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ABSTRACT

The U.S. Dept. of Energy's former uranium production facility located at Fernald,
OH (18 mi NW of Cincinnati) is the host site for an Integrated Demonstration for
remediation of uranium-contaminated soils. A wide variety of source terms for uranium
contamination have been identified reflecting the diversity of operations at the facility.
Most of the uranium contamination is contained in the top ~1/2 m of soil, but uranium has
been found in perched waters indicating substantial migration. In support of the
development of remediation technologies and risk assessment, we are conducting uranium
speciation studies on untreated and treated soils using molecular spectroscopies. Untreated
soils from five discrete sites have been analyzed. We have found that --.80-90 % of the
uranium exists as hexavalent UO22+ species even though many source terms consisted of
tetravalent uranium species such as UO2. Much of the uranium exists as microcrystalline
precipitates (secondary minerals). There is also clear evidence for variations in uranium
species from the microscopic to the macroscopic scale. However, similarities in speciation
at sites having different source terms suggest that soil and groundwater chemistry may be
as important as source term in defining the uranium speciation in these soils.
Characterization of treated soils has focused on materials from two sites that have
undergone leaching using conventional extractants (e.g., carbonate, citrate) or novel
chelators such as Tiron. Redox reagents have also been used to facilitate the leaching
process. Three different classes of treated soils have been identified based on the
speciation of uranium remaining in the soils. In general, the effective treatments decrease
the total uranium while increasing the ratio of U(IV) to U(VI) species.

INTRODUCTION

The Fernald Environmental Management Project, formerly known as the Feed
Material Production Center, is a United States Department of Energy (DOE) facility that
historically served as one of the principal processing centers for pure uranium. Processing
operations were suspended in 1986, and the site is presently undergoing remediation of
uranium and other radioactive and toxic wastes. In 1991 the Fernald sitc was chosen by
DOE's Office of Technology Development to serve as the host for the Uranium in Soils
Integrated Demonstration (USID). The Integrated Demonstration concept is a cradle-to-
grave approach for design, implementation, and assessment of remediation of a
contaminated site. While specific contaminants and remediation technologk_s are targeted
for each ID, the intent is to develop remediation programs that can be successfully
transferred to other sites having related contamination problems.

In support of the development and assessment of new decontamination technologies
for uranium in soils and to aid in risk assessment, we report here two distinct stages of
uranium speciation determinations with the Fernald soils. These studies have utilized
molecular-level spectroscopic probes including x-ray absorption, optical luminescence, and
Raman to determine the precise chemical forms of uranium in the soils. In the first stage
our goal has been to determine the uranium speciation in soils as they presently exist at the



site. Samples from five discrete sites have been analyzed. In the second stage, we have
examined soils after treatment with one of the new decontamination technologies under
development in the USID. The focus in this effort has been on soils from two different
locations at the site. The goal in this stage is to assist in assessment and optimization of the
decontamination technologies.

To adequately specify uranium speciation, techniques that probe structure at the
molecular level are required. Elemental specificity (e.g., as provided by ICP-AES), while
important, is insufficient by itself. Techniques are also needed that are applicable to opaque
samples such as solids (e.g., soils and mineral assemblages), because these frequently
possess challenging optical properties. One approach that satisfies these criteria is based on
molecular spectroscopic methods that probe the vibrational and electronic properties of the
system. This is the approach taken in the present study.

No single molecular spectroscopic method is readily able to provide a detailed
speciation description for uranium or other contaminants of interest. To achieve a detailed
description a combination of spectroscopic techniques is generally required. We have
identified four core methods that, when used in combinations of two or more, are sufficient

for contaminant speciation studies in subsurface matrices. These are x-ray absorption
spectroscopy, optical luminescence spectroscopy, photoacoustic spectroscopy, and Raman
vibrational spectroscopy. These methods (1) are complementary in the information they
provide, and (2) span an analyte concentration range from - 1% to ~ 100 parts-per-trillion
and below (i.e., the relevant regime for the Fernald site). When these core methods are
supplemented with ancillary analytical methods, a precise description of speciation is
possible.

Of the four core methods, x-ray absorption spectroscopy is the most incisive. It
provides oxidation state information [e.g., U(IV) vs U(VI)] directly. It also provides a
"snapshot" of the local coordination environment about the target (uranium) ion. Thus, the
identity and number of coordinating atoms (from ligands and/or surfaces) and their bond
lengths can be quantitated. Optical luminescence spectroscopy is a very valuable probe for
the speciation of hexavalent uranium moieties (i.e., UO22+ species) and other emissive
species. This method has excellent sensitivity, and, because of the often distinct, species-
specific nature of the hexavalent uranium emission spectrum, the method can be used as a
"fingerprint" for speciation. Photoacoustic spectroscopy is the ideal complement to optical
luminescence because species that are not emissive tend to yield excellent photoacoustic
spectra. Thus, the speciation of uranium in the non-emissive or weakly emissive oxidation
states (i.e., 0, +3, +4, and +5) can be probed by measuring the electronic spectra using
photoacoustic spectroscopy. Of the four core methods, photoacoustic spectroscopy is the
most sensitive. Dissolved species concentrations of 10 .8 moles/liter can be probed
routinely. The final core method, Raman vibrational spectroscopy, provides molecular
structure information explicitly via the number, energy, and intensity of the observed
vibrational transitions. This method can also be used as a "fingerprint" for species
identification because of the distinctive nature of the Raman spectrum. However, of the
four methods, this one is in general the least sensitive.

A number of experimental advantages can be identified that are specifically
associated with these molecular spectroscopic probes for uranium speciation in soils. The

first is that spatial ranges from greater than 1 cm 2 to less than 100 micron 2 (i.e., six orders
of magnitude change in area) can be probed by changing the degree of focus of the
excitation source. In essence, this gives these methods a "zoom lens" capability for
examining the heterogeneity in speciation. There is also no sample preparation required
before implementation of any of these methods. All methods can be used on opaque
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samples like the Fernald soils, and all methods are non-invasive (i.e., the sample is not
altered by the spectroscopic probe). This is in particular contrast to conventional analytical
methods like inductively-coupled plasma emission spectroscopy or mass spectrometry in
which soil samples must be digested prior to investigation, thereby potentially altering the
speciation information. In addition, all of these spectroscopic probes work equally well
with amorphous samples and / or sub-monolayer coatings. For example, we have
successfully investigated the speciation of uranyl ions on layered clay minerals [1].
Finally, all of these methods can be implemented in a temporally-resolved mode by using
pulsed excitation and / or gated detection. This mode enables better distinction between
various uranium species and against signal from background (i.e., impurity) constituents,
and it enables real-time investigations of the kinetic and mechanistic aspects of the
decontamination technologies under development within the USID.

EXPERIMENTAL

Most of the uranium speciation work has been done on core samples that were
taken from five discrete sites within the process plant area at the Fernald site. These
samples are referred to as the SP-series in this report and include SP2 (Plant 2/3 area), SP4
(Plant 1 / Storage Pad area), SP5 (Decontamination Pad / Drum Bailing area), SP8 (Plant 6
area), and SP9 (Incinerator area). Details concerning the sampling strategy, the collection
process, and physical and chemical characterization are available [2]. We performed a
crude size fractionation, based on gravimetry, for several luminescence spectroscopy
investigations. In addition, for some investigations of the particulate uranium in the sample
from the Plant 2 / 3 area the particulate uranium was isolated and concentrated by hand
under a microscope while illuminating the sample with ultraviolet light. Particles that
appeared to possess characteristic emission of uranyl species were isolated by this
procedure.

For the treatability studies, soils from the Plant 1 / Storage Pad area (referred to
here as A11 and A14) and the Incinerator area (B 16 and B24) were homogenized in bulk
scale [3]. Specific details concerning the decontamination treatments (e.g., reagent
concentrations, pH, contact times, solid-to-liquid ratios) can be found in the recent report
[4]. To summarize the strategies and differences associated with these decontamination
methods, one study is focused on investigating strong chelators that target U(IV) species.
Tiron is a catecholate-like organic ligand analogous to naturally occurring siderophores. A
second study is focused on carbonate and citrate, two common uranium complexants
employed in the metal mining industry. Both studies are investigating redox reagents such
as dithionite (reducing) and permanganate (oxidizing) as catalysts to promote dissolution /
complexation.

Uranium LIII x-ray absorption spectral data were obtained on air-dried, powdered
samples at both the National Synchrotron Light Source (NSLS) at Brookhaven National
Laboratory and the Stanford Synchrotron Radiation Laboratory (SSRL) at Stanford
University. All data were collected under ambient temperature and pressure. Absorption
was detected in either transmission mode or fluorescence mode. Calibrations of the U LIII
_dge were obtained either simultaneously or between sample runs.

Luminescence and Raman data were collected using either continuous wave argon-
ion laser excitation (Spectra-Physics Model 2040) or monochromatized light from a xenon
arc lamp. For the laser-excited experiments, data were collected on a SPEX Industries
Model 1403 Double Monochromator. For the arc-lamp experiments, data were collected on
a SPEX Industries Fluorolog system. In all cases the emitted light was detected using a
photomultiplier tube. In the laser-excited experiments the near ultraviolet lasing lines at
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336, 351, and 364 nm were used. The focus of the beam was varied from ~ 50 microns to
~ 2 millimeters to change the spatial resolution of the probe on the sample. The samples
were contained in glass vials in their heterogeneous form and were manually rastered with
respect to the excitation beam to probe different sites and features within the samples. In
the arc-lamp experiments the exciting light was focused to illuminate large portions of the
sample, and no spatial resolution was obtained. The excitation wavelength was chosen to
optimize the emission intensity.

RESULTS AND DISCUSSION

Untreated Soils

Figure 1 shows the x-ray absorption spectrum in the region of the U LIII edge for
sample SP2, superimposed on the spectra for an aqueous UO2z+ solution and solid UO2.
The position of the absorption edge (Section A in Fig. 1)is a very sensitive indicator of the
oxidation state of the absorber (uranium) atom. Since the absorption edge energy increases
with increasing charge on the uranium atom, it can be seen that the oxidation state of the
Fernald sample is significantly higher than the one for UO2 (i.e., a tetravalent uranium
species), and the same as that for aqueous UO2 2+ (i.e., a hexavalent uranium species). The
XANES (_x-ray_absorptionnear edge structure) feature on the high energy side of the main
absorption feature near 17192 eV (Section B in Fig. 1) is also diagnostic of UO2 2+. Note
that this feature is present in the Fernald sample and the aqueous solution of WO2 2+, but is
absent in the spectrum of UO2. X-ray absorption spectroscopic signals are a population-
weighted average of the spectra from all uranium species in the sample. Therefore, if the
Fernald sample were a mixture of uranyl species and uranium species in other lower
oxidation states (e.g., 4+), the absorption edge would have been shifted to lower energy,
and the shoulder near 17192 eV would have been diminished. Consequently, we estimate
that greater than 80-90% of the uranium in this sample exists as uranyl moieties. This same
result has been obtained for every SP series sample demonstrating that hexavalent uranium
dominates the speciation in these soils.

Analysis of the EXAFS (extended x-ray absorption fine structure) portion of the x-
ray absorption spectrum in general provides direct information concerning the bond
distances, the numbers of bound atoms, and the identities of the bound atoms about the
sorber (i.e., uranium). Because the "yl" oxygen atoms remain essentially invariant, their
contribution can be mathematically filtered from the EXAFS spectrum to focus on the
contributions from the more speciation-sensitive equatorial atoms. A comparison of these
filtered EXAFS spectra for samples SP2, SP4, and SP9 is shown in Fig. 2. The large
amplitude feature at a distance of-- 2 A (uncorrected for phase shift) is due to the equatorial
atoms. The position of this band is about the same for all three samples indicating that the
average bond distance between uranium and the equatorial atoms is approximately the same
for the uranyl species in all these samples. Furthermore, because the amplitude is
approximately the same in this feature for Samples SP2 and SP9, the number of equatorial
atoms is about the same. However, the amplitude for Sample SP4 is significantly reduced
relative to the others. This suggests that the number of equatorially coordinated oxygens is
lower for the uranyl species in this sample and/or the disorder (for example, from having
several different uranium-oxygen bond distances) is greater.

Optical luminescence spectroscopy data have been obtained for all SP series
samples. Only Sample SP8 appears to be devoid of luminescence from a uranyl moiety.
However, the absence of a characteristic emission from a uranium-bearing sample is not
positive evidence for the absence of uranyl moieties, as many naturally-occurring agents
(organics and heavy metals) are capable of quenching the uranyl emission effectively.
Samples SP2, SP5, and SP9 contain one or more regions within the samples that show the



characteristic structured yellow-green emission or the broad orange emission typical of
uranyl species.

The highly-structured yellow-green emissive phase (Fig. 3A) appears to be the
: dominant hexavalent uranium phase in these samples. It is seen in many seemingly

different domains within the bulk portions of the samples from the Plant 2 1 3 area and the
Incinerator area. For example, most emission appears to come from particulates or from
microcrystals coating the edges of the larger sand particles, but some emission also appears
to originate from a more dispersed source. However, the spectra from these domains
seem to be the same within either bulk sample.

Luminescence and Raman data from reference uranium minerals have enabled us to
identify with high confidence the uranyl species in the SP2 and SP9 soil samples giving
rise to the highly structured emission. Specifically, we were able to isolate a small quartz-
like particle (~ 0.5 mm dia) from the SP2 sample that clearly had a uranyl mass adhering to
it. This uranyl mass gave rise to the characteristic structured emission spectrum (Fig. 3A)
that is very similar to the spectrum seen for the uranyl phosphate minerals meta-autunite,
meta-ankoleite, and phosphuranylite. The meta-autunite spectrum is shown in Fig. 3B.
While these three uranyl minerals have nearly indistinguishable emission spectra, their
Raman spectra in the region of the totally-symmetric uranyl stretch and the phosphate
stretches are very distinct. For the uranyl-coated quartz mass isolated from the SP2 sample
we were able to obtain Raman spectral data. As shown in Fig. 4, the spectrum from the
soil sample has numerous bands that match extremely well with those from meta-autunite.
On this basis, we are confident in identifying the uranyl species on the quartz mass (and
those seen elsewhere in bulk SP2 and SP9 samples) as meta-autunite.

The occurrence of green emission in the SP series of soils is generally consistent
with several emissive phases in co-existence. For example, as we have shown previously
(Tidwell et al., 1993), structured spectra such as that in Fig. 3A. appear to also have an
underlying broad-band uranyl emission. Oxyhydroxides (e.g., schoepite) and carbonates
(e.g., rutherfordine) are such broad-band emitters. The presence of schoepite has been
confirmed by XRD data from a hand-concentrated sample of the green emitting particulates.
The energy dispersive SEM of the concentrated Fernald green emitters showed both
silicon- and phosphorous-containing anions (any carbon or oxygen would not be detected
because of their low emission energy), as well as calcium, potassium, and magnesium
cations, so a possible combination of phosphates and silicates cannot be eliminated. The
crystal habit of the green emitters in the Fernald soil can be described as platey. This habit
is consistent with an oxyhydroxide (e.g., schoepite) and ! or a phosphate phase (e.g.,
autunite), whereas silicates (e.g., sldodowskite) tend to have acicular crystal habits.

We have also attempted to identify the orange emitters found in the untreated
samples. We observed what appear to be two distinct classes of orange emitters. The first
is possibly associated with a carbonate matrix (based on Raman data) and is
photochemically stable. This phase has an intense low energy shoulder in the emission
profile. The second class is photochemically very unstable with respect to 364 nm laser
excitation, and does not appear to have an intense low energy shoulder. On the basis of
previous studies, it has been suggested that orange and red uranium emitters are uranate
"UO3" structures such as ianthinite rather than uranyl ([UO2] 2+) structures, but many
historically "UO3" structures have been re-formulated as uranyl structures. Finally, alkyl-
phosphates uranium compounds have been shown to emit orange to red upon optical
excitation. The SP2 samples are among the samples that exhibit the orange-red
luminescence, and these were also taken near the Plant 2/3 area where tributyl phosphate
was used in the PUREX process.



Treated Soils

X-ray absorption data have been collected to date on a broad range of treated soils.
Even though some of these samples are suspected to have uranium contamination removal
of > 90% (e.g., the Tiron + dithionite treatment), adequate signal-to-noise was still
achievable by x-ray absorption. X-ray absorption and optical luminescence results for
these soils prior to treatment indicate that the bulk uranium oxidation state (i.e., averaged
over all species) in the A- and B-series soils from these sites is fairly constant, and the
homogenization process [3] did not affect this parameterto a significant extent.

On the basis of the x-ray absorption data, the treated A-11 and A-14 soils fall into
three distinct categories. The first and simplest set are the "control" samples that were
treated with deionized water or with dithionite only. These samples yield x-ray spectral
dataquite similar to those of the untreated samples indicating that neither water washing nor
a reducing agent in the absence of a chelator significantly change the bulk uranium
speciation in the soils. The analytical data on these samples also suggest that very little
uranium is removed [4].

The second set includes the A-14 soils treated with Tiron only, Tiron plus
dithionite, carbonate only, and citrate only, and the A-11 soils treated with Tiron plus
dithionite and Tiron plus dithionite plus carbonate. These soils all yield nearly identical x-
ray absorption edge and near-edge signals and comparable EXAFS Fourier-transform
representations. However, in these cases, the x-ray absorption data are markedly different
from that seen in the untreated samples. The new characteristics of the x-ray absorption
spectrum for this second set are a relative increase in the amplitude of the white line at ~
17.18 eV and the loss of the characteristic shoulder in the near-edge region (~ 17. 19 keV).
However, the initial EXAFS feature remains at about the same energy (~ 17.22 keV) in this
set of samples as in the untreated samples.

The third set includes the A-11 soils treated with Tiron only, carbonate only, and
Tiron plus carbonate. These three samples also have nearly identical x-ray absorption edge
and near-edge signals and comparable EXAFS Fourier-transform representations.
However, these x-ray absorption data differ from those in both the second set and the
untreated samples. They are somewhat similar to the data seen for the second set samples
in that the white line intensity is increased relative to that for untreated samples, and the
characteristic shoulder at ~ 17.19 keV is also absent. However, for the third sample set the
initial EXAFS feature has decreased in energy by ~ 150 eV. The differences between the
untreated (and first set), second, and third sets of treated A-series soils are also well
illustrated in the Fourier-transform representations of the EXAFS data shown in Fig. 5.

The obvious differences in the x-ray absorption data between the second and third
sets of samples, all of which have substantial amounts of uranium removed from them,
indicate that the remnant uranium species do change between some samples depending on
the treatment technology. The data in Fig. 5 also suggest that there may be an emerging
trend in the oxidation-state distribution of the remnant uranium species. The shift to higher
r-values for the initial EXAFS peak on going from untreated (and first set) to second set to
third set samples could be interpreted as a general increase in the relative abundance of
tetravalent uranium versus hexavalent uranium.

The x-ray absorption data for the B-series of soils that have undergone treatment are
less :lear cut at this point in part because the sample set is smaller making comparisons
more difficult, and in part because the concentration of uranium in these samples following
treatment appears to be much less than in the A-series (consistent with other reports, e.g.,
Ref. 4) leading to much lower signal levels and poorer signal-to-noise. For example, we



have been unable to get meaningful EXAFS data from these samples. Nonetheless, the x-
ray absorption edge and near-edge spectra have been acquired. The spectra for the treated
samples retain the shoulder feature in the near-edge region, but 'here is considerable
variability in the position of the initial EXAFS feature. Based on the edge position and the
persistence of the near-edge shoulder, it is likely that the remnant uranium in these treated
samples is still predominantly hexavalent.

The most notable result from the optical luminescence investigations of the treated
soil samples is the substantial decrease in the quantity and size of the particulate uranyl
species that give rise to the green and orange luminescence spectra repor!ed previously. In
fact, in no instances have we observed the highly-structured green emission spectrum seen
in the SP9 and SP2 samples that is assigned to a uranyl phosphate species. There are,
however, some green and orange l,aminescent species seen in the treated samples that are
most likely attributable to hexavalent and / or mixed-valent uranium species. The green
luminescence gives rise to approximately the same spectrum in each case. The particle size
from which this emission emanates is, in all cases, much smaller than was generally
observed in the SP series. These spectra are very similar in energy and band shape to that
from a naturally-occurring, well-crystallized schoepite sample, but quite distinct from those
for freshly precipitated uranyl hydroxides, suggesting that the uranyl species giving rise to
the spectra in these treated samples are not simply reprecipitation products resulting from
hydrolysis of dissolved uranyl spe,_Jesduring the course of the treatment processes.

The orange emitters are much more prevalent in these treated samples than the green
emitters. The photochemically unstable phase (see above) dominates the occurrence of
orange emitters in the treated samples. Obtaining an exact identification of these orange
emitters is problematic because the spectral bandshapes vary from occurrence to
occurrence, they do not yield Raman data, and their physical size is small making manual
concentration difficult. Nonetheless, the photochemical instability is suggestive of uranyl
species complexed by organic ligands, because the uranyl-organic complexes are notorious
for their photochemical instability [5], generally resulting in complete degradation of the
original hexavalent species.

Clearly the diminished occurrence of uranyl emission in the treated samples is
consistent with the preliminary analytical results which show that as much as -90% of the
uranium can be removed from the soils [4]. However, other factors must be operating as
well, because the signal to noise of our results in unwashed soils was much greater than
20:1 suggesting that we should easily see the remaining 5-10% of the uranium in the soils.
(Note that the x-ray absorption data indicate that hexavalent uranium is still prevalent in
most samples. Therefore, complete oxidation-state conversion to non-emissive
uranium(IV) can be excluded for most samples.) Furthermore, even those samples for
which the treatment was not particularly effective (e.g., dithionite-only and deionized
water-only treatments) yielded samples with diminished uranyl luminescence. It is possible
that as a result of all treatments the uranium may be more evenly spread along the surface of
the soil matrix rather than existing as micron-sized particulates. Such an effect may be
caused by dissolution followed by re-precipitation and/or attrition to smaller particle sizes
followed by redistribution. The more homogeneous distributions of uranium resulting
from either of these mechanisms would lower the uranyl luminescence relative to the broad
emission background from organics or iron species remaining in the soil making it more
difficult to locate and isolate the emissive uranyl species for spectroscopic characterization.
Alternatively, upon dissolution / redistribution, the uranium may become sorbed onto the
surface of iron oxide particles, especially goethite, or organic-coated particles. In these
cases, the uranyl luminescence may be effectively quenched.



CONCLUSIONS

Based on x-ray absorption analyses, the uranium in the untreated samples exists
principally (80 - 90 %) in the hexavalent oxidation state. In general, hexavalent uranium
has greater solubility than uranium in other oxidation states, thus strong oxidizing agents
may not be necessary as part of a chemical remediation scheme. In fact, the remediation
strategy based on selective chelators for U(IV) was revised in accordance with this result to
incorporate reducing agents. Note, however, that this result implies that the uranium is less
stable is the soils than would be a tetravalent uranium species. Therefore, the extent of
subsurface migration is expected to be greater for the hexavalent uranium species. In
addition, because hexavalent uranium (as uranyl species) has a very small magnetic
moment, remediation based on magnetic separation technologies will be of limited value
unless the uranium is associated with some other paramagnetic phase (e.g., iron oxides).

The spectroscopic (luminescence and Raman) results indicate that much of the
uranium in the untreated soils exists in discrete, crystalline mineralogical phases, with
much of it associated with uranyl phosphate phases. Results further demonstrate that there
is mineralogical heterogeneity even at the microscopic scale, with spectroscopically distinct
phases co-existing. We are not certain of the implications of these macro-scale and micro-
scale heterogeneities at this time, but it is probable that a range of chemical treatment
technologies will be required to effect complete remediation.

For the treated soils, results suggest that the A-series soils can be divided into three
sets based on variations in the ratio of U(IV) to U(VI) remaining. The observation of
different x-ray absorption spectra in the second and third sets suggests that there are several
uranium species left in the soils following treatment, rather than a single intransigent
species, and the treatment chemistry may be dictating the difference in the remnant species.
The treated B-series soils from the Plant 1 / Storage Pad Area are less easily categorized.
However, based on the usual x-ray absorption criteria, they appear to retain primarily
hexavalent uranium following the treatments.

The optical luminescence data for the treated soils demonstrate that there is a
decrease in size and probably quantity of the particulate hexavalent uranium that gives rise
to the green emission. In particular, the highly-structured emissive phase seen in the
untreated SP2 and SP9 soils was never seen in treated samples. Thus, all treatment
technologies do seem to lead to a more dispersed, finer-grained contamination. Some
instances of particulate green emission still exist in these samples, and the spectral band
structure suggests that this is attributable to a schoepite phase. An orange emissive phase is
also seen in many samples that is probably attributable to a hexavalen_ uranium species, but
its identity has not been confirmed.
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