrations declined as pH 

dropped continuously in the presence of high nitrate (Fig. 1), suggesting that the released 

U(VI) might be sequestered back as sediment become more-oxidized. During the same period, 

the concentrations of nitrate, sulfate, Al, Ca and Mg were increased significantly (Table 1). 

Oxidative conditions resulted in disappearance of sulfide and the dominant valence state of 

uranium in sediment changed from U(IV) to U(VI) in sediment samples (Appendix A Fig. S2, 

Table S4).  

The U content of the sediment after oxidation compared to reduced conditions 

significantly increased, e.g., the U content of the sample from FW101-2 increased from 1250 

to 2180 mg/kg while that of FW102-3 increased from 880 to 1810 mg/kg. The aqueous Fe 

concentrations remained low while sediment Fe content remained essentially unchanged. 

These results suggest that uranium sequestered during the reduction phase may have 

remained sequestered even as the U(IV) species were oxidized to the U(VI) species. 

 XANES and EXAFS analyses of uranium speciation (Appendix A Fig. S2 and Table S7) 

indicated that during bioreduction, the sediment from FW101-2 was a mixture of U(VI) and 

U(IV) with 50% uranyl carbonate and 50% U(IV) bound to Fe(II) atoms; uranium in 

sediment of FW102-3 was mostly reduced U(IV) up to 80%, which was bound to Fe(II) 

atoms with minor uraninite particles (Appendix A Table S7). These results are similar to 

previous field observations (Kelly et al., 2008) and during static microcosm tests (Kelly et al., 

2010). After reoxidation, the U speciation in sediments from FW101-2 and FW101-3 was 

dominated by uranyl carbonate complexes with lesser U-Fe coordination, indicating a minor 

U-Fe complex species. However, no U-Al(III)-oxy/hydroxide spectra was observed, which 

was found in laboratory study using Na(OH) solution to adjust the pH and precipitate Al(III) 

and U(VI) in groundwater (Luo et al., 2009). 
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EXAFS analyses indicated that magnetite and hematite may be present in the reoxidized 

sediments. Fe spectra from the bioreduced and reoxidized sediments were found to be 

different. The lack of the Fe-Fe signal at 4.2 Å in the reoxidized samples as compared to the 

bioreduced samples, suggests the transformation of some reduced Fe(II) to Fe(III) in the 

reoxidized sediments (Appendix A Table S8). The results also suggested that in previously 

bioreduced wells FW101-2 and FW102-3, sediments had more disordered local atomic 

structure of amorphous Fe-oxides under both bioreduced and reoxidized environments but in 

the not biotreated control well FW106, magnetite was observed. The amorphous Fe-oxides 

have higher surface area for adsorption than magnetite. 

  

2.2 Bioreduction of sediments in microcosm 

In order to mimic the bioreduction of U(VI) at the ORFRC site, an anaerobic microcosm 

was set up. The sediment material used for bioreduction was a mixture from FW106 (75% in 

volume), a well that was not part of the field bioreduction zone, and FW026 (25% in volume), 

a well within the region that was bioreduced then reoxidized by an influx of 

nitrate-containing groundwater. In this test, sediment from FW026 mainly provided microbial 

inoculum because it was from the previous bioreduced area (Wu et al., 2007, 2010) although 

sediment from FW106 could also have low level of sulfate- and Fe(III)-reducing bacteria 

which involve in U(VI) reduction. After dilution with tap water and pH adjustment, the initial 

pH of the anaerobic microcosm was 6.00, and the aqueous U(VI) concentration was 0.37 

mg/L.  

After 280 days of ethanol addition, the color of the sediment changed from a light 

yellowish-brown to a dark gray-black, as observed previously (Leigh et al., 2015; Wu et al., 

2013), due to Fe(III)-reduction by Anaeromyxobacter , Geobacter and Desulfovibrio detected 

in the sediments (Cardenas et al., 2008, 2010; Gihring et al., 2011; Hwang et al., 2009; Kelly 

et al., 2010; Xu et al., 2010; Zhang et al., 2015). After 280 days, the pH of the bioreactor 
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solution increased to 7.13, and aqueous U(VI) decreased to 0.023±0.01 mg/L or 0.097 

μmol/L (Table 2), a level below the US EPA drinking water standard. The increase in pH was 

likely due to the reduction of nitrate as well as Mn(IV) to Mn(II), and U(VI) to U(IV), as 

observed during previous field tests (Watson et al., 2013; Wu et al., 2010). 

Sediment samples before and after bioreduction were analyzed using SEM-EDS. Small 

U containing clay-sized particles were detected in the source sediment (Fig. 2A). These 

U-containing particulate clusters were also associated with P, Fe and C, and were previously 

observed in Area 3 prior to bioreduction and in other ORFRC geological material (Kelly et 

al., 2008; Phillips et al., 2006, 2007). The Fe in the sediment from Area 3 is mainly in the 

form of Fe oxides and Fe containing phylloslicates, such as biotite (Phillips et al., 2006, 

2007). The P probably originated from waste disposal activities in the S-3 Ponds (Brooks, 

2001). Carbon is present in sediments as both inorganic carbon and organic carbon. Uranium, 

in the form of particulates, was not uniformly distributed in the sediment. After bioreduction, 

the SEM-EDS Fe and C peaks decreased in the bioreduced sample, indicating lower 

concentrations on the sediment surface, compared to the source material (Fig. 2B). The 

decreased Fe concentrations on the reduced sediment may be due to decreased formation of 

Fe(II) precipitates. Very low levels of U precipitates were detected by SEM-EDS (Fig. 2B).  

 

2.3 Reoxidation of sediments 

The bioreduced sediments were incubated reoxidized over a 285-day period using three 

different treatments consisting of O2, NO3
-, and H2O2. The three different treatments were 

meant to represent 3 different reoxidation conditions, respectively: aerobic conditions where 

DO enters the subsurface via groundwater recharge; anoxic conditions (e.g., low DO but high 

nitrate concentration similar to what is found at the ORFRC field site); and a more extreme 

oxidation treatment if needed. Before reoxidation, the aqueous U(VI) concentration was 

0.023±0.01 mg/L (Table 2). The sediments contained 27,980 mg/kg of Fe, 1050 mg/kg of U, 
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243 mg/kg of Mn, 226 mg/kg of Zr, 144 mg/kg of Zn, 90 mg/kg of Rb, 53 mg/kg of Th, and 

49 mg/kg of Sr (Table 2). After H2O2 was added, the color of the bioreduced sediment 

changed from dark gray-black to light yellowish-brown within minutes (Fig. 3), indicating 

rapid oxidation of Fe(II) to Fe(III). This color remained unchanged during the 285-day period. 

The rates of color change in sediments reoxidized with O2 and NO3
- were slower, requiring 

more than 100 days for a change to light yellowish-brown (Fig. 3). At the end of the 

oxidation phase, aqueous U(VI) concentrations in the sediments treated with O2, H2O2, and 

NO3
- were 0.024, 1.58 and 14.41 mg/L, respectively (Table 2).   

The H2O2 is converted to H2O and O2 over time slowly (Sherman et al., 1980). However, 

Fe2+ in the aqueous phase could cause decomposition of H2O2 via a different path, with 

formation of free radicals such as (HOꞏ) and (HOOꞏ) (Lu et al., 1999). Such radicals could 

oxidize the sediment quickly, resulting in the observed color change within minutes. Choy et 

al. (2006) reported that H2O2 was effective at removing depleted U from contaminated soils 

at pH values of 7.1-7.5. By comparison, reoxidation by O2 and nitrate was relatively slow, 

likely due to microbial activity (Li et al., 2018; Wu et al., 2007, 2010). The results of our 

field studies showed that during reoxidation, microbial communities dominated by 

sulfate-reducing and Fe(III) reducing bacteria shifted to denitrifying and Fe(II) oxidizing 

bacteria under more oxic conditions upon recirculation of O2-nitrate containing water or 

nitrate-containing water (Li et al., 2018; Wu et al., 2007). Thus, the color changes of the 

sediments treated with O2 and NO3
- can be attributed to slow oxidation of Fe(II) accompanied 

by a gradual shift of active microbial populations. We previously reported that when nitrate 

was injected into a reduced area at the ORFRC site containing high levels of immobilized 

U(IV), NO3
- was reduced to nitrite, ammonium, and nitrogen gas, and Fe(II) levels increased 

then deceased with remobilization of U (Wu et al., 2010), indicating NO3
--dependent, 

Fe-accelerated oxidation of U(IV). In this study, after nitrate contaminated groundwater 

invaded into the previously bioreduced area, the release of U(VI) into the aqueous phase was 
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observed in a fashion similar to that observed during the previous short-term perturbation 

with DO and nitrate (Wu et al., 2007, 2010). 

At the end of the 285-day reoxidation treatment, the sediments showed distinct changes 

from the bioreduced control samples (Fig. 3). After the bioreduced sediment was reoxidized 

with O2, aqueous phase pH decreased to 6.30, and aqueous U(VI) remained low at 0.024 

mg/L (Table 2). As shown in Fig. 2C, D, small micrometer-sized U containing particles 

(2.5μm) were observed in the O2 treated sample, but the area near the cluster of U containing 

particles showed no U peaks, indicating that U was likely associated with the particles that 

fused together and distributed within the sediment in a manner similar to that of U-containing 

sediments in the source sample prior to bioreduction (Fig. 2A). The Fe and C peaks in the O2 

treated sample were larger than the peaks observed in the source sample (Fig. 2A, C), 

indicating the possible formation of Fe(III)-oxide species that had high U(VI) adsorption 

capacity. However, SEM-EDS observations and analysis revealed that U precipitates were 

generally absent from H2O2 and NO3
- amended sediments (Appendix A Fig. S3). In the 

H2O2-reoxidized sample, the pH was 6.63, and aqueous U released from the solid phase 

reached 1.58 mg/L (Table 2); while in the sample reoxidized by NO3
-, pH increased to 7.62, 

and the aqueous U(VI) concentration reached as high as 14.41 mg/L (Table 2). These results 

indicate that the U precipitates, initially in the solid phase (as shown in Fig. 2B), dissolved 

and mixed into the solution when treated by H2O2 and NO3
-. 

 The O2 reoxidation test was conducted in open air, while the NO3
- reoxidation test was 

done anaerobically. Hence, the major factor that might be different in these two experiments 

is the change in pH. In the nitrate treatment, the oxidation of Fe(II) to Fe(III) was similar to 

U(IV) to U(VI), and more H+ is consumed than O2 oxidation (Eqs. (2) and  (3)). The high 

pH of 7.62 in the nitrate treatment resulted in a greater concentration of U(VI) released as 

described in Section 2.4 (Fig. 4A). In addition, the carbonate (or CO2) generated from the O2 

treatment could partially escape into the air whereas biological NO3
- reoxidation under sealed 
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condition should have maintained carbonate. It is thought that the mobility of U(VI) is 

primarily attributed to the formation of soluble, relatively stable uranyl carbonate complexes 

in the neutral and alkaline pH region, where other heavy metals tend to precipitate (Ulrich et 

al., 2006). Thus, much greater U(VI) release in the NO3
- treatment in this study might also be 

partly due to the formation of more uranyl carbonate complexes which are poorly sorbed onto 

Fe(III) oxides. Additional work is needed to verify this assumption. 

 

2.4 Desorption and adsorption of U(VI)  

The U(VI) desorption efficiency of all reoxidized sediments remained low (< 1%) in the 

pH 5.0-6.5 range, but increased sharply when pH was below 5.0 and above 6.6 (Fig. 4A), 

indicating that all of the sediment samples could adsorb more than 99% of the U(VI) in the 

pH 5.0-6.5 range, but a lower pH range is not as favorable for uranium sequestration. This 

pattern exemplifies a classic “adsorption edge” for a metal cation like uranyl (Waite et al., 

1994). Interestingly, the sediment reoxidized by O2 retained a low desorption efficiency when 

pH was over 6.5, but desorption efficiencies for the H2O2 and NO3
- reoxidized sediments 

increased sharply in the same pH range (Fig. 4A). Considering that more U coated particles 

were observed in the sediment oxidized by O2 than in those oxidized by other oxidants (Fig. 

2C and Appendix A Fig. S3), the formation of U coated particles might play a crucial role in 

uranium sequestration in the O2 reoxidized sediment, especially when pH was over 6.5. 

An adsorption test was conducted to investigate the adsorption performance of the 

reoxidized sediments and the source sediment. The results indicated that U(VI) adsorption for 

all four sediment samples showed the same general trend and the “adsorption edges”: 

adsorption capacity increased sharply with pH over a relatively narrow pH range of 5.5- 6.5, 

then decreased sharply again at pH levels above 6.5 (Fig. 4B). This was similar to the pattern 

observed with non-contaminated sediment samples from the ORFRC, as reported by Barnett 

et al. (2000, 2002), where U(VI) adsorption increased sharply as pH increased from 4.5-5.5 
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and decreased sharply over the pH range 7.5-8.5 (Barnett et al., 2000, 2002). This adsorption 

pattern was also observed when U(VI) was adsorbed onto pure Fe-oxide minerals (Fox et al., 

2013; Hsi and Langmuir, 1985; Waite et al., 1994). The results suggested no significant 

difference in adsorption patterns among source sediment and the sediments reoxidized by 

different oxidants, confirming that U(VI) adsorption is strongly pH dependent (Dong et al., 

2012; Gavrilescu et al., 2009; Li et al., 2015; Um et al., 2007; Wang et al., 2013). It was 

interesting that the sediment reoxidized by NO3
- exhibited a higher adsorption efficiency 

compared with the source sediment (before bioreduction) and the sediments reoxidized by O2 

and H2O2 at pH 6.0 (Fig. 4B). This result is consistent with the finding in a previous study in 

which the bioreduced/immobilized U was stable only under anaerobic conditions at pH 6 

even without the addition of ethanol (Wu et al., 2007). 

To further explore the U(VI) adsorption performance of the sediments, their adsorption 

isotherms (Fig. 5) were investigated in 20 mmol/L NaHCO3 solutions under different pH 

conditions (4.5, 5.0, 5.5 and 6.0) which were observed at the ORFRC field site (Table 1) (Li 

et al., 2018; Wu et al., 2010). At pH 5.5 and 6.0, the sequence of adsorption capacity is NO3
- 

reoxidized > source material > O2-reoxidized = H2O2-reoxidized sediments. This result is 

consistent with the results of the above adsorption test (Fig. 4B) as well as the SEM-EDS 

analysis showing that U containing coatings were only found in association with the NO3
- 

reoxidized sediment after U adsorption in 20 mmol/L NaHCO3 solution at pH 5.3-5.4 

(Appendix A Fig. S4). At pH 5.0, however, the H2O2-reoxidized sediment adsorbed the 

largest amount of U(VI) compared to the other sediments, while at a lower pH value of 4.5, 

the situation differed.  These results suggest that different reoxidation treatments lead to 

different surface adsorption site distributions on the sediments, with different pH-dependent 

U(VI) adsorption behaviors. Further research is needed to understand the crystalline and 

mineralogical differences. 

The commonly used Freundlich and Langmuir models (Katsoyiannis, 2007; Yusan and 
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Akyil, 2008) were compared to fit the U sorption isotherm data. The Langmuir model 

assumes adsorption of a single species to a single type of adsorption site, while the 

Freundlich model assumes sorption to a heterogeneous surface with multiple sorption sites. 

The isotherm data fit poorly the Langmuir model but had a reasonable fit with the Freundlich 

model, especially at pH 5.5 and higher (Appendix A Table S1), which is consistent with the 

existence of heterogeneous adsorption sites on Fe-oxide surface (Bruce et al., 1999). 

Although the thermodynamic parameters were calculated from the Freundlich constants in 

previous studies (Tran et al., 2016, 2017), it is thought that the Freundlich constant cannot be 

attributed to any particular sorption affinity because the Freundlich equation describes 

non-linear adsorption isotherms on an empirical basis (Kopinke et al., 2018). In its 

hexavalent form, U(VI) usually exists as the uranyl dication UO2
2+ in a simple solution 

(Ulrich et al., 2006). In this study, the adsorption system contained carbonate and other ions, 

which can not only form highly soluble complexes with UO2
2+, but also form strong surface 

complexes on ferric hydroxides (Ulrich et al., 2006). Thus, the interactions between dissolved 

carbonate, ferric hydroxides and U(VI) may lead to the formation of surface complex species 

such as Fe-oxide-U(VI)-carbonate complexes (Ulrich et al., 2006). In addition, our recent 

field study found that abundance of Firmicutes in the sediment at Area 3 of the ORFRC 

increased from 5.1% to 15.7% after long-term invasion of nitrate contaminated groundwater 

(Li et al., 2018). These living microorganisms or at least their intact cell components are 

thought to be involved in U(VI) sorption (N’Guessan et al., 2008). More research is needed 

further to understand the nature of the interactions between surface sites and the adsorbed 

U(VI). 

 

2.5. Uranium sequestration mechanisms  

 Based on the results of this study, uranium sequestration in sediment after reoxidation can 

be attributed to adsorption mainly onto Fe(III) oxides, which is pH dependent and likely 
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reversible, and the formation of U coated particles or crystallized precipitates during 

long-term aging.    

U(VI) sorption to Fe(III) oxides contributes to a decrease in soluble U via surface 

complexation (Barnett et al., 2002; Liu et al., 2017; Ulrich et al., 2006). In this study, since 

all of the sediment samples tested came from the same homogenized source material, little 

difference in Fe content in the sediments was found (Table 2). Bioreduction dramatically 

changed the structure of these Fe-rich sediments and led to the slow formation of U(IV) 

coatings on the sediments (Fig. 2B). After reoxidation, the resulting Fe(III) oxides had higher 

specific surface area than source sediment, enabling increased U(VI) adsorption. The 

sediment reoxidized by nitrate showed slightly higher adsorption capacity than the source one 

and those oxidized by other oxidants at pHs 5.5-6.0 (Fig. 4B and Fig. 5). The differences in 

U(VI) sorption capacity observed can be attributed to different crystallographies of the Fe(III) 

oxides that formed upon reoxidation. The results of previous studies suggested that the Fe(II), 

especially FeS, tended to be oxidized by Fe(II)-oxidizing bacteria to insoluble amorphous 

Fe(III) oxide under nitrate-reducing conditions (Bruce et al., 1999; Lack et al., 2002; Li et al., 

2018; Senko et al., 2005a). Considering that amorphous Fe(III) oxide exhibited higher 

adsorption capacity than crystalline Fe(III) oxides such as goethite and hematite in solutions 

containing carbonate at pHs above 5.0-6.0 (Hsi and Langmuir, 1985), the reason why 

NO3
--reoxidized sediment in this study showed higher U(VI) adsorption capacity at pHs 

5.5-6.0 (Fig. 4B and Fig. 5) could be attributed to its possibly higher content of amorphous 

Fe(III) oxide generated by Fe(II)-oxidizing bacteria. More detailed work is needed to 

characterize the Fe(III)-oxide speciation and surface structure of the sediments reoxidized by 

different oxidants.  

Uranium can also be incorporated into the Fe(III) phases as the Fe(III) precipitates within 

the sediments (Doornbusch et al., 2015; Massey et al., 2014; Nico et al., 2009; Stewart et al., 

2009) and form U-oxide complex crystals during long-term aging. In both the source material 
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(before reduction) and, especially for O2 reoxidized sediments, uranium coatings were 

associated with Fe oxide/carbonate particulate formation. This likely enhances the stability of 

sequestered uranium into a form that is not as easily mobilized. Among the three oxidants 

tested, more U sequestration (or less desorption) occurred when reoxidation was 

accomplished with air (i.e., O2) while nitrate resulted in the highest mobilization of U, which 

was consistent with the SEM results showing more U coated particles in O2-reoxidized 

sediment. This indicates that the formation of U coated crystals or particles could play a 

major role in U-sequestration as compared to surface adsorption and the type of oxidant had 

significant influence on the formation of U coated particles.  

At the ORFRC site, nitrate is a co-contaminant with uranium and DO enters the subsurface 

via groundwater recharge. Under field conditions, the previously bioreduced sediments are 

reoxidized by both dissolved oxygen and nitrate. It is impossible to prevent long-term entry 

of nitrate and oxygen into a previously bioreduced area, and previously bioreduced 

subsurface sediment would be reoxidized synergistically in such a scenario. The field data 

show that after reoxidation, the U contents of sediments from previously bioreduced wells 

increased (Table 1). The laboratory follow-up study supports this finding and demonstrates 

that bioreduction followed by reoxidation with oxygen can sequestrate U via formation of 

stable U coated particles while nitrate can enhance the adsorption capacity of Fe(III) oxides. 

Injection of oxygen or oxygenated water to form Fe-oxide/U particulates could thus be a 

useful strategy for in situ immobilization of uranium after bioreduction, but additional 

verification is needed via future pilot or field tests.    

 

3. Conclusions 

Field data at the ORFRC indicated that aqueous U concentrations and sediment U 

contents in previously bioreduced zones increased as nitrate levels increased from near 

zero to above 30 to 100 mmol/L after nitrate contaminated groundwater invaded the zone. 
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Remobilization of U to aqueous phase was observed during initial 100 days and then U 

concentration dropped and eventually stabilized. The U contents in the re-oxidized 

sediment samples increased. The previously bioreduced U(IV) was oxidized and 

transformed into uranyl carbonate dominated forms after reoxidation. The iron (II) 

formed during subsurface bioreduction activities was transformed to Fe(III)oxide species 

during reoxidation.  

In the laboratory study, iron-rich (3%, W/W) sediment contaminated with uranium (1200 

mg/kg) was bioreduced using ethanol in an anaerobic microcosm, resulting in aqueous phase 

U(VI) of 0.023 mg/L. The bioreduced sediments were then reoxidized by O2, H2O2, and 

nitrate. The uranium desorption behavior of the three reoxidized sediments was similar and 

pH-dependent. Less than 1% of U was desorbed in the pH range of 5.0- 6.5. At pH > 6.5, 

O2-reoxidized sediment retained low desorption efficiency, but U desorption increased 

sharply for the H2O2 and NO3
- reoxidized sediments, indicating that the formation of stable U 

coated particles played a crucial role in U sequestration for the O2.  

All reoxidized sediments exhibited a classic U(VI) pH adsorption edge: the adsorption 

capacity of sediment increasing sharply within a pH range of 4.5-5.5 and decreasing 

sharply again as pH increased to 7.0-8.0. The NO3
--reoxidized sediment exhibited higher 

adsorption capacity at pH 5.5- 6.0 probably due to its higher content of amorphous Fe(III) 

oxide.  

The isotherm data correlated well with the empirical Freundlich model, consistent with 

heterogeneous adsorption on the surface of the iron oxides.  

Different reoxidation treatments could lead to different surface site distributions, thereby 

resulting in different U adsorption behaviors. The results suggest that a potential 

remedial option at uranium contaminated sites could involve bioreduction followed by 

reoxidation. Injection of O2 during the reoxidation phase could help in stable long-term 

sequestration of uranium via adsorption and formation of particles coated with U and 
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associated with Fe(III). 
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Table 1. Geochemical properties of monitoring wells from field tests during bioreduction and reoxidation phases 
  
 

Well Status 

Groundwater Sediment 

pH 
Eh 

(mV) 

DO 

(mg/L) 

SO4
2- 

(mmole

/L) 

NO3
- 

(mmole

/L) 

S2- 

(mmo

le/L) 

Cl- 

(mmole

/L) 

U(VI) 

(mg/L) 

Al 

(mmole

/L) 

Ca 

(mmole

/L) 

Mg 

(mmole

/L) 

Fe 

(mmole

/L) 

Mn 

(mmole

/L) 

U 

(mg/ 

kg) 

Fe 

(g/ kg) 

FW101-2 
R 6.23 <-300 0.06 1.07 0.000 0.43 2.32 0.035 0 0.67 0.30 0.034 0.073 1250 28.59 

O 4.80 213 0.24 3.09 100.2 0 5.56 7.65 2.20 39.20 8.45 0.195 2.50 2180 28.24 

FW 102-3 
R 6.23 <-300 0.06 1.10 0.001 0.11 2.31 0.014 0.01 0.62 0.31 0.045 0.082 880 32.25 

O 4.93 236 0.22 1.49 27.00 0 2.50 1.79 0.30 8.35 2.84 0.049 0.93 1810 32.89 

R= Bioreduction test, 5 October 2005; O= Reoxidation test, 3 October 2012, 1383 days re-oxidized by invasion of contaminated groundwater. 
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Table 2. Geochemical properties of the laboratory microcosms after bioreduction followed by reoxidation with three different oxidatants 

 Aqueous phase Sediment 

Status pH 
U 
(mg/L) 

Fe 
(mg/L) 

Fe 
(mg/kg) 
 

U 
(mg/kg) 
 

Mn 
(mg/kg) 
 

Zr 
(mg/kg) 
 

Zn 
(mg/kg) 
 

Ba 
(mg/kg) 
 

Ni 
(mg/kg) 
 

Rb 
(mg/kg) 
 

Th 
(mg/kg) 
 

Sr 
(mg/kg) 
 

R 7.13 0.023 0.131 27,980 1050 243 226 144 < LOD < LOD 90 53 49 

O 6.30 0.024 0.044 24,080 106 205 165 141 < LOD 116 56 43 32 

H 6.63 1.58 0.034 26,800 930 278 199 120 140 107 68 55 40 

N 7.62 14.41 0.025 23,410 621 247 162 131 < LOD < LOD 56 44 35 

R = bioreduced sediment before reoxidation; O = after O2 reoxidation; H = after H2O2 reoxidation; N = after nitrate reoxidation; LOD = limit of 
detection.
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Fig. 1. The changes in pH, nitrate and uranium concentrations in monitoring wells 
FW101-2 and FW102-3 after contaminated groundwater invaded back into the previously 
bioreduced zone under natural groundwater gradient conditions. FW101-2 (A-1 to A-3) is 
closer to the outside infiltrating groundwater source than FW102-3 (B-1 to B-3).  
   

 

Fig. 2 SEM photos of sediment samples.  A. Raw sample before bioreduction showing U 
containing clay-sized particles clumped together inside the circled area. B. The 
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bioreduced sample has a U precipitate in the sediment. C. O2 reoxidized sample contains 
U particules.  D. Area near the cluster of U containing particles in Fig. 2C showing no U 
peaks. Note: the larger U peak and smaller C and Fe peaks in the bioreduced sediment, 
compared to the source material and O2 amended sediments. 
 

 
Fig 3.  Microcosms with the sediments under various reoxidation conditions. From top to 
bottom: oxygen in air, H2O2, nitrate, and bioreduced control.  
 
 

Fig. 4. U(VI) desorption and adsorption of the sediments after 285-days of reoxidation by 
the oxidants O2, H2O2 and NaNO3 as a function of pH. (A) the desorption efficiencies of 
the sediment samples after 7 days of equilibrium. (B) Adsorption efficiencies of the 
reoxidized sediments versus the raw sediment (before bioreduction).   
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Fig. 5. Adsorption isotherm analysis under different pH conditions (points) with 
Freundlich model plots (solid lines). 
 
 
 


