
Only ferrihydrite is capable of UO2(am) oxidation at 
pH > 6.

Thermodynamic Constraints of Biogenic UO2 oxidation by Fe(III)-(hydr)oxides: Implications for Uranium Bioremediation
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The stability of authigenic uraninite is critical for determining the viability of 
uranium remediation via in-situ biological uranium precipitation and for discerning 
natural uranium cycling. While uraninite, a commonly precipitated biogenic U(IV) 
phase, has an estimated solubility product of 10-8 to 10-12, it can be rapidly oxidized 
and remobilized by a variety of common environmental constituents. In addition to 
molecular oxygen, for example, Mn-oxides rapidly and extensively oxidize UO2 in the 
absence of biological activity (3). Nitrate, a common co-contaminant with uranium 
not only impedes biological uranium reduction, but induces U(IV) oxidation 
through the production of reactive intermediates (i.e. NO2

-, NO, and N2O) in 
denitrification. 

Under common groundwater conditions, the redox couples for U(IV)/U(VI) and 
Fe(III)-oxide/Fe(II) occur at similar potentials, and small changes in aqueous 
chemistry can result in the thermodynamic favorability of UO2 oxidation by Fe(III)-
oxides (below). Recent work appears to confirm that Fe(III)-oxide minerals play a role 
in the oxidation of biogenic U(IV).  Senko et al. observed oxidation of biogenic U(IV) 
and concomitant release of Fe(II) in the presence of Fe(III)-oxide minerals, which 
were produced by nitrate dependent oxidation of Fe(II). Additionally, Fe(III)-oxide 
minerals have been implicated in U(IV) oxidation under sulfate-reducing and 
methanogenic conditions (10). However, the evidence for abiotic U(IV) oxidation by 
Fe(III)-oxides is not conclusive. Interpretation of abiotic U(IV) oxidation experiments 
may be convoluted by several factors, including, but not limited to: high carbonate 
concentrations, actively metabolizing microbes, Mn(IV) doping in Fe(III) oxides, 
remnant microbial, and nitrate reduction intermediates (NO2

-, N2O, and NO). In order 
to determine conditions under which UO2(biogenic) may be oxidized by common Fe-
oxides, we experimentally examine the abiotic oxidation of biogenic UO2 by various 
environmentally relevant ferric iron phases and present a detailed thermodynamic 
analysis of Fe(III)-oxide promoted U(IV) oxidation. 

Introduction

Oxidation Reaction ∆G°r 
(kJ/mol) 

∆G°’r 
(kJ/mol) 

Fe(OH)3 + 0.5 UO2 + 3 H+  + Fe2+ + 0.5 UO2
2+ + 3H2O -60.08 59.72 

Fe(OH)3 + 0.5 UO2 + 2.5 H+ + 0.5 HCO3
-  +  0.5 UO2CO3 + Fe2+ + 3H2O -58.97 40.86 

Fe(OH)3 + 0.5 UO2 + 2 H+ + HCO3
-  +  0.5 UO2(CO3)2

2- + Fe2+ + 3H2O -48.53 31.34 
Fe(OH)3 + 0.5 UO2 + 1.5 H+ + 1.5 HCO3

-  +  0.5 UO2(CO3)3
4- + Fe2+ + 3 H2O -33.98 25.92 

Fe(OH)3 + 0.5 UO2 + 1.5 H+ + 1.5 HCO3
- + Ca2+  +  0.5 Ca2UO2(CO3)3 + Fe2+ + 3 H2O -58.40 1.50 

Fe(OH)3 + 0.5 UO2 + 1.5 H+ + 1.5 HCO3
- + 0.5 Ca2+  +  0.5 CaUO2(CO3)3

2- + Fe2+ + 3 H2O -44.02 15.88 
Fe(OH)3 + 0.5 UO2 + 2 H+ + 0.25 HCO3

-  +  0.25 (UO2)2CO3(OH)3
- + Fe2+ + 2.25 H2O -44.14 35.72 

FeOOH + 0.5 UO2 + 3 H+  +  UO2
2+ + Fe2+ + 2 H2O  -48.58 71.22 

FeOOH + 0.5 UO2 + 2.5 H+ + 0.5 HCO3
-  +   UO2CO3 +  Fe2+  + 2 H2O   -47.48 52.36 

FeOOH + 0.5 UO2 + 2 H+ + 1 HCO3
-   +  UO2(CO3)2

2- +  Fe2+ + 2H2O -37.03 42.84 
FeOOH + 0.5 UO2 + 1.5 H+ + 1.5 HCO3

-  +  UO2(CO3)3
4- + Fe2+ + H2O -22.48 37.42 

FeOOH + 0.5 UO2 + 1.5 H+ + 1.5 HCO3
- + Ca2+  0.5 Ca 2UO2(CO3)3 + Fe2+ + 2 H2O  -46.90 13.00 

FeOOH + 0.5 UO2 + 1.5 H+ + 1.5 HCO3
- + 0.5 Ca2+  0.5 CaUO 2(CO3)3

2- + Fe2+ + 2 H2O  -32.52 27.38 
FeOOH + 0.5 UO2 + 2 H+ +0.25 HCO3

-   0.25 (UO 2)2CO3(OH)3
- + Fe2+ + 5/4 H2O -32.64 47.22 

0.5 Fe2O3 + 0.5 UO2
 + 3 H+  +  Fe2+ + 0.5 UO2

2+ + 1.5 H2O -39.82 79.97 
0.5 Fe2O3 + 0.5 UO2 + 2.5 H+ + 0.5 HCO3

-  +  Fe2+ + 1.5 H2O + 0.5 UO2CO3  -38.72 61.11 
0.5 Fe2O3 + 0.5 UO2 + 2 H+ + 1 HCO3

-  +  Fe2+ + 1.5 H2O + 0.5 UO2(CO3)2
2- -28.28 51.58 

0.5 Fe2O3 + 0.5 UO2 + 1.5 H+ + 1.5 HCO3
-  +  Fe2+ + 1.5 H2O + 0.5 UO2(CO3)3

4- -13.73 46.16 
0.5 Fe2O3 + 0.5 UO2 + 1.5 H+ +1.5 HCO3

- + 0.5 Ca2+  +  Fe2+ + 1.5 H2O + 0.5 Ca2UO2(CO3)3 -38.15 21.75 
0.5 Fe2O3 + 0.5 UO2 + 1.5 H+ +1.5 HCO3

- + 0.5 Ca2+  +  Fe2+ + 1.5 H2O + 0.5 CaUO2(CO3)3
2- -23.77 36.13 

0.5 Fe2O3 + 0.5 UO2 + 2 H+ + 0.25 HCO3
- + 0.25 (UO2)2CO3(OH)3

- + Fe2+ + 0.75 H2O -23.89 55.97 
 1 

Conditions: pH 7 with 3 x 10-3 M HCO3
-, 10-6 M U(VI), 10-3 M Ca2+, and either 5 x 10-7 or 1 x 10-5 M Fe(II)

Influence of pH  and Iron Oxide Type on the Energetic Favorability of UO2 Oxidation
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Iron Oxide
[HCO3

-] 
(mM)

Fe(II)aq 

(µM)

Fe(II) extracted 
(mmoles mmole-1 

Fetotal)

U(VI)             
(µ�moles mmole-1 

Fetotal) 
Predominant U(VI) 

Species
� Greaction 

(kJ/mole)

Ferrihydrite 3 6 141.8 2.1

64.2% UO2(CO3)2
2-           

19.4% UO2(CO3)3
4-           

10.5% UO2CO3(aq)                

6.0% (UO2)2CO3(OH)3

Ferrihydrite 10 6.8 223.7 63.0
39.1% UO2(CO3)2

2-           

56.3% UO2(CO3)3
4- 

Ferrihydrite 50 22.8 326.5 172.0
94.0% UO2(CO3)2

2-           

5.9% UO2(CO3)3
4- 

Ferrihydrite 100 24.7 342.5 211.4 98% UO2(CO3)3
4- 
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Species
� Greaction 

(kJ/mole)

Ferrihydrite 3 6 141.8 2.1

64.2% UO2(CO3)2
2-           

19.4% UO2(CO3)3
4-           

10.5% UO2CO3(aq)                

6.0% (UO2)2CO3(OH)3
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Hematite 3 ND ND 0.5
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11.0% UO2CO3(aq)                

1.6% (UO2)2CO3(OH)3

NA
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Only ferrihydrite is capable of UO2(am) oxidation at 
pH > 6.

UO2(am) oxidation by goethite (pH < 6 ) and hematite 
(pH < 5.5) becomes thermodynamically favored at 
lower pH.

Oxidation of UO2 to Ca2UO2(CO3)3 is the most 
thermodynamically favored reaction 

The oxidation reaction becomes more energetically 
favorable with increasing carbonate concentration 
(above). 

In the presence of calcium, Ca2UO2(CO3)3 is the 
dominant species above pH 6 (lower left) at all 
carbonate concentrations. 

In the absence of calcium, uranyl carbonate species 
dominate above pH 4.5 (upper left) at all carbonate 
concentrations.

Batch Experiment Description
Incubations to assess biogenic UO2 oxidation by various iron oxides were performed in 
anoxic bicarbonate buffer (3 mM, pH 7.0), under a headspace of N2, contained in serum 
vials sealed with thick butyl stoppers and wrapped in aluminum foil. Biogenic U(IV) and 
the appropriate iron oxide were added from wet slurries to a final concentration of 0.12 
mM U and 0.70 mM Fe. Vials were shaken on a rotary shaker at 20 rpm for the duration 
of the experiment.

Aqueous U(VI) speciation plays a critical role in 
determining the energetic favorability of its 
oxidation/reduction. Independent of iron oxide type, at 
circum-neutral pH, oxidation of UO2 to Ca2UO2(CO3)3 is 
the most thermodynamically favored reaction. In the 
absence of Ca2+, the most thermodynamically favored 
oxidation reactions proceed with UO2(CO3)2

2- and 
UO2(CO3)3

4- as products. At lower pH, UO2 oxidation to 
UO2

2+ and UO2CO3 become the most energetically 
favored reactions (See upper of left for thermodynamic 
favorability). 

Production of soluble U(VI) and reduction of Fe(III) are most extensive in the 
ferrihydrite system. 

Lesser amounts of U(VI) are detected in the goethite and hematite systems.
Minimal Fe(II) evolves in the presence of goethite, and none is present with 
hematite as the oxidant. 

Soluble U(VI) concentrations increase with higher carbonate 
concentration in the presence and absence (control) of 
ferrihydrite, reflecting the 4% U(VI) in the biogenic UO2 
(above). 

Extractable and soluble Fe(II) concentrations also increase with 
increasing carbonate concentration, while neither extractable 
nor dissolved Fe(II) is detected in control samples (above left).

At all carbonate concentrations, other than 100 mM, the Gibb's 
free energy of reaction is ~0, indicating that most energetically 
favored oxidation reaction has reached a near equilibrium state 
(left).  

Each line above in the graphs above indicates the bicarbonate and pH, at the indicated [Fe(II)], required to maintain soluble 
U(VI), below the EPA's MCL  of 0.126 µM if UO2 oxidation by ferrihydrite is controlling aqueous U(VI).

The location of each pont indicates the concentration of Fe(II) required to maintain aqueous U(VI) below the MCL. For example 
point "Wu 3" requires < 100 µM Fe(II)  and points "Wan 1 & 2" require > 200 µM Fe(II) in the presence of Ca2+ (upper left).

The thermodynamic favorability of UO2 oxidation by ferric-(hydr)oxides is highly variable and slight changes in pH, aqueous 
Fe(II), HCO3

-
, or U(VI) concentrations can oscillate the reaction between thermodynamic viability and non-viability.

Point
[HCO3

-] 
(mM) pH [Fe(II)aq] (µ�M) [U(VI)aq] (µ�M) Notes Reference

Wu 1 0.6 6.25 NA 2.5 Day 399 - Prior to EtOH addition Wu et al., Environ. Sci. Technol. 200_, In Review.
Wu 2 1.2 6.6 NA 1.5 Day 401 - Beginning of EtOH addition Wu et al., Environ. Sci. Technol. 200_, In Review.
Wu 3 0.9 6.8 NA 2.9 Day 404 - Conclusion of EtOH addition Wu et al., Environ. Sci. Technol. 200_, In Review.
Istok 100 6.8 0-500 1-5 Test 40 Well FW034 Istok et al.,Environ. Sci. Technol. 2004, 38, 468-475.

Anderson 3.8 7 100 0.2-1 Well M-13 Anderson et al., Appl. Environ. Microb. 2003, 69, 5884-5891.
Senko 40 6.8 0 ~100 Soluble Fe(II) is negligible after NO2- addition Senko et al., Environ. Sci. Technol. 2005, 39, 2529-2536.
Sani 30 7 NA 60 Soluble U(VI) at 20 d Figure 3 Sani et al., Environ. Sci. Technol. 2005, 39, 2059-2066.

Wan 1 9 7.3 NA 0.1 Day 107 of Figure 1 Wan et al.,Environ. Sci. Technol. 2005, 39, 6162-6169.
Wan 2 12.7 7.4 0.42 1.4 Day 346 of Figure 1 - Steady State Wan et al.,Environ. Sci. Technol. 2005, 39, 6162-6169.

Oxidation by ferric hydroxides is thermodynamically viable under mildly reducing conditions, and may ultimately be one limit 
on the long-term stability of biologically precipitated uraninite.
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Only ferrihydrite is capable of UO2(am) oxidation at 
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