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Abstract Uranium (U) is a common contaminant at
numerous surface and subsurface sites in proximity to
areas involved with weapons manufacturing and
atomic energy related activities. This paper covers
some important aspects of the aqueous hexavalent
uranium [U(VI)] interactions with soil minerals that
are present in contaminated soils and sediments. The
retention of U via interactions with soil minerals has
significant consequences for the prediction of its
short- and long-term behavior in soils and geological
systems. Studies of the nature and type of these
interactions have provided the necessary evidence for
assessing the geochemical behavior of U in natural
systems under different physical, biogeochemical,
hydrological, and reducing or oxidizing conditions.
Over the last 20 years, aqueous U(VI): soil mineral
interactions have been studied by geochemists, soil
chemists, clay and soil mineralogists, and the
progress in some areas is remarkable. Although a
mechanistic description and understanding of the
complex interactions involving U and soil minerals in
natural systems is currently difficult, results from
carefully designed and executed field and laboratory
experiments with these materials have improved our
understanding of the heterogeneous system’s behav-
ior and U contaminant mobility and transport. There
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are, however, areas that warrant further exploration
and study. Numerous research publications were
reviewed in this paper to present recent important
findings to reveal the current level of the understand-
ing of the U(VI) interactions with soil minerals, and
to provide ideas for future needs and research
directions.
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1 Introduction
1.1 The extent of U contamination

Mainly because of its essential role in the production
of nuclear weapons, uranium (U) is a common
contaminant at numerous sites throughout the world.
For example, U is a common contaminant at sites in
the United States of America (USA), where produc-
tion of nuclear weapons and handling of U in various
forms has occurred (Riley et al. 1992). Anthropologic
sources of U contamination belong to three catego-
ries: (i) U from weapons production; (ii) U from
nuclear energy activities; and (iii) U from scientific
and other uses (Todorov and Ilieva 2006). Elevated
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concentrations of U are also found in some agricul-
tural drainage waters generally associated with P
fertilizers (Duff and Amrhein 1996) and, recently, it
is observed that there is near-surface contamination
of depleted U at several USA Army testing grounds
and battle fields.

Elevated concentrations of this radionuclide heavy
metal are present at a variety of locations around the
world, seriously threatening human health. Evaluat-
ing societal risks posed by U contamination from
waste management facilities, mining sites, and heavy
industry requires knowledge about U transport in
groundwater, typically the most significant pathway
of exposure to humans (Bargar et al. 1999).

The movement of U through soil profiles may be
retarded because of interactions with the soil miner-
als, which affect significantly U short- and long-term
behavior in soils and geological systems. Studies
conducted over the last few years have provided
evidence for such interactions and U geochemical
behavior in natural systems under different physical,
biogeochemical, hydrological, and reducing or oxi-
dizing conditions.

This review covers important aspects of the
aqueous hexavalent U [U(VI)] interactions with the
soil minerals in natural systems under slightly
alkaline conditions. Our attention is restricted to
U(VI) fate and mobility because in its reduced form
U{dV) is far less mobile. We also focus on the
mobility of U(VI) in slightly alkaline waters because,
under typical geochemical conditions, the mobility of
U(VI]) is enhanced by the relatively high carbonate
concentrations that characterize many alkaline sys-
tems. To this end, many research publications
published in the last few years are reviewed in this
paper with the objectives of: (i) summarizing impor-
tant findings in the literature; (ii) revealing the current
level of knowledge and understanding of the U(VI)
interactions with soil minerals; and (iii) providing
ideas for future needs and directions in this area of
research.

Even though this is a review of publications
covering different aspects of U interaction with soil
minerals and is germane to many sites worldwide, the
discussion focuses on recent findings from research
conducted at different contaminated sites in the USA,
where there is an abundance of information. In
addition, important aspects of the U interaction with
organic matter, biologically-mediated reactions and
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reduction of U(VI) to U(IV) and the potential for re-
oxidation back to U(VI), and modeling techniques
used to fit experimental data and predict U behavior
has been effectively described in earlier publications
and are not within the scope of this review.

1.2 Soil mineralogy of some contaminated sites

Aqueous U(VI) may interact with many soil minerals
that are typically present in contaminated surface and
subsurface natural media. A key to predicting U(VI)
remobilization and future risk associated with con-
taminated plume spreading is an understanding of
aqueous U(VI): solid phase interactions as a control
on the migration potential of sorbed U(VI) in
retreating and advancing regions of the contaminated
plumes. Mineralogical characteristics of some of the
most contaminated and problematic sites in the USA,
where a great deal of time and effort have been spent
in recent years to understand complex U(VI) behavior
in heterogeneous natural systems, are presented
below.

1.2.1 Hanford 200 Area, Washington

Neutron bombardment of uranium targets yielded a
number of activation products, in addition to fissile
23%py. Following extraction of plutonium and ura-
nium, the unwanted activation products were stored
in large underground tanks. The tanks, earlier ones
represented by single-shell and later by double-shell
varieties, were grouped together in “tank farms”. The
waste tank farms are distributed between the 200
West and East Areas at Hanford. The 200 Areas
reside on the “200-Area plateau” where depth to
groundwater ranges from 200 to 300 feet. Single-
shell tanks that have leaked or are suspected to have
leaked are present in both Areas; so far, the double-
shell tanks show no evidence of release. The 200
Areas are underlain by a sequence of suprabasaltic
sediments of Pleistocene and Pliocene age (Serne
et al. 2001). These sediments include four primary
units: (1) course-grained glacio-fluvial gravels and
sands in the Hanford formation; (2) Cold Creek upper
subunit; (3) the Cold Creek lower subunit; and (4)
fluvial-lacustrine gravel/sand/silt lithofacies of the
Ringold formation. The Hanford formation represents
about 85% of the vadose zone. The Hanford forma-
tion has a mineralogy dominated by quartz and
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plagioclase feldspar with minor amounts (<15%) of
biotite, potassium feldspar, smectite, chlorite and
amphibole (Serne et al. 2001). The clay fraction
(<2 um) is dominated by smectite, with appreciable
abundances of plagioclase, biotite, quartz, K-feld-
spars, and chlorite also present. The occurrence of
Fe(Il)-bearing minerals like biotite, chlorite and
magnetite in the sediments is very important because
they serve as sources of inorganic reductants, i.e.,
Fe(Il) that is released upon mineral dissolution, or
they may be involved in heterogeneous redox reac-
tions that take place at their surfaces (magnetite).
Calcite is present in generally increasing amounts
with depth reaching maximum in Cold Creek lower
subunit (35% by weight), making this site unique in
terms of studying natural calcite: aqueous U(VI)
interactions. The morphology of calcite varies with
depth (Qafoku et al. 2008b). Small calcite particles,
within aggregates and thin coatings (~ 10-30 pm)
that partially cover single soil particles, are present in
the sediment collected as 69 feet below ground
surface. Most of these calcium carbonate microstruc-
tures are fine mineral particulates aggregated around
larger particles. Note, however, that even when
carbonate coats are thin, the effect on U(VI) mobility
is strong. Because carbonate coatings cover a number
of phases that would otherwise affect U(VI) sorption,
such as iron oxyhydroxides and aluminous phases,
U(VI) sorption is sometime typically governed by its
interaction with calcite (Dong et al. 2005). In
contrast, the morphology of sediment from 110 feet
consists of large calcite particles (>200 pm diameter)
and thick Ca carbonate coatings (~ 100-150 pm) that
cover mineral phases and/or cement particles together
in aggregates. The thick Ca carbonate coatings have a
very fine structure as confirmed by numerous micro-
graphs taken in this sediment (Qafoku et al. 2008b).

1.2.2 Hanford 300 Area, Washington

A groundwater U(VI) plume is present beneath the
North and South Process Ponds and other trenches
where substantial amounts of contaminated liquids
were discharged (Lindberg and Peterson 2004).
Unlike the 200 Area sediments, the plume beneath
the 300 Area process ponds and their underlying
sediments are subject to a more dynamic and
complex flow regime because of its proximity to
the Columbia River and the attendant short-term

gradient changes in response to fluctuations in the
Columbia River stage (Serne et al. 2002; Lindberg
and Peterson 2004; Zachara et al. 2005). The plume
at the 300 Area is located approximately 100 m from
the Columbia River. It underlies a 7-10 m vadose
zone that was contaminated by infiltrating waste
fluids of surface processing ponds and other waste
process trenches nearby. The most abundant soil
minerals in these sediments are quartz, feldspars and
amphibole (Serne et al. 2002). The clay fraction is
dominantly composed of muscovite, chlorite (ferroan
clinochlore), montmorillonite (interstratified smec-
tite, smectite—clinochlore, or smectite—vermiculite),
and vermiculite (Qafoku et al. 2008a). The sediments
also contain chlorite which has a strong affinity for
U(VI) (Baik et al. 2004b).

1.2.3 Naturita and Rifle sites, Colorado

The former U mill tailings site is located along the
San Miguel River in southwestern Colorado (Davis
and Curtis 2003; and the references therein). The
sediments are composed of poorly sorted, weathered
and abraded rocks of different types. Soil minerals
are mostly quartz with lesser amounts of detrital
feldspars (microciline, perthite, sanidine, anortho-
clase, plagioclase), carbonates and magnetite. The
clay fraction is made up of intricate mixed layer
illite/smectite clays, with chlorite as a minor phase.
All soil grains have Fe-rich and Al-Si-rich coatings.
Fe-rich and highly heterogeneous phases are also
present as small scattered particles immersed in the
clay coatings. They are composed mainly of mixed
domains of hematite, goethite, and amorphous Fe
oxyhydroxides. The carbonate mineral content is
about 2.5% by weight (mainly calcite with trace
amount of aragonite). Calcite is generally not present
as cement but as individual crystals or clusters of
disseminated crystals, typically between 2 and
10 um in size.

The U Mill Tailings site in Rifle has plumes
contaminated with U (Anderson et al. 2003; Yabu-
saki et al. 2007). X-ray diffraction analyses indicated
that quartz is the dominant phase in the <2 mm
fraction (Kukkadapu RK and Qafoku NP, personal
communication). The clay-size fraction is dominated
by phyllosilicates, such as muscovite, clinochlore,
montmorillonite and kaolinite, but small amounts of
albite, amphibole, magnetite, hematite and calcite are
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also present. The <2-mm size fraction was also
characterized by Mdssbauer spectroscopy (a Fe
specific technique), which clearly indicates the pres-
ence of hematite and well-crystalline magnetite, Al-
substituted goethite (predominately Fe-oxide), and
phyllosilicates.

1.2.4 The complexity of the soil mineral/aqueous
U(VI) system

The mineralogical characteristics of these sites
clearly show the wide variety of soil minerals in
one specific soil system. Multiple U(VI) sorbents,
e.g., Fe oxides, phyllosilicates, calcite, are present in
all these natural systems in varying amounts. The
behavior of natural assemblages of soil minerals,
such as soils and sediments, is different from the
behavior of single soil minerals; and it is even
different from the behavior of an artificial mixture
of pure soil minerals. In addition, the minerals in
natural systems occur rarely as pure ideal phases.
Usually they occur as solid solutions, mixed
domains of minerals of one or more groups, as
coating materials that are all derived from the
breakdown of existing rocks or primary minerals, or
are the end-products of specific weathering path-
ways and other soil forming processes that occur at
a specific area.

Aqueous U(VI):solid phase interactions that occur
in natural heterogeneous systems are not simple, one-
step reactions but complex reactions and processes
possibly coupled to parallel or sequential reactions.
Adsorption and desorption reactions are often coupled
with dissolution, precipitation and redox reactions.
For this reason, the study of these systems necessitates
collaborative efforts involving researchers from dif-
ferent scientific areas, such as geochemists, soil
chemists, soil physicists, soil microbiologists, civil
and environmental engineers, hydrologists, computer
modelers, physicists, chemists, microbiologists, etc.
In addition, a combination of useful techniques (such
as extractions) combined with state-of-the-art tech-
niques, such as spectroscopy, microscopy, electron
and X-ray microprobes, X-ray micro-diffraction, etc.,
should be used to initially characterize the sediments
and subsequently study different aspects of the
aqueous U(VI): soil mineral interactions in natu-
ral heterogeneous systems, such as soils and
sediments.
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1.3 Aqueous U(VI) speciation

In groundwater, U is commonly found as U(VI),
which is generally considered a mobile or semi-
mobile contaminant at circumneutral (Read et al.
1993) to mildly alkaline pH conditions that typically
results in subsurface migration (Serne et al. 2002).
Carbonate forms stable neutral (Kalmykov and
Choppin 2000; Bernhard et al. 2001) or anionic
(Grenthe et al. 1992; Clark et al. 1995) aqueous
complexes with U(VI) in these environments and
increases the overall mobility of U (Tripathi 1983;
Hsi and Langmuir 1985; Duff and Amrhein 1996;
Rovira et al. 2000; Wang et al. 2004). In addition,
U(VI) may sorb to micro- or nano-size soil mineral
particles suspended in pore water. These U(VI)
loaded small particles (colloids) may move with
groundwater since under circumneutral or slightly
alkaline conditions colloidal stability is favored over
flocculation or coagulation, although, in some con-
taminated plumes, the relatively high ionic strength
and prevalence of polyvalent cations may offset the
stabilizing effect of pH.

Information about the formation constants for
uranyl (UO,*H) aqueous species is included in the
following reference (Davis and Curtis 2003) and the
references therein. The most stable aqueous species
are the binary species UO,COs, UO,(CO5)," ", UO,
(CO3)5*", (UO,);5(CO5)®~ and the ternary species
Ca,UO,(CO3)5 and CaUOZ(CO3)327. Assessment of
the binding energies of the binary species indicate
that the UO,(CO3),>~ anion is more stable than the
UO,(CO5);*~ anion due to the accumulation of
excess charge in the latter (de Jong et al. 2005).

The formation constants of ternary uranyl carbon-
ate complexes such as MUOQ(CO3)32_ and M,UQO,
(CO3)30 (where M denotes Mg”, Ca’", Sr*", and
Ba’") were determined with an anion exchange
method (Dong and Brooks 2006). The results indi-
cated that the complexes of MUOL(CO5);>~ and
M>UO,(CO3); were simultaneously formed for Ca’t
and Ba®", while Mg®" and Sr*" formed only the
MUOz(CO3)32_ complex under the tested experimen-
tal conditions (i.e., metal concentrations (0.1—
5 mmol/l) at pH 8.1 and a constant ionic strength
(0.1 mol/l NaNO;3) under equilibrium with atmo-
spheric CO,; Dong and Brooks 2006). Based on the
formation constants obtained in this study, speciation
calculations indicated that at low Ca®" concentrations
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(e.g., <2.2 mmol/l), CaUO,(CO5)5>~ is more impor-
tant than Ca,UO,(COj3); and that the fraction of
Ca,UO,(CO3)5 increased with increasing Ca concen-
tration (Dong and Brooks 2006).

The numbers of Na and Ca atoms bound to the
uranyl triscarbonate species depended on the Ca
concentration, as predicted by speciation calcula-
tions, in a set of solutions containing 50 uM U(VI)
and 30 mM Na bicarbonate with various Ca con-
centrations (0—5 mM) at nearly neutral pH values
(Kelly et al. 2007). Results from XAFS measure-
ments confirmed the presence of the Na-UO,-COj;
complex in this system, and that the number of Ca
and/or Na atoms coordinated to a uranyl carbonate
complex determined the net charge of the aqueous
complex (Kelly et al. 2007). The identity of the
species may significantly affect the extent of U(VI)
adsorption.

Based on the data available in the literature and
that generated from experiments with Hanford sed-
iments, a surface complexation model was developed
to describe and predict U(VI) adsorption and desorp-
tion in the equilibrium sites of calcite-poor and -rich
sediments where the aqueous U(VI) and solid phase
interactions were fast and demonstrated no time-
dependency (Qafoku et al. 2008b). The model was
very sensitive to aqueous phase pH and carbonate
concentration, but showed moderate sensitivity
towards Ca, even though other researchers have
found that sorption of U(VI) to calcium carbonate
decreased with increasing aqueous Ca concentration
(Savenko 2001).

In a batch experiment conducted to test the effect
of mass-to-volume (M/V) ratio on U(VI) speciation
and adsorption, the distribution of U(VI) aqueous
species calculated with the computer code MINT-
EQA2 (Allison et al. 1991, 1998) varied with the
M/V ratio of 10 and 1000 g 17" (for example, the
percentage of UOz(CO3)34_ was 16.2% and 5.5% at
M/V ratios of 10 and 1000 g 17", respectively, and
other species such as (UO,),(CO5)(OH);~ were also
present in the aqueous phase of the latter treatment;
Qafoku et al. 2008a).

In Hanford sediments relatively enriched in calcite
(up to 32% calcite by weight), exposed to different
electrolyte solutions with varying carbonate and Ca
contents, the U(VI) aqueous speciation changed
significantly with pH and carbonate concentration

(Qafoku et al. 2008b). The ternary species
Ca,UO,(CO3)3 and the binary species UOQ(CO3)34_
were respectively the dominant aqueous species at
lower and higher pH and dissolved inorganic carbon
concentrations. U(VI) aqueous speciation changed
with the M/V ratio, and Ca,UQO,(CO3); was the
dominant species; interestingly, UO,(CO3);*™ and
UO,(CO5),>~ increased in concentration with
decreasing M/V ratio (Qafoku et al. 2008b). Si was
also released from this sediment (concentration
varied from ~550 to 40 pmol 17" at M/V ratios of
1:2 and 1:100, respectively), but this did not affect
U(VI) or other element aqueous speciation and the
saturation indices of relevant solid phases. In all these
experiments, the aqueous phase was undersaturated
with respect to all U(VI) phases included in the
updated database of MINTEQA2 with current infor-
mation available in the literature.
Some ideas and trends for future studies are:

(1) Investigation of the formation and stability of
U(VI)-Na-carbonate species in the presence of
other competing elements (such as K, Mg, Ba,
Sr) in the aqueous phase;

(i) Elucidation of the role of uranyl metal carbon-
ate species on U(VI) sorption to different pure
soil minerals and sediments. Recent findings
demonstrated that U uptake by synthetic imog-
olite decreased with increasing NaNOj
concentration in the range from 0.02 to 0.5 M
(Arai et al. 2006);

(iii) To decouple and separately measure the effects
of aqueous Ca and carbonate ions on U(VI)
sorption extent and rate;

(iv) Quantification of how and when the aqueous
species are transformed to adsorption (solid
phase) species during U(VI) adsorption, and
identification of the driving forces behind this
transformation. Speciation of adsorbed U(VI)
may be constrained by the coordination envi-
ronment at the surface and solid phase U(VI)
speciation could be significantly less complex
than aqueous speciation (Waite et al. 1994).
Results from other studies have demonstrated
the uncertainty in assuming that the composi-
tion and predominance of adsorbed species can
be inferred from aqueous species (Bargar et al.
1999).
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2 Interaction of aqueous U(VI) with soil minerals
2.1 U(VI) sorption to soil minerals

Experiments have evaluated the U sorption to a vast
array of soil mineral and organic surfaces, as well as
other sorbents, such as quartz (Prikryl et al. 2001;
Greathouse et al. 2002; Froideval et al. 2003; Fox
et al. 2006), mackinawite (Moyes et al. 2000; Livens
et al. 2004), granite (Baik et al. 2004a), hematite
surfaces colonized by sulfate-reducing bacteria (Neal
et al. 2004), gibbsite (Baumann et al. 2005), nega-
tively charged cell walls of Bacillus subtilis (Gorman-
Lewis et al. 2005), synthetic imogolite (Arai et al.
2006), amorphous silica (Sylwester et al. 2000), silica
gel (Reich et al. 1998), gamma alumina (Sylwester
et al. 2000), nanocrystalline titanium dioxide (Wazne
et al. 2006), zero valent iron (Noubactep et al. 2005),
biogenic manganese oxide (Webb et al. 2006), bone
charcoal and bone meal apatite (Fuller et al. 2003),
hydroxyapatite (Fuller et al. 2002), clinoptilolite
(Prikryl et al. 2001), natural sediments (Kohler et al.
1996; Rosentreter et al. 1998; Waite et al. 2000;
Davis 2001; Bostick et al. 2002; Davis and Curtis
2003; Curtis et al. 2004, 2006; Davis et al. 2004,
2006; Kohler et al. 2004; Qafoku et al. 2005, 2008a,
2008b; Payne and Airey 2006; Um et al. 2007a), and
nanoporous zirconium-phosphate (Um et al. 2007b).

There has been some recent research work
suggesting that natural organic matter may play a
role in both aqueous complexation of U and adsorp-
tion onto soil surfaces (Dong et al. 2006). The result
from this study demonstrated that the migration of
depleted uranium may be limited by a combination of
processes that include rapid sorption of U(VI) species
to natural organic matter, followed by slow, intrinsic
bioreduction to U(IV).

In neutral to slightly alkaline systems, stable
aqueous anionic or neutral aqueous U(VI)-carbonato
species (Grenthe et al. 1992; Clark et al. 1995;
Kalmykov and Choppin 2000; Bernhard et al. 2001)
may sorb to different degrees on various soil minerals
(Duff and Amrhein 1996; Pabalan et al. 1998; Payne
et al. 1998; Bargar et al. 1999; Catalano and Brown
2005; Greathouse and Cygan 2005). Fe-oxide U(VI)-
carbonato complexes are likely to be important
transport-limiting species in oxic aquifers throughout
a wide range of pH values (Bargar et al. 2000). The
retardation extent of U(VI) under mildly alkaline
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conditions is therefore controlled by competition
between aqueous and surface complexation. There-
fore, the questions of concern are:

(i) Under what conditions would the vertical and
horizontal migration of aqueous U(VI) be min-
imized via adsorption?

(i1) What conditions favor the immobilization of
aqueous U(VI);

@iii) Under what conditions will the U(VI)

remobilize?

Although a mechanistic understanding of U(VI)
sorption in natural heterogeneous systems such as
soils and sediments is difficult to uniquely constrain,
information collected from carefully designed and
executed laboratory and field experiments conducted
with a variety of materials is useful for understanding
system’s behavior and contaminant mobility and
transport. The major variables that affect the extent of
U(VI) sorption to pure soil minerals or soil mineral
assemblages (such as soils and sediments) exposed to
neutral or slightly basic solutions, are summarized
below:

(1) Aqueous U(VI) concentration (Waite et al.
1994; Kohler et al. 1996; Pabalan et al. 1998);

(i) pH and ionic strength of the contacting solu-
tion (Waite et al. 1994; Kohler et al. 1996;
Pabalan et al. 1998; Payne et al. 1998; Ro-
sentreter et al. 1998; Catalano and Brown
2005);

(iii)) Aqueous carbonate concentration (Duff and
Amrhein 1996; Curtis et al. 2006; Noubactep
et al. 2006);

(iv) Aqueous Ca, Mg, Ba, Sr and Na concentrations
(Dong and Brooks 2006; Kelly et al. 2007);

(v)  Organic and inorganic ligand concentrations
(such as oxalate, humic acid, phosphate, car-
bonate, nitrate, ...) (Duff and Amrhein 1996;
Payne et al. 1998; Duff et al. 2002; Noubactep
2005; Arai et al. 2006; Cheng et al. 2006;
Krepelova et al. 2006);

(vi) Partial pressure of carbon dioxide (Waite et al.
1994; Duff and Amrhein 1996; Pabalan et al. 1998;
Payne et al. 1998; Catalano and Brown 2005);

(vii) Solid-to-solution ratio (Pabalan et al. 1998;
Phillippi et al. 2007).

Within the context of aqueous U(VI) interaction
with soil minerals when they occur in heterogeneous
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assemblages such as soils and sediments, one of the
most intriguing and unanswered question which
remain unanswered is: Do some soil minerals exhibit
a greater affinity for U(VI) than others? Are some
minerals able to sorb U(VI) at a different extent and/
or with a different rate than others? What are the
reasons for this behavior?

U(VI) sorption was studied in quartz, clinoptilo-
lite, montmorillonite and o-alumina, which are
sorbents possessing distinct mineralogical and sur-
face characteristics (Pabalan et al. 1998). After
comparing their results with those of the literature,
the authors concluded that the similarity in the pH
dependence of U(VI) sorption on quartz, ¢-alumina,
clinoptilolite, montmorillonite, amorphous silica, ka-
olinite, and hydrous titanium oxide suggested that
U(VI) sorption was not sensitive to the surface charge
characteristics of the sorbent as compared to the
effect of changing the number of available sorption
sites (Pabalan et al. 1998). They found that the
magnitudes of U(VI) sorption at a specific pH, initial
U concentration and CO, partial pressure were
essentially the same for the different minerals if
normalized to an “effective” surface area. Changing
M/V had little effect on U(VI) distribution coefficient
(Kq), except at very low values (Pabalan et al. 1998).

Other authors have reinforced the idea that the
extent of U(VI) sorption depends more on reactive
surface area than on the surface properties of
sorbents. For example, in a study conducted with
25 sediment samples, significant correlations between
U(VI) sorption and surface area were found (Ro-
sentreter et al. 1998). These authors claimed that
mineralogy and grain size had essentially no influ-
ence on the sorptive capacity of these sediments
(Rosentreter et al. 1998).

In summary, this topic is important and additional
research is needed to determine if surface area is, in
fact, the key parameter controlling the extent of
U(VI) sorption in mixtures of different sorbents.

We will focus our review of published research
work on three groups of soil minerals and U(VI)
sorbents, i.e., Fe oxides, phyllosilicates and calcium
carbonates (mainly calcite), which are ubiquitous in
soils and sediments and, mainly for this reason, play
an important role in determining U(VI) fate in
contaminated natural systems under oxic or alter-
nated oxic and anoxic conditions.

2.2 Fe oxides

Fe oxides are one of the end products of the
weathering process, and occur in almost all soils
and sediments as strongly pigmented clay-sized
oxide, oxyhydroxide, and hydroxide minerals (Schw-
ertmann and Taylor 1989; Kampf et al. 2000;
Bigham et al. 2002; Cornell and Schwertmann
2003; Qafoku and Amonette 2003). Fe oxides form
clay-sized particles as small as a few nanometers
across (e.g., ferrihydrite) and have specific surfaces
as high as several hundreds of m* g~' (Cornell and
Schwertmann 1996). Even crystalline Fe oxides (e.g.,
hematite) may have a specific surface of greater than
100 m* g~' (Schwertmann and Taylor 1989). They
have a point of zero charge in the neutral or slightly
basic pH range (Sposito 1984, 1989).

Numerous experimental observations and model
calculations have demonstrated that Fe (hydr)oxides
show great affinity for aqueous U(VI) under circum-
neutral and slightly alkaline conditions (Hsi and
Langmuir 1985; Ho and Miller 1986; van Geen et al.
1994; Waite et al. 1994; Duff and Amrhein 1996;
Reich et al. 1998; Bargar et al. 1999, 2000; Moyes
et al. 2000; Villalobos et al. 2001; Dodge et al. 2002;
Wazne et al. 2003; Cheng et al. 2006; Lefevre et al.
2006; Ulrich et al. 2006; Jang et al. 2007; Rovira
et al. 2007). In a study of U sorption, uptake onto
both goethite and lepidocrocite occurred by surface
complexation and ceased when the surface sites were
saturated (Moyes et al. 2000). XAS measurements
indicated that bidentate inner-sphere surface com-
plexes were formed on the iron hydroxides by
coordination of two surface oxygens from an iron
octahedron in the equatorial plane of the complex
(Moyes et al. 2000).

Results from field studies also demonstrate that
U(V]) is concentrated in Fe oxide nodules and veins
that consist of goethite and hematite (Murakami
et al. 2005), or in Fe oxide coatings on quartz
grains (Read et al. 1993), and, thus, sediments
behave as strong U(VI) sorbents when high-affinity
soil minerals, such as Fe oxides, are present in high
abundances. Researchers propose that strong U(VI)
sorbents, such as Fe oxides, can significantly
modify sorption behavior of natural systems even
when they are present as minor phases (Payne et al.
1998).
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2.2.1 Contacting aqueous solution

Carbonate concentration dramatically affects the
adsorption of U onto Fe hydroxides and its mobility
in the natural environment (Wazne et al. 2003). An
increase in carbonate concentration causes a shift in
the antisymmetric stretching vibration of the uranyl
U-O bond toward lower wavenumbers, which indi-
cates an increasing carbonate effect in the adsorbed
uranyl carbonate complexes (Wazne et al. 2003).

Nevertheless, U(VI) carbonato complexes do sorb
onto Fe oxide surfaces to a large extent. Attenuated
total reflectance Fourier transform infrared (ATR-
FTIR) and extended X-ray absorption fine structure
(EXAFS) spectroscopies were used to probe the
identities, structures, and compositions of =FeO
surface-U(VI)-carbonato complexes on hematite
throughout the pH range of uranyl uptake under
conditions relevant to aquifers (dilute U(VI) concen-
tration, 0.1-47.2 pM, pH = 4.73-8.25, presence of
CO,; Bargar et al. 1999). U(VI)-carbonato complexes
were found to be the predominant adsorbed U(VI)
species at all pH values examined, a much wider pH
range than previously postulated based on analogy to
aqueous U(VI)-carbonato complexes, which are trace
constituents at pH < 6 (Bargar et al. 1999).

In a follow up study by Bargar et al. (2000),
EXAFS spectroscopy and electrophoretic measure-
ments recorded under conditions relevant to surface
waters and aquifers (pH 4.5-8.5), suggested the
existence of anionic U(VI)-carbonato ternary com-
plexes on hematite (Bargar et al. 2000). U(VI) was
simultaneously coordinated to surface FeOg4 octahedra
and carbonate (or bicarbonate) ligands in bidentate
fashions, confirming that the ternary complexes have
an inner-sphere metal bridging (hematite-U(VI)-
carbonato) structure (Bargar et al. 2000). Greater than
or equal to 50% of adsorbed U(VI) was comprised of
monomeric hematite-U(VI)-carbonato ternary com-
plexes, even at pH 4.5, while dimeric U(VI) species
were observed at pH > 6.5 (Bargar et al. 2000).

Other studies have corroborated these findings.
Batch tests, zeta potential measurements, and Fourier
transform infrared (FTIR) spectroscopic studies were
utilized to characterize the nature of U(VI) adsorption
on ferrihydrite (Wazne et al. 2003). Zeta potential
and FTIR spectroscopic measurements indicated
that U(VI) was adsorbed as a cationic species
(SO-UO,*™) (where SO is an active surface site) in
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the absence of carbonate, and as anionic U(VI)
complexes (uranyl carbonate complexes) in the pres-
ence of carbonate at neutral pH (Wazne et al. 2003).

Lastly, results from a recent study conducted with
ferrihydrite indicated that in the presence of dissolved
carbonate and near a pH value of 8.0, a distal
carbonate O-atom at 4.3 A supported the formation
of ternary U(VI)-carbonato surface complexes (Ulrich
et al. 2006). However, in slightly acidic conditions
(pH 5-6) in equilibrium with atmospheric CO, the
U(VI) sorption on ferrihydrite was dominated by the
binary complex species Fe(O)(2) = UO,, whereas
ternary U(VI)-carbonato surface complexes were of
minor relevance. These results confirm that U(VI)
forms stable inner-sphere sorption complexes even in
the presence of carbonate and at slightly alkaline pH
(Ulrich et al. 2006). These authors also stated that the
type of surface complexes may change from binary
uranyl-ferrihydrite to ternary carbonato-uranyl-fer-
rihydrite complexes depending on the concentrations
of U(VI) and carbonate. Definitely, detailed studies
are required to determine whether these different
binding mechanisms can influence the overall reten-
tion of U(VI) at the macroscopic level.

2.2.2 Speciation of sorbed U(VI)

Speciation of adsorbed U(VI) to Fe oxides has been a
topic of discussion in the literature. The general belief
is that sorbed surface species are of a different type than
the aqueous complexes. Results from a study of U(VI)
adsorption to ferrihydrite under alkaline conditions
suggested the existence of a surface species and was
modeled as a ternary surface complex with UO,CO5"
binding to a bidentate surface site. This surface species
was different than the predominant aqueous species
such as multinuclear hydrolysis complexes of several
U(VI)-carbonate complexes (Waite et al. 1994). As it
was mentioned above (Sect. 2.3), other authors have
emphasized the inadequacy of the common modeling
assumption that the compositions and predominance of
adsorbed species can be inferred from aqueous species
(Bargar et al. 1999).

2.2.3 Surface mediated U(VI) precipitation
and incorporation

Fe oxide surfaces may catalyze and mediate U(VI)
precipitation reactions. The distinction between
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sorption control and precipitation control of the
dissolved U concentration was investigated in a
recent study (Giammar and Hering 2001). In heter-
ogeneous nucleation experiments, the dissolved U
concentration was ultimately controlled by the solu-
bility of a precipitated uranyl oxide hydrate, which
was confirmed to be schoepite (Giammar and Hering
2001). Precipitation was kinetically hindered at low
degrees of supersaturation (Giammar and Hering
2001). In one experiment, metastable sorption con-
trolled dissolved U concentrations in excess of the
solubility limit for more than 30 days (Giammar and
Hering 2001).

U(V]) incorporation into Fe oxide structures is
another topic not well explored in the literature.
Because of the large ionic radius of UO,*"
(~1.8 A) relative to that of Fe’* (0.65 A), the
UO,>" ion is unlikely to be incorporated in the place
of Fe in Fe(Ill)-oxide structures (Duff et al. 2002).
Solid-phase U(VI) can exist as the U0+ species
with two axial U-O double bonds and four or more
equatorial U-O bonds or as the uranate species (such
as gamma-UQ;) without axial U-O bonds (Duff
et al. 2002). These authors found that U(VI) (with
ionic radii of 0.72-0.8 A, depending on the coordi-
nation environment) was incorporated in the Fe
oxides as uranate (without axial O atoms) until a
point of saturation is reached. When U concentra-
tions reach saturation and overcome barriers to
precipitation kinetics, U(VI) forms discrete crystal-
line uranyl phases that resemble the uranyl oxide
hydrate schoepite (Duff et al. 2002). Molecular
modeling studies reveal that U(VI) species could
bond with O atoms from distorted Fe octahedra in
the hematite structure with an environment that is
consistent with the results of the XAFS, providing
compelling evidence of U incorporation within the
hematite structure (Duff et al. 2002).

2.3 Phyllosilicates

Phyllosilicates are common soil minerals that
strongly influence both the chemical and physical
properties of soils because of their small particle
sizes, high surface areas, and unique exchange
properties (Schulze 2002). A full understanding of
their behavior in soil systems is central to under-
standing environmentally relevant reactions and
processes.

Experimental observations as well as model and
molecular dynamic calculations have demonstrated
that phyllosilicates show great affinity for aqueous
U(VI), which is adsorbed onto montmorillonite
(Benes et al. 1998; Sylwester et al. 2000; Hyun et al.
2001; Kowal-Fouchard et al. 2004; Catalano and
Brown 2005; Greathouse and Cygan 2005, 20006),
muscovite (Moyes et al. 2000; Arnold et al. 2006),
kaolinite (Payne et al. 2004; Krepelova et al. 2006,
2007), biotite (Ames et al. 1983), halloysite (Kilis-
lioglu and Bilgin 2002) and beidellite (Greathouse
and Cygan 2000).

2.3.1 Sorption affinity

Studies have been conducted to compare sorption
affinities of Fe oxides and phyllosilicates. Studies
conducted with pure samples of Fe oxides and
phyllosilicates in single and/or mixed phase suspen-
sions demonstrate that U(VI) uptake on kaolinite is
much weaker than U(VI) uptake on ferrihydrite under
similar experimental conditions, although U(VI)
adsorption to both kaolinite and ferrihydrite is
similarly dependent on experimental variables such
as pH, total U(VI), and mass loading (Payne et al.
1998). These authors found that the sorption proper-
ties of a mixed system (kaolinite/ferrihydrite) are
very similar to those of ferrihydrite, although fer-
rihydrite is the minor phase on a mass basis (about
2.2 wt.%; Payne et al. 1998).

2.3.2 Contacting aqueous solution

Many investigations have been conducted with the
objective of studying U(VI) sorption to different
phyllosilicates. The results presented in some of the
most recent studies that emphasize the role of
contacting solution composition and pH, will be
summarized in the following paragraphs.

The uptake of uranyl by a specific type of kaolinite
(KGA-1b) in air-equilibrated systems increased with
pH and reached a maximum in the near-neutral pH
range (Payne et al. 2004). Sorption extent decreased
at higher pH due to the presence of aqueous uranyl
carbonate complexes. Ti-rich impurities (predomi-
nantly anatase) were present in this kaolinite and
TEM/EDS analyses performed in a post-treatment
kaolinite showed that U was preferentially adsorbed
by this impurity, which appears to play an important
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role in retaining U at low uranyl concentrations.
Uranyl sorption on the Georgia kaolinites was
simulated with U sorption reactions on both titanol
and aluminol sites, using a simple non-electrostatic
surface complexation model (SCM). A ternary uranyl
carbonate complex on the titanol site improved the fit
to the experimental data in the higher pH range.

Investigators used molecular dynamics simula-
tions to study the adsorption of aqueous uranyl
species onto clay mineral surfaces in the presence of
Na counterions and carbonato ligands (Greathouse
and Cygan 2005). The model system consisted of the
basal surface of a low-charge Na-montmorillonite
clay in contact with aqueous uranyl carbonate
solutions. Uranyl adsorption decreased as the aque-
ous uranyl carbonate concentration increased, while
Na adsorption remained constant. The observed
behavior is explained by physical and chemical
effects. As the ionic strength of the aqueous solution
increased, electrostatic factors prevented further
uranyl adsorption once the surface charge had been
neutralized. It is important to note that these authors
found that the formation of aqueous uranyl carbonate
complexes, including uranyl carbonato oligomers (an
assemblage of a finite number of monomers),
contributed to the decreased uranyl adsorption in
montmorillonite.

Molecular dynamics simulations were also per-
formed to provide a systematic study of aqueous
uranyl adsorption onto the external surface of 2:1
dioctahedral smectitic clays in the presence of Na and
carbonate (Greathouse and Cygan 2006). No adsorp-
tion occurred near the pyrophyllite surface, and there
was little difference in uranyl adsorption onto the
beidellite and montmorillonite, despite the difference
in location of clay layer charge (Greathouse and
Cygan 2006). At low uranyl concentrations, the
pentaaquouranyl complex dominated in solution and
readily adsorbed to the clay basal plane. At higher
uranyl and carbonate concentrations, the mono car-
bonato complex formed in solution and uranyl
adsorption decreased. Sodium adsorption onto beid-
ellite had little effect on uranyl adsorption. Uranyl
surface complexes consisted primarily of the pentaa-
quo cation (85%) and to a lesser extent the mono
carbonato species (15%). Oligomeric uranyl com-
plexes were observed at high ionic strength,
particularly near the pyrophyllite and montmorillon-
ite surfaces. Atomic density profiles of water oxygen
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and hydrogen atoms are nearly identical near the
beidellite and montmorillonite surfaces.

U(VI) sorption on kaolinite was a function of pH
(pH = 3-10), CO, and the presence of humic acid
(HA) in the contacting solution (Krepelova et al.
2006). Above pH 6 the U(VI) uptake remained
unchanged. Because of the formation of negatively
charged uranyl carbonate complexes, the decrease in
the U(VI) sorption onto the negative surface of
kaolinite was observed above pH 8 in the presence of
CO,. The formation of aqueous uranyl-humate com-
plexes reduces the U(VI) sorption in the near neutral
pH range. The ionic strength had a slight influence on
the U(VI) sorption to kaolinite.

2.3.3 Speciation of sorbed U(VI)

Adsorption of uranyl onto Wyoming montmorillonite
was investigated with extended X-ray absorption fine
structure (EXAFS) spectroscopy (Catalano and
Brown 2005). At near-neutral pH (~7) and high
ionic strength (1 M), the equatorial oxygen shell of
uranyl was split, indicating inner-sphere binding to
edge sites. Analysis of the binding site on the edges
of montmorillonite suggested that U(VI) sorbs pref-
erentially to [Fe(O,0H)(6)] octahedral sites over
[AI(O,OH)(6)] sites. When bound to edge sites,
U(VI) occurred as uranyl-carbonato ternary surface
complexes in systems equilibrated with atmospheric
CO,, These authors reported that polymeric surface
complexes were not observed under any of the
conditions studied.

Time-resolved laser-induced fluorescence spec-
troscopy (TRLFS) was used to study the U(VI)
surface complexes on kaolinite in the presence or
absence of humic acid (HA) (Krepelova et al. 2007).
Aluminol binding sites were assumed to control the
sorption of U(VI) onto kaolinite in this study. Two
uranyl surface species were identified in the binary
[U(VD-kaolinite] and ternary systems [U(VI)-HA-
kaolinite], respectively. In the binary system, both
surface species can be attributed to adsorbed biden-
tate mononuclear surface complexes, which differ in
the number of water molecules in their coordination
environment. In the ternary system, U(VI) was
directly bound to kaolinite, but it was sorbed as a
uranyl-humate complex.

TRLEFES and high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM)
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were applied to investigate the speciation of ura-
nyl(VI) adsorbed onto muscovite platelets and
muscovite suspensions (Arnold et al. 2006). TRLFS
provided evidence for the presence of two adsorbed
U(VI) surface species on edge-surfaces of muscovite,
with different coordination environments. The surface
species with the shorter fluorescence lifetimes are
interpreted as truly adsorbed bidentate surface com-
plexes, in which the U(VI) binds to exposed aluminol
groups of edge-surfaces. The surface species with the
longer fluorescence lifetimes are interpreted to be an
amorphous U(VI) condensate or nanosized clusters of
polynuclear U(VI) surface species with a particle
diameter of 1-2 nm (Arnold et al. 2006).

Laser-induced fluorescence spectroscopy (LIFS)
and X-ray photoelectron spectroscopy (XPS) was
performed on uranyl ion loaded montmorillonite in
experiments where pH was varied from 2 to 8
(Kowal-Fouchard et al. 2004). The lifetime values
and the U4f XPS spectra of U(VI) sorbed on
montmorillonite demonstrated that this ion was
sorbed on both exchange and edge sites. The
interaction between uranyl ions and montmorillonite
edge sites occurred via both AIOH and SiOH surface
groups and involved three distinct surface complexes
(Kowal-Fouchard et al. 2004).

2.3.4 Surface mediated U(VI) precipitation or
incorporation

Surface mediated precipitation of U(VI) phases has
been observed in experiments conducted with phyl-
losilicates. For example, unlike the surface of Fe
oxides, the muscovite surface did not become satu-
rated and uptake of U(VI) increased linearly
suggesting formation of a U phase on the surface
(Moyes et al. 2000). U uptake on muscovite may
occur through surface precipitation, the first layer of
U atoms binding through equatorial coordination of
two adjacent surface oxygen atoms from a silicate
tetrahedron, with the axial oxygen atoms of the
uranyl unit aligned across the hexagonal “cavities”
(Moyes et al. 2000). HAADF-STEM revealed that
nanoclusters of an amorphous U phase were attached
to the edge-surfaces of muscovite powder during
batch sorption experiments (Arnold et al. 20006).
These U-nanoclusters were not observed on {001}
cleavage planes of the muscovite.

2.3.5 The special case of clinochlore

We draw attention to one particular type of phyllos-
ilicates: the chlorite group (Kohut and Warren 2002).
Chlorite minerals are particularly reactive detrital
phyllosilicates under the oxidizing conditions that
exists in many soils and sediments. Chlorite is the
weathering product of ferromagnesian minerals, and
it typically not a primary phase. The excess negative
charge in these minerals is balanced by a positively
charged interlayer di- or tri-octahedral hydroxide
sheet, which has a positive net charge caused by
substitution of higher valence cations for lower
valence ones, for example Mg,Al(OH)s" (Schulze
2002). These substitutions may occur in either or both
octahedral sheets of chlorites, the one that is part of
the 2:1 layer or the interlayer sheet. These sheets can
contain cations such as Mg®", Fe’", Mn**, Ni**,
Al3+, Fe3+, and Cr**. Chlorite (or ferroan clinoch-
lore which is a Fe(Il)-rich chlorite) is common in
some contaminated sites, such as the Hanford site in
the State of Washington (Qafoku et al. 2005).

Chlorite (or clinochlore) has a multidimensional
role in the complex U(VI) attenuation processes that
occur in natural sytems which will be presented
below:

(i) Studies have shown that uranyl sorbs to the
clinochlore interlayer (brucite interlayer) by
corner and edge sharing bidentate complexes
(Muckett et al. 1998). In addition, experiments
conducted with granite to investigate the contri-
bution of constituent minerals to total U(VI)
uptake indicated that U(VI) has a relatively
strong affinity for chlorite (Baik et al. 2004b).

(i) Second, clinochlore, an Fe(I)-bearing 2:1:1 soil
mineral, weathers or undergoes dissolution to
yield soluble Fe(II) (Qafoku et al. 2003), which
then oxidizes to form poorly crystalline Fe(III)
oxides such as ferrihydrite (Pabalan and Turner
1997; Arnold et al. 1998, 2001; Pabalan et al.
1998), or other Fe(IIl) oxides that are strong
U(VI) sorbents.

(iii) Aqueous U(VI) may be reduced by soluble
Fe(Il) released from chlorite upon its
dissolution.

(iv) Redox sensitive contaminants such as U(VI)
may sorb on hydroxylated edge sites of
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chlorite, and serve as electron acceptors of the
structural Fe(II).

(v) The migration of U(VI) species may be cur-
tailed by attachment between the expandable
layers of chlorite. This diffusion controlled
process appears to be driven by a multiple step,
coupled sorption and reduction (charge distri-
bution) reactions, which result in U(VI)
reduction by structural Fe(Il) of the clinoch-
lore’s brucite interlayer.

2.4 Calcite

Calcite is a ubiquitous mineral in soils and sediments
and usually tends to dominate geosystem’s chemical
behavior when it is present at a level of 1% or more
(Langmuir 1997). However, literature offers rela-
tively few insights on the potential role of natural
calcite in controlling U(VI) behavior in contaminated
calcite-rich sediments (Kaplan et al. 1998; Zheng
et al. 2003; Dong et al. 2005; Wang et al. 2005).

2.4.1 Sorption affinity

The extent and rate of U(VI) sorption to calcite and
U(V]) interactions at the calcite:water interface have
been studied and reported in the literature (Morse
et al. 1984; Carroll and Bruno 1991; Carroll et al.
1992; Geipel et al. 1997; Reeder et al. 2001, 2004;
Savenko 2001; Elzinga et al. 2004). These studies
have revealed that the extent of U(VI) adsorption in
systems open to atmosphere depends on aqueous
carbonate aqueous concentrations, which is con-
trolled by calcite solubility. Aqueous carbonate is
an important U(VI) ligand in contaminated subsur-
face pore waters because of the stability of the
negatively charged U(VI)-carbonato and neutral Ca-
U(VI)-carbonato aqueous species (Kalmykov and
Choppin 2000; Bernhard et al. 2001), which domi-
nate U(VI) speciation at slightly alkaline pH.

2.4.2 Contacting aqueous solution

Aqueous U(VI)-carbonate complexes may interact
with calcite forming surface complexes, but studies
have shown that U(VI) exhibits limited adsorption to
calcite and sorption is reversible (Carroll and Bruno
1991; Elzinga etal. 2004). Studies have also
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demonstrated that multiple adsorption species may
form on calcite surfaces. For example, luminescence
spectroscopic studies have indicated the presence of
at least two adsorption complexes on calcite surfaces,
that change proportion with U(VI) loading (Elzinga
et al. 2004): one species (the U(VI) triscarbonate
complex) dominates at low surface coverage, and the
other one (an intermediate between the triscarbonate
species found at the lowest loadings and U(VI)
incorporated in calcite crystal structure) is observed
at higher surface loading.

2.4.3 Calcite mediated U(VI) precipitation
and sequestration

A second possible mechanism of U(VI) attenuation in
the U(VI)-calcite system is solid-phase mediated
U(VI) precipitation. U(VI) precipitation at the cal-
cite-solution interface is observed only when the
initial U(VI) concentration is greater than the solu-
bility of rutherfordine, UO,CO3sonay (Carroll et al.
1992), or under conditions of unusual pH and
carbonate concentration associated with extreme
waste chemistry and over-neutralization (Wang et al.
2005).

A third mechanism of U(VI) attenuation in the
U(VD)-calcite system is U(VI) sequestration inside
calcite crystal structure. Although calcite was initially
believed to be an unsuitable host for the long-term
sequestration of U(VI) (Reeder et al. 2000), a recent
spectroscopic study has shown that uranyl has a
stable lattice position within natural calcite (Kelly
et al. 2003). It is interesting to note that the stable
configuration of uranyl in calcite was found in natural
calcite crystals that are quite old. In contrast,
incorporation of uranyl in recently-grown calcite in
the laboratory does not occur in a stable configura-
tion, and this may be interpreted to mean that uranyl
partitioning changes (becomes more stable) with
time. This implies that contaminant U(VI) may
coprecipitate with calcite and may be sequestered
during growth-periods yielding a mineral association
that may influence or limit U(VI) migration (Kelly
et al. 2003; Reeder et al. 2004). Other spectroscopic
studies have shown that some U(VI) substitution sites
in calcite may be distorted to exhibit a local, more
energetically favorable aragonite structure (Wang
et al. 2005).
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Because multiple sorbed U(VI) species (adsorbed,
precipitated, and sequestrated) with different stabil-
ities may simultaneously exist in calcite-bearing
contaminated sediments, U(VI) partitioning may be
influenced by energetic and possibly mechanistic
differences that increase the complexity of U(VI)
sorption/desorption behavior. The prediction of this
behavior is quite challenging and little information is
available in the literature.

3 Soil minerals and kinetics of U(VI) sorption

3.1 Time-dependent soil mineral:aqueous U(VI)
interactions

Studies have demonstrated that U(VI) adsorption to
single soil mineral phases is typically kinetically
controlled and exhibits strong time-dependency, as
illustrated by the different uranyl configurations in
calcite over time cited above. Examples involving
some common soil minerals follow. U(VI) adsorption
to hematite demonstrated a rapid initial phase of 30
minutes and a longer phase extending to hundreds of
hours (Bargar et al. 2000). In systems that are open to
air, the major U(VI) surface species formed were
ternary  uranyl-carbonate complexes such as
FeO,U0,CO5>~ and FeO,UO,(CO5),*™ over the pH
range 4-9, in the presence of a total U(VI) concen-
tration of 10> M. The rates of U adsorption and
desorption on a synthetic goethite have been evalu-
ated in batch experiments conducted at constant pH of
6 and ionic strength of 0.1 M (Giammar and Hering
2001). Adsorption and desorption reactions following
the perturbation of initial states were completed
within minutes to hours. Although the U desorption
rate was unaffected by the aging of U-goethite
suspensions (6 months), the aging process appears to
remove a portion of adsorbed U from a readily
exchangeable pool. At faster pore water velocities,
U(VI) adsorption in a goethite column was far from
equilibrium (Gabriel et al. 1998). A two-step kinetic
behavior dominates in both the intact surfaces and
natural fracture surfaces of granite (Baik et al. 2004a).

Soils and sediments are heterogeneous and consist
of natural assemblages of primary soil minerals at
different stages of weathering, secondary soil minerals
that are products of weathering and other soil forma-
tion processes, organic matter and living organisms.

Properties such as soil mineral abundances, degree of
crystallinity, location of the phase along the ground-
water flow path, soil mineral associations and
aggregation, particle size distribution, and chemical
concentration gradients within the network of pores
may have quite a remarkable effect on the Ky, and
extent and rate of U(VI) sorption reactions.

Because of intraparticle diffusion, rate limited mass
transfer, redistribution between sites with differing
reactivities or location, and surface precipitation, both
U(VI) adsorption and desorption should be kinetically-
controlled in soils and sediments (Braithwaite et al.
1997, 2000; Mason et al. 1997; Gamerdinger and
Kaplan 2000; Gamerdinger et al. 2001a, b; Qafoku
et al. 2005; Qafoku et al. 2008a, b). Decoupling the
effects of different reactions and processes, and
measuring time scales of the kinetically controlled
chemical reactions and physicochemical processes is a
challenge researchers are currently facing. On the other
hand, time scales of reactions and processes are
important parameters to be estimated to accurately
predict U(VI) behavior and transport through hetero-
geneous natural systems.

3.2 Mineralogical, physical and chemical
heterogeneities

3.2.1 Mineralogical heterogeneities

There are two types of mineralogical heterogeneities
in soils and sediments: (i) Sediments are heteroge-
neous media because they may contain a variety of
sorbents each exhibiting different sorption properties,
and (ii) precipitated U minerals undergo a parage-
netic sequence of phases (Catalano and Brown 2004;
Liu et al. 2004a; Wang et al. 2005; Arai et al. 2007).

In the first case, the general belief is that the type
of sorbents and especially the degree of crystallinity
may be important determinants of U(VI) sorption
extent and rate (Rosentreter et al. 1998). Sorbed U in
deep vadose zone sediments at Hanford 200 Area was
associated with intragrain fractures of granitic lithic
clasts (McKinley et al. 2006). Although the granitic
clasts are the minor components of the sediments
(<4%), they are the exclusive host for sorbed U(VI),
most likely resulting from preferential interactions
between U(VI) in the waste fluids and the sediments,
and diffusive mass transfer limitations (Liu et al.
2006; McKinley et al. 2006).
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The second type of heterogeneity emphasizes
progressive formation of multiple U solid phases
with different solubilities (Catalano and Brown 2004;
Liu et al. 2004a; Wang et al. 2005; Arai et al. 2007).
The most common U precipitates include oxyhydrox-
ides, carbonates, silicates and phosphates that evolve
in this order (Finch and Murakami 1999). Recent
studies involving X-ray absorption spectroscopy and
cryogenic laser induced fluorescence spectroscopy
(CLIFS) demonstrated that U(VI) may coprecipitate
with calcite (Kelly et al. 2003; Wang et al. 2005).
The study by Kelly et al. reported results for a single
calcite crystal. Whether or not their results can be
universally applied to all calcium carbonates is an
open question and may very well depend on the
precipitation kinetics of calcite. The type of U
neophases, their physical location and mineral phase
associations depend on the existing and newly created
specific conditions as a result of the aqueous and
solid phase interactions in the inter- and intra-
aggregate network of micro and nanopores. The neo
or existing U solid phases are difficult to identify
when they occur in remote microscopic domains. U
behavior observed in macroscopic desorption exper-
iments would actually be a complex, time-dependent
process and would be difficult to describe and predict.

3.2.2 Physical heterogeneities

U(VI) adsorption/desorption behavior will strongly
depend on the physical location of potential U(VI)
sorbent domains within the macro, meso, and micro-
pore network of the heterogeneous soil matrix. When
these domains are located in the remote areas in
relation to the advective pores, U(VI) movement is
then controlled by time-dependent intraparticle dif-
fusion and rate limited mass transfer. In addition,
physical properties of the solid phase such as particle
size distribution and reactive surface area (Rosentr-
eter et al. 1998) may have an effect on the time-
dependent U(VI) mobility and transport. A finer
texture is commonly associated with a greater surface
area per unit weight of sorbent and a greater
concentration of sorbing surface sites available for
U(VI) sorption, with different sorption properties. We
emphasize that soil minerals that exhibit high affinity
for aqueous U(VI) typically occur in the fine fraction.
Studies are required to investigate separately the
surface area and affinity effects on U sorption.
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3.2.3 Chemical heterogeneities

The chemical composition and pH of the aqueous
phase in sediments is controlled by time-dependent
dissolution and precipitation reactions of different
solid phases that compose the sediment. Pockets or
microcosmos of aqueous phase with a different
elemental composition and pH of that of the advec-
tive pore water may be formed within the sediment
pore network. The aqueous phase chemical hetero-
geneity may affect the rate of U(VI) sorption and
desorption reactions through the effects associated
with pH and ionic composition. In addition, the solid
phase chemical heterogeneity may also affect rates of
U(VI) sorption and desorption. For example, sorbed
U beneath the 300 Area is associated with secondary
particle coatings and microporous aggregates of clay-
sized phyllosicates (Qafoku et al. 2005; Zachara
et al. 2005). The solid phase speciation of U(VI) is
complex and exhibits continuous transitions from
multi-component precipitated phases near the con-
taminated fluid source, to adsorbed complexes in
underlying deeper sediments (Wang et al. 2005;
Catalano et al. 2006). Changes in speciation across
the soil profile increase the complexity of the system,
promoting multiple-rate adsorption and desorption,
and make difficult the overall prediction of the time-
dependent U(VI) sorption.

3.3 Diffusion and mass transfer

In many contaminated sites U has been in contact
with the sediments for relatively long periods of time,
allowing U movement towards remote regions within
sediments matrix that are influenced by diffusion-
limited mass transfer. Recent research has revealed
that sorbed U(VI) in the sediments exists in complex,
microscopic, intragrain domains (McKinley et al.
2006).

U(VI) sorbed in intragrain remote regions may
desorb (de-adsorb and/or undergo dissolution) with
varying release rates and extent, which may be
controlled by chemical reactions that occur inside
these regions, and the reactants mass transfer to and
products mass transfer from these microscopic
domains to advective flow pores (Liu et al. 2004a;
Qafoku et al., 2005). Pore waters flow through
permeable layers or regions, while pore water in less
permeable or intragrain regions remains virtually
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immobile. The exchange of mass between regions
with different dynamic properties occurs via diffusion
or mass transfer driven by concentration or thermo-
dynamic potential gradients.

Diffusion is the movement of an aqueous chemical
species of a contaminant from regions of higher
concentration to regions of lower concentration due
to the ceaseless random thermal motion of molecules
(molecular diffusion), or random motion of the water
that carries the chemical (turbulent diffusion), or a
combination of the two (Hemond and Fechner-Levy
2000). Another term, microscale mass transfer, is
commonly used in the contemporary literature to
describe the same physical phenomenon. A specific
case of diffusion or microscale mass transfer is when
aqueous phase concentration gradients are created as
a result of a sorption reaction at the solid:solution
interfaces. In this case, the mass transfer of a
chemical is driven by a combination of two sequen-
tial chemical (sorption) and physical (gradient of
concentration) processes. This coupling controls the
overall rate and extent of the exchange of mass
between regions of different fluid residence times.
Decoupling these steps is essential in understanding
the reactivity and stability of U(VI) intragrain
complexes and phases, predicting the mobility of
intragrain U(VI) following the intragrain and inter-
grain gradient of concentration, and finding the most
suitable remediation strategy for = site-specific
conditions.

Mass-transfer to and from poorly accessible sor-
bent domains was responsible for the non-equilibrium
sorption—desorption behavior of U(VI) in a contam-
inated site at Hanford (Liu et al. 2004a, 2006; Qafoku
et al. 2005). Microscopic evaluation of thin sections
of the sediments from this and other sites show that
sand grains and lithic fragments of various sizes are
coated with films of the phyllosilicates that were
identified in the clay-sized fraction (e.g., smectite,
vermiculite, chlorite). These silt and clay films
represent sorbent domains with limited diffusivity
that impacted U(VI) sorption rate and extent.

Some literature sources on the role of diffusion
and the mass transfer phenomenon in soils and
sediments are available to investigators seeking to
understand this phenomenon better (van Genuchten
and Wierenga 1976, 1977; Lichtner 1993, 1996; Li
et al. 1994; Haggerty and Gorelick 1995, 1998;
Harvey and Gorelick 1995; Reedy et al. 1996; Culver

et al. 1997; Steefel and van Cappellen 1998; Hollen-
beck et al. 1999; Li and Brusseau 2000; Wang et al.
2003; Zinn and Harvey 2003; Haggerty et al. 2004;
Liu et al. 2004a, 2004b, 2006; Harvey et al. 2005;
Steefel et al. 2005; Lichtner and Carey 2006; Liu
2007; Yabusaki et al. 2007).

3.4 Importance of kinetics

The kinetic aspects of U(VI) mobility may be
important in natural assemblages of soil minerals,
but unfortunately the literature offers few insights on
this important subject. The kinetics of U(VI) adsorp-
tion and desorption could be an important factor in
controlling the long-term evolution and dissipation of
contaminant plumes. U(VI) adsorption during unsat-
urated transport experiments with two sediments, a
silt loam (56% silt) and sand (98% sand) textured
Hanford sediment, was affected by rate-limited mass
transfer (Gamerdinger et al. 2001a, b). Recent trans-
port studies conducted with simulated Hanford
groundwater and vadose zone sediments from the
200 (BX tank farms) and 300 Areas at Hanford, have
shown that U(VI) was significantly retarded and
exhibited strong time dependency (Qafoku et al.
2005; Ilton et al. 2008). Even in coarse-textured
sediments with limited sorption capacities, U(VI)
migration was kinetically controlled by pore-scale,
mass transfer processes.

Soil mineralogy plays an important role in deter-
mining system behavior during U(VI) adsorption and
desorption. Examples from recent research conducted
with sediments with different mineralogical compo-
sition will be presented below. The contaminated
sediments from the 300 Area at Hanford contained
primarily adsorbed U(VI) (Qafoku et al. 2005; Bond
et al. 2007). These investigators concluded that mass-
transfer of U(VI) to and from poorly accessible
sorbent domains within the sediment fine fraction was
responsible for the non-equilibrium sorption-desorp-
tion. Microscopic evaluation of thin sections of this
and other related sediments from the site (by
McKinley JP, personal communication) showed that
sand grains and lithic fragments of various sizes were
coated with thin layers of the phyllosilicates in the silt
and clay-sized fractions (e.g., smectite, vermiculite,
chlorite). They represented sorbent domains with
limited diffusivity that impacted U(VI) sorption rate
and extent. We note, however, that our fitting of the
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two-region, physical nonequilibrium model to the Br-
breakthrough curves (BTC) implied that the entire
aqueous volume in the columns of sand-textured
sediment was mobile. Perhaps the fluid volumes of
the poorly accessible domains were too small to
influence the macroscopic details of Br-BTC, or that
negative charge on the phyllosilicates inhibited
inward anion diffusion. In contrast, the neutrally-
charged, predominant U(VI) species [Ca,UO,
(CO3)3(aq)] would have not been excluded from these
domains.

The extent and rate of U(VI) desorption and
adsorption was studied in two vadose zone sediments
below the TX tank farm at Hanford site, WA. Waste
tank-related saline fluids migrated through the sedi-
ments of the Hanford formation (45 to 105 feet below
ground surface (bgs)), reaching a depth of approxi-
mately 115 feet bgs (Cold Creek unit) (Serne et al.
2004). The pore waters maintained circumneutral pH
values between 7.69 and 7.48, but the results from
many experiments and modeling studies clearly
indicated that various U(VI) attenuation mechanisms
were operative in these sediments. Sediments had
similar mineralogy, but they differed markedly in
terms of calcite content (2.4 vs. 32.8%). The
morphology of calcite is also significantly different
in these two sediments. Small calcite particles that
form aggregates and thin coatings (~ 10-30 um) are
partially agglomerated around larger size particles
present in one sediment from the Hanford formation,
while larger calcite particles (>200 pm diameter) and
thick Ca carbonate coatings (~100-150 pm) are
manifested in the other one (the sediment from the
Cold Creek unit).

Large soil particle aggregates were present in both
sediments, but they exhibited different characteris-
tics. The thick calcite coatings in the calcite-rich
sediment filled all available space between grains that
make up the aggregates, whereas amorphous Si was
the likely cement holding the soil particles together in
the aggregates found in calcite-poor sediment. Unlike
pedogenic carbonate, which cements by engulfing
soil particles like mortar between bricks (Monger and
Kelly 2002), pedogenic silica cements by bonding
soil particles at grain contact points like glue
(Chadwick and Nettleton 1990). For this reason,
and because the degree of Si cementation may vary
greatly, the aggregates of calcite-poor sediment were
porous. The remote adsorption sites and/or domains
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within the aggregate pore network were most likely
responsible for the kinetic behavior observed during
U(VI) desorption and adsorption in this sediment,
under various experimental conditions.

The TRLIFS measurements demonstrated that
U(VI]) was associated with calcite in both sediments.
In calcite-poor sediment, U(VI) was either adsorbed
to calcite and/or incorporated into calcite structures.
The spectra changed little after removal of U(VI)
labile fraction, indicating that a significant mass of
U(V]) remained in this sediment, either as adsorbed
complexes in remote (not easily accessible) locations,
or incorporated into calcite. It is likely that U(VI)
sequestration/stabilization via either slow growth that
allows for ordering of incorporated U(VI) within
calcite structure, or structural transformations of
calcite over time (Kelly et al. 2003), may have
occurred in the calcite-poor sediment that was
exposed for years to U(VI)-bearing fluids. Sorption
of U(VI) to calcite by either a surface adsorption/
exchange reaction or coprecipitation may occur under
the pH and carbonate concentration conditions pres-
ent in these sediments (Meece and Benninger 1993;
Reeder et al. 2000).

U(VI) was also associated with calcite in the
calcite-rich sediment but experimental data con-
firmed that U(VI) was present only as an adsorbed
complex. These results were consistent with those
from the extraction of U(VI) by a dilute bicarbonate/
carbonate solution at pH = 9.37 (conditions under
which crystalline calcite dissolution is not promoted;
Kohler et al. 2004), which demonstrated that the
labile U(VI) fraction comprised about 48 and 99 % of
total U(VI) content in calcite-poor and -rich sedi-
ments, respectively. This was also consistent with
other X-ray microprobe, XAFS and XANES studies
conducted in the same sediments, which indicated
that betafite C, a U(IV) mineral, was also present in
the calcite-poor sediment representing a portion of
the background, non-labile and unleachable contam-
inant U that was presents in this sediment (Shelly
Kelly, personal communications).

The calcite-rich paleosol exhibited high sorptive
capacity for U(VI) and had effectively arrested the
downward migration of the U(VI) vadose zone
plume, probably because calcite content in this
sediment was so high and adsorption to other soil
minerals was insignificant. U(VI)-carbonate aqueous
complexes may interact with calcite forming ternary
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surface complexes, although studies have shown that
U(VID) exhibits limited adsorption to calcite and
sorption is reversible (Carroll and Bruno 1991;
Elzinga et al. 2004).

A disparate effect was observed in another study
conducted with two other soils with 0.1 and 10%
calcium carbonate contents, where it was demon-
strated that higher concentrations of soil calcium
carbonate caused a pronounced suppression of the
U(VI) pH-dependent sorption curve in the neutral pH
range (Zheng et al. 2003). A study conducted with a
Hanford sediment exposed to a calcite saturated
solution (Dong et al. 2005), also demonstrated that
although calcite was a minor (~3%) component of
the silt/clay fraction, carbonate removal from this
material caused substantial increases in U(VI)
adsorption (~50%).

4 Soil minerals and U(VI) redox reactions
4.1 U as a redox sensitive contaminant

Oxidation—reduction reactions are important in both
inorganic and biological processes and regardless of
the system under investigation this involves an
electron-transfer (ET) mechanism which is integral
to the overall redox process. The ET reaction has
been the center of considerable experimental study in
inorganic, organic, and organometallic systems for
the last 50 years. For aqueous redox reactions, three
ET reaction mechanisms have been delineated: (1)
inner-sphere ET, (2) outer-sphere ET, and (3) diffu-
sion-controlled (Newton 1975; Jordan 1998 and
references therein). The most common is the outer-
sphere pathway (formally known as Marcus theory)
and the ET reaction is typically rate-limiting. The
inner-sphere ET process (Traube theory) is unique in
that the ET reaction is not the rate limiting step. As
one would expect, the diffusion-controlled reaction
rate (a special case in Marcus theory) is typically
outer-sphere, but is limited only by the rate of
formation of encounter complexes because for each
collision an ET reaction occurs.

Surface redox reactions usually follow a sequence
of reactions or processes, initiated by inner-sphere
surface complexation of either the oxidant or the
reductant; then a complex forms between the
adsorbed species and its counterpart reactant as a

precursor to an electron transfer step, after which the
ternary surface complex becomes destabilized by the
production of newly reduced and oxidized species
(Sposito 2004). The adsorbent itself may not partic-
ipate directly in the redox reaction (Sposito 2004),
although there are recent reports in the literature that
clearly demonstrate that even structural elements may
participate in these heterogeneous redox reactions
(Dodge et al. 2002; Missana et al. 2003; Williams
and Scherrer 2004). The mechanisms responsible for
the catalytic effect of soil mineral or organic surfaces
have not been fully explored and understood.

Similar to other elements in the early actinide
series (Th—Pu), U can exist at several oxidation states
from II to VI with varying degree of reductive
potentials through ionization of the electrons of the
5f, 6d and 7s shells. Because of the hard acid
character, U prefers to bind to hard bases such as
oxygen, and the higher oxidation states (V,VI)
cations occur exclusively as dioxide, UO," and
UO,>*. Uranyl ion is a strong oxidant (E° = 2.6 V)
and undergoes redox reactions with many species.

It is generally believed that the reduction of U(VI)
to U(IV) results in the formation of the sparingly
soluble U(IV) solids, such as uraninite, in reduced
environments (Duff et al. 1999). Because of its
sensitivity to varying oxidation/reduction (redox)
conditions (natural or manmade) U(VI) often exhibits
very complex migration behavior in natural systems.
Current scientific understanding of the natural redox
systems is inadequate to predict the attenuation
mechanisms, rates or the extent of reaction, and
future migration pattern of this redox sensitive
contaminant.

Many important redox reactions in soils, sedi-
ments, and waters are microbially mediated (Wang
et al. 2003), and therefore, chemical parameters
cannot be used alone to predict reaction rates (Morel
and Hering 1993). Direct bacterial reduction of U(VI)
has been reported by a number of investigators (Gorby
and Lovley 1992; Lovley and Phillips 1992; Fred-
rickson et al. 2000). These reactions can proceed in
systems dominated by soluble U carbonates [e.g.
UOQ(CO3)22_(aq)]. Additionally, biogenic reduction
of U(VI) can be a secondary, heterogeneous reaction
resulting from microbially reduced Fe(IT) (O’Lough-
lin et al. 2003) but the efficacy of this mechanisms on
uranyl-carbonato complexes is not known. Impor-
tantly, introduction of dissolved Ca into these systems
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leads to the formation of soluble Ca,UQO,(COs3)s
which inhibits microbial reduction (Brooks et al.
2003). While it is not known if this latter species is
susceptible to heterogeneous reduction, it is likely that
lacking a net charge it has a higher propensity to
interact with particle surfaces than its Ca-free, anionic
counterparts. The presence of aqueous Ca,UO,(CO5);
in the pore-waters of many contaminated sites war-
rants an assessment of the redox reactivity of this
molecule.

4.2 Soil mineral role in U(VI) redox reactions

While the redox energetics and kinetics of uranyl
coordination complexes in the aqueous phase are
relatively well studied (Morris 2002), this appears to
be not true for the soil mineral mediated U(VI)
reduction reaction. A slow homogeneous reaction
may be accelerated in the presence of solids because
reactants may be concentrated on surfaces allowing
for longer lives of the encounter complexes. Surfaces
may also increase the reaction driving force.

Redox processes are by nature a series of coupled
reactions, which may in turn be coupled with other
reactions (adsorption/desorption, dissolution/precipi-
tation) and processes (hydrologic, physical and
chemical) that occur in soils, sediments and vadose
zones during the transport of contaminants. This
coupling will affect the extent of these reactions in
geochemical systems, and the overall mobility of U.
The role of soil minerals in the redox reactions that
occur in soils, sediments and aquifers is multifarious,
and their chemical (sorption capacity, surface charge
and composition), and physical properties (with or
without expandable layers) are important determinants
of the extent of their participation in transport con-
trolled, coupled adsorption/desorption, dissolution/
precipitation and redox reactions of contaminants,
although the extent of their involvement is not well
understood or studied.

Stumm et al. have emphasized the importance of
coupled geochemical processes and reactions with the
Fe(II) and Fe(II) redox transformations (Stumm
1992; Stumm and Morgan 1996), and numerous
studies have shown that sorbed Fe(Il) is involved in
redox reactions with carbon tetrachloride (Elsner
et al. 2004b), pentachloronitrobenzene (Klupinski
et al. 2004), polyhalogenated methanes (Pecher et al.
2002), oxime carbamate pesticides (Strathmann and
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Stone 2003), and organic contaminants such as 4-
chloronitrobenzene and hexachloroethane (Elsner
et al. 2004a). The catalytic role of soil minerals in
the redox reactions that occur in soils, sediments and
aquifers is, therefore, clearly demonstrated in the
recent literature (Liger et al. 1999; Strathmann and
Stone 2003; Elsner et al. 2004a, 2004b; Fredrickson
et al. 2004; Ilton et al. 2004; Klupinski et al. 2004).
Potentially important U(VI) reductants in low-
temperature geochemical systems are aqueous and
structural Fe(Il), sulfides, and organic matter (Liger
et al. 1999). Fe(Il) is abundant in many suboxic and
anoxic soils and sediments (Anderson et al. 1994)
and numerous observations indicate that reduction of
redox sensitive elements can occur in soils and
sediments in the presence of inorganic Fe(II).
Aqueous U(VI]) is not involved in homogeneous
redox reactions with aqueous Fe(II) in near neutral
and basic pH (Liger et al. 1999). However, with
Fe(Il) sorbed to a surface (Charlet et al. 1998; Liger
et al. 1999; Boyanov et al. 2007) or as a constituent
in a smectite clay (Giaquinta et al. 1997) and biotite
(Ilton et al. 2004), U(VI) reduction proceeds faster.
Sorbed or structural Fe(I) may be also present or
formed when strong reductants (such as dithionite,
H,S gas and Ca-polysulfide liquid) react with Fe(III)
oxides or other soil minerals, such as phyllosilicates.
Heterogeneous, abiotic reduction of U(VI) by
Fe(Il) has been observed in zero valent iron (Nou-
bactep et al. 2003), mixed Fe(II)/Fe(Ill) green rust
(O’Loughlin et al. 2003), nano-magnetite (Missana
et al. 2003) and biotite (Ilton et al. 2004) in acid to
circumneutral pH, and in anoxic-CO,-free systems.
Little information is available on U(VI) reduction by
these Fe(Il)-containing phases in alkaline fluids were
anionic uranyl-carbonates and neutral Ca-uranyl-
carbonate are the dominant aqueous U(VI) species.
Unlike the kinetically inert Cr(IIl), oxidation of
reduced U(IV) with the intrusion of O, may occur in
sediments. However, the oxidation of the reduced
species appears to be diffusion and residence time
controlled. U(IV) oxidation from reduced ISRM
sediments shows a slow process that may be
confounded by other reduced species (Szecsody et al.
1998). In a more recent study (Moon et al. 2007),
reoxidation of microbially reduced U with either O,
or nitrate supplied as the oxidant, was investigated.
They found that U reduction occurred simultaneously
with Fe reduction as the dominant electron accepting
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process. Both O, and nitrate remobilized the majority
(88 and 97%, respectively) of the U precipitated
during bioreduction within 54 days. Although O, is
more thermodynamically favorable an oxidant than
nitrate, U oxidation by nitrate occurred significantly
faster at the beginning of the experiments, due to O,
reacting more strongly with other reduced com-
pounds (Moon et al. 2007).

Regardless of whether the redox process is homo-
geneous or heterogeneous, near-field or far-field, or
whether the reactive surfaces are neoformed or a
natural part of the sediment mineral assemblage,
hydrologic flow characteristics will affect reactions,
reaction rates, and extent of reaction via the transport
of either oxidants or reductants to or away from an
Fe(IT) source. The processes, reactions and conditions
that affect the rate of the surface (soil mineral)
mediated redox reactions under advection, mass
transfer and/or diffusion limiting condition, are not
well studied in natural mixtures of soil minerals.

4.3 Recent findings and future trends

There are interesting developments in the area of U
redox reactions in the presence of solid phases. We
previously mentioned that in the presence of soil
mineral catalysts, the redox reaction may occur on the
Fe(Il) exchanged surface of a solid phase, or on the
surface of a Fe(Il)-bearing mineral. However, the
explanation for the enhanced reactivity of sorbed
Fe(Il) remains ambiguous, although recent studies
have shed some light on this subject (Boyanov et al.
2007). These authors conducted experiments to gain
further insights into the U-Fe redox process at a
complexing, non-conducting surface such as car-
boxyl-functionalized polystyrene. It was reported that
in the Fe 4 surface carboxyl system, a transition
from monomeric to oligomeric Fe(Il) surface species
was observed between pH 7.5 and pH 8.4 (Boyanov
et al. 2007). In the U 4 surface carboxyl system, the
U(VI) cation was adsorbed as a mononuclear uranyl-
carboxyl complex at both pH 7.5 and 8.4. In the
ternary U + Fe + surface carboxyl system, U(VI)
was not reduced by the solvated or adsorbed Fe(II) at
pH 7.5 over a 4-month period, whereas complete and
rapid reduction to U(IV) nanoparticles occurred at pH
8.4 (Boyanov et al. 2007).

Boyanov et al. (2007) also reported that the UIV)
product reoxidized rapidly upon exposure to air, but it

was stable over a 4-month period under anoxic
conditions. The U(IV)-Fe coordination was consistent
with an inner-sphere electron transfer mechanism
between the redox centers and involvement of Fe(II)
atoms in both steps of the reduction from U(VI) to
UV). The inability of Fe(Il) to reduce U(VI) in
solution and at pH 7.5 in the U + Fe + carboxyl
system was explained by the formation of a transient,
“dead-end” U(V)-Fe(IIl) complex that blocked the
U(V) disproportionation pathway after the first elec-
tron transfer. These authors suggested that the
increased reactivity at pH 8.4 relative to pH 7.5 could
be attributed to the reaction of U(VI) with an Fe(II)
oligomer, whereby the bonds between Fe atoms
facilitated the transfer of a second electron to the
hypothetical U(V)-Fe(Ill) intermediate, which may
explain the commonly observed higher efficiency of
uranyl reduction by adsorbed or structural Fe(II)
relative to aqueous Fe(Il) (Boyanov et al. 2007).

However, recent results have shown that at low
Fe(II) concentrations, sorbed Fe(II) species on hema-
tite are transient and quickly undergo interfacial
electron transfer with structural Fe(III) (Larese-
Casanova and Scherrer 2007), forming a Fe(III)
surface coating layer. The formation of a stable,
sorbed Fe(Il) phase in hematite was observed only at
higher Fe(Il) concentrations and coincided with the
macroscopically observed change in isotherm slope,
and with the estimated surface site saturation,
suggesting that the finite capacity for interfacial
electron transfer is influenced by surface properties
(Larese-Casanova and Scherrer 2007).

Definitely, the heterogeneous reduction of U(VI)
by sorbed Fe(Il) is an important pathway for immo-
bilization of aqueous U(VI) species in subsurface
environments, where the homogeneous redox reac-
tion of the aqueous U(VI):Fe(Il) couple is slow.
However, many questions remain unanswered:

(1) What is the extent of sorbed U(VI) reduction by
sorbed Fe(IT) on hematite or other Fe(IIl) oxides
and hydroxide surfaces?

(i) Is sorbed U(VI) more competitive than struc-
tural Fe(III) for the electrons of sorbed Fe(II) on
hematite?

(iii) What are the conditions that may control the
competition between sorbed U(VI) and struc-
tural Fe(III) for sorbed Fe(II) electrons?

(iv) How do other Fe(IIl) oxides behave?
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5 In lieu of conclusions

U(VI) interactions with the soil minerals is an
exciting area of research which is evolving on a
daily basis. Studies conducted over the last few years
have provided evidence for such interactions and
have described U geochemical behavior in complex
natural systems under different physical, biogeo-
chemical, hydrological, and reducing or oxidizing
conditions. This review covers important aspects of
the aqueous U(VI) interactions with the soil minerals
in natural systems under oxic and slightly alkaline
conditions.

The physical and chemical complexity of the
natural systems complicate the development of a
mechanistic understanding of the interactions of the
aqueous U(VI) species with soil minerals. Neverthe-
less information from carefully designed and executed
experiments conducted with such materials provide
helpful information to better understand the nature of
aqueous U(VI) interactions with soil minerals, and to
predict system’s behavior and U contaminant mobility
and transport. Areas that warrant further attention and
study are also provided in this review paper.
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