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ABSTRACT: Chemical or biological reduction of U(VI) produces a variety
of poorly soluble U(IV) species. In addition to uraninite (UO2) and
biomass-associated noncrystalline U(IV), recent research has found
adsorbed U(IV) species on mineral surfaces. To build on these
observations, we evaluated equilibrium adsorption of U(IV) to magnetite
and rutile as a function of pH and total U(IV) loading. Surface
complexation models that could successfully simulate the uptake of
U(IV) by accounting for UO2 precipitation and adsorption of U(IV) to
both the minerals and the reactor surfaces were developed. Application of
the models could determine the conditions under which adsorption as
opposed to precipitation would dominate U(IV) uptake with solids. The
model-predicted U(IV) surface coverages of the minerals were consistent
with a recent spectroscopic study. Such models advance our ability to
predict the equilibrium speciation of U(IV) in the subsurface.

■ INTRODUCTION

Uranium contamination of subsurface environments is a legacy
of past activities of nuclear weapons development and is a
continuing concern associated with mining and processing of
materials for nuclear energy. Mechanistic knowledge of
uranium biogeochemistry is necessary for remediation of
contaminated sites and long-term stewardship of geologic
repositories. Dominating under oxic conditions, U(VI) is highly
soluble and mobile in groundwater. Reduction of U(VI) to
U(IV) significantly decreases uranium solubility, which offers
the possibility for in situ remediation of uranium in subsurface
environments.1 Solids with structural or surface-associated
Fe(II)2−4 and sulfide5 are effective abiotic reductants.
Reduction of uranium can also be microbially mediated6,7 or
even be mediated by coupled biotic and abiotic pathways.8

While early research hypothesized that uraninite (UO2) was the
primary U(IV) product,9−11 noncrystalline U(IV) species were
more recently found as additional products of microbial
reduction.12−17 These species are more susceptible to
remobilization from a remediated system if they are challenged
by complexants or oxidants.18,19

Most research on noncrystalline U(IV) has focused on
complexation with phosphorus ligands in biomass following
biotic reduction,8,13,20,21 and less attention has been paid to the
U(IV) species generated abiotically, particularly those involving
mineral surfaces. Boyanov et al. reported that phosphate
induced the formation of phosphate-complexed noncrystalline
U(IV) from U(VI) reduction by 9,10-anthrahydroquinone 2,6-

disulfonate.17 Chakraborty et al. hypothesized that adsorbed
U(IV) was produced from reduction of U(VI) by montmor-
illonite with adsorbed Fe(II)22 because no evidence of U(IV)
precipitates was found. A recent spectroscopic study by Latta et
al. suggested that reduction of U(VI) by a Ti-substituted
magnetite produced noncrystalline U(IV) with a molecular-
scale structure resembling a U(IV) surface complex with a
novel U−Ti binding geometry.23 They then reported that
mineral surfaces can stabilize U as adsorbed U(IV) following
U(VI) reduction.24 As long as the surface loading is sufficiently
low, inner-sphere U(IV) surface complexes can persist for
several months or longer without transforming to crystalline
products.
While these recent discoveries of U(IV) adsorbed to minerals

have expanded the family of noncrystalline U(IV) species from
reduction-based remediation systems, the lack of understanding
of their structure and stability limited our ability to include
them in reaction-based frameworks for predicting equilibrium
speciation. Consequently, the objectives of our study were (1)
to quantify the adsorption equilibrium between aqueous U(IV)
and mineral surfaces that are relevant to subsurface environ-
ments and (2) to incorporate adsorption reactions into a
thermodynamic framework to predict equilibrium U(IV)
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speciation in the presence of mineral surfaces. Measurement
and modeling of U(IV) adsorption to minerals can lead to an
improved understanding of the fate of uranium in the
subsurface and the development of more sustainable
remediation strategies.

■ MATERIALS AND METHODS
Aqueous U(IV) Solution and Minerals. Our study probed

the adsorption equilibrium by reacting aqueous U(IV) with
minerals, which is a well-established approach for adsorption
studies that is more direct than that of obtaining adsorbed
U(IV) by reducing U(VI) at mineral surfaces as was done in
previous studies.22−24 Briefly, aqueous U(IV) was prepared by
dissolving synthetic UO2 in 10 M HCl (Figure S1 of the
Supporting Information). Magnetite and rutile were selected as
the model geochemical sorbents. Those two minerals are
expected to persist under anaerobic conditions stimulated by
organic electron donors, and they were previously reported to
adsorb U(IV) as surface complexes.24 We also conducted the
experiments with hematite. Further details about the U(IV)
solution and minerals are in the Supporting Information. Strict
anoxic environments were maintained. A fundamental
assumption of our approach was that U(IV) would not be
oxidized by the minerals during our experiments. Rutile itself is
not expected to act as an oxidant for U(IV) in the dark system.
In the uranium geochemistry literature, magnetite has been
regarded as an abiotic reductant. Reduction of U(VI) to U(IV)
by magnetite has been reported in a number studies at
circumneutral pH25−28 and in a few studies involving low-pH
conditions.29,30 Nevertheless, the Fe(III) in magnetite might
serve as an electron acceptor. Thermodynamic calculation
indicated that reduction of U(VI) by magnetite at the
concentrations used in our experiment was favorable. There-
fore, no U(VI) would be anticipated for our system that started
with pure U(IV). The oxidation state of U adsorbed to the
magnetite was also probed in an extraction test using
carbonate;31 because carbonate forms strong complexes with
U(VI) but not with U(IV), it can selectively extract U(VI). For
magnetite, this test extracted a negligible amount of uranium,
indicating that only U(IV) was adsorbed (details in the
Supporting Information).
Batch Experiments. Given that both adsorption and

precipitation of cationic metals such as U(IV) become more
favorable in going from acidic to neutral pH, the pH
dependence of adsorption was evaluated by incrementally
increasing the pH from acidic values (2 or 3) with sufficient
equilibration time (2 h as confirmed in preliminary kinetic
experiments). The pH measured after the equilibration period
was recorded as the equilibrium pH. Samples (1.8 mL) were
collected under vigorous stirring to ensure a constant solid-to-
solution ratio. A NaOH solution was then added to increase the
pH to the next level, and the reactors were mixed for an
additional 2 h before the next sampling. The samples were
rapidly filtered through 0.02 μm alumina-based filters (What-
man Anotop25) with the first several drops discarded (details in
the Supporting Information). Samples were preserved in 2%
HNO3 and stored in the anaerobic chamber prior to dilution
and analyzed by inductively coupled plasma mass spectrometry
(ICP-MS, Agilent 7500ce) with a detection limit of 0.01 μg/L.
The difference between the total concentration added and

the equilibrium dissolved concentration represents U(IV)
uptake. Besides adsorption to minerals, U(IV) loss could be
due to UO2 precipitation and adsorption to the reactor.

Distinguishing adsorption of U(IV) to the reactor from that to
minerals and precipitation was allowed by comparing U
concentrations in filtered and unfiltered samples (details in
the Supporting Information). To obtain the adsorption
equilibrium of poorly soluble U(IV), it is critical to perform
experiments without interference of precipitation. We selected
a total U(IV) concentration of 0.01 μM, which is sufficiently
low to maintain undersaturation of UO2.

Surface Complexation Modeling. With the evidence that
U(IV) surface complexes persist for months,24 adsorption of
U(IV) to minerals can be described by surface complexation
reactions. The results were simulated using the diffuse double-
layer model implemented in MINEQL+.32 The model contains
the surface protonation/deprotonation reactions of the surface
hydroxyl groups on the minerals (i.e., FeOH and TiOH),
the aqueous speciation reactions of U(IV), the precipitation of
UO2, and the reactions responsible for U(IV) adsorption
(Table 1). The specific surface areas of the minerals were

Table 1. Reactions and Equilibrium Constants Considered in
the Modeling

equilibrium reactiona log K0b log Kθc

UO2 Precipitation
U4+ + 2H2O ⇌ UO2(am) + 4H+ −2.61 NA

Reactor ([≡XOH]total = 3 × 10−8 M, nonelectrostaticd)
≡XOH ⇌ ≡XO− + H+ −7.2e NA
≡XOH + U4+ + 4H2O ⇌ ≡XOU(OH)3 + 4H+ −1.37 NA

Magnetite ([≡FemOH]total = 5.16 × 10−4 M, A = 67.1 m2/g)
≡FemOH + H+ ⇌ ≡FemOH2

+ 4.7f 4.89
≡FemOH ⇌ ≡FemO− + H+ −8.09f −7.9
≡FemOH + U4+ + 4H2O ⇌ ≡FemOU(OH)3 + 4H+ −4.8 −4.61

Rutile ([≡TiOH]total = 3.13 × 10−5 M, A = 4.1 m2/g)
≡TiOH + H+ ⇌ ≡TiOH2

+ 4.06g 3.03
≡TiOH ⇌ ≡TiO− + H+ −7.21g −8.23
≡TiOH + U4+ + 4H2O ⇌ ≡TiOU(OH)3 + 4H+ −2.21 −3.23

U(IV) Aqueous Reactions (10 mM chloride provides a constant ionic
strength)

U4+ + H2O ⇌ U(OH)3+ + H+ −0.54h NA
U4+ + 2H2O ⇌ U(OH)2

2+ + 2H+ −1.1h NA
U4+ + 3H2O ⇌ U(OH)3

+ + 3H+ −4.7h NA
U4+ + 4H2O ⇌ U(OH)4(aq) + 4H+ −10.0h NA
U4+ + Cl− ⇌ UCl3+ 1.72h NA
U4+ + 2Cl− ⇌ UCl2

2+ 0.06h NA

aThe U(IV) surface complexation stoichiometry (i.e., fully protonated
neutral species) was found to be the only choice that could simulate
the full adsorption edge data with a single reaction. The same
stoichiometry was used to model surface complexation reactions of
adsorption of other tetravalent metals to minerals at subsurface
relevant pH.50,51 We cannot rule out the existence of other surface
complexes (e.g., bidentate24), or other combinations of surface
reactions that could give equally good or better fits; however, refining
the models with a structurally consistent reaction framework was not
central to our research objectives. bEquilibrium constants as inputs in
MINEQL+ corresponding to an ionic strength of zero. The values
without references are from this study. cIntrinsic equilibrium constants
normalized to a standard site density (10 sites/nm2) and a specific
surface area (10 m2/g). See conversion equations in refs 34 and 33.
dFor the sake of simplicity and pragmatic considerations, adsorption of
U(IV) to the reactor was modeled as a nonelectrostatic reaction. The
key to having this reaction in the model was to account for U(IV) loss
that was not due to adsorption to minerals or precipitation. eTreated
as a quartz surface. From ref 47. Employed in ref 43. fFrom ref 48.
gFrom ref 49. hFrom ref 38.
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incorporated into the model in calculating the total site
quantity and surface charge density. Constants for surface
reactions from the literature were modified to account for the
variations in site density and specific surface area between the
materials used in the previous studies and in the work
presented here.33,34 A unique feature of the model was
inclusion of adsorption sites on the surface of the reactor,
which could have a small but appreciable collection of sites
similar or identical to those on quartz.
A site density of 2.3 sites/nm2, which was recommended for

parsimonious modeling of mineral surface site quantities, was
used for all minerals in the study.35 A fixed value allows a
unified comparison framework. The equilibrium constant for
adsorption of U(IV) to the reactor was obtained from the
mineral-free control experiments with 0.01 μM total U(IV).
The mineral-free control experiments with 1 μM total U(IV)
were used to explore an applicable log K for UO2 precipitation.
For the U(IV)−mineral reactions, the 0.01 μM U(IV) data
were used to obtain the optimal equilibrium constants by
minimization of the sum of squares of residuals between the
experimental and simulation results. The ability of these
constants to simulate U(IV) uptake at a loading of 1 μM was
then examined.

■ RESULTS AND DISCUSSION

Mineral-Free Control Experiments. At 0.01 μM total
U(IV), the loss of U was attributed to adsorption to the inner
surface of the reactor, which was confirmed by the similar
extents (±10% variation for all pH values) of loss of U from the
filtered and unfiltered samples. The significant loss of U(IV)
from solution at neutral pH was not surprising given that the
total U(IV) concentration was very low.36,37 The pH
dependence of uptake of U(IV) to the reactor could be
modeled as an equilibrium reaction (Figure 1a and Table 1).
Other combinations of equilibrium constants and site
concentrations could provide equally good fits, but the exact
combination was not central to our overall objective because
our main goal in this part of the modeling was to account for
loss of U(IV) from solution that is not due to adsorption to
minerals or to UO2 precipitation (more discussion in the
Supporting Information).
With the adsorption equilibrium of U(IV) to the reactor

considered in the model, the uptake of U(IV) could then be
simulated by optimizing the equilibrium constant for UO2. At 1

μM total U(IV), the drastic loss of U above pH 4 was attributed
primarily to UO2 precipitation. We note that the log K for UO2
obtained in this study (−2.61) was lower than the value (−1.5)
in a review.38 Nevertheless, the equilibrium constant obtained
here was still within the reasonable range (lower bound of
−2.6839), especially after considering the particle size and
temperature variation (lower bound of 20 °C). At high U(IV)
loadings, the model predicted that adsorption to the reactor
was negligible due to the supply of surface sites that was orders
of magnitude smaller. The log K for UO2 also predicted that
the low-U(IV) experiments were free of precipitation. Once
equilibrium constants were established for loss of U(IV) from
solution in the absence of minerals, they were used to separate
those processes from adsorption to the mineral and UO2
precipitation.

Adsorption of U(IV) to Minerals. At 0.01 μM total U(IV),
where only adsorption to the reactor walls and to the added
minerals was involved, the presence of mineral sorbents shifted
the adsorption edges to lower pH values; rutile enhanced U
uptake the most (Figure 1a). A robust interpretation of the
results was allowed by surface complexation modeling in which
the interfacial reactions on the mineral surface were
incorporated into the existing model for U(IV) uptake in the
control experiments. The modeling results (Figure S2 of the
Supporting Information) at low U(IV) loadings showed that
magnetite was more responsible than the reactor surface for
U(IV) adsorption. Rutile was such a strong sorbent for U(IV)
that essentially all U(IV) was adsorbed to rutile and none was
adsorbed to the reactor. The likely occurrence of some U(IV)
oxidation with the hematite had a less straightforward
interpretation, so we present the results and discussions in
the Supporting Information.

Adsorption versus Precipitation. The presence of
mineral surfaces can affect the distribution of U(IV) between
adsorbed and precipitated species (Figure 1b). At low pH, the
presence of rutile and magnetite induced more U(IV) uptake
than in mineral-free control experiments, because of their
contribution of sites for adsorption as another pathway for loss
of U(IV) from solution.
The surface complexation reactions of the models, which

were calibrated using the low-U(IV) data, could also predict the
results obtained with high U(IV) loading (Figure 1b). Whereas
UO2 precipitated in mineral-free control solutions in which the
pH was >4, the model predicted that no UO2 would precipitate

Figure 1. Uptake percentage of U(IV) as a function of pH at total U(IV) concentrations of (a) 0.01 and (b) 1 μM. The solid concentration was 2 g/
L. At 0.01 μM total U(IV) in the absence of sorbent, the U(IV) uptake was due to adsorption to the reactor surface. At 1 μM total U(IV) in the
absence of sorbent, U(IV) uptake was primarily due to UO2 precipitation. The lines represent the results of the model simulations. The predicted
U(IV) speciation in the presence of sorbents is shown in Figure S2 of the Supporting Information.
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when rutile or magnetite was present and that all of the loss of
U(IV) from solution could be ascribed to adsorption.
Critical Coverage and Total U(IV) Loading. The

preceding results highlight that the stability of U(IV) surface
complexes on minerals reported in previous studies22−24 is due
to the more favorable thermodynamics of adsorbed species
than of UO2 over a wide range of water chemistry conditions,
especially those with lower pH values and lower U(IV):mineral
ratios. As the U(IV) loading increases, the diminishing
availability of surface sites would make adsorption less
favorable, so that there is a critical (maximum) coverage
above which UO2 starts to precipitate. With the U(IV) surface
complexes identified by X-ray absorption spectroscopy, Latta et
al. reported that at pH 7.2 U(IV) could maintain the adsorbed
form up to coverages of 1.1 and 0.037 U/nm2 for rutile and
magnetite, respectively.24 Our modeling results (1.5 and 0.014
U/nm2) support their observation of the critical coverage for
rutile and magnetite (Figure 2a).
Rutile is an extraordinarily strong sorbent for U(IV). At

circumneutral pH, it allows up to 70% coverage (calculated
from the coverage in U per square nanometer divided by site
density in sites per square nanometer) of the total sites without
precipitation. Interestingly, stronger adsorption affinity for
rutile (as well as anatase) than for iron oxides was also reported
for U(VI).40 Both minerals exhibited a decrease in critical
surface coverage with a decrease in pH.
Our models also predict the critical total U(IV) loading that

the 2 g/L mineral systems could maintain in the absence of
precipitation (Figure 2b). At low pH where U(IV) adsorption
was minimal, the critical total U(IV) loading was controlled by
UO2 solubility. Because of their different specific surface areas,
the total number of sites on rutile was only 1/10 of those on
magnetite. However, at circumneutral pH, rutile maintains a
system free of UO2 precipitation with a total U(IV) loading one
order of magnitude higher than that of magnetite.
Environmental Implications. Adsorbed U(IV) species

may be more common in subsurface environments than
previously considered. Under field conditions, the solid-to-
water ratios are much higher than in our studies, and there may
be more abundant mineral binding sites than those on
phosphorus ligands in biomass. Adsorbed U(IV) species may
often be overlooked in the microscopic and spectroscopic

characterization of biologically reduced sediments simply
because they are very diluted in the solid samples. Gathered
by synchrotron spectroscopy, the recent laboratory evidence of
surface complexes of U(IV) expanded the diversity of
noncrystalline U(IV) species in subsurface processes.17,22−24

Informed by surface complexation modeling, our results
revealed that the adsorption of U(IV) to minerals could
maintain dissolved U(IV) concentrations that prevent the
supersaturation needed for UO2 precipitation.
The emerging information about adsorbed U(IV) species

requires continuing efforts to characterize their thermodynamic
and kinetic properties. Current reactive transport models
already incorporate U(VI) surface complexation reactions
using laboratory-derived equilibrium and rate constants.41−44

U(IV) reactions could be included in those models because
many aqueous reactions are already available, and this work
represents an initial step to establish equilibrium constants for
adsorption reactions of U(IV). Built on the studies using model
minerals, more realistic simulations can be made in future
studies using other media that include amorphous mineral
phases, natural organic matter, and biogenic minerals.
Mackinawite (FeS), a recently recognized biomass-hosted
electron source in microbial uranium reduction,8 might also
be an important adsorbent for U(IV), which could help
maintain U(IV) stability.45 Continued research is warranted to
elucidate the mechanisms of coordination of U(IV) to mineral
surfaces using various spectroscopic techniques. The funda-
mental knowledge of adsorption of U(IV) to minerals might
allow the development of uranium removal or recovery
technologies. The exceptional strength of adsorption of
U(IV) to rutile observed recently24 and in this study, as well
the unique U(IV)−Ti bond identified in the U(IV) surface
complex on Ti-doped magnetite,23 all suggested an intriguing
role of Ti in controlling the dynamics of U(IV). Brannerite
(UTi2O6, a common U phase in ores) was found to be more
resistant to dissolution than UO2.

46 Our results also suggested
that the formation of the U(IV)−Ti surface complex has a
strong thermodynamic favorability.

Figure 2. Critical coverages (a) and loadings (b) of U(IV) above which U(IV) would precipitate as UO2 and below which U(IV) can be stabilized as
absorbed U(IV). The simulations were performed by incrementally increasing the total U(IV) concentration until UO2(s) became supersaturated. If
UO2 was allowed to precipitate in the model, then lines in panel a mean the largest possible surface coverage of U(IV) on these minerals. The critical
coverage (a), which is normalized to the mineral surface area, is an intrinsic measurement of the adsorption affinity between U(IV) and the mineral
and is independent of the solid and total U(IV) loadings. The critical total U(IV) loading (b) depends on the specific sorbent loading.
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