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This work investigates the mechanism of the uranyl interaction with birnessite, one of the most common layer-
typeMnO2 mineral at the Earth's surface, by coupling macroscopic (surface complexation experiments) andmi-
croscopic (EXAFSmeasurements) approaches. The sorption of uranyl on synthetic hexagonal birnessite, the low-
pH birnessite form, was studied under various conditions of pH (3–6), electrolyte backgrounds (0.1 M NaClO4,
NaNO3 and Na2CO3), and solid/liquid ratios (from 0.27 to 4.5 g/L). Sorption isotherms exhibit a complex form in-
dicative of at least two types of sorption sites. EXAFS data reveal the presence of two equatorial O shells at ca. 2.32
Å and 2.46 Å for all the samples, and a Mn shell at ca. 3.38 Å in the low-pH (≤5) samples only. No U–U pair was
detected, despite the presence of polynuclear dissolved species in some of the samples.
From the combination of the sorption isotherms and EXAFS results, a structural model for the sorption of uranyl
onto hexagonal birnessite is proposed, in which two energetically different sites are involved. At low pH (≤5) a
bidentate edge-sharing complex with Mn octahedra of the mineral edges can be inferred, whereas bidentate
corner-sharing and/or monodentate complexation to layer vacancies would most likely describe EXAFS features
of higher pH samples. A diffuse double layer model of surface complexation was developed for describing within
the same framework the uranyl sorption against pH, involving both high-affinity (Mn octahedra edge) and low-
affinity (above layer vacancies) sites.
The comparison of the uranyl sorption onto hexagonal birnessite and various related environmental minerals
shows that the affinity of uranyl for birnessite largely exceeds the sorption observed onmontmorillonite and ze-
olite and turns out to be comparable to iron oxides, confirming the potential role of phyllomanganates to the con-
trol of uranyl mobility in post-oxic acidic environments.

1. Introduction

Mineral weathering and anthropogenic contamination release ura-
nium in natural systems. Apart from the toxicological threat that this
radionuclide presents to living organisms, the understanding of U mo-
bility in the environment is also a key parameter for fundamental issues,
because this element is a toolwidely used via its decay-chain to quantify
miscellaneous quaternary processes, such as climate change, magmatic
activity, global chemical transfer from continents to oceans, weathering
rates and pedogenic processes (e.g., reviews fromBourdon et al. (2003),
Ivanovich andHarmon (1992)).Most of these applications imply to date
either the formation of supergeneminerals (carbonates, clays or Fe–Mn
oxides) or the weathering of primary magmatic minerals. Accordingly
the extent to which these phases are able to remain close to further

isotopic re-equilibration, depending on the crystallographic site of U in-
corporation, is of fundamental interest.

In supergene formations, the dominating control of U mobility by
iron oxides was largely reported, with enrichment factors in these ox-
ides several orders of magnitude higher than of zeolites, silica gel and
clays (Langmuir, 1978; Ames et al., 1983; Payne et al., 1998;
Gustafsson et al., 2009). In contrast, specific studies of U–Mn oxides in-
teraction are scarce (Al-Attar and Dyer, 2002; Fredrickson et al., 2002;
Webb et al., 2006; Brennecka et al., 2011; Wang et al, 2013), while the
prevailing role of Mn-oxides in the uptake of a wide variety of metals
(e.g. Zn, Ni, As, Cu, Co, Pb) and radioactive elements (Ra, Pu) was dem-
onstrated (Herczeg et al., 1988; Müller et al., 2002; O'Reilly and
Hochella, 2003; Tebo et al., 2004; Hochella et al., 2005; Manceau et al.,
2005; Powell et al., 2006). Currently, the role of Mn oxides, relative to
Fe oxides for controlling U mobility remains unclear. For instance,
Andersson et al. (1995) have related the significant removal of U from
the Baltic Sea water column to the large precipitation of some
authigenic Mn oxyhydroxides. In contrast, the sequential leaching of
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oceanic Fe–Mncrusts or soils suggests thatUwould be preferentially as-
sociated to Fe oxides rather than Mn oxides (Koschinsky and Hein,
2003; Aubert et al., 2004), but these results do not take into account
the relative abundance of each oxide in the leached material (the total
amount rather than the concentration of U in Mn-oxides relative to
Fe-oxides is usually reported), hence the specific affinity of U for each
phase was not properly assessed. Without doubt, the geochemical con-
ditions (pH, Eh, presence of organic matter and ionic strength), but also
the nature of the Mn oxides must influence the extent of the potential
interaction of U with these phases. The generic name “Mn oxides” in-
deed regroups a large diversity of mineral structures (Giovanoli et al.,
1970; Post, 1999). Among them, the birnessite-type group includes
the “3D-ordered” and micrometric buserite and birnessite, as well as
the randomly stacked and poorly crystalline vernadite and its synthetic
analog δ-MnO2 (Giovanoli et al., 1970). These birnessite-type layered
structures are the most common Mn oxides in oceanic nodules and
crusts (Crerar and Barnes, 1974; Burns and Burns, 1979), hemipelagic,
lake and surface sediments (Tipping et al., 1984; Müller et al., 2002;
Bodeï et al., 2007) or in soils (Dixon and Skinner, 1992; Post, 1999;
Palumbo et al., 2001; Manceau et al., 2002b; Manceau et al., 2003;
Isaure et al., 2005). These oxides are also present in the alteration prod-
ucts of nuclear waste glasses (Abrajano et al., 1990; Buck and Bates,
1999). More specifically, the hexagonal form of birnessite would most
accurately represent the essential features of oxides found in acidic
soils (Chukhrov et al., 1985; Friedl et al., 1997), as well as the biogenic
Mn oxides produced by micro-organisms in soils and freshwater envi-
ronments or in seawater (Bargar et al., 2000b; Villalobos et al., 2003;
Jürgensen et al., 2004; Bargar et al., 2005; Villalobos et al., 2006;
Bargar et al., 2009).

Webb et al. (2006) have proposed a first comprehensive model of U
adsorption onto biogenic Mn oxides, further recently completed by
Wang et al. (2013) for inorganic Mn oxides. This latter study was how-
ever conducted onto poorly crystalline nano-size δ-MnO2 particles.
Some recent studies pointed out the influence of the particle size on
metal adsorption due to the potential difference in nanoparticle surfaces
structures relative to larger particles (Madden et al., 2006; Zeng et al.,
2009). Moreover, the influence of 3D-order on the sorption capacity
and on sorption sites remains unclear. This study hence presents the re-
sults of the experimental sorption of UVI onto large and 3D-ordered hex-
agonal birnessite particles for diluted conditions relevant to natural
uncontaminated environments. A model of surface complexation was
developed to describe and quantify the observed sorption of UVI,
coupled with in-situ spectroscopic investigation (EXAFS) in order to
precisely define the crystallographic site(s) of sorbed UVI on the
birnessite surface.

2. Materials and methods

2.1. Birnessite synthesis and characterization

The crystalline structure of buserite and its conversion to birnessite
was extensively studied (Manceau et al., 1992b; Drits et al., 1997;
Manceau et al., 1997; Silvester et al., 1997; Lanson et al., 2000). These
studies have established that Na-rich buserite (10 Å layer spacing) con-
verts to a 7 Å layer spacing hexagonal birnessite in acidic medium. This
conversion results in the formation of vacant layer sites and to the loss
of the exchangeable cations from the interlayer space (Fig. 1). The
layer charge is thus compensated by interlayer protons and Mn3+ and
Mn2+ cations (Drits et al., 1997; Silvester et al., 1997; Lanson et al.,
2000; Lanson et al., 2002a)

Hexagonal birnessite (hereafter named H-birnessite) was synthe-
sized by acidification of a triclinic Na-buserite (Na0.31Mn4+0.69Mn3+0.31.
nH2O (Silvester et al., 1997; Lanson et al., 2002a)) according to
the protocol described by Giovanoli et al. (1970), and detailed in the
electronic supplementary appendix S1.1. For the various experiments
(surface charge, UVI sorption isotherms or EXAFS measurements)

H-birnessite was prepared by equilibration to low pH of ~1 g of
Na-buserite which was suspended in 300 mL 0.1 M NaClO4 (or NaNO3

and Na2CO3 for some EXAFS samples, Table 1) and continuously main-
tained in inert Ar atmosphere. Perchlorate was used as the electrolyte
anion to minimize metal–ligand complexation. The suspension was
equilibrated within 24 h to 60 h to the target pH ranging from 3 to 6
(depending on the achieved experiments) by addition of 0.1 M HCl
with an automatic titrator. Lanson et al. (2000) determined that the
structural formula of the final product slightly varies with the activity
of proton from H0.33

+ Mn0.05
2+ Mn0.111

3+ (Mn0.722
4+ Mn0.11

3+
□0.167)O2(H2O)0.5

at pH 5 to H0.33
+ Mn0.023

2+ Mn0.143
3+ (Mn0.722

4+ Mn0.111
3+

□0.167) O2(OH)0.033
(H2O)0.467 at pH 3.

Mineral identity and purity were controlled using X-ray powder dif-
fraction (XRD) on randomly oriented powder which had been dried at
50 °C (Fig. S3 in the electronic supplementary appendix). The mineral
was further characterized by a N2-BET specific surface area analysis
and by Scanning Electron Microscopy (SEM), showing well-
crystallized particles with hexagonal platy morphology (Fig. S4 in the
electronic supplementary appendix).

In order to accurately describe the sorption of UVI onto the
H-birnessite surface, a precise thermodynamical surface model of this
mineral is needed. The surface charge of the H-birnessite was therefore
measured by potentiometric titration at 25 °C in 0.05 M NaClO4 back-
ground electrolyte (electronic supplementary appendix S1.2). Back-
titration was performed in batch mode, allowing the analysis of the
solids required for the calculation of the surface charge (Section 3.2).
In addition, a fast and continuous back-titration of the same pH-3 sus-
pension was also performed with a computer-controlled automatic
Metrohm Dosimat 716. Following NaOH addition, the suspension EMF
(ElectroMotive Force) was monitored with a Radiometer pH meter,
once EMF drift was below 0.1mV per 60 s (Fig. S5 in the electronic sup-
plementary appendix).

2.2. Uranium adsorption

UVI adsorption experiments onto H-birnessite were conducted in
batches on suspensions previously equilibrated to the appropriate pH
value (3, 4 or 5). Owing to the major change of the birnessite structure
occurring near neutral pH (Silvester et al., 1997), UVI adsorption onto
birnessite was not investigated above pH 6. A detailed protocol, includ-
ing the assessment of the lack of UVI sorption onto the vessels andfilters,
the lack of schoepite precipitation at higher pH, and blankdetermination
is provided in the electronic supplementary appendix S1.3. All the solu-
tionswere prepared fromMilli-Qwater boiled and bubbledwith Ar, and
continuously maintained in inert Ar atmosphere in an airtight reactor
(except for the experiment with Na2CO3). The initial concentrations of
UVI ranged from 2.8 × 10−7 M to 4 × 10−4 M. The solid-to-liquid (S/L)
ratio in the suspensions was equal to 2.7 g/L. The equilibration time
(48 h) was based on a series of preliminary kinetic experiments during
which the solution composition was monitored over several days
(Montes-Hernandez and Rihs, 2006). These experiments demonstrate
that equilibrium of UVI adsorption was achieved within 48 hours,

Fig. 1. Structure of hexagonal birnessite, showing the layer vacancies and the MnII, III

octahedra located above and below these vacancies. From Lanson et al. (2000).
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consistent with the previously reported adsorption of U on iron oxides
(Waite et al., 1994; Bargar et al., 2000a) or on δ-MnO2 (Wang et al.,
2013). It should however be noted that this time could correspond to
the required time of birnessite re-equilibration after the slight disequi-
librium initiated by addition of the U stock solution followed by pH ad-
justment rather than to kinetically-controlled sorption of UVI.

The effect of the S/L ratio on theUVI sorptionwas investigated during
an additional set of experiments performed at pH 3 for three initial UVI

concentrations (7 × 10−7 M, 2.3 × 10−6 M and 3.8 × 10−6 M). Varied
amounts of solution were added to 100 mg aliquots of hexagonal
birnessite to reach S/L ratios ranging from 0.27 to 4.5 g/L. The sorption
experiments with UVI were further conducted as described in the elec-
tronic supplementary appendix S1.3.

2.3. Chemical analyses

Analyses of U concentrations were carried out by ICP-MS (Fisons
VG-Plasma Quad ICP-MS). Certified Accu-Trace™ standard solutions
were used as external standard.Mn, Na andK concentrationsweremea-
sured by atomic absorption spectrophotometry (AAS-Hitachi). The
concentration of Cl was measured by ion chromatography (Dionex
ICS-2000). The overall analytical reproducibility was 5% or better.

2.4. Powder EXAFS spectroscopy

2.4.1. Sample preparation for EXAFS spectroscopy

Eight samples of UVI sorbed onto birnessite were prepared for EXAFS
spectroscopy, following the same procedure as for the U sorption study
(Section 2.2) except for one sample (Bi1) forwhichUVIwas added to the
Na-buserite suspension before the equilibration to pH 4 leading to the
transformation of Na-buserite to H-birnessite. The experimental condi-
tions for each sample are reported in Table 1. Moderate dissolved UVI

concentrations (10−5M to 3.3 × 10−5M)were used in order to achieve
U/Mn molar ratios ranging from 6.6 × 10−5 to 4.8 × 10−4 in the solid
that would allow to be detected at the ESRF ROBL beamline, while still
being as close as possible to the natural Mn oxide concentration range.
The equilibrium pH during UVI sorption was either 4, 5 or 6. Various
background electrolytes (0.1 M NaClO4, NaNO3 or Na2CO3) were used
to investigate the potential effect of the uranyl-anion complexation on
the UVI sorption. After phases separation (by centrifugation), the pow-
ders were freeze-dried before they were pressed to pellets for powder
EXAFS measurements.

2.4.2. Data acquisition and reduction

EXAFS measurements were performed on the BM20 ROBL beamline
at ESRF (Grenoble, France), using a Si(111) double-crystal monochro-
mator (Reich et al., 2000). Uranium LIII-edge X-ray absorption spectra
were recorded at room temperature in fluorescence-yield detection
mode using amulti-element Ge solid-state detector. For the preparation
of the samples ultra-pure reagents were used in order to avoid an inter-
fering fluorescence signal of the Sr Kα line at 14.2 keV. A vanadium

metal foil was used to attenuate the Mn Kα fluorescence from the sub-
strate. Owing to the lowU/Mn ratios in the samples (Table 1), five to fif-
teen EXAFS scans were collected from each sample and averaged to
improve the signal-to-noise ratio.

XAFS data reductionwasmadeusing theAthena software (Ravel and
Newville, 2005). The analysis of the EXAFS datawas carried outwith the
FEFFIT code (Newville et al., 1995), using phase and backscattering am-
plitude functions generated with the FEFF 8.1 code (Ankudinov and
Rehr, 2000) from crystal structure data of andersonite where Na
atomswere replaced byMn atoms (Coda et al., 1981). Fits of the Fourier
transform (FT) k3-weighted EXAFS data to the EXAFS equation were
performed in R-space between 0.6 and 4.0 Å. The k range used was
3.7–14.6 Å−1. The amplitude reduction factor (S0

2) was held constant
to 1 for all fits. The shift in the threshold energy (E0) was allowed in
varying as a global parameter for all atoms. In all fits, the coordination
number of the uranyl axial oxygen atoms (Oax) was held constant at
two. The multiple scattering paths of the axial oxygens were included
in the curve fit by constraining its effective path-length and its Debye–
Waller factor to twice the values of the corresponding U–Oax single
scattering path (Hudson et al., 1996). In order to reduce the correlations
between parameters (in particular N and σ2), we have fixed the Debye–
Waller factor of the Mn shell at a typical value (0.005 Å2) (e.g.: Wang
et al., 2013).

3. Results

3.1. Mineral characterization

TheMn contentmeasured in the synthesizedH-birnessite allows cal-
culating a molar weight of 94.3 g/mol, in close agreement with the the-
oretical value of 96.2 g/mol calculated from the H-birnessite formula
(Lanson et al., 2000). Assuming that both sides of the basal surface of
the unit cell are available for sorption, a theoretical specific surface
area equal to 900 m2/g can be inferred from this molar weight and the
unit cell parameters of H-birnessite refined by Lanson et al. (2000) (a
= 4.94 Å, b = 2.852 Å). This value significantly exceeds the measured
N2-BET specific surface area (Sspec) of 14 m2/g, but this latter method
is known to underestimate the complete surface area of materials fea-
turing outer as well as inner surfaces such as phyllo-silicates (e.g.:
Metz et al., 2005) The SEM picture (Fig. S4) allows a rough geometrical
estimate of the external surface of the H-birnessite particles. The mean
2 × 2 × 0.1 μm observed particle-size would correspond to an external
surface area of about 7 m2/g (assuming a 2.9 g/cm3 density), close to
the N2-BET surfacemeasured for this sample, hence hinting that this lat-
ter value represents the mere external surface of the crystals. In the fol-
lowing sections, the theoretical basal value of 900 m2/g will be used as
total surface area and the measured N2-BET surface will be used as ex-
ternal surface area to further model H-birnessite surface complexation.
The calculation of the theoretical edge surface in a 2× 2×0.1 μmparticle
demonstrates that this latter represents less than 0.1% of the basal sur-
face. This surfacewas therefore neglected in the total surface area value.

Table 1

Experimental conditions of EXAFS-samples.

pH Background [U]initial (μmol/L) [U]sorbed (μmol/g) U/Mnsolid (mol/mol) S.I. schoepite

Bi1 4 0.1 M NaClO4 10 1.1 1.0 × 10−4
−2.94 U added before equilibration

Bi2 4 0.1 M NaClO4 11 0.8 7.5 × 10−5
−2.95

Bi3 4 0.1 M NaNO3 9 0.7 6.6 × 10−5
−3.06

Bi4 4 0.1 M NaClO4 33 4.7 4.4 × 10−4
−2.43

Bi5 5 0.1 M NaClO4 9 3 2.8 × 10−4
−1.62

Bi6 6 0.1 M NaClO4 12 4.4 4.1 × 10−4
−0.54

Bi7 6 0.1 M Na2CO3 10 3.7 3.5 × 10−4
−3.26

Bi8 6 0.1 M NaNO3 13 5.1 4.8 × 10−4
−0.50

[U]initial is the initial dissolved UVI concentration before sorption. [U]sorbed and U/Mnsolid correspond to the concentration and the U/Mn molar ratio achieved in the solid after sorption
respectively. The saturation index (S.I.) of the solutions with respect to schoepite is reported. None of the other UVI solid phases display a saturation index higher than that of schoepite.
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3.2. Titration and surface charge model of H-birnessite

Chemical analyses of each H-birnessite sample from the batch ex-
periments reveal that these powders contain a significant and variable
amount of Na and K. Indeed, our experimental protocol to equilibrate
birnessite to low pH implies that some Na ions were released into the
solution from the Na-buserite and then re-adsorbed during the back ti-
tration experiments.Moreover, the specific sorption onto birnessite of K
ions that were released into the solution from the pH electrode was
accounted for. As demonstrated by Balistrieri and Murray (1982) for
δ-MnO2 in high ionic strength solution (N10−2 M), these cations
would significantly participate to the net surface charge of the mineral,
and must then be taken into account to accurately quantify the proton/
hydroxide surface site reactions. Accordingly, the net surface charge
was calculated from the chemical analyses of the batch titration (de-
scribed in the electronic supplementary appendix S2.1) and is shown
in Fig. 2a. This curve is characterized by a constant, close to zero, surface
charge between pH 2.9 and pH 6, reflecting the effect of the sorbed
cations. The net surface charge starts to drop only above pH 6. This
calculated charge is low when compared to the highly negative
surface charge densities of birnessite or δ-MnO2 published previously
(reviewed in Peacock and Sherman (2007), Tonkin et al. (2004)). How-
ever, in all these studies the calculation of the surface charge was either
based on the proton consumption during titration only, or did not in-
volve Mn re-adsorption. Hence the difference probably arises from the

contribution of the cations to the surface charge which is included in
our surface charge determination (net total surface charge versus pro-
ton charge).

3.3. UVI adsorption experiments

The aqueous speciation of UVI in our experimental solutionswas cal-
culated using PHREEQC 2.18.3 (Parkhurst and Appelo, 1999). The
wateq4f database was implemented with the UO2(OH)2 species and
the NEA-TBD recommended UVI aqueous equilibrium constants
(Guillaumont et al., 2003). The solubility constants for schoepite and
β-UO2(OH)2 were taken equal to 5.39 (Critical Stability Constants of

Metal Complexes Database, NIST Standard Reference Database 46 ver-
sion 7) and 5.61 (Chemical Thermodynamics Database, NIST Standard
Reference Database 2, version 1.1) respectively. These calculations
demonstrate that uranyl-hydroxy species were predominant for the ex-
periments at pH 5 and the highest UVI concentration only, whereas at
pH 3 and 4 the predominant dissolved species were uranyl ions. All
the solutions (for the isotherm experiments as well as for EXAFS mea-
surements) remain significantly under-saturated with respect to
schoepite and other UVI solid phases (Table 1 and Fig. S6 in the electron-
ic supplementary appendix), except for the highest UVI concentration in
the pH 5 isotherm, in which schoepite saturation index comes near to
equilibrium (SI = −0.02). Nevertheless, our experiment of aging this
latter solution (electronic supplementary appendix S1.3) demonstrates
that no removal of UVI from the solution occurs without the addition of
birnessite, confirming the absence of schoepite precipitation in these
experiments.

Results from the isotherm adsorption experiments at pH 3, 4 and
5 are shown in Fig. 3. The concentration of sorbed UVI ranges from
2.7 × 10−8 to 3.4 × 10−5 mol/g for initial dissolved UVI concentration
ranging from 2.8 × 10−7 to 4.6 × 10−4 M. Each isotherm is successfully
described by a Langmuir adsorption equation:

US ¼
Smax:KL:Ueq

1þ KL:Ueq
ð1Þ

with US and Ueq the UVI concentration in the solid (mol/g) and in the
final equilibrium solution (M) respectively; Smax themaximumsorption
site density and KL the Langmuir constant. For pH 5, the best fit of
the data yields values of Smax = 36.6 × 10−6 mol/g and KL = 4.58 ×
104 L/mol (R2 = 0.97). Using the measured BET external surface area
(14 m2/g), this Smax value would correspond to a site density of
1.57 sites/nm2. Hence we tried to fit the UVI isotherms at pH 3 and 4
with the same Smax value, adjusting the Langmuir constant KL only.
This approach leads to poor fits, with a systematic lack of sorbed UVI at
low dissolved UVI concentrations. Both Smax and KL should be adjusted
to satisfactorily fit the isotherms at pH 3 and 4, suggesting the occur-
rence of, at least, two sites with different affinity and density during
the UVI sorption process.

The effect of the S/L ratio on the UVI sorption is reported in Fig. 4. For
the three different UVI dissolved concentrations, the sorbed UVI concen-
trations display an unexpected U-shape behavior, decreasing when the
S/L ratio increases from 0.27 g/L to 2.7 g/L, and then increasing for
higher S/L ratios.

3.4. EXAFS results

The k3-weighted U LIII-edge EXAFS data and the corresponding Fou-
rier transform magnitudes (FTs) of all the samples are shown in Fig. 5.
The distances R + ΔR in the FTs are reported in Å and are uncorrected
for phase shifts. Comparison with previous studies demonstrates the si-
militude of global pattern of these spectra with the EXAFS spectra of UVI

sorbed (at low coverage) onto Fe oxides (Waite et al., 1994; Reich et al.,
1998; Bargar et al., 2000a; Rossberg et al., 2009), or onto Mn oxides
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Fig. 2. Evolution of the net surface charge (a) and Na and K contents (b) of hexagonal
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(Webb et al., 2006; Wang et al., 2013), whereas UVI sorption at high-
coverage and/or high PCO2 onto Fe oxides generate notably different
EXAFS patterns (Bargar et al., 2000a; Sherman et al., 2008; Rossberg
et al., 2009). Nevertheless, few differences arise in these spectra as

a function of pH, such as a peak shoulder in the 7–8 Å−1 region for
the pH-4 samples that disappears in higher-pH samples (5 and 6), and
a slight shift of the phase in the higher k region for pH-6 samples
(Fig. 5c).

The FTs of the EXAFS spectra show, beyond the peak at ~1.4 Å due to
the two axial O atoms of the uranyl moiety, two separate peaks at ca 1.8
and 2.2 Å, which are consistent with the backscattering from oxygen
atoms lying in the equatorial plane of the uranyl moiety. A small feature
at 3.0 Å is visible for the pH-4 and pH-5 samples, but disappears for the
samples at pH 6. In the lower-pH samples, this peak was found at the
same radial distance, irrespective of the UVI loading. Bothmultiple scat-
tering in the axial O_U_O unit or Mn second shell could give rise to FT
features at about 2.9–3 Å (Hudson et al., 1996; Webb et al., 2006;
Sherman et al., 2008). None of the spectra FTs shows significant intensi-
ty above 3 Å, precluding any backscattering from U neighbors, even at
the highest U loading.

These interpretationswere corroborated by non-linear least squares
curve fitting (Table 2). All samples show a split in the O equatorial shell,
with backscatter distances of 2.29–2.32 Å and 2.45–2.46 Å. Such a split
suggests that one group of O atoms forms bonds with the mineral sur-
face and another group is coordinated by free hydroxo-groups, and is
therefore attributed to the formation of inner-sphere complex with
the mineral surface (Waite et al., 1994; Reich et al., 1998; Hudson
et al., 1999). The FT feature at 3 Å in the low-pH sampleswas successful-
ly modeled by one U–Mn shell at 3.36–3.40 Å, fully consistent with the
U–Mn distance range (3.21–3.41 Å) reported by Wang et al. (2013),
Brennecka et al. (2011) andWebb et al. (2006) for uranyl complexes co-
ordinated to δ-MnO2 or biogenic birnessite-like Mn oxide surface in a
bidentate edge-sharing fashion. In contrast, bidentate corner-sharing
or monodentate binding to the mineral surface would produce a signif-
icantly larger U–Mn distance (≥3.8 Å).

No U–Mn shell was detected in the pH-6 samples. The disappear-
ance of a Mn neighbor contribution in higher-pH samples implies that
the surface species change in these samples. This change cannot be
linked to the UVI surface coverage since a Mn neighbor contribution is
detected in Bi4 (pH 4) in which the U/Mn ratio (Table 1) is higher
than in Bi6-7 samples (pH6). The split of O equatorial shell in pH-6 sam-
ples rules out the presence of outer-sphere complexes. The absence of
Mn neighbor at 3.4 Å in these samples seemsmore likely due to a coor-
dination inducing larger U–Mn distance such as bidentate corner-
sharing or/and monodentate coordination, consistent with the results
reported by Wang et al (2013) onto δ-MnO2. In the present study, the
U–Mn distance involved in such coordinations (~4.2 Å) was beyond
the resolution of the recorded spectra, owing the very low signal to
noise ratio due to the low UVI concentration in the samples and the
light mass of Mn atoms. It should be noted that the U/Mn molar ratios
in our samples were about 2 orders of magnitude lower than the
U/Mn molar ratios in samples analyzed by Wang et al. (2013)
(~4.5 × 10−4 vs. 4.7 × 10−2). The study of Takahashi et al. (2007) clear-
ly illustrates the decrease of FT peaks with Pb coverage on birnessite
surface for a Pb-shell at 3.76 Å. This also suggests that a minor contribu-
tion of bidentate edge-sharing complexes could be insensible in our pH-
6 samples.

No improvement in the fits of Bi7 was achieved by adding a C shell
from a carbonate group. No difference neither arises (EXAFS results,
amount of sorbed UVI) between the three samples (Bi6-8) prepared in
different background solutions (NaClO4, NaNO3, Na2CO3) at pH 6.
These results suggest a lack of ternary uranyl-carbonato complexes for-
mation at pH ≤ 6, consistent with the recent conclusions of Rossberg
et al. (2009). For the fit of Bi8 sample, prepared in NaNO3 background
solution, the addition of a U–N shell (from a nitrate group) is possible
but it results in a very slight improvement of the data fit (Rfactor =
0.014 vs. 0.016). Such a shell would imply the formation of some ternary
uranyl-nitrate complexes at the mineral surface. Finally, the lack of any
detectable U–U scattering pair is consistent with the thermodynamic
calculations of the saturation indices of schoepite (Table 1). Moreover,
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it suggests that UVI does not form significant polynuclear U–U species at
the birnessite surface during sorption at pH ≤ 6.

Based on the split of the O equatorial shell, and the variable U–Mn
contribution observed at different pHs, the EXAFS results support the
conclusion that the sorption of the uranyl ions onto birnessite mostly
occurs via an inner-sphere, mononuclear complexation mechanism,
but several (at least two, maybe three) energetically different sites are
involved in the sorption process. At low pH (4–5), a bidentate edge-
sharing coordination can be inferred, whereas bidentate corner-
sharing and/or monodentate complexation would most likely describe
the EXAFS features of the samples at pH 6. Wang et al. (2013) proposed
a similar coordination change with pH, albeit this change was predicted
to occur at a higher pH than what is observed in the present study
(~pH 7 in the absence of dissolved carbonate ions).

4. Discussion

4.1. Structural incorporation of UVI

Recent studies using spectroscopic techniques allow demonstrating
that birnessite presents several types of sorption sites located in the in-
terlayer, mostly depending on the structural form of birnessite, i.e.:
monoclinic or hexagonal. While alkaline and alkaline-earth cations are

located within the water sheet of monoclinic birnessite (Drits et al.,
1997; Silvester et al., 1997; Axe et al., 2000; Lanson et al., 2002a) ac-
counting for the reported cation-exchange capacity of this mineral
(Post and Veblen, 1990; Post, 1999), hydrolysable cations such as Zn,
Pb, Mn, Ni, Co are mostly sorbed above and below the layer vacancies
in hexagonal birnessite (Matocha et al., 2001; Lanson et al., 2002b;
Manceau et al., 2002a; Li et al., 2004; Villalobos et al., 2005; Toner
et al., 2006; Peacock and Sherman, 2007). In a few cases, incorporation
of heavymetals into vacancies or substitution forMnwithin themineral
lattice structure was reported (Manceau et al., 1997; Peacock and
Sherman, 2007). In addition, external edge sites were explicitly recog-
nized by spectroscopic techniques for As coordination to hexagonal
birnessite (Tournassat et al., 2002) and for Pb and U sorption on biogen-
ic birnessite-like Mn oxides (Villalobos et al., 2005; Webb et al., 2006),
Fig. 6 illustrates the consequently possible UVI sorption sites on hexago-
nal birnessite. In spite of the strong affinity of UVI for interlayers of
phyllosilicates such as smectites, vermiculites and biotites (Hudson
et al., 1999; Chisholm-Brause et al., 2001; Catalano and Brown, 2005;
Lee et al., 2009), several arguments suggest that UVI does not enter
into the interlayer of hexagonal birnessite in the present study, but in-
stead sorbs on external sites only. Indeed, the interlayer space of hexag-
onal birnessite is significantly smaller than that of the phyllosilicates
mentioned above, and the linear uranyl moiety presents much larger
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Fig. 5.U LIII-edge EXAFS experimental results (solid lines) and fits (open circles) of UVI sorbed onto hexagonal birnessite. (a) k3-weighted χ(k) functions. Bi1 to Bi4 correspond to sorption
experiments at pH 4, Bi5= pH 5, Bi6 to Bi8= pH 6 (see Table 1 for more detailed experimental conditions). (b) Fourier transformmagnitudes (FTs) of spectra from a. (c) Comparison of
representative simulated EXAFS spectra for each pH and UVI surface loading. The FTs of the samples prepared at pH 4–5 show a peak that could bemodeled by a U–Mn shell. This feature
disappears in the samples at pH 6, implying an evolution of UVI surface species with pH.
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steric obstruction than Zn, Pb, or Ni. Moreover, a significant uptake of
UVI in ion-exchange sites is precluded here since: i) a high ionic strength
is used for the sorption experiments (0.1 M NaClO4), and ii) our EXAFS
results suggest inner-sphere complex formation. Consistently, results
from the Bi1 sample (Table 1) support this assumption. In this sample,
the UVI was added to the birnessite suspension before its conversion
to H-birnessite; i.e.: before the dehydration yielding to the collapse of
the 10 Å layer spacing to 7 Å, hence favoring the entry of UVI into the
interlayer space. However, no difference with the related sample Bi2
(addition of UVI after the achievement of H-birnessite conversion) was
observed, neither in UVI uptake (sorbed concentrations or EXAFS

results) nor in XRD pattern of the final oxide (Fig S1b in electronic sup-
plementary appendix).

A careful examination of the H-birnessite surface provides some
constraint on the different sites put forward by EXAFS data. At low pH,
the EXAFS model implies a bidentate edge-sharing binding that rules
out the positioning of UVI above the layer vacancies. Most likely, the
Mn octahedra of the particle edges would provide adequate environ-
ment for such binding (strong-affinity site in Fig. 7). At least one of
the unshared-edge length of Mn octahedra from the particle edge
(2.76 Å) (Manceau et al., 2002a) closelymatches theO–Oequatorial dis-
tance in uranyl moiety (2.73 Å for an equatorial fivefold coordination
(Burns et al., 1997; Evans, 1963)). With a mean U–Oeq distance of 2.46
Å (fromour EXAFS results), an edge length of 2.76 Åwould lead to a the-
oretical U–Mn distance of 3.35 Å, perfectly consistent with the mea-
sured value (3.36–3.40 Å). Because the complexation of UVI to these
sites is very strong, in spite of the inauspicious sorption conditions
(low pH, low dissolved U concentration), an energetically high affinity
between UVI and these sites must be assumed. When the pH increases,
EXAFS results evoke the emergence of at least one additional binding
geometry, involving either bidentate corner-sharing or monodentate
binding. The density of these latter must be large enough to account
for the highest amount of sorbed UVI, albeit with lower affinity than
the bidentate edge-sharing sites. The positive comparison between
the maximum site-density inferred from the pH-5 Langmuir isotherm
(1.57 sites/nm2) and the calculated theoretical density of uncapped
vacancies (1.53 sites/nm2, see Section 4.2 and calculation details
in the electronic supplementary appendix S2.2) suggests that the
second type of sites involved in UVI sorption could be related to the
H-birnessite layer vacancies. Given the particular steric geometry of
uranyl moiety, both bidentate corner-sharing and monodentate geom-
etries above layer vacancies can be assumed, with an orientation of
the uranyl axis parallel to the birnessite surface (Fig. 7). Such feature
was previously observed in the vermiculite interlayer (Hudson et al.,
1999). In the bidentate corner-sharing configuration (weak affinity
site in Fig. 7), the distance between the O atoms of vacant octahedra
(2.85–3.02 Å, Manceau et al., 2002a) is slightly larger than the O–O
equatorial distance in uranyl moiety, which could explain the lower
affinity of UVI for this site, relative to the bidentate edge-sharing site de-
scribed above. This model will be used to describe the measured iso-
therm data in a surface complexation framework.

4.2. Surface complexation model

Modeling UVI sorption at various pHs was achieved using a diffuse
double layermodel of surface complexation. This was completedwithin
two steps. The H/Na/K/Mn surface site reactions accounting for the net
surface charge of the mineral surface (without UVI) were first assessed
in order to reproduce the surface charge and the evolution of Na and
K contents shown in Fig. 2. In a second step, the mere UVI complexation
constantswere optimized tofit themeasured isotherms (Fig. 8). Several
models were published to describe the surface charge of Mn oxides
(reviewed in Tonkin et al. (2004), Peacock and Sherman (2007)). Unfor-
tunately, most of themmodel theMn-oxide proton surface charge only,
which is inadequate to describe the net surface charge calculated in the
present study (including Na/K/Mn participation). Among the most re-
cent published models, only Tonkin et al. (2004) and Appelo and
Postma (1999) proposed complexation constants for Mn ions, and
merely this latter work includes Na and K complexation constants.
Models and complexation constants from Tonkin et al. (2004) or
Appelo and Postma (1999) were implemented in the program
PHREEQC (Parkhurst and Appelo, 1999) in order to reproduce the net
surface charge from our titration experiment conditions (I = 0.05 M;
S/L ratio=2.2 g/L), but none of the calculated surface charge accurately
fits our data (Fig. 2a, models [1] and [2]). No improvement of the fit was
achieved by adjusting the birnessite specific surface area or surface site
density. Specifically, these models were unable to reproduce the

Table 2

EXAFS structural parameters for UVI sorbed onto birnessite. Rfactor gives the goodness of
the fit. The errors on fitted parameters are: N ± 20%, R ± 0.02 Å, σ2 ± 20%.

Sample Shell N R (Å) σ2 (Å2) E0 (eV) Rfactor

Bi1 OAx 2a 1.79 0.002 8.3 0.02
NaClO4 Oeq1 2.2 2.30 0.003b

pH 4 Oeq2 2.2 2.45 0.003b

10 μM Mn 0.5 3.39 0.005a

Bi2 OAx 2a 1.79 0.002 8.8 0.01
NaClO4 Oeq1 2.1 2.32 0.002b

pH 4 Oeq2 2.1 2.46 0.002b

11 μM Mn 0.6 3.40 0.005a

Bi3 OAx 2a 1.79 0.002 8.9 0.02
NaNO3 Oeq1 2.2 2.32 0.003b

pH 4 Oeq2 1.6 2.46 0.003b

9 μM Mn 0.5 3.37 0.005a

Bi4 OAx 2a 1.80 0.002 9.1 0.01
NaClO4 Oeq1 2.2 2.32 0.002b

pH 4 Oeq2 1.7 2.46 0.002b

33 μM Mn 0.5 3.39 0.005a

Bi5 OAx 2a 1.80 0.002 9.3 0.02
NaClO4 Oeq1 2.2 2.32 0.003b

pH 5 Oeq2 1.7 2.46 0.003b

9 μM Mn 0.3 3.36 0.005a

Bi6 OAx 2a 1.81 0.002 10.0 0.01
NaClO4 Oeq1 1.8 2.30 0.002b

pH 6
12 μM Oeq2 1.6 2.46 0.002b

Bi7 OAx 2a 1.80 0.002 8.3 0.01
NaCO3 Oeq1 2.2 2.29 0.003b

pH 6
10 μM Oeq2 2.0 2.45 0.003b

Bi8 OAx 2a 1.81 0.002 9.9 0.016
NaNO3 Oeq1 1.8 2.31 0.005b

pH 6 Oeq2 1.8 2.45 0.005b

13 μM N 0.6 2.96 0.005a 0.014

a Fixed parameters.
b Correlated parameters.

Fig. 6. Sketch of hypothetical UVI sorption sites on hexagonal birnessite. Inner-sphere com-
plexation above layer vacancies represents preferential sorption sites for numerous hy-
drolysable cations (Matocha et al., 2001; Lanson et al., 2002b; Villalobos et al., 2005;
Toner et al., 2006; Peacock and Sherman, 2007). By analogy with the previously reported
UVI sorption schemes on various oxide surfaces (Waite et al., 1994; Rossberg et al., 2009),
edge-sites can also be expected. Finally, owing to structural similarity between birnessite
and clays (layered structure and permanent layer charge) and the affinity of UVI for inter-
layers of phyllosilicates (e.g. Chisholm-Brause et al., 2001; Catalano and Brown, 2005), UVI

sorption as outer-sphere in the interlayer could tentatively be assumed under certain
conditions.
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particular flat shape of the net surface charge between pH 3 and pH 6.
Determination of specific complexation constants was thus mandatory
to accurately model our birnessite surface, and further UVI sorption. Be-
cause the diprotic model of Appelo and Postma (1999) is based on crys-
tallographic data perfectly consistent with our synthetic birnessite, this
model was considered to fit our data, but complexation constants and
surface site densities were re-addressed. Detailed informations on this
model and optimization are given in the electronic supplementary ap-
pendix S2.2. The theoretical basal site density was taken equal to the
number of vacant sites which are not capped by interlayer Mn octahe-
dra (“uncapped” sites) (Figs. 1 and 6), i.e.: 1.53 sites/nm2 (see calcula-
tion in S2.2). Results from the optimization are reported in Table 3.
Fig. 2 shows the modeled surface charge and sorbed Na and K amounts
using these constants, along with experimental data.

These constants were further used for the optimization of the UVI

complexation constants. Two distinct surfaces were hence included in
the model: a total surface mostly representing internal basal surface
(900 m2/g) onto which only H, Mn, Na or K were assumed to sorb,
and an external surface (14 m2/g) onto which the sorption of the UVI

ions was modeled. In a preliminary attempt, the fit of the measured
UVI isothermswith only one type of sorption site onto birnessite surface
failed, consistently towhat was earlier found to be the case for UVI sorp-
tion onto Fe-oxides (Waite et al., 1994; Fox et al., 2006; Gustafsson et al.,
2009; Zeng et al., 2009). No improvement was achieved when uranyl-
hydroxy species were added to the model. This model was unable to

adequately fit both the low- and high-U concentration parts of the iso-
therms at the same time.

We therefore developed a model deduced from EXAFS data, involv-
ing two types of binding sites located on the particle external surface. A
strong-affinity, bidentate edge-sharing complexation was described,
following:

≡Mns OHð Þ2 þ UO2
2þ

¼ ≡MnsO2UO2 þ 2Hþ
ð2Þ

where ≡ Mns(OH)2 corresponds to a bidentate site and the subscript s
stands for strong-binding site.

Following the same formalism as for the model Appelo and Postma
(1999) used for surface charge description (electronic supplementary
appendix S2.2), aweak-affinity complexation involving either bidentate
corner-sharing or monodentate binding to layer vacancies was de-
scribed, following:

≡ SwO3H2 þ UO2
2þ

¼ ≡ SwO3UO2 þ 2Hþ

≡ SwO3H2 þ UO2
2þ

¼ ≡ SwO3HUO2
þ
þHþ

�

�

�

�

�

)

ð3Þ
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Fig. 7. Structural model of the two UVI sorption sites at the H-birnessite surface, involving a strong-affinity, bidentate edge-sharing site and a weak affinity, bidentate corner-sharing site.
For clarity purposes, monodentate coordination for the weak affinity site was omitted. Structural parameters for H-birnessite from Lanson et al. (2000) and Manceau et al. (2002a).
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Table 3

Complexation constants optimized from our experimental data for surface charge model,
using the diproticmodel of Appelo and Postma (1999) and for UVI sorption onto birnessite
surface.

Reaction Log K Site density (sites/nm2)

≡SO3H2 = ≡SO3H
− + H+ 0.6 1.53b

≡SO3H2 = ≡SO3
2− + 2H −9 "

≡SO3H2 + H+ = ≡SO3H3
+ 1.84 a "

≡SO3H2 + H+ + Cl− = ≡SO3H3Cl 3.28 a "
≡SO3H2 + Mn2+ = ≡SO3HMn+ + H+ 3.75 "
≡SO3H2 + Mn2+ = ≡SO3Mn + 2H+

−2.7 "
≡SO3H2 + Na+ = ≡SO3HNa + H+ 0.4 "
≡SO3H2 + Na+ = ≡SO3Na

− + 2H+
−4.5 "

≡SO3H2 + K+ = ≡SO3HK + H+ 3 "
≡SO3H2 + K+ = ≡SO3K

− + 2H+
−2.7 "

≡Mns(OH)2 + UO2
2+ = ≡MnsO2UO2 + 2H+ 3.15 0.0134

≡ SwO3H2 + UO2
2+ = ≡SwO3UO2 + 2H+ 0.12 1.57c

≡SwO3H2 + UO2
2+ = ≡SwO3HUO2

+ + H+ 3.348 1.57c

s and w subscripts stand for strong and weal sites respectively.
a From Appelo and Postma (1999).

b Theoretical “uncapped” vacant sites (detailed calculation in the electronic
supplementary annex S2.2).

c Deduced from the maximum sorption density of pH-5 isotherm.
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where≡ SwO3H2 is a doubly chargedmulti-oxygen site corresponding to
the crystallographic lattice vacancies, and the subscript w stands for
weak-binding sites.

The total external site density was taken equal to 1.57 sites/nm2

(maximum site-density inferred from the Langmuir isotherm at pH 5).
The strong-affinity site density was optimized using the PEST program
(Doherty, 2004), in addition to the three UVI surface complexation con-
stants. The best fit is shown in Fig. 8, and the corresponding constants
are reported in Table 3. Consistent to the lack of polynuclear sorbed spe-
cies suggested by the EXAFS data, no improvement of the fit was
achieved by adding the sorption of some uranyl-hydroxy species.
Fig. 9 shows the evolution of the sorbed species with pH and initial dis-
solved UVI concentration as predicted by the model. These results sug-
gest that at pH 4, the strong-affinity ≡ MnsO2UO2 species is prevailing
up to an initial UVI concentration of about 0.8 × 10−5M,whereas amix-
ture of the three species dominates above this UVI concentration. For the
samples Bi1 to Bi4 conditions, the predicted coexistence of edge-
sharing and corner-sharing sorbed species is consistent with the mere
0.5 ± 0.1 Mn neighbors per U atom at 3.39 Å detected by EXAFS. For

the experimental conditions of EXAFS samples Bi5 to Bi8 (pH 5 and
6), the predicted dominant specie is the corner-sharing≡ SwO3UO2 spe-
cie, reliable to the disappearance of the Mn neighbors in the EXAFS
spectra. These results emphasize the influence of the dissolved UVI con-
centration on the surface sites prevailing in U uptake. Fig. 9 shows that
the strong-affinity sitesmight be undetectable in experiments conduct-
ed with high UVI concentrations, which could therefore be irrelevant to
natural uncontaminated soil or aquifer environments.

The strong-affinity site density was determined to be equal to
0.013 sites/nm2, and represents 0.8% of the total site density for UVI sorp-
tion. This value is lower than the density of strong-affinity sites modeled
for ferrihydrite surface (Dzombak and Morel, 1990; Waite et al., 1994;
Gustafsson et al., 2009), however counterbalanced by a higher complex-
ation constant. If these sites indeed correspond to the edge-sites assessed
in Fig. 7, the almost-perfect steric fit between the Oeq–Oeq distance of the
uranylmoiety (2.73 Å) and the length of some unshared-edges inMn oc-
tahedra (2.76 Å) might account for this high complexation constant. For
comparison, the unshared-edge lengths in Fe octahedra are slightly lon-
ger (2.93–3.02 Å, Manceau et al., 1992a). With an external surface area
equal to 14m2/g, the optimized density for these strong-affinity sites ac-
tually corresponds to 1.87 × 1017 sites/g. Assuming that these sites are
restricted to edge surface only (instead of covering the total external sur-
face), the expression of the site density relative to the total external sur-
face is actually inappropriate because the proportion of edge surface
relative to the external surface changes with the size of the particles.
The expression of the density relative to the particle edge surface
would be more suitable. Unfortunately, this latter expression would be
difficult to achieve because edge surface determination is particularly
challenging. At this stage, only a rough calculation can be done, allowing
to verify that the reported strong-affinity site density is compatible with
the crystallographic structure of birnessite. For a 2 × 2 × 0.05 μmparticle
size (corresponding to a theoretical external surface equal to the mea-
sured 14 m2/g with about 70 stacked layers), theoretical edge surface
represents 2% of the external surface. This value leads to a site density
equal to 0.18 sites/nm along the particle layer edges, corresponding to
one strong-affinity site every 20 Mn octahedra. Due to the nano-size of
δ-MnO2 particles (Grangeon et al., 2012), a significant increase of the
edge surface proportion relative to the external BET surface area is ex-
pected in these oxides (Villalobos et al., 2005). The density of strong-
affinity sites relative to external BET surface area is therefore expected
to increase. The variation of this latter might account for the different
pH values at which a change in the UVI surface coordination was ob-
served on birnessite (this study) or δ-MnO2 (Wang et al., 2013) i.e.
change of coordination from bidentate edge-sharing to bidentate
corner-sharing and/or monodentate complexation between pH 5 and 6
on birnessite and above pH 7 on δ-MnO2. The augmentation of strong-
affinity site density would indeed expand the range of influence of
these sites.

The validation of thismodelwas achieved bymodeling the influence
of the S/L ratio (mass of solid/volume of solution). The good agreement
between the concentration of UVI predicted to be sorbed onto birnessite
for various S/L ratios and the measured values is shown in Fig. 4. The
shape of the modeled curve (sorbed UVI vs. S/L ratio) is strongly influ-
enced by the competition betweenMn andUVI for sorption sites. Indeed,
small variations of the Mn concentration in the initial solution tend to
produce large variations in the modeled UVI sorption. The unexpected
increase of UVI sorption for high S/L ratios is clearly linked to the fact
that dissolved Mn concentrations do not show a linear correlation
with S/L ratio, but instead tend to reach a plateau for high S/L ratios
due to solubility equilibrium. Consequently, the stagnation of the dis-
solved Mn concentration above S/L ratio ~3 g/L results in a more nega-
tive surface charge and a reduced competition between UVI and Mn to
the sorption sites, bothmechanisms favoringUVI sorption. This behavior
implies a strong influence of the S/L ratio on UVI

–birnessite interaction,
contrasting with the sorption of UVI onto iron oxides and silicates
(McKinley and Jenne, 1991; Payne et al., 1998).
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4.3. Comparative UVI affinity for birnessite and other minerals

The control of UVI mobility in various surface environments is dom-
inated by few types of geologicalmaterial:mostly clays, zeolites and ox-
ides. Among these latter, Fe-oxides andMn-oxides are often intergrown
in soils, lake sediments or marine nodules (Burns and Burns, 1979;
Palumbo et al., 2001) and the partitioning of scavengedmetals between
the two phases remains difficult to assess. Nevertheless, O'Reilly and
Hochella (2003) or Hochella et al. (2005) for instance successfully dem-
onstrated that birnessite takes up much more Pb than the associated
ferrihydrite. The partitioning between Mn oxides and other minerals
with high sorption capacity can also be addressed, since it has been
shown that Pu, Ba, Ni, Pb and Ce can be preferentially bound to
birnessite rather than to clays, iron oxides or zeolites, despite the mar-
ginal amount of birnessite (~1% or less) in the analyzed tuffs (Duff
et al., 2001; Vaniman et al., 2002). This partitioning is especially rele-
vant with respect to nuclear-waste field because alteration of the nucle-
ar glasses produces, besides silicate colloids, some birnessite-type
colloids which could play a major role in radionuclide migration
(Abrajano et al., 1990; Buck and Bates, 1999). Therefore, a comparison
of the adsorption capacities of these various minerals could shed some
light on the primary control of UVI migration in natural environments.
The surface complexation model developed in this study was used to
predict the amount of UVI sorbed onto birnessite for some experimental
conditions similar to several previous studies inwhichUVI sorption onto
clays, zeolites or iron oxides was reported. The results of the model
(onto H-birnessite) along with the measured UVI sorption onto the
other minerals are reported in Table 4. Comparison of the U VI affinity
for these various sorbents was made using a distribution coefficient

Kd (Kd ¼
U½ �sorbed mol=gð Þ

U½ �solution mol=mlð Þ), as well as a distribution coefficient relative to

BET specific surface area ( Kd
Sspec). The comparison was limited to condi-

tions close to the ones used for the establishment of our model, i.e.:
0.1 M ionic strength, pH range of 4–6 and S/L ratio range of 0.1–3 g/L.
These results demonstrate that the predicted Kds for birnessite are sig-
nificantly higher than themeasured values for montmorillonite and ze-
olitic clinoptilolite, whereas they are similar or lower than iron oxide
Kds, depending on the oxide crystallinity. However, when the surface
area is taken into account (Kd/Sspec values), the affinity of UVI for
birnessite per surface unit turns out to be comparable to its affinity to
iron oxides. It should be noted that the surface area of the ferrihydrite
samples from Waite et al. (1994), was not measured, but a value of
600 m2/g was assumed by the authors and used in the calculation of
Kd/Sspec. This surface could be overestimated, yielding particularly low
Kd/Sspec values. However, even with a one-order-lower surface area

(60 m2/g), the Kd/Sspec values for these samples would remain similar
to that of birnessite. The highest modeled Kd/Sspec value relative to
iron oxides arises for diluted UVI solution (0.01 μmol/L, ferrihydrite).
This difference may be due to the proposed highly reactive external
Mn octahedra sites (Fig. 7), showing a higher affinity for UVI than the
strong-affinity sites at the Fe-oxide surface, albeit predominant only
for low UVI concentrations (Fig. 9). This is a very significant observation
as this experimental “diluted” UVI concentration is the most relevant to
natural, uncontaminated environments (for instance the average UVI

concentration in open oceans or worldwide-rivers ranges from 0.004
to 0.02 μmol/L (Cochran, 1992)). It indicates that hexagonal birnessite
could play a more significant role in natural environments than what
has been suggested by the present comparison between experimental
studies which are mostly carried out with high UVI concentration for
various technical requirements. These Kd estimates reveal that in low-
pH environments (such as partially wetted soils or acidic lake sedi-
ments), hexagonal birnessite is able to sorb UVI as much as Fe oxides,
and thismineral, hence, could exert a significant control onUVImobility.
In higher pH environments (such as oceans), both birnessite structure
and UVI speciation significantly change, requiring further work to pre-
dict UVI

–birnessite interaction.

5. Conclusion

This study demonstrates the strong affinity of uranyl ions with the
hexagonal birnessite surface. The sorption experiments and EXAFS
measurements allow proposing a structural model of uranyl sorption
onto the birnessite surface, in which two energetically different sites
are involved. At low pH (≤5) a bidentate edge-sharing complex with
external Mn octahedra can be inferred, whereas bidentate corner-
sharing and/or monodentate complexation above layer vacancies
would most likely describe EXAFS features of higher pH samples
(pH 6). Based on this structural model, the proposed surface complexa-
tion model involves both weak-affinity and strong-affinity sites for UVI

sorption. This model was able to reproduce not only the measured iso-
therms from pH 3 to 5, but also the unexpected increase of UVI sorption
for high S/L ratios. This latter was explained by a competition between
UVI and dissolved Mn ions for the sorption sites.

The affinity of UVI for Mn oxides relative to various minerals with
high sorption capacity was addressed by comparing the modeled sorp-
tion of UVI onto H-birnessite with previously reported UVI sorption onto
clays, zeolites or iron oxides. The results show that, in low-pH environ-
ments (such as soils), the sorption of uranyl ions onto birnessite largely
exceeds the sorption observed on montmorillonite or zeolite, and turns

Table 4

Comparison between the sorption of UVI on H-birnessite (H-Bi) and on various minerals (previously published clays, zeolites, Fe oxides). The sorption capacity is reported in term of Kd
values. The values reported for H-birnessite were calculated from our model, for the experimental conditions (pH, S/L, [U]ini) prevailing in the reported experiments. Sspec = 14 m2/g for
H-birnessite.

Mineral pH S/L Sspec [U]initial Kd minerals Kd (model) H-Bi Kdmin
Sspec

KdH−Bi
Sspec

Data source

g/L m2/g (μmol/L) mL/g mL/g mL/m2 mL/m2

Montmorillonite M1 4 3.2 97 0.24 469 2717 5 194 [1]
Montmorillonite M2 4 0.27 97 0.2 412 903 4 64 [1]
Clinoptilolite C1 4 2 10 0.21 26 1319 3 94 [1]
Hematite 4.55 0.2 46 12.3 1100 297 24 21 [2]
Goethite 4 1 45 10 667 91 15 6.5 [3]
Fe(OH)3am 4 1 306 10 3000 91 10 6.5 [3]
Hematite 4 1 3.1 10 20 91 7 6.5 [3]
Hematite 5 1 3.1 10 667 633 215 45 [3]
Ferrihydrite 4 1.76 600 (60) 1 1326 509 2 (20) 36 [4]
Ferrihydrite 3.6 1.76 600 (60) 1 411 218 0.7 (7) 15 [4]
Ferrihydrite 4 0.08 600 (60) 1 3125 433 5 (52) 31 [4]
Ferrihydrite 4 0.08 600 (60) 0.01 5357 3000 9 (89) 214 [4]

[1]: Pabalan et al. (1998); [2]: Bargar et al. (2000a); [3]: Hsi and Langmuir (1985); [4]: Waite et al. (1994).
S/L = solid-to-liquid ratio. All studies were performed with 0.1 M NaNO3 background electrolyte. Values in parentheses correspond to a theoretical calculation if the actual ferrihydrite
surface area is one order lower than the 600 m2/g value assumed byWaite et al. (1994) (see Section 4.3 for explanation).
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out to be comparable to iron oxides. Ourmodel even suggests that sorp-
tion onto birnessite exceeds that onto ferrihydrite for the most diluted
UVI concentration, i.e. the most relevant concentration to natural, un-
contaminated environments. The proposed highly reactive edge sites,
which show a much higher affinity for UVI than the high-affinity sites
at the Fe-oxides surface,might explain such enhanced sorption. It there-
fore suggests that experimental studies carried out with dissolved UVI

concentrations significantly higher than natural aqueous UVI concentra-
tions could underestimate the role of birnessite in natural environ-
ments, and emphasizes the potential role of phyllomanganates to the
control of uranyl mobility in post-oxic acidic environments.
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