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Decontamination of metal surfaces contaminated with low
levels of radionuclides is a major concern at Department
of Energy facilities. The development of an environmentally
friendly and cost-effective decontamination process
requires an understanding of their association with the
corroding surfaces. We investigated the association
of uranium with the amorphous and crystalline forms of
iron oxides commonly formed on corroding steel surfaces.
Uranium was incorporated with the oxide by addition
during the formation of ferrihydrite, goethite, green rust II,
lepidocrocite, maghemite, and magnetite. X-ray diffraction
confirmed the mineralogical form of the oxide. EXAFS analysis
at the U LIII edge showed that uranium was present in
hexavalent form as a uranyl oxyhydroxide species with
goethite, maghemite, and magnetite and as a bidentate innersphere complex with ferrihydrite and lepidocrocite. Iron
was present in the ferric form with ferrihydrite, goethite,
lepidocrocite, and maghemite; whereas with magnetite and
green rust II, both ferrous and ferric forms were present
with characteristic ferrous:total iron ratios of 0.65 and 0.73,
respectively. In the presence of the uranyl ion, green
rust II was converted to magnetite with concomitant reduction
of uranium to its tetravalent form. The rate and extent of
uranium dissolution in dilute HCl depended on its association
with the oxide: uranium present as oxyhydroxide species
underwent rapid dissolution followed by a slow dissolution
of iron; whereas uranium present as an inner-sphere complex
with iron resulted in concomitant dissolution of the
uranium and iron.

Introduction
The Department of Energy possesses about 1 million metric
ton of radioactively contaminated steels and other metals.
The decontamination of these materials at its nuclear
processing facilities is receiving increased attention because
most of it is only slightly contaminated or “suspect” (1). The
development of a safe, cost-effective decontamination
methodology for recycling these materials depends on a
fundamental understanding of the association of radionuclides with iron oxides formed on corroding steel surfaces.
The iron oxide coating formed on steel surfaces is
influenced by the type of steel as well as by environmental
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† Brookhaven National Laboratory.
‡ SUNY at Stony Brook.
3504

9

ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 36, NO. 16, 2002

factors, including oxygen, moisture, the presence of other
ions, and the Eh and pH of the local environment (2). The
oxides found on corroding steel surfaces include ferrihydrite,
goethtite, green rusts, hematite, lepidocrocite, maghemite,
and magnetite (3-6). Wolski (3) identified the presence of
an ordered maghemite on iron couplers buried in the soil for
extended periods. McGill et al. (4) concluded that a stable
green rust formed on cast-iron pipes was structurally different
from that of green rust II (GR II). Magnetite and lepidocrocite
also were identified. Music et al. (5) identified a mixture of
lepidocrocite, magnetite, and an amorphous oxide from lowcarbon steel in aqueous solutions at 20 °C; however, at 120
°C, magnetite was the dominant component with some
ferrihydrite. Misawa et al. (6) observed that, in a neutral or
slightly acidic environment, lepidocrocite was the predominant rust, whereas under more acidic conditions, goethite
formation was favored.
Iron oxides have been shown to play an important role
in the retention of uranium. Gabriel et al. (7) showed that the
adsorption of uranium onto sand coated with synthetic
goethite occurred with the release of protons from low- and
high-affinity binding sites. The conversion of iron oxides to
more stable forms has been shown to affect its ability to
immobilize uranium. Sato et al. (8) reported that goethite,
hematite, and ferrihydrite present on the surfaces of iron
nodules scavenged uranium from groundwater downgradient
of a uranium ore deposit. The aging of the surface oxide
resulted in the stabilization of the adsorbed uranium.
Quantitative coprecipitation of uranium with 2-line ferrihydrite was reported by Bruno et al. (9). However, the
subsequent transformation to crystalline hematite and
goethite resulted in less sorption capacity for uranium than
the freshly prepared ferrihydrite.
The association of uranium with well-characterized or
aged iron oxides has been studied to a limited extent. EXAFS
analysis has shown that uranium added to ferrihydrite at pH
6.0 formed an inner-sphere, bidentate complex with the oxide
surface (10). Moyes et al. (11) showed that uranium was
associated with goethite and lepidocrocite through equatorial
coordination of two surface oxygens from an iron octahedron.
EXAFS and electrophoretic measurements revealed that
uranium adsorption to hematite surfaces at pH > 4.5 occurred
with the formation of a dimeric hematite-U(VI)-carbonato
complex (12).
Although structural information on the association of
uranium with a few oxides has been determined, little is
known of the uranium association with oxides commonly
found on corroding surfaces. In this study, we determined
the molecular association of uranium during iron oxide
formation, thereby simulating the corrosion process.

Materials and Methods
Preparation of Oxides with Uranium. Ferrihydrite (Fe2O3‚
H2O) with U. Ferrihydrite was synthesized according to the
method of Raven et al. (13). A solution containing 0.2 M
ferric nitrate nonahydrate (Sigma, MO) and 10 mM uranyl
nitrate hexahydrate (BDH Chemicals Ltd., Poole, England)
was adjusted to pH 7.5 by adding 1 M KOH at a fixed rate
of approximately 20 mL/min while vigorously stirring. Once
the pH stabilized, the suspension was washed three times
with 0.1 M NaCl, and the solid was collected after centrifugation at 3000g for 10 min. The sample was dried overnight
at 60 °C.
Goethite (R-FeOOH) with U. Goethite was synthesized
according to Atkinson et al. (14). A solution of 0.1 M ferric
nitrate nonahydrate and 5 mM uranyl nitrate hexahydrate
10.1021/es011450+ CCC: $22.00
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was adjusted to pH 12, and the precipitate was aged for 24
h at 60 °C. Then, it was washed several times with deionized
water and dried overnight at 60 °C.
GR II with U. GR II was synthesized as described by
Srinivasan et al. (15) with slight modification. A solution
containing 0.2 M ferrous sulfate heptahydrate (Sigma, MO)
and 10 mM uranyl nitrate hexahydrate was adjusted to pH
8.2 under a N2 atmosphere. Filtered oxygen was bubbled
through the solution at a rate of 60 mL/min until the pH
reached 8.2. The precipitate was collected and stored as a
suspension under N2.
Lepidocrocite (γ-FeOOH) with U. A solution of 60 mM
ferrous chloride hexahydrate (Sigma, MO) and 3 mM uranyl
nitrate hexahydrate was adjusted to pH 6.8 (16). Compressed
air was bubbled through the solution at a rate of 250 mL/
min. After the pH stabilized, the product was collected by
centrifugation, washed several times with deionized water,
and dried overnight at 60 °C.
Maghemite (γ-Fe2O3) with U. Maghemite was synthesized
by heating magnetite at 250 °C for 5 h (17).
Magnetite (Fe3O4) with U. Magnetite was synthesized
according to Sidhu et al. (18). A solution containing 0.5 M
ferrous sulfate heptahydrate and 25 mM uranyl nitrate
hexahydrate was boiled under N2 gas. A total of 300 mL of
a mixture of KNO3 (0.26 M) and KOH (3.3 M) was added
dropwise over 1 h while maintaining a blanket of N2 gas over
it. The suspension then was boiled for an additional 30 min
and allowed to cool. The resulting black precipitate was
collected by centrifugation, washed several times with
deionized water, and finally, washed twice with acetone.
For comparison, we also synthesized these various iron
oxides without uranium. All operations with uranium were
performed in a HEPA-filtered fume hood. All samples, except
for GR II, were dried and pulverized in an agate mortar before
characterization.
Uranium Hydroxide [UO2(OH)2]. Uranyl hydroxide was
prepared by dissolving uranyl nitrate in deionized water and
adjusting the pH to 7.0 with NaOH. The precipitate was
collected by centrifugation, washed three times with deionized water, dried overnight at 60 °C, and ground to a fine
powder.
Chemical Composition of Oxides. Fifty milligrams of the
oxide was dissolved in 40 mL of 6 M HCl, in duplicate samples.
Total iron and uranium were determined using inductively
coupled plasma-atomic emission spectroscopy (ICP-AES).
The oxidation states for iron and uranium were determined
spectrophotometrically by the o-phenanthroline (19) and
bromo-PADAP methods (20), respectively.
Exchangeable Iron and Uranium. We determined the
readily exchangeable forms of Fe and U with the oxides by
adding 40 mL of 1 M MgCl2 to 20 mg of the oxide containing
uranium, in duplicate samples. The samples were placed on
a rotary shaker at 150 rpm for 2 h and filtered through a
0.45-µm filter, and the Fe and U in solution were analyzed
by ICP-AES.
Mineralogical Characterization. The mineralogical forms
of the oxides with and without uranium were determined by
X-ray powder diffraction using a Phillips XRG model 3100
analyzer. Powder spectra were obtained from 5 to 90° 2θ at
a scan rate of 0.02°/s. GR II was vacuum-dried before analysis.
The spectra then were compared with reference spectra in
the JCPDS International Centre for Diffraction Data library.
Dissolution Profile of Uranium Associated with Oxides.
To determine the chemical association of uranium with iron
oxide, 40 mL of 6 M HCl was added to 50 mg of the oxide,
in duplicate samples. Periodically, (up to 12 h), a 3-mL aliquot
was removed, filtered through a 0.45-µm filter, and analyzed
for iron and uranium.
X-ray Absorption Near Edge Structure (XANES). XANES
analysis was performed at the U LIII edge for each oxide. The

spectra were background-subtracted and normalized to the
edge jump. The inflection point for the uranium dioxide
absorption edge was set to 17166 eV. The oxidation state of
uranium in the samples was determined by comparing the
energy position at the inflection point with that of the
standards uranium dioxide and uranium trioxide (Atomergic
Chemicals, New York).
Extended X-ray Absorption Fine Structure (EXAFS).
EXAFS analysis of the oxide at the U LIII (17.166 keV)
absorption edge was performed on beamline X11A at the
National Synchrotron Light Source (NSLS) to determine the
association of U with the oxide matrix. This technique
provides information on the local three-dimensional environment surrounding the uranium and identifies nearneighbor atoms, interatomic distances, coordination numbers, and geometry. Ten milligrams of the oxide was mixed
in an agate mortar with 30 mg of boron nitride, and the
sample was placed in a heat-sealed polypropylene bag (0.2
mil). Analysis was performed in the fluorescence mode using
an Ar-filled ion chamber and sample beam dimensions of
1.0 mmV × 10 mmH. Sample scans were collected and
averaged (up to 5 scans per sample). Data were analyzed
using the UW EXAFS analysis software package. Single shells
were isolated from the Fourier transforms, and the data were
fitted for atom type, coordination number, atomic distance,
and Debye-Waller factor by comparison with the theoretical
EXAFS modeling code FEFF7 (21). The amplitude reduction
factor was fixed at 0.9, and the energy threshold was allowed
to vary. Multiple scattering path for uranyl ion (4-legged
O-U-O) was included where necessary. The entire EXAFS
function was fitted with four shells.
X-ray Photoelectron Spectroscopy (XPS). XPS measurements were made using a custom-designed spectrometer
with a V. G. Scientific (Fisons) CLAM 100 hemispherical
analyzer controlled by a VGX900I data acquisition system.
An Al KR1,2 (1486.6 eV) X-ray source and 20 eV pass energy
were used for all analyses providing a fwhm for the Au4f7/2
singlet of 1.35 eV. For reference, the binding energy of the
Au4f7/2 singlet was 83.8 eV and that of the Cu2p3/2 singlet was
932.4 eV. All binding energies were corrected for charge
shifting by referencing them to the C1s line from adventitious
carbon at 284.6 eV. All data were smoothed following the
method developed by Savitsky and Golay (22) and modified
by Sherwood (23) to cover truncation errors at the end of the
spectra. Further details of the curve fitting and data analysis
procedure are given elsewhere (24, 25).
Fourier Transform Infrared Spectroscopy (FTIR). FTIR
spectra were obtained using a Nicolet 760 infrared spectrometer modified to collect data in both mid- and farinfrared regions. Samples were mixed with potassium
bromide (1:10) and ground to a fine powder. Spectra were
collected using an MCT-A detector with data resolution set
to 2 cm-1 and summed over 256 scans to improve the signalto-noise ratio. A Gemini sampling accessory (Spectra-Tech)
collected diffuse reflectance data from powder samples. A
spectral background from potassium bromide (99.5%) was
subtracted from each resulting spectrum; the analysis
chamber was purged continuously with doubly dried air to
prevent the absorption of water vapor, and a globar-type IR
source was used.

Results
Metal Content of Oxides. Table 1 shows the content of iron
and uranium for each oxide with and without uranium.
Ferrihydrite, goethite, and lepidocrocite samples without
uranium show similar amounts of iron: 9.12 ( 0.15, 8.95 (
0.21, and 8.65 ( 0.16 mmol g-1 as ferric ion, respectively.
Maghemite and magnetite showed greater amounts of Fe
(12.8 ( 0.8 and 13.0 ( 0.6 mmol g-1 iron, respectively) because
of their greater crystallinity and structural similarity. GR II
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TABLE 1. Iron and Uranium Content of Iron Oxides
composition (mmol g-1)a
mineral

iron

ferrihydrite (Fe2O3‚H2O)
ferrihydrite + U
goethite (R-FeOOH)
goethite + U
green rust IIb
green rust II + Uc
lepidocrocite (γ-FeOOH)
lepidocrocite + U
maghemite (γ-Fe2O3)
maghemite + U
magnetite (Fe3O4)
magnetite + U

9.12 ( 0.15
7.51 ( 0.14
8.95 ( 0.21
7.84 ( 0.09
4.24 ( 0.08
3.97 ( 0.10
8.65 ( 0.16
7.93 ( 0.03
12.8 ( 0.8
10.7 ( 0.4
13.0 ( 0.6
10.5 ( 0.2

(1 SEM.
0.01.
a

b

uranium
0.43 ( 0.01
0.43 ( 0.02
0.19 ( 0.01
0.54 ( 0
0.54 ( 0.02
0.53 ( 0.01

Fe(II):total Fe ) 0.62 ( 0.02. Fe(II):total Fe ) 0.73 (
c

contained the lowest level of total iron (4.24 ( 0.08 mmol
g-1), most probably due to the presence of sulfate ions as
well as waters of hydration. Magnetite and GR II contained
both ferrous and ferric ions with a ferrous:total iron ratio of
0.65 for magnetite and of 0.73 ( 0.01 for GR II, which is
similar to the stoichiometric ratio found in the natural mineral
phase.
With the addition of U, the amount of iron decreased
stoichiometrically by 10-20% because of its incorporation.

Essentially, all the added U was associated with the oxide:
0.43 ( 0.01 mmol g-1 with ferrihydrite, 0.43 ( 0.02 mmol g-1
with goethite, 0.54 ( 0 mmol g-1 with lepidocrocite, 0.54 (
0.02 mmol g-1 with maghemite, and 0.53 ( 0.01 mmol g-1
with magnetite. In the presence of uranium, the Fe(II):total
iron ratio of GR II was reduced from 0.73 ( 0.01 to 0.62 (
0.02. No attempt was made to remove adsorbed or structural
water from the oxides.
Exchangeable Iron and Uranium. The amount of iron in
the exchangeable form varied from 0.01 ( 0 mmol g-1 (0.1%)
in the lepidocrocite sample to 0.09 ( 0 (2%) mmol g-1 in the
GR II sample (data not shown). The amount of uranium
released into solution was not detectable (<0.01 mmol g-1)
for any of the oxides tested.
Mineralogical Characterization. Figure 1 presents the
X-ray diffraction patterns for iron oxide minerals with and
without uranium. Ferrihydrite showed two broad reflections
at 35 and 62 2θ° that identify the oxide as 2-line ferrihydrite
(16). The identification of goethite, lepidocrocite, maghemite,
and magnetite were confirmed by comparison with JCPDS
files 29-713, 8-98, 39-1346, and 19-629, respectively. The GR
II sample without uranium was compared with JCPDS file
13-90 and showed no match. However, the peaks correspond
most closely to the lepidocrocite phase, which probably
formed due to oxidation of the sample during its transfer
prior to analysis. The maghemite spectrum showed dominant
reflections at 35.6, 62.9, and 57.3 2θ°. There is a shift to higher

FIGURE 1. X-ray diffraction spectra with and without uranium for ferrihydrite, goethite, green rust II, lepidocrocite, maghemite, and
magnetite.
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FIGURE 2. Dissolution profile of uranium in 6 M HCl for ferrihydrite, goethite, green rust II, lepidocrocite, maghemite, and magnetite. Error
bars are ( SEM.
2θ by 0.2° in maghemite as compared to magnetite as a result
of ferrous ion oxidation to the ferric form.
In the presence of U, peak intensity decreased for
ferrihydrite, goethite, magnetite, and maghemite probably
because of stoichiometric dilution by uranium and not a
change in crystallinity. No shift in peak position was observed
for any of the oxides except for GR II, indicating that uranium
did not influence the chemical structure of the oxide.
Additional peaks were noted at 12 and 28 2θ° for goethite,
lepidocrocite, and magnetite indicating the presence of uranyl
hydroxide hydrate species (e.g., JCPDS 29-1376; 23-1461).
The addition of U during GR II formation converted it to a
pure magnetite phase.
Dissolution Profile of Iron Oxides in 6 M HCl. Figure 2
plots the dissolution profiles in 6 M HCl for iron oxides
containing U. The rate and extent of Fe and U dissolution
varied with the type of oxide. Dissolution of the oxide as
measured by Fe in solution was completed in 5 min for
ferrihydrite, in 25 min for lepidocrocite, in 30 min for
magnetite, in 5 h for goethite and GR II, and in 10 h for
maghemite. Uranium dissolution occurred in <5 min for
ferrihydrite, <10 min for lepidocrocite, <15 min for GR II,
<30 min for maghemite and magnetite, and <1 h for goethite.
EXAFS Analysis. Figure 3A presents the raw k3-weighted
data (3.2-13.5 Å-1) at the U LIII edge for ferrihydrite, goethite,
lepidocrocite, maghemite, and magnetite. The oscillations

in the low k region (3.2-9.5 Å-1) are dominated by backscattering from the nearest-neighbor oxygen atoms in the
axial and equatorial planes of uranium. The complex
oscillation patterns observed at high k (12 Å-1) indicate the
presence of a large scatterer (Fe, U). The oscillation associated
with uranium in ferrihydrite at 7.5 Å-1 is fairly broad and
indicative of bidentate oxygen coordination.
Fourier transformed spectra for the oxides, the proposed
structures for the uranium, and the corresponding fitting
information and proposed structures are found in Figure 3B
and Table 2. The peaks in the figure represent a pseudoradial distribution function for atoms in the near-neighbor
region of uranium. The shells are uncorrected for phase shifts
(∆R ) 0.2-0.5 Å depending on type of atom). The amplitude
of the shells provides information on coordination numbers
for similar near-neighbor atoms. We note that in the presence
of more than one phase, average atomic information is
obtained. The first shell distances are clustered in the range
of 1.77-1.83 Å and vary from 2.0 O atoms in magnetite to
2.4 O atoms in ferrihydrite. The second and third shells in
each sample exhibit different ranges because of the type of
oxygen bonding. Ferrihydrite has one large amplitude peak
showing 3.0 equatorial O atoms at 2.35 Å. Another peak at
2.54 Å is due to the presence of 2.0 O atoms. The presence
of a U-Fe interaction at 3.42 Å indicates that uranium is
bound to iron in bidentate fashion through the two equatorial
VOL. 36, NO. 16, 2002 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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FIGURE 4. XANES spectra showing normalized U LIII edges for
uranium trioxide, ferrihydrite, goethite, lepidocrocite, maghemite,
magnetite, green rust II, and uranium trioxide. The vertical line at
17166 eV indicates the inflection point for U(IV) species.

FIGURE 3. EXAFS spectra at the U LIII edge showing (A) k3-weighted
EXAFS spectra (2.9-13.3 Å-1) and (B) Fourier transform showing
association of uranium with ferrihydrite, goethite, lepidocrocite,
maghemite, and magnetite. Experimental data (-); theoretical fit
(- -).

TABLE 2. EXAFS Structural Parameters for Uranium Association
with Iron Oxidesa
sample
ferrihydrite

goethite

lepidocrocite

maghemite

magnetite

atoms

N

R (Å)

σ2

F

U-Oax
U-Oeq1
U-Oeq2
U,Fe
U-Oax
U-Oeq1
U-Oeq2
U,U
U-Oax
U-Oeq1
U-Oeq2
U,Fe
U-Oax
U-Oeq1
U-Oeq2
U,U
U-Oax
U-Oeq1
U-Oeq2
U,U

2.4
3.0
2.0
1.0
2.3
2.8
1.7
1.1
2.3
2.9
2.2
1.0
2.2
1.5
2.6
1.0
2.0
1.6
2.5
1.0

1.79
2.35
2.54
3.42
1.82
2.26
2.51
3.71
1.77
2.31
2.54
3.44
1.83
2.28
2.55
3.85
1.78
2.26
2.52
3.91

0.0011
0.0042
0.0050
0.0102
0.0033
0.0035
0.0030
0.0063
0.0031
0.0038
0.0048
0.0034
0.0050
0.0034
0.0053
0.0066
0.0010
0.0069
0.0050
0.0087

0.119

0.062

0.125

0.025

0.161

a Coordination number (N), interatomic distance (R), disorder
parameter (σ2), and overall goodness-of-fit parameter (F).

oxygens at 2.54 Å. Uranium in goethite shows 2.3 axial
oxygens at 1.82 Å and a split equatorial oxygen shell
containing 2.8 O atoms at 2.26 Å and 1.7 O atoms at 2.51 Å.
The uranium in lepidocrocite is bonded to 2.3 axial O atoms
at 1.77 Å. The equatorial shell is split, with 2.9 O atoms at
2.31 Å and 2.2 O atoms at 2.54 Å. There is a U-Fe interaction
at 3.44 Å.
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FIGURE 5. X-ray photoelectron spectroscopy (XPS) showing raw
(-) and fitted (‚‚‚) U4f7/2 binding energy spectra for ferrihydrite,
goethite, green rust II, lepidocrocite, maghemite, magnetite, and
UO2, UO3, and UO2(OH)2 standards.
Uranium in maghemite shows 2.2 axial O atoms at 1.83
Å and equatorial oxygens consisting of 1.5 O atoms at 2.28
Å and 2.6 O atoms at 2.55 Å. A U-U interaction is noted at
3.85 Å. Uranium in magnetite has 2.0 O atoms at 1.78 Å and
an equatorial region containing 1.6 O atoms at 2.26 Å and
2.5 O atoms at 2.52 Å. There is a U-U interaction at 3.91 Å.
The coordination environment for uranium in maghemite

TABLE 3. Correlation of the Absorption Band Frequency (FTIR)
and Axial Oxygen Bond Length (EXAFS) in Uranium Associated
with Iron Oxides
sample
uranium hydroxide
uranium oxyhydroxides
goethite
maghemite
magnetite
U-Fe association
ferrihydrite
lepidocrocite
green rust II
a

Broad peak.

b

absorption
band (cm-1)

U-O bond
length (Å)

896

1.81

896
905a
907

1.82
1.83
1.78

900a
915
920

1.79
1.77
nab

na, not applicable.

is similar to magnetite, as expected, since the maghemite
coprecipitate was prepared by heating of the magnetite.
XANES Analysis. Figure 4 presents the XANES spectra for
ferrihydrite, goethite, GR II, lepidocrocite, maghemite,
magnetite, and the standards uranium dioxide and uranium
trioxide. The vertical line is set to the absorption edge for the
uranous ion at 17166 eV. The shape and position of the XANES
spectra for ferrihydrite, goethite, lepidocrocite, maghemite,
and magnetite show that uranium is predominantly present
in the hexavalent form for these oxides. The spectra also
exhibit two multiple scattering (MS) resonances at 20 and 60
eV above the absorption edge that are diagnostic for the
uranyl ion. The differences in the XANES structure have been
attributed to the chemical environment of the uranyl ion
(26). Magnetite and maghemite have similar MS resonances
at 43 eV above the absorption edge. However, the MS feature
at 16 eV above the absorption edge is broadened in the
maghemite. Goethite has a MS resonance at 44 eV above the
edge with enhancement of the MS resonance at 16 eV with
respect to the maghemite and magnetite. Lepidocrocite and
ferrihydrite exhibit a MS resonance at 41 eV, with lepidocrocite showing a broadened MS at 17 eV above the
absorption edge. The position of the absorption edge for the
GR II sample is shifted to lower energy by 2 eV, identical to
the shift observed for uranium dioxide standard, indicating
that U is present in the tetravalent form. The absence of an
MS peak at 20 eV above the absorption edge is typical for this
oxidation state.
XPS Analysis. Figure 5 shows the XPS spectra at the U4f7/2
binding energy for uranium standards and ferrihydrite (381.6
eV), lepidocrocite (381.8 eV), maghemite (381.0), and magnetite (382.4 eV). The binding energies for the oxides are
very similar to the uranium trioxide standard (381.8 eV) and
in the range observed (381.5-382.2 eV) for uranyl species
(27). This confirms that uranium in these oxides occurs in
the hexavalent state. Goethite shows a peak binding energy
at 382.6 eV, higher than that observed for the other oxides.
The uranium in GR II exhibited a binding energy of 380.9 eV,
similar to that observed for uranium dioxide (380.4 eV),
suggesting that uranium is in the tetravalent state. No peak
for hexavalent uranium was noted in GR II. Analysis of the
sample oxides at the Fe2p binding energy shows the Fe to
be bonded primarily to hydroxyl groups and as Fe2O3 (data
not shown).
FTIR Analysis. Diffuse reflectance spectra (650-1150
cm-1) were obtained for U-containing goethite, lepidocrocite,
GR II, maghemite, ferrihydrite, and magnetite (Table 3 and
Figure 6). After coprecipitation, FTIR analysis of these samples
showed an emergence of a peak in the 900 cm-1 region. The
values obtained in this region for each oxide are (cm-1) 896,
915, 920, 905, 900, and 907, respectively. The positions of
these peaks are in general agreement with a uranyl hydroxide

FIGURE 6. Fourier transform infrared absorption spectra for uranyl
hydroxide and uranium coprecipitated with goethite, lepidocrocite,
green rust II, maghemite, ferrihydrite, and magnetite. The highlighted
spectra (896-920 cm-1) show the asymmetric stretching frequencies
for uranium.
standard and published values (28). In the uranyl hydroxide
standard, the slight shoulder to the right of the peak at 896
cm-1 indicates that the peak may be a combination of a
strong OdUdO asymmetric stretching and medium µ-OH
bending components. Goethite has characteristic peaks
observed at 890 and 790 cm-1, the first of which may coincide
with the peak of interest. Additional characteristic peaks for
lepidocrocite observed at 1013 and 742 cm-1 were found in
the U-containing lepidocrocite spectrum, indicating that the
lepidocrocite structure was maintained after coprecipitation.
GR II reduced the uranium upon coprecipitation; therefore,
only a small peak was observed at 920 cm-1, which may
indicate some reoxidization of uranium in air during analysis.
Interestingly, the U-containing ferrihydrite exhibited a
broader peak at 900 cm-1, which may be caused by either
(i) an increased energy difference between the OdUdO
asymmetric stretching and µ-OH bending component peaks
or (ii) the amorphous nature of the coprecipitate. The
stretching frequencies for the ferrihydrite and lepidocrocite
samples may be influenced by coordination with iron. Allen
et al. (29) observed that the trend to greater average distances
for uranyl ion in the oxides should be reflected by shifts in
the uranyl absorption band to lower energy. The trend in our
data in general confirm this observation, except for the
maghemite stretching frequency, which is shifted to higher
energy. This peak is very broad and may contain a strong
µ-OH component in addition to uranyl stretching.

Discussion
The oxides commonly associated with corroded steel surfaces
include ferrihydrite, goethtite, GR II, lepidocrocite, maghemite,
and magnetite. The association of uranium with the oxide
is dependent on the nature of the oxide. Addition of uranyl
ion to iron oxides resulted in its attachment to surface sites
VOL. 36, NO. 16, 2002 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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as an inner-sphere bidentate complex (10, 11). The addition
of uranium during coprecipitation with iron may result in
bi- and tri-dentate bonding with iron, formation of di- and
tri-nuclear Fe-U complexes, and polymeric forms of uranium
oxyhydroxide. During the crystallization process, the uranium
may also become encapsulated into the oxide as a microcrystalline phase (30).
We compared the association of uranium coprecipitated
with ferrihydrite to an aged ferrihydrite (10). Although the
formation of a bidentate inner-sphere complex with iron is
confirmed in both forms, there are distinct differences in the
2 O atoms in the U-Oeq2 shell. A smaller Debye-Waller factor
(an indication of the thermal and static disorder in the atomic
shell) for the coprecipitate (0.0050) as compared to the aged
form (0.0084) suggests that the U-O sites are more uniformly
distributed during coprecipitation.
Coprecipitation of uranium with goethite resulted in the
formation of an oxyhydroxide species. The coprecipitation
of the uranium-mineral under alkaline conditions (pH 12)
may have been a contributing factor to its formation. Misawa
et al. (6) noted that goethite may also be formed under acidic
conditions. No uranium association with the crystalline
goethite as an inner-sphere complex was indicated as
reported by Moyes et al. (11). Lepidocrocite exhibited an
inner-sphere bidentate coordination of uranium with iron,
similar to that for ferrihydrite.
The coprecipitation of uranium with maghemite or
magnetite resulted in the formation of uranium hydroxide
or oxyhydroxide species. The absence of U-Fe interactions
indicates that uranium is most probably found in microcrystalline form on the oxide surface. The dissolution pattern
of the uranium by dilute HCl supports this interpretation.
The observed XPS binding energies for goethite, maghemite, and magnetite are correlated with the number and
radial distances of first equatorial shell O atoms. There are
2.8 O atoms at a distance of 2.26 Å in the first shell for goethite
and 1.5 and 1.6 O atoms, respectively, for maghemite and
magnetite. The resulting higher ionic character of the U-O
bond leads to slightly higher core electron-binding energies.
The broadness of the U4f photoelectron peaks indicates that
these are multiplets containing narrower peaks corresponding to the various O atoms in different coordination with U.
Not enough information, however, is available to allow for
deconvolution of any close singlets in the peak envelope,
but an increase in the ionicity of particular bonds contributing
to the multiplet would result in the observed shift (23). The
presence of a Fe-U interaction for the lepidocrocite and
ferrihydrite makes a similar comparison difficult. The
uranium in GR II exhibited a binding energy of 380.9 eV,
similar to that observed for uranium dioxide (380.4 eV),
suggesting that uranium is in the tetravalent state. No peak
for hexavalent uranium was noted. Analysis of the sample
oxides at the Fe2p binding energy shows the Fe to be bonded
primarily to hydroxyl groups and as Fe2O3 (data not shown).
The synthesis of GR II in the presence of U resulted in its
reduction to tetravalent form with the formation of magnetite.
The stoichiometric decrease in the ratio of Fe(II):total Fe
from 0.73 in the absence of uranium to 0.62 confirms the
role of ferrous ion in the reduction of uranium. Liger et al.
(31) have shown that reduction of uranium occurs on
suspensions of hematite in the presence of ferrous ion surface complexes ≡FeOFe+ and ≡FeOFeOH0 at alkaline pH. It
was postulated that the surface complex provided a favorable coordination environment for electron transfer from
iron to uranium. Brooks and co-workers (32) observed that
electric field-induced deprotonation of GR II hydroxyl groups
resulted in charge redistribution from univalent hydroxyl
oxygen to divalent oxygen with oxidation of ferrous to ferric
ion. This resulted in formation of lepidocrocite or goethite;
similarly, deprotonation of green rust I resulted in akaganeite
3510
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(β-FeOOH) formation. The presence of cations and anions
are also known to affect the formation of iron oxides. Ishikawa
et al. (33) demonstrated that addition of Co(II) and Cu(II)
during the synthesis of Fe(OH)2 resulted in production of
magnetite and inhibited goethite crystallization while the
presence of Cr(III) exhibited the opposite effect. Using
X-ray diffraction analysis, Refait et al. (34) established that
the structure for a synthetically prepared green rust I
consisted of Fe(OH)2 sheets alternating regularly with
negatively charged interlayers of chloride ions and water
molecules.
The rate and extent of uranium dissolution from the
various oxides was dependent upon its association. Uranium
associated as oxyhydroxide species with goethite, maghemite,
and magnetite underwent rapid dissolution followed by a
slow dissolution of iron. This was predominantly due to the
association of uranium with the oxide surface. Uranium
formed an inner-sphere bidentate complex with iron in
ferrihydrite and lepidocrocite, and we observed concomitant
dissolution of the uranium and iron. The mechanism of
uranium dissolution from GR II could not be established
because of the complexity of the oxide phase. However, its
rapid dissolution in dilute acid as compared to the iron
indicates that it is probably present as a uranous oxyhydroxide
species. These results suggest that an understanding of the
nature of the radionuclide association with various oxides
formed on corroding steel surfaces may aid in the development of appropriate decontamination technology.
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