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Abstract

Macro- and molecular-scale knowledge of uranyl (U(VI)) partitioning reactions with soil/sediment mineral components is important
in predicting U(VI) transport processes in the vadose zone and aquifers. In this study, U(VI) reactivity and surface speciation on a poorly
crystalline aluminosilicate mineral, synthetic imogolite, were investigated using batch adsorption experiments, X-ray absorption spec-
troscopy (XAS), and surface complexation modeling. U(VI) uptake on imogolite surfaces was greatest at pH �7–8 (I = 0.1 M NaNO3

solution, suspension density = 0.4 g/L [U(VI)]i = 0.01–30 lM, equilibration with air). Uranyl uptake decreased with increasing sodium
nitrate concentration in the range from 0.02 to 0.5 M. XAS analyses show that two U(VI) inner-sphere (bidentate mononuclear coor-
dination on outer-wall aluminol groups) and one outer-sphere surface species are present on the imogolite surface, and the distribution
of the surface species is pH dependent. At pH 8.8, bis-carbonato inner-sphere and tris-carbonato outer-sphere surface species are present.
At pH 7, bis- and non-carbonato inner-sphere surface species co-exist, and the fraction of bis-carbonato species increases slightly with
increasing I (0.1–0.5 M). At pH 5.3, U(VI) non-carbonato bidentate mononuclear surface species predominate (69%). A triple layer sur-
face complexation model was developed with surface species that are consistent with the XAS analyses and macroscopic adsorption data.
The proton stoichiometry of surface reactions was determined from both the pH dependence of U(VI) adsorption data in pH regions of
surface species predominance and from bond-valence calculations. The bis-carbonato species required a distribution of surface charge
between the surface and b charge planes in order to be consistent with both the spectroscopic and macroscopic adsorption data. This
research indicates that U(VI)-carbonato ternary species on poorly crystalline aluminosilicate mineral surfaces may be important in con-
trolling U(VI) mobility in low-temperature geochemical environments over a wide pH range (�5–9), even at the partial pressure of car-
bon dioxide of ambient air (pCO2 = 10�3.45 atm).
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

As a result of nuclear power plant and uranium mining
operations, and nuclear weapons production, uranium (U)
has been recognized as one of the most widespread radio-
nuclide contaminants in soils and groundwater in the
U.S. (Riley et al., 1992). In particular, at several U.S.
Department of Energy sites (e.g., Hanford, Washington,
Oak Ridge, Tennessee, and Savannah River, South Caroli-
na), U plumes have been identified in the vadose and/or
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saturated zones of the subsurface, and precise knowledge
in predicting the fate and transport of U is greatly needed
to protect and improve ground- and surface-water quality.
In oxic environments, U is typically present in the hexava-
lent oxidation state, and adsorption of the uranyl oxoca-
tion (U(VI)O2

2+) on soil mineral surfaces is presumed to
retard U(VI) mobility in subsurface environments (Davis
et al., 2004).

Many researchers have investigated U(VI) adsorption
on variable charge soil mineral surfaces. In the presence
of carbonate anions, U(VI) retention generally maximizes
at near neutral pH on aluminosilicate minerals (Borovec,
1981; Ames et al., 1983; McKinley et al., 1995; Payne
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et al., 1998) and metal oxides (Maya, 1982; Ho and Miller,
1985; Hsi and Langmuir, 1985; Payne and Waite, 1991;
Lieser et al., 1992; Waite et al., 1994; Duff and Amrhein,
1996). Several in situ spectroscopic techniques such as X-
ray absorption, Raman, and luminescence spectroscopies
have been widely used to elucidate the structure of U(VI)
surface species at the mineral–water interface, and the re-
sults show that U(VI) surface species vary depending on
the type of adsorbent and reaction conditions. Whereas
the formation of inner-sphere bidentate binuclear complex-
es has been consistently reported on silica and c-aluminum
oxide surfaces (Glinka et al., 1995; Sylwester et al., 2000),
two different U(VI) bonding mechanisms (i.e., ion ex-
change and chemisorption) as a function of pH and
U(VI) loading levels have been suggested on smectite sur-
faces (Dent et al., 1992; Chisholm-Brause et al., 1994,
2004; Morris et al., 1994; Sylwester et al., 2000; Hennig
et al., 2002). Iron oxides (i.e., hydrous ferric oxyhydroxide,
lepidocrocite, and goethite) also serve as sinks for U(VI) by
forming predominantly bidentate surface species (Manceau
et al., 1992; Waite et al., 1994; Moyes et al., 2000; Dodge
et al., 2002; Walter et al., 2003). More importantly,
U(VI) in air-equilibrated hematite systems is known to
form U(VI)-carbonate ternary complexes (Bargar et al.,
1999, 2000). Recent grazing-incidence X-ray absorption
spectroscopic studies indicated the formation of inner-
sphere bidentate and outer-sphere complexes on rutile
(TiO2) (110) and (001) planes, and inner-sphere surface
species on a-A2O3 (1102) and (110) surfaces and a-
Fe2O3 (1102) surfaces (Den Auwer et al., 2003; Denecke
et al., 2003; Catalano et al., 2005).

Although many of these studies have been concerned
with U(VI) coordination environments at the surfaces of
crystalline aluminosilicate minerals and metal oxides, there
is a lack of knowledge of U(VI) reactivity and surface spe-
ciation on poorly crystalline aluminosilicate minerals, such
as allophane and imogolite, that are important transient
phases in soil weathering processes. Allophane and imogo-
lite are commonly present in andisols and spodsols (Vio-
lante and Tait, 1979; Mckeague and Kodama, 1981;
Farmer and Fraser, 1982; Dahlgren and Walker, 1993).
Although the occurrence of these minerals is commonly
reported in soils with accumulated volcanic ash, they have
been also identified in pumice deposits, stream sediments,
coatings of primary particles, and soils derived from igne-
ous and sedimentary rock sandstones in different geograph-
ic regions (Violante and Tait, 1979; Jongmans et al., 1995;
Harsh et al., 2002). Several researchers have demonstrated
that poorly crystalline aluminosilicate minerals strongly re-
tain various anions (i.e., phosphate and chloride) and cat-
ions (e.g., Al, Cd, Pb, and Cu) over a wide pH range in
low-temperature geochemical environments (Theng et al.,
1982; Clark and McBride, 1984; Wada, 1987; Harsh
et al., 1992; Denaix et al., 1999), suggesting a possible
important role in controlling the reactivity of anionic/cat-
ionic U(VI) aqueous species, such as UO2

2+ and
UO2(CO3)3

4� in soil solutions and groundwater. Further-
more, a recent study by Allard and co-workers have indi-
cated that Al-rich poorly crystalline aluminosilicate gels
from oxidative weathering of a U deposit in France re-
tained a substantial amount of U(VI), indicating the
important role of poorly crystalline aluminosilicate miner-
als as U(VI) sinks (Allard et al., 1999).

In this study, the high surface area, poorly crystalline
aluminosilicate mineral, imogolite, HOSiO3Al2(OH)3, was
chosen as a model adsorbent. U(VI) reactivity and sur-
face speciation were examined as a function of pH and
ionic strength, using batch adsorption experiments, X-
ray absorption fine structure spectroscopic analyses, and
surface complexation modeling. Typically, the selection
of surface species for surface complexation models has
been based on aqueous speciation models or chemical
intuition; rarely has the choice of surface species been
made based on spectroscopic evidence. In the modeling
approach used here, spectroscopic identification of sur-
face species was used to constrain the selection of surface
species in model development and to ensure consistency
between the model and spectroscopic results. Agreement
between macroscopic U(VI) adsorption data and model
calculations was attained by optimization of surface sta-
bility constants and charge distribution of species within
the context of the triple layer modeling approach of
Sverjensky (2005).

2. Materials and methods

2.1. Materials

Imogolite was synthesized according to the method de-
scribed by Farmer et al. (1983). A1(C1O4)3 Æ 9H2O
(0.1 M) stock solution was slowly added to 2 mM tetraeth-
ylorthosilicate solution to make a 4 L solution containing
[Al]total = 1.25 mM and [Si]total = 1.55 mM. pH was adjust-
ed to 5 with 1 M NaOH, and then the solution was imme-
diately acidified to achieve final concentrations of nitric
acid and acetic acid of 1 and 2 mM, respectively. The sus-
pension was refluxed at 95–100 �C for 5 days. Gelatinous
precipitates were flocculated by increasing the ionic
strength to 0.5 M with added NaNO3. The solids were con-
centrated by centrifugation and then washed with deion-
ized water until the specific conductivity was reduced to
less than 0.78 dS/m. Physicochemical properties of synthet-
ic imogolite were confirmed by transmission electron
microscopy (TEM) and diffuse reflectance Fourier trans-
form infrared (DR-FTIR) spectroscopy. Transmission
electron microscopy micrographs revealed distinctive tubu-
lar structure and FTIR spectra were similar to spectra of
natural imogolite reported by Wada et al. (1979). The Bru-
nauer–Emmett–Teller (BET) surface area of the dry imog-
olite was 166 m2/g. Ammonium oxalate digestion indicated
a Al/Si ratio of 2.10 ± 0.14. The point of zero charge (PZC)
was estimated at about 7.5 from a salt titration method;
this intermediate value is expected since the surface consists
of both aluminol external- and silanol inner-tubular sites.



Table 1
Formation constants for aqueous species

Reaction logb* (I = 0)a

UO 2þ
2 þH2O() UO2OHþ þHþ �5.25

UO 2þ
2 þ 2H2O() UO2ðOHÞ2;aq þ 2Hþ �12.15

UO 2þ
2 þ 3H2O() UO2ðOHÞ �3 þ 3Hþ �20.25

UO 2þ
2 þ 4H2O() UO2ðOHÞ 2�

4 þ 4Hþ �32.4
2UO 2þ

2 þH2O() ðUO2Þ2OH3þ þHþ �2.70
2UO 2þ

2 þ 2H2O() ðUO2Þ2ðOHÞ 2þ
2 þ 2Hþ �5.62

3UO 2þ
2 þ 4H2O() ðUO2Þ3ðOHÞ 2þ

4 þ 4Hþ �11.90
3UO 2þ

2 þ 5H2O() ðUO2Þ3ðOHÞ þ5 þ 5Hþ �15.55
3UO 2þ

2 þ 7H2O() ðUO2Þ3ðOHÞ �7 þ 7Hþ �32.2
4UO 2þ

2 þ 7H2O() ðUO2Þ4ðOHÞ þ7 þ 7Hþ �21.9
UO 2þ

2 þ CO 2�
3 () UO2CO3;aq 9.94

UO 2þ
2 þ 2CO 2�

3 () UO2ðCO3Þ 2�
2 16.61

UO 2þ
2 þ 3CO 2�

3 () UO2ðCO3Þ 4�
3 21.84

2UO 2þ
2 þ CO 2�

3 þ 3H2O() ðUO2Þ2CO3ðOHÞ �3 þ 3Hþ �0.855
UO 2þ

2 þNO �
3 () UO2NO þ

3 0.3
UO 2þ

2 þ SiðOHÞ4;aq () UO2SiOðOHÞ þ3 þHþ �1.84
H2CO3 () Hþ þHCO �

3 �6.35
H2CO3 () 2Hþ þ CO 2�

3 �16.68
NaþHCO �

3 () NaHCO o
3 0.16b

Naþ CO 2�
3 () NaCO �

3 0.55b

a All U(VI) values from Guillaumont et al. (2003).
b Values from Nakayama (1971).
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The result agrees reasonably with the PZC values of natu-
ral imogolite of 7.4–9 determined by other investigators
(Horikawa, 1975; Karube et al., 1992).

2.2. Uranyl adsorption experiments

U(VI) adsorption on synthetic imogolite (0.4 g/L sus-
pended in 0.1 M NaNO3 solution) was studied as a func-
tion of U(VI) concentration (total U(VI) concentrations
of 0.01, 1, and 30 lM, abbreviated as Utot) and pH (3–
10). A U(VI) stock solution with a concentration of
0.01 M at pH �3 was prepared from isotopically depleted
UO2(NO3)2 Æ 6H2O reagent (Johnson-Matthey) and spiked
with a 233U(VI) tracer. Imogolite suspensions (0.42–0.48 g/
L) were prepared in 50 ml polypropylene centrifuge tubes
containing 0.1 M NaNO3 solution. Sufficient amounts of
10 mM NaHCO3 solution were added to achieve the de-
sired bicarbonate concentration in equilibrium with the
partial pressure of carbon dioxide gas in air
(pCO2 = 10�3.45 atm) at specified experimental pH values.
After 24 h of equilibration with humidified air, a sufficient
quantity of the UO2(NO3)2 Æ 6H2O stock solution was
added to the imogolite suspensions to assure Utot = 0.01,
1, or 30 lM and a final suspension density of 0.4 g/L.
The samples were reacted for 24 h on an end-over-end
shaker operating at 12 rpm. The final pH was measured
in the quiescent suspension and then the suspension was
centrifuged at 20,190g for 10 min. The supernatant was
filtered through 0.2 lm nylon filters (Pall Gelman, An Ar-
bor, MI), and then acidified with 0.1 M HNO3. Three mil-
liliters of supernatant was added to 15 ml of scintillation
cocktail (Ecolite) and the activity of 233U tracer was mea-
sured with a liquid scintillation counter (Beckman
LS6500, multi-purpose scintillation counter). Adsorption
experiments with 1 lM U(VI) were also studied at differ-
ent electrolyte concentrations (i.e., 0.02 and 0.5 M NaNO3

solutions).

2.3. Speciation calculations

All speciation and surface complexation modeling cal-
culations were completed with the equilibrium speciation
program, FITEQL 4.0, (Herbelin and Westall, 1999) and
the uranium thermodynamic data given in Guillaumont
et al. (2003). Table 1 lists the aqueous thermodynamic
data used in the calculations. The Davies equation was
used for activity correction (aqueous species only). Rela-
tive errors of 1% in the concentrations of surface sites,
total U(VI), and adsorbed U(VI), and relative errors of
5% in log [H+] and log [H2CO3] were used as FITEQL in-
put values.

2.4. Extended X-ray absorption fine structure spectroscopic

measurements

U(VI) surface speciation on the imogolite surface (sus-
pension density 0.3 g/L) was studied as a function of pH
(5.3, 7, and 8.8), U(VI) concentration (Utot of 6 and
30 lM), and ionic strength (I = 0.1 and 0.5 M NaNO3)
with the partial pressure of carbon dioxide gas in air (see
Table 2 for specific reaction conditions). Using aqueous
speciation calculations, the final aqueous conditions were
calculated to be undersaturated with respect to amorphous
uranyl hydroxide UO2(OH)2 (s) for all samples , but slight-
ly supersaturated with respect to metaschoepite (UO3 Æ 2-
H2O) for the pH 5.3 samples (Table 2). However, neither
metaschoepite nor any other U(VI) precipitate was ob-
served in any of the samples, as indicated by the results
of our XAS analyses (see Section 3.2), and this result can
be explained by kinetic limitations in the precipitation of
crystalline U(VI) oxide or hydroxide hydrates. It has been
shown that the first precipitate to appear under these con-
ditions is typically amorphous uranyl hydroxide, which has
a greater solubility than metaschoepite (Allard et al., 1999;
Bargar et al., 2000).

All samples were prepared in 500 ml batch systems using
the methods described above. The imogolite paste samples
were recovered via centrifugation for 10 min at 20,190g.
Dissolved U(VI) concentrations in the supernatant were
analyzed using kinetic phosphorescence analysis (KPA,
Chemchek Instruments). To minimize the entrained solu-
tion from well-hydrated imogolite, centrifugation was
repeated twice with each sample. The samples were loaded
in 3 mm Teflon sample holders, which were then sealed
with Mylar/polycarbonate windows. The samples were
wrapped with moist tissues and kept at �3–5 �C prior to
XAS data collection. Room temperature U LIII edge
(17,166 eV) fluorescence spectra were collected within
36 h of sample preparation at the Stanford Synchrotron
Radiation Laboratory (SSRL) beamline 4.3 (Si(220) dou-



Table 2
Total dissolved Al and Si (lM) concentrations observed under different
XAS reaction conditions (i.e., [NaNO3], [U(VI)]T, and final pH) in
pCO2 = 10�3.45 atm

Final XAS sample
conditions

Saturation index

am. (UO2)(OH)2

(H2O)(s)
Metaschoepite,
UO3 Æ 2H2O

[NaNO3] (M) 0.1 0.5 0.1 0.5 0.1 0.5

pH 5.3, [U(VI)]T= 30 lM

[Al]T (lM) 4.3 B.D. �1.10 �1.02 0.09 0.17
[Si]tT (lM) 6.7 17

pH 7, [U(VI)]T = 6 lM

[Al]T (lM) 0.7 B.D. �2.47 �2.52 �1.28 �1.33
[Si]tT (lM) 5.7 2.7

pH 8.8, [U(VI)]o=30 lM

[Al]t (lM) B.D. 0.7 �4.79 �4.93 �3.60 �3.74
[Si]t (lM) 9.3 18

SD for [Al and Si] (lM) is ±0.2. B.D., below detection.
Saturation index values for am. (UO2)(OH)2(H2O)(s) (logK = �22.00,
Allard et al., 1984) and metaschoepite, (UO3 Æ 2H2O) (logK = �23.19,
Guillaumont et al., 2003) were estimated using [U(VI)]T, pH, and ionic
strength.
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Fig. 1. Schematic figures of mono-carbonate U(VI) complexes on an x–z
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Fig. 2. Estimated amplitude factors (FT intensity) as a function of a
U–Oeq–C bending angle (b = 140�–180�) for U–C–Odist [(a) 4-legged and
(b) 3-legged MS paths]. The non-linear relations for the 3-legged and 4-
legged paths are shown in (a) and (b), respectively.
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ble crystal monochromator) using a Xe-gas filled Lytle
detector or a Canberra 13-element Ge detector array
equipped with a Sr 3 lm x filter. The storage ring was oper-
ated at 3 GeV energy with a current of 80–100 mA. Urani-
um or yttrium reference foil was used to calibrate at the U
LIII- or Y K-edge absorption edge energy positions (17,166
and 17,038 eV, respectively) every 12 h.

The program FEFF 6 (Rehr et al., 1992) was used to
estimate backscattering phases and amplitude functions
of single scattering (SS) U–Oax, U–Oeq, U–C, U–Si, and
transdioxo uranium multiple scattering paths (MS), which
were derived from structural refinement data for anderso-
nite (Na2CaUO2(CO3)3 Æ 5.33H2O) (Mereiter, 1986) and
soddyite ((UO2)2(SiO4)(H2O)2) (Belokoneva et al., 1979).
A U–Al SS path was obtained from the structural refine-
ment data of phuralumite (Al2(OH)2(PO4)2(UO2)

3(OH)4 Æ 10H2O) (Piret et al., 1979). XAS data reduction
and analyses were performed using the IFEFFIT engine-
based interface, SixPACK (Webb, 2005). k3-weighted Fou-
rier transformed XAS spectra were fit in R-space over the
range of 0–4.5 Å.

In the fit, CN and R for three transdioxo uranium MS
paths (1, U@Oax@U@Oax2; 2, U@Oax@Oax2; and 3,
U@Oax@U@Oax) were calculated based on the fit derived
values for axial shells (Hudson et al., 1996) CN, R, and
r2 of three transdioxo MS paths were fixed to 2, 2 · Roax,
and 2� r2

oax, respectively. DEo was allowed to float and
linked to all shells during the fit. To reduce the number
of degrees of freedom, the Best Integer Fit method was
used to constrain the coordination number 2 and 6 for
U–Oax and Oeq shells, respectively. To account for the
changes in amplitude of two U–Odist MS paths (3 and 4 leg-
ged) as a function of an angle (b) of U–Oeq–C (Fig. 1), MS
contributions of distal oxygen (Odist) atoms of carbonate
ions (1, U–Odist ss; 2, U–C–Odist (3-legged MS); and 3,
U–C–Odist (4-legged MS)) were included in the fit with a
U–Odist SS path. MS intensity as a function of the b angle
(140�–180�) was calculated using FEFF702. The results are
shown in Figs. 2a and b.
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As described in Section 3.2, a maximum of four putative
surface species (non-carbonato, mono-carbonato and bis-
carbonato inner-sphere, and tris-carbonato outer-sphere
surface species) were considered in the fit. Amplitude
reduction factors for U–C and Odist shells were assumed
to originate from four different fractions (F) of U surface
species (i.e., non-carbonato (Fnon), mono-carbonato (Fmo-

no), and bis-carbonato inner-sphere (Fbis), and tris-carbo-
nato outer-sphere surface species (Ftris)). Based on the
assumption, we set the ‘‘total fraction (F) = 1’’ as a sum-
mation of all fractions of surface species (i.e., 1 = Fnon +
Fmono + Fbis + Ftris). The fractions for each mono- and
bis-carbonato species (i.e., U–C SS, and U–Odist SS) were
defined as ‘‘F mono � S2

o � 1’’ and ‘‘S2
o � F bis � 2,’’ respectively.

For the tris-carbonato outer-sphere surface species,
‘‘S2

o � F tris � 3’’ was used only for defining the U–C SS
and U–Odist SS paths. Based on the preliminary fit, we
found a U–Al interatomic distance (�3.3 Å) corresponding
to inner-sphere uranium bidentate mononuclear coordina-
tion with the aluminum octahedral structure (i.e., one Al
atom is coordinated). Therefore, we used ‘‘S2

o � 1 � F non,’’
‘‘S2

o � 1 � F mono,’’ and ‘‘S2
o � 1 � F bis’’ for the U–Al path for

non-, mono-, and bis-carbonato inner-sphere surface spe-
cies, respectively. For the amplitude functions of 3-legged
and 4-legged U–Odist MS paths, previously derived non-lin-
ear functions (Figs. 2a and b) were multiplied (e.g.,
S2

o � F mono � 1 � ðnon-linear function equations for 3-legged
or 4-legged pathÞ).

The outer- and inner-wall of imogolite tubular struc-
tures predominantly contain gibbsite-like Al2(OH) groups
and silanol groups, respectively (Cradwick et al., 1972).
Therefore, both U–Al and –Si shells were considered in
the initial XAS fit. Several U–Si interatomic distances that
have been reported by several other researchers were also
considered in the fit, such as bidentate (at �2.75 and
�3.08–3.15 Å) and monodentate (at �3.66–3.8 Å) coordi-
nation environments (Reich et al., 1996; Moyes et al.,
2000; Sylwester et al., 2000). However, these U–Si shells
were not successfully fit in all samples, suggesting no
U(VI) partitioning reactions into the silanol inner-tubular
structure for these reaction conditions.

To facilitate the comparison under different reaction
conditions, coordination numbers and Debye–Waller fac-
tors for some shells were fixed; (i.e., CN of U–Oeq: 6, r2

of U–C: 0.004 Å2, and r2 of U–Al: 0.003 Å2). The r2 for
U–Odist MS paths were explicitly calculated from r2 of
SS paths by summing the disorder parameters of each SS
path (Hudson et al., 1996). Based on following assump-
tions r2

c–o <<<< r2
odist ¼ r2

u–cð0:004 Å
2Þ, r2 for U–Odist

MS paths was fixed at 0.004 Å2. The other coordination
numbers, Debye–Waller factors, and interatomic distances
were allowed to vary unless otherwise mentioned in the
text. In order to determine the number of significant com-
ponents in U(VI) reacted imogolite samples, principal com-
ponent analysis (PCA) was additionally conducted using
k3-weighted EXAFS spectra of six adsorption samples at
3.5–12.4 k�1.
3. Results and discussion

3.1. Ionic strength and pH effects on uranyl adsorption

Fig. 3 shows U(VI) adsorption on the synthetic imogo-
lite as a function of pH and Utot concentration. Overall
fractional adsorption was insensitive to changes in the total
U(VI) concentration at the two lower concentrations stud-
ied (0.01 and 1 lM) (Fig. 3). U(VI) adsorption increased
with increasing pH up to �8, and decreased with increasing
pH from 8 to 10 . Similar U(VI) adsorption behavior has
been reported on various metal oxides such as c-alumina,
ferrihydrite and kaolinite (Prikryl, 1994; Waite et al.,
1994; Morrison et al., 1995; Payne et al., 1998, 2001).
The distinctive pH-dependent adsorption behavior is
attributed to the influence of hydrolysis and carbonate
complex formation on U(VI) aqueous speciation. Equilib-
rium speciation calculations predict that the predominant
U(VI) aqueous species are cationic (i.e., UO2

2+ and
UO2OH+) at pH < 6, ion pairs (i.e., UO3CO3

o and UO2(O-
H)2

o) at near neutral pH, and anionic complexes (e.g.,
(UO2)2CO3(OH)3

�, UO2(CO3)2
2�, and UO2(CO3)3

4�) at
pH > 7 (Figs. 5 and 6). In 1 lM U(VI) solution, the aque-
ous multinuclear species, (UO2)2CO3(OH)3

�, is predomi-
nant between pH 6.2 and 7.7 (Fig. 6).

Similar pH-dependent U(VI) adsorption is also ob-
served at other ionic strengths (i.e., I = 0.02 and 0.5 M)
(Fig. 4). U(VI) adsorption is relatively insensitive to chang-
es in ionic strength at pH < 7.5, but U(VI) adsorption de-
creased with increasing I from 0.02 to 0.5 M NaNO3 in
the alkaline pH range (7.3–10). Waite et al. (1994) showed
that ionic strength dependence of U(VI) adsorption in the
alkaline pH range can be expected because of the change
in activity of the aqueous uranyl-carbonato complexes
(Figs. 5 and 6). Because of this, the dependence of adsorp-
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tion on ionic strength in this pH region cannot be used to
argue that outer-sphere complexes are the predominant
U(VI) surface species. To better understand the U(VI) sur-
face speciation at the imogolite–water interface, we have
used an in situ spectroscopic technique, XAS, and the re-
sults are discussed below.

3.2. Extended X-ray absorption fine structure analyses

Fig. 7a shows the k3-weighted EXAFS spectra of U(VI)-
adsorbed imogolite samples. Fit results are shown in Table
3 (in units of Å). Interatomic distances mentioned in this
section are corrected for phase shift. The structural param-
eters of all samples contain two axial oxygen distances at
approximately 1.8 Å, and six equatorial oxygen distances
at �2.4 Å, indicating the presence of a O@U@O transdi-
oxo structure. These U–Oax/Oeq distances can be clearly



Table 3
Reaction conditions (pH, ionic strength, initial uranyl concentrations, and loading levels) of XAS samples and structural parameters from the least-squares analyses of U LIII-edge EXAFS spectra

Reaction condition Adsorption density Oax(ss) Oeq C Al Odist(ss) Fnon Fmono Fbis Ftris b (o) DEo Reduced v2

pH 8.80, 0.5 M NaNO3

[U(VI)]o=30
CN 2.0* 6.0* — 1* —

0.014 R (Å) 1.810(7) 2.44(1) 2.90(2) 3.3(1) 4.23(3) 0 0 0.3 ± 0.4 0.7 ± 0.4 176.6* 11 ± 1 34.86
r2 (Å2) 0.0017(3) 0.0063(9) 0.0041* 0.005* 0.004*

pH 8.82, 0.1 M NaNO3

[U(VI)]o=30
CN 2.0* 6.0* — 1* —

0.18 R (Å) 1.803(5) 2.431(9) 2.90(2) 3.3(1) 4.22(2) 0 0 0.27 ± 0.4 0.73 ± 0.4 176.6* 13 ± 1 29.26
r2 (Å2) 0.0011(4) 0.0057(6) 0.0041* 0.005* 0.004*

pH 7.02, 0.5 M NaNO3

[U(VI)]o=6
CN 2.0* 6.0* — 1* —

0.09 R (Å) 1.800(6) 2.38(1) 2.92(5) 3.32(8) 4.21(5) 0.21 ± 0.4 0 0.78 ± 0.4 0 140* 10 ± 2 88.48
r2 (Å2) 0.0014(5) 0.0074(9) 0.0041* 0.005* 0.004*

pH 6.94, 0.1 M NaNO3

[U(VI)]o=6
CN 2.0* 6.0* — 1* —

0.09 R (Å) 1.810(4) 2.416(9) 2.92(3) 3.35(4) 4.25(5) 0.35 ± 0.2 0 0.65 ± 0.2 0 140* 14 ± 1 31.74
r2 (Å2) 0.0013(3) 0.0085(7) 0.0041* 0.005* 0.004*

pH 5.30, 0.5 M NaNO3

[U(VI)]o=30
CN 2.0* 6.0* — 1* — 0 0.41 ± 0.3 0 180* 10 ± 2 42.78

0.101 R (Å) 1.791(6) 2.37(1) 2.93(5) 3.3(8) 4.3(2) 0.59 ± 0.3
r2 (Å2) 0.0017(4) 0.010(1) 0.0041* 0.005* 0.004*

pH 5.26, 0.1 M NaNO3

[U(VI)]o=30
CN 2.0* 6.0* — 1* — 0.69 ± 0.2 0 0.31 ± 0.2 0 180* 13 ± 1 19.23

0.28 R (Å) 1.800(3) 2.391(6) 2.94(3) 3.3(1) 4.3(5)
r2 (Å2) 0.0018(2) 0.0088(5) 0.0041* 0.005* 0.004*

[U(VI)]o, initial U(VI) concentration (lM); C, adsorption density (lM m�2); CN, coordination number; R, interatomic distance (Å); r2, Debye–Waller factor (Å2). Fit quality confidence limit for
parameters: U–Al shell CN: ±25%, U–Al shell R: ±0.02 Å. *Fixed parameter. Parameters for three U@Oax MS paths (R: 2 · ROax Å, r2: 3� r2

oax) and two U–C–Odis MS paths (ROdist(ms), r2
OdistðMSÞ) are

omitted from the table.
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Table 4
Results from principal component analysis of U LIII edge EXAFS
analyses of six U(VI) sorbed imogolite samples

Component, n Eigen
value

Variance
explained (%)

Cumulative
variance

IND
functions

1 74.130 66.9 66.9 0.343
2 15.899 14.3 81.3 0.335
3 7.123 6.4 87.7 0.516
4 5.499 4.9 92.7 1.039
5 5.022 4.5 97.2 3.058
6 3.058 2.7 100 NA

IND function is indicator error function proposed by Malinowski (1991).
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observed in the Fourier Transforms (FTs) at �1.5 and 2 Å,
R + DR (Fig. 7b). Additional FT peaks are also observed
at �2.5, 3.1, and 3.8 Å, R + DR, which can be attributed
to C, Al, and distal O (in carbonate groups) shells, as de-
scribed below. We did not observe any obvious splitting
of U–Oeq shells in the FTs (Fig. 7b). Further, initial fits
were attempted in which the Oeq shell was split into two
shells. These attempts resulted in either convergence of
the two shells at the same distance or in trivial improve-
ments in fit quality. Given the data range (3.5–12.4 Å�1)
used in these fits, the minimum difference in shell distances
that can be resolved is ca. 0.17 Å (Teo, 1986). Thus, the Oeq

shells in the samples under discussion may have been split
by distances smaller than 0.17 Å without detection as being
split. It has been previously suggested that splitting of the
Oeq shell can be used to infer inner-sphere coordination
of U(VI) at water–mineral interfaces. As discussed below,
we will rely on the presence of Al backscatters to suggest
the presence of inner-sphere surface species.

As reported in the previous XAS study of U(VI) reacted
hematite surfaces at pCO2 = 10�3.5 atm (Bargar et al.,
2000), the distance at �2.5 Å, R + DR, corresponds to a
carbonate ion coordination of the U atom in a bidentate
fashion having a U–C distance of �2.9 Å. This assignment
is based largely on the observation that such a distance is
too short to be attributed to multiple scattering, Al, or U
neighbors, and either too short or too long for O neighbors
(Bargar et al., 2000). The FT frequency at �3.1 Å, R + DR,
is fit well with Al neighbors at �3.3 Å, suggesting the for-
mation of inner-sphere bidentate mononuclear surface spe-
cies on aluminum octahedral structures. Similar U–Al
interatomic distances have been reported on montmorillon-
ite surfaces by Hennig et al. (Hennig et al., 2002). The FT
frequency at �3.8 Å is attributed to SS and MS paths of
the U–Odist at �4.2 Å. Several researchers have shown
the importance of the U–Odist distances scattering paths
in U(VI)-carbonate minerals (liebigite, cejkaite, rutherfor-
dine, and zellerite) (Catalano and Brown, 2004) and tris-
carbonato (aq) species (Bernhard et al., 2001). Our obser-
vation of the U–Odist contribution from the U(VI) carbo-
nato ternary species at the mineral–water interface and
the recent findings by Elzinga et al. (2004) of a carbonato
ternary surface species on calcite add new insight into the
types of U(VI) surface complexes that may form in low-
temperature environments (Elzinga et al., 2004).

To elucidate the number of significant surface species,
principal component analyses (PCA) were conducted using
k3-weighted EXAFS spectra of six adsorption samples. The
results are summarized in Table 4. The variance in the sam-
ple is largely captured with two components, with only
minor improvement with the addition of a third compo-
nent (Table 4). Spectral reconstructions of the 0.1 M
NaNO3 spectra are shown in Fig. 8. Two components were
sufficient to reproduce the major spectral features in all
samples. However, the pH 8.8 sample spectral reconstruc-
tions were slightly improved in the spectral range 7–
9 Å�1 following the inclusion of the third component
(Fig. 8). Similar results were obtained for the pH 8.8
0.5 M NaNO3 sample. Thus, the PCA suggest the presence
of two dominant species. A third minor component cannot
be ruled out.

Shell-by-shell fits to the EXAFS spectra were subse-
quently performed under the assumption, derived from
the PCA, that two dominant U(VI) surface species were
present. Preliminary analyses indicated the presence of Al
neighbors, suggesting the presence of inner-sphere com-
plexes and carbonate ternary ligands. It was thus conclud-
ed that the following surface complexes could have been
present: binary inner-sphere (i.e., no ternary carbonate
ligands present), mono-carbonato inner-sphere, bis-car-
bonate inner-sphere, and tris-carbonato (outer-sphere sur-
face species). EXAFS fits were initially attempted assuming
that two of these four putative species were present.

For the pH 5.3 samples, a combination of binary (59–
69%) and bis-carbonato (31–41%) inner-sphere species
resulted in the best fit (reduced v2: 19.23–42.78). When
the U–C–Odistal bond angle (defined here as b) was varied
between 140�, 150�, 160�, 170�, and 180�, negligible chang-
es were observed in reduced v2 values. Final fits assume
that b = 180� (Table 3).
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At pH 7, U–C and U–Al interatomic distances were ob-
served to be similar to those at pH 5.3 (Table 3). To be con-
sistent with the results of PCA and the pH 5.3 sample fits,
we considered a combination of binary and bis-carbonato
surface species. The fraction of bis-carbonato inner-sphere
surface species slightly increased to 78% as pH increased
from 5.3 to 7, with a corresponding decrease in the binary
surface species. This pH-dependent increase in the number
of carbonate neighbors is consistent with the increase in the
activity of solute carbonate anion between pH 5.3 and 7,
which is expected to favor the formation of U(VI)-carbona-
to complexes. Bending b away from 180� rapidly attenuates
linear multiple scattering amplitude, resulting in a dimin-
ished contribution from the 4.2 Å Odistal shell. To evaluate
the sensitivity of the fits to the b angle, the quality of fits
(reduced v2 values) were tabulated for b between 140�
and 180� in 10� increments. The reduced v2 values slightly
improved with decreasing angle from 180� to 140� (32.73–
31.74 and 90.03–88.48 for I = 0.1 and 0.5 M samples,
respectively), suggesting that a bent U–O–C angle might
be a preferable configuration for the bis-carbonato surface
species at pH 7. The final fits in Table 3 assume a b angle of
140�.

The same combination of surface species (i.e., binary
and bis-carbonato ternary species) was used for initial fits
to the pH 8.8 samples. As shown in Figs. 10a and b, this
combination of species cannot account for the increased
amplitude of the C and Odistal shells at pH 8.8. Various
combinations of binary and bis-carbonato species (e.g.,
binary: 10–30%, and bis-carbonato: 70–90%, cf, Fig. 10)
were imposed on the fits in an attempt to conform to the
two-component model suggested by the PCA results. In
all cases, poor fits were obtained (indicated by arrows in
Al
O

O

O

O

C

O

Al

O

O

O

O

O

O

U

O
O

O
O

O

O

OO

O

O C

C

O

O

O

O

U a

b

c

UAl

O

O

Al

Al

Al

Fig. 9. Ball-and-stick representation of possible U(VI) surface species on the i
XAS analyses shown in Table 3. (a) U(VI)-monocarbonato ternary complex v
binary U(VI) surface complex. (c) bis-Carbonato U(VI) ternary complex via bid
outer-sphere surface complex (with three carbonate groups facing the surface
Figs. 10a and b) because the C and Odistal shells were clear-
ly underestimated. The increased amplitude in these shells
suggests the presence of complexes having three carbonate
d

O
H

H

OO
C

C

O

O

C
U

O
O

O

O
O

O

O

O
H

O
H

O
H

H

H

+

+

+

mogolite outer-wall aluminum octahedral structure based on the results of
ia bidentate mononuclear U(V)–O–Al linkage. (b) Bidentate mononuclear
entate mononuclear U(VI)–O–Al linkage. (d) Planar tris-Carbonato U(VI)
of the imogolite outer wall).



Uranyl adsorption at the imogolite–water interface 2501
ligands, which we interpret as outer-sphere species. U(VI)
tris-carbonato species were subsequently considered in
the fits. When these three species were considered, the mod-
el consistently rejected the binary species, and the combina-
tion of bis-carbonato inner-sphere and tris-carbonato
outer-sphere surface species produced the best fit result (re-
duced v2 = 29–35) with the b angle of 176.6� for both pH
8.8 samples (Table 3). This result implies the presence of
three types of surface complexes, i.e., binary, bis-, and
tris-carbonato, in partial contradiction of the PCA results.
To reconcile the shell-by-shell fitting and PCA results, we
note that the tris-carbonato species modifies the shapes of
the EXAFS spectra in the 7–9 Å�1 range (Fig. 10), which
is exactly the range where a third PCA component was
found to enhance the spectral reconstructions of the pH
8.8 samples. Further, we note that the C and Odistal shells’
overall contribution to the EXAFS amplitude is relatively
minor, particularly when comparing bis- and tris-carbona-
to species. Whereas the presence of the latter species is
clearly distinguished in the FTs, the whole-spectrum PCA
approach, which sums over all frequencies including the
spectral noise and spline subtraction errors, is only weakly
sensitive to changes in the number of carbonate ligands.
During the final fits to the pH 8.8 samples, the b angle
was fixed at 176.6� to reduce the number of variables.
The fraction of bis-carbonato inner-sphere surface species
and tris-carbonato outer-sphere surface species was
approximately 30 ± 0.4% and 70 ± 0.4%. Average b angle
of bis- and tris-carbonato surface species indicates that
U(VI)-carbonato surface species are nearly planar with re-
spects to the x–z plane (Fig. 1). The schematic molecular
configuration of bis-carbonato inner-sphere and outer-
sphere tris-carbonato surface species is shown in Figs. 9c
and d, respectively. Although the distribution between
the two species at the two different ionic strengths might
not be significantly different when the error values (±0.4)
are considered, a slight reduction in % outer-sphere surface
species at higher ionic strength agrees with the macroscopic
observation at pH >7 (Fig. 4). Evidence for a U(VI) outer-
sphere species on smectite surfaces was previously shown
using EXAFS, Raman vibrational, and time-resolved emis-
sion spectroscopies (Dent et al., 1992; Morris et al., 1994),
and our XAS analyses further support the evidence for
U(VI) outer-sphere surface species on phyllosilicate miner-
al surfaces.

3.3. Surface complexation modeling

3.3.1. Imogolite surface sites

Imogolite is a tubular 1:1 aluminosilicate whose struc-
ture has been described by Gustafsson (2001) and Crad-
wick et al. (1972). Imogolite tubes have a wall composed
of a single continuous sheet with gibbsite-like structure,
with the inner hydroxyl surface replaced by O3SiOH
groups (Farmer et al., 1983). Nuclear magnetic resonance
studies have shown that essentially all Al in the structure
is in hexavalent coordination and all Si is present in unpo-
lymerized, tetravalent coordination (Goodman et al., 1985;
Ildefonse et al., 1994). The formation of imogolite is be-
lieved to occur in the gibbsite sheet through the displace-
ment of three hydroxyl groups surrounding a vacant
octahedral site by an orthosilicate anion (Gustafsson,
2001). The resulting shortening of the oxygen–oxygen bond
distances around the site causes the gibbsite sheet to curl
and form a tube. The typical inner tube diameter is
1.0 nm, the outer tube diameter may vary from 2.0 to
2.7 nm, and a typical tube length is 2–3 lm. All hydroxyls
that are bonded to Al atoms on the outer wall are doubly
coordinated; singly coordinated hydroxyls are found only
at the tube ends (Gustafsson, 2001). Imogolite precipitates
are not observed as single fibers; bundles of fibers with close
hexagonal packing have been described by a number of
authors (Hoshino et al., 1996; Pohl et al., 1996; Davis, 2001).

Assuming a typical outer-sphere diameter of 2.3 nm for
synthetic imogolite tubes, the ratio of outer tube surface area
to inner tube surface area should be equal to the ratio of the
radii = 1.15 ‚ 5 = 2.3. The surface area of the tube ends con-
stitutes only a very small portion of the surface area, on the
order of 0.1% assuming a typical tube length of 2.5 lm. The
outer surface wall of the tube, which is gibbsite-like, should
constitute about 70% of the imogolite surface area.
Although the BET surface area was measured at 166 m2/g
in this study, it is known from ethylene glycol monoethyl
ether (EGME) measurements that the surface areas of syn-
thetic imogolite preparations are considerably greater, per-
haps as high as 900–1000 m2/g. (Harsh et al., 2002).

The total number of hydroxyl surface sites was estimat-
ed by tritium exchange to be 0.0126 mol/g for the synthetic
imogolite used in this study (Davis, 2001). The gibbsite
structure has 12 hydroxyl sites/nm2 on the basal plane
(Parfitt and Russel, 1977), so assuming this value for the
imogolite outer wall and 7.9 hydroxyl sites/nm2 for the sil-
icate inner wall (Koretsky et al., 1998), yields the following
equations normalized to 1 g of imogolite (assuming that
edge sites make a negligible contribution to the total sites):

X þ Y ¼ 0:0126 mol ¼ 7:61� 1021 sites; ð1Þ
Gibbsite ðouter tubeÞ area ðm2Þ ¼ X � 1:2� 1019; ð2Þ
Silicate ðinner tubeÞ area ðm2Þ ¼ Y � 7:9� 1018; ð3Þ
where X = gibbsite sites/g and Y = silicate sites/g. Since the
gibbsite area is 2.3 times greater than the silicate area (see
above), then:

ð7:9� 1018ÞX ¼ ð2:3Þð1:2� 1019ÞY ; or X ¼ 3:494Y .

ð4Þ
Combining Eqs. (1) and (4) and solving, X = 5.915 · 1021

gibbsite (outer tube) sites and Y = 1.693 · 1021 silicate (inner
tube) sites, per gram of imogolite. This is equivalent to
493 m2 of gibbsite surface area and 214 m2 of silicate surface
area, per gram of imogolite, and yields an estimated total sur-
face area of 707 m2/g, in reasonable agreement with the high
surface areas of imogolite samples measured by the EGME
method.
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Since the EXAFS results suggest that only the gibbsite
surface formed uranyl surface complexes, the ‘‘total’’ sur-
face site density used in the modeling was that of the gibb-
site portion (493 m2/g) of the imogolite surface area, with
the specific site density of 12 sites/nm2. Since all of the
experiments were conducted with 400 mg/L of imogolite,
this corresponds to a site density of 3.934 mmol of gibbsite
surface hydroxyl groups per liter of solution.

3.3.2. Electrical double layer

Since U(VI) surface complexes were only observed with
the outer gibbsite-like layer, the EDL parameters applied
in surface complexation modeling were those estimated
for a gibbsite surface, and it was assumed that the EDL
within the imogolite tubes did not influence that observed
on the outer walls of the tubes. A PZC value of 9.8, delta
pK value of 5.6 (for surface acidity constants), and inner
and outer layer capacitance values of 0.6 F/m2 were adopt-
ed from the analysis of Sverjensky (2005). Following the
conventions of Sverjensky (2005) for surface area and site
density corrections from the standard state yields acidity
constants of 5.2 and –14.4 for logKa1 and log Ka2, respec-
tively, for the equations:

Al2OHþHþ ¼ Al2OH2
þ ð5Þ

Al2OH=Al2O� +Hþ ð6Þ

The constants for electrolyte binding are 7.9 and –11.5 for
logKnitrate and logKsodium, respectively, after surface area
and site density corrections from the standard state (Sver-
jensky, 2005) for the equations:

Al2OHþHþ þNO3
� ¼ Al2OH2

þ–NO3
� ð7Þ

Al2OH + Naþ = Al2O� –Naþ + Hþ ð8Þ

Although the acidity of the outer gibbsite-like layer could
also be modeled with a single reaction (Hiemstra et al.,
1989) rather than both Eqs. (5) and (6), recent EDL com-
parison studies have shown that the one- and two-reaction
approaches for surface acidity yield similar results (Pias-
ecki, 2002). The self-consistency of the Sverjensky (2005)
analysis and model parameterization, which is based on
multiple gibbsite datasets, offers an advantage for this
study, in that the EDL model parameters do not need to
be derived from data fitting.

3.3.3. Bond-valence analysis

The relative stabilities (or instabilities) of putative imog-
olite surface sites and complexes can be assessed using the
bond-valence approach (Bargar et al., 1997). Bond valence
(m, valence units) is a measure of the strength of individual
cation–anion bonds, which is calculated from the ion coor-
dination number and bond length (Brese and O’Keefe,
1991). The term, bond valence, is used here to avoid confu-
sion with the classical Pauling definition of bond strength.
The central tenet of this approach is the bond-valence rule,
which states that, in stable structures, the sum of bond
valences to a given metal or oxygen from its surrounding
neighbors should obtain a value close to the formal valence
of the central cation (or to the absolute value of the formal
valence of a central anion).

Since imogolite is believed to be terminated by (hydr-)-
oxo groups (Cradwick et al., 1972), we focus on surface oxy-
gens to assess stabilities of surface species. A surface oxygen
is said to be coordinatively oversaturated and unstable if its
bond-valence sum (Rm) obtains values significantly greater
than 2.0 v.u. Surface oxygen species for which Rm is less than
2.0 v.u. (coordinatively undersaturated) cannot be ruled
out, but are likely to be reactive and thus unstable relative
to oxygen species having bond-valence sums near 2.0 v.u.
(Bargar et al., 1997). Al3+ and Si4+ are explicitly assumed
to obtain their complete coordination spheres (i.e., main-
tain coordinative saturation) because of their high charge/
radius ratios and the abundance of (hydr-)oxo and water
species to which they may coordinate. mAl–O and mSi–O were
calculated from the Al–O and Si–O bond distances reported
for imogolite (Cradwick et al., 1972) using the parameters
from Brese and O’Keefe (1991). For O–UO2

2+ bonds, a
mU–O value of 0.5 v.u. was used, which is obtained from
the EXAFS-derived average U–Oeq distance of 2.39 Å
(i.e., from the pH 5.3 and 7 samples, which are dominated
by the inner-sphere surface complexes), and using the
recently refined UO2 bond-valence parameters (Burns
et al., 1997). Following the arguments presented in Bargar
et al. (1997), hydroxide ion bond valences are assumed to
exhibit values ranging from 0.68 6 mOH 6 0.88 v.u. and
hydrogen bonds are expected to exhibit values between
0.13 6 mOH 6 0.25 v.u. Oxygens are assumed to have a max-
imum coordination number of 4, based on the coordination
chemistry of metal hydrates, ice, and aqueous solutions. It
should be noted that the predicted surface species are fur-
ther subject to steric and thermodynamic constraints not
explicitly accounted for by bond valence. Therefore, a sur-
face species predicted to be stable from a bond-valence per-
spective may occur at negligible concentrations due to a
lack of reactants, the presence of more stable species, or
unfavorable kinetics.

Bond-valence analyses for surface species are summa-
rized in Table 5. In calculating Rs values for these sites,
it was necessary to account for the likely relaxation of
the local surface structure upon deprotonation or coordi-
nation of metal cations. The relevant atomic surface
structures are not known, and it is thus necessary to allow
for a range of bond lengths (and angles) at the surface
sites. Accordingly, the values reported in Table 5 explicit-
ly assume that Al–O and Si–O bond lengths can contract
or expand within the limits reported for imogolite
(1.83 6 rAl–O 6 2.0 Å; 1.58 6 rSi–O 6 1.72 Å), a relatively
large range of distances for each cation, in order to at-
tempt to achieve stable configurations (i.e., Rm = 2.0 v.u.
for surface oxygens). As shown in Table 5, the Rm calcu-
lations predict that SiOH (tube interiors and ends),
Al2OH (tube exteriors), and AlOH2

+ (tube ends) are the
most stable surface sites, in general agreement with the
published crystal structure.



Table 5
Bond-valence analyses for functional groups and potential U(VI)-surface
conformations on imogolite

Rm at Oxygen (valence units—v.u.)

No
H-bonds

With
H-bonds

Oxygen
bonding
state

Expected
stability

Interfacial sites

Tunnel interior
Si–OH 62.01 1.71–2.51 Saturated Stable
Si–O� 61.13 61.88 Unsaturated Plausible

External tube surfaces
Al2–OH 1.46–2.12 1.59–2.37 Saturated Stable
Al2–O� 61.24 61.74 Unsaturated Plausible

Tube end sites
Si–OH 62.01 1.71–2.51 Saturated Stable
Si–O� 61.13 61.88 Unsaturated Plausible
Al–OH2

+ 1.75–2.38 1.88–2.63 Saturated Stable
Al–OH 61.50 62.00 Saturatedb Stableb

Surface complexes: Me–O(H)–UO2 linkagesa

Tunnel interior
Si–O–UO2 61.63 1.53–2.13 Saturated Stable
Si–OH–UO2 P1.95 P2.08 Saturated Stablec

External tube surfaces
Al2–O–UO2 61.74 61.99 Saturatedb Plausible
Al2–OH–UO2 P1.96 P1.96 Saturated Stable

Tube end sites
Si–O–UO2 61.63 1.53–2.13 Saturated Stable
Si–OH–UO2 P1.95 P2.08 Saturated Stablec

Al–OH2–UO2 P2.25 P2.25 Oversaturated Should
not occur

Al–OH–UO2 1.57–2.00 1.70–2.25 Saturated Stable
Al–O–UO2 61.12 61.62 Unsaturated Plausible

a The total charge on the surface complex depends upon the number of
surface sites involved.

b This condition is valid only under conditions of maximum bond
contraction.

c This group is stable when it does not accept an H bond.
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Bond-valence analyses for U(VI)-surface bonding con-
formations are listed in the bottom half of Table 5. From
a bond-valence perspective, the most stable bonding con-
formations for the spatially dominant inner and outer tube
surfaces are predicted to be surface Si–O–UO2 and Al2–
OH–UO2. Both arrangements may be present multiple
times in multidentate/multimeric surface complexes. Sur-
face Si–OH–UO2 and Al2–O–UO2 linkages cannot be ruled
out, but are likely to be more reactive and thus less stable
than the forgoing conformations because they require max-
imal distortion of Me–O and O–H bond lengths to satisfy
the bond-valence sum rule. On tube ends, the most stable
U(VI)-surface bonding conformations are predicted to be
Si–O–UO2 and Al–OH–UO2.

3.3.4. Uranium(VI) surface species
The selection of U(VI) surface reactions was based on

the spectroscopic results and bond-valence analysis. Since
the U(VI) adsorption density was relatively high in the
samples prepared for spectroscopic analysis, the macro-
scopic adsorption/pH curve at 30 lM total U(VI) was used
for surface complexation fitting because of the similar
range in U(VI) surface coverage to the XAS samples.

The EXAFS spectroscopic analyses indicated that there
were at least three surface complexes formed on the imog-
olite surface: (1) an inner-sphere, uranyl-surface binary
complex (non-carbonated species), (2) an inner-sphere, ter-
nary bis-carbonato uranyl-surface complex, and (3) an out-
er-sphere, tris-carbonato uranyl-surface complex (Table 3).
At the high adsorption density measured in the adsorption/
pH curve at 30 lM total U(VI), it can be assumed that
imogolite edge sites make a negligible contribution to the
measured U(VI) adsorption because of their small abun-
dance (see discussion above). Two adjacent surface hydrox-
yls are involved in each inner-sphere bond. Because each
hydroxyl is doubly coordinated to aluminum atoms on
the gibbsite basal plane, the bidentate surface complexes
involve three aluminum atoms. Formation of the binary
uranyl-surface reaction can be written generally as follows:

Al3O2H2þUO 2þ
2 ðH2OÞ6

¼Al3O2HaUO2ðH2OÞ4�bðOHÞða�bÞ
b þmHþþ2H2O ð9Þ

where m = 2 � a + b. Based on observations of metal bind-
ing with carbonate in aqueous complexes and in mineral
structures, it is assumed that carbonate ligands are unpro-
tonated in the surface complexes involving the carbonate
ligand, and formation of the bis-carbonato inner-sphere
reaction can be written generally as follows:

Al3O2H2 þUO 2þ
2 ðH2OÞ6 þ 2H2CO3

¼ Al3O2HdUO2ðCO3Þðd�4Þ
2 þ qHþ þ 6H2O ð10Þ

where q = (6 � d). The tris-carbonato outer-sphere com-
plex formation reaction can be written as follows:

zðBOHÞ þUO2
2þðH2OÞ6 þ 3H2CO3

¼ ðBOHþ2 Þz—UO2ðCO3Þ34� þ rHþ þ 6H2O ð11Þ

where r = (6 � z).
The proton stoichiometry of reactions (9)–(11) cannot

be determined from EXAFS spectroscopic results. Howev-
er, bond-valence calculations suggest that the gibbsite sur-
face oxygen atoms that are bonded to U could be
protonated or unprotonated, with acceptance of a hydro-
gen bond in the latter case. The proton stoichiometry of
the reactions affects both the slope of the adsorption/pH
curve and the pH range over which the surface species pre-
dominates. For example, at pH 5.3, EXAFS analysis indi-
cated that adsorbed U(VI) was present predominantly as
the binary uranyl-surface complex (reaction (9)). Trial-
and-error FITEQL calculations were made to compare
the slope of calculated adsorption with this species with
the experimental data in the pH range 4.4–6.2 with the pro-
ton coefficient, m, on the right-hand side of Eq. (9) equal to
1, 2, 3 or 4 (Fig. 11). The best fits to the pH dependence of
the U(VI) adsorption data in this pH range were obtained
with m = 2 or 3, but it can also be seen that the choice of
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the proton coefficient also affects the calculated adsorption
at higher pH values (e.g., pH 7).

At pH 7, the spectroscopic data suggest that the ternary
bis-carbonato surface complex (reaction (10)) predomi-
nates and is also a significant species at pH values 5.3
and 8.8 (Table 3). FITEQL calculations were made to com-
pare the slope of calculated adsorption with this species
with the experimental data in the pH range 7–9.3 with
the proton coefficient, q, on the right-hand side of Eq.
(10) equal to 4, 5 or 6 (Fig. 12). The calculations suggest
that the best fits to the pH dependence of the U(VI)
adsorption data in the pH range 7–9.3 are obtained with
q = 4 or 5 for reaction (10), but the calculations also show
that the predicted U(VI) adsorption at low pH is much
greater than the experimental observations. If q = 4, then
d = 2 in reaction (10), and the net charge on the surface
species is �2. In the calculations shown in Fig. 11, the char-
ge on the bis-carbonato species was assumed to be located
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Fig. 12. Comparison of model calculations and experimental data for
U(VI) adsorption on imogolite with reaction (10) (inner-sphere, uranyl
bis-carbonato surface complex) and various values of the proton
stoichiometric coefficient, q.
in the ro plane for the purposes of formulating the electro-
static attraction term of the mass law. Some or all of the
negative charge of this species may be localized near the
oxygen atoms of the carbonato groups, and the carbonato
groups are located at much greater distance from the sur-
face than uranium in this ternary complex. Thus, even
though an inner-sphere species is formed, the charge may
be localized closer to the rb plane than the ro plane.
Fig. 13 shows FITEQL calculations that compare calculat-
ed adsorption for the ternary bis-carbonato surface com-
plex (reaction (10)) with the proton coefficient, q, equal
to 4 and with the charge in the ro plane equal to �2,
�1.5, �1, �0.5, and 0. For each calculation, the balance
of the net charge (�2) for the species was located in the
rb plane, 0, �0.5, �1, �1.5, and �2, respectively. The cal-
culations illustrate that the pH slopes of the calculated
curves in the pH range 8–9 are only slightly affected by
the assumed distribution of charge between the planes;
however, the distribution has a very large effect on the cal-
culated adsorption at lower pH. The results show that both
the proton stoichiometry and the distribution of species
charge have a large effect on the predicted pH dependence
of adsorption for this species. With the charge distributed
evenly between the two planes (�1 in each plane), the cal-
culated curve agrees well with the experimental adsorption
data over the entire pH range (Fig. 13).

At pH 8.8, the spectroscopic data suggest that an outer-
sphere, tris-carbonato surface complex (reaction (11)) pre-
dominates (Table 3). Since the aqueous uranyl-tris-carbo-
nato species has a planar structure, it seems likely that
such a species would align parallel to the surface and inter-
act with several positively charged surface hydroxyls.
Fig. 14 shows FITEQL calculations that were made to
compare the slope of calculated U(VI) adsorption with
the outer-sphere, tris-carbonato surface species with the
5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5
pH

0

10

20

30

40

50

60

70

80

90

P
er

ce
n

t 
U

(V
I)

 A
d

so
rb

ed

Imogolite = 400 mg/L
U(VI) = 3 x 10-5M

0.1M NaNO3

o = -2
o = -1.5

o = -1

o = -0.5

o = 0

Fig. 13. Comparison of model calculations and experimental data for
U(VI) adsorption on imogolite with reaction (10) (inner-sphere, uranyl
bis-carbonato surface complex), with the proton stoichiometric coefficient,
q, equal to 4, and for various distributions of the net surface species charge
(=�2) between the ro and rb planes. Curves are denoted by the charge in
the ro plane; the balance of charge was placed in the rb plane.
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curves. Note the relatively good agreement of the calculated species
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XAS spectroscopy (Table 3).
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experimental data in the pH range 8.3–9.2 with the proton
coefficient, r, on the right-hand side of Eq. (11) equal to 2,
3, 4, or 5. The calculations illustrate that the pH depen-
dence of the calculated adsorption of this species is weak
in comparison to the data if r = 4 or 5. The results suggest
that r = 2 or 3, and since r = 6 � z, it suggests that the
complex interacts with 3 or 4 positively charged aluminol
groups, mostly likely via hydrogen bonding.

The calculations described above (Figs. 11–14) were
made with individual surface species, to illustrate the effects
of proton stoichiometry and charge distribution on calcu-
lated U(VI) adsorption. The next step is to consider the
three surface species simultaneously; competitive sorption
among the species will affect the calculated pH dependence
of macroscopic U(VI) adsorption, the surface charge, and
the pH regions of predominance for individual surface spe-
cies. Preliminary calculations showed the outer-sphere, tris-
carbonato complex was an important species at pH 7 if
r = 2 (reaction (11)), so the value of r = 3 was selected
for subsequent calculations. The proton coefficient in (reac-
tion (10)), q, was selected to have a value of 4 for subse-
quent calculations because calculated U(VI) adsorption
was too large in the pH region 9–9.5 if p = 5 or 6
(Fig. 12). With q = 4 in (reaction (10)), then d = 2, indicat-
ing that the surface oxygen atoms remain protonated dur-
ing formation of the inner-sphere bis-carbonato ternary
surface complex. Monocarbonato ternary surface complex-
es were not identified by the EXAFS spectroscopy, so this
species was not included in model calculations. For reac-
tion (9), m was selected to have a value of 2 because the
binary uranyl-surface complex became too important at
pH 7 (in comparison to the bis-carbonato ternary complex)
if m had a value of 3. With m = 2, then a = b in reaction
(9), and this species is uncharged.

Fig. 15 shows the final fit of the three-species model to
the experimental adsorption data at U(VI)tot = 30 lM.
With the proton coefficient values set for each equation
as described above, the only remaining variables to be
determined were the stability constants for each reaction
(Eqs. (9)–(11)) and the charge distribution for reaction
(10). A value for the charge distribution of the bis-carbona-
to complex (ro = �1.1; rb = �0.9) was selected by compar-
ing the consistency of calculated model output with both
the distribution of surface species at pH 7 (Table 3) and
the experimental U(VI) adsorption data (Fig. 15). Once
the value for the charge distribution for reaction (10) was
constrained, FITEQL was used to determine the stability
constants for the reactions by optimizing the fit of the mod-
el output to the adsorption data (Fig. 15). Table 6 gives the
stoichiometry and values of the stability constants for each
surface reaction of the model. The model yields calculated
values for overall U(VI) adsorption and individual surface
species that are in excellent agreement with both the mac-
roscopic uptake data and the spectroscopic analysis of spe-
cies at different pH values.

3.3.5. Surface complexation model at low U(VI)

concentrations

Fig. 3 shows that the percent U(VI) adsorbed in-
creased at low U(VI) concentrations, indicating that the
U(VI) adsorption isotherm on imogolite is non-linear
(slope less than one). Many other investigators have
interpreted this behavior as indicative of strong and weak
sites on oxide adsorbents. Edge sites represent a very
small fraction of the imogolite surface area (�0.04%);
and U(VI) adsorbed on the edge sites would not contrib-
ute significantly to the EXAFS absorption spectra at the
U(VI) adsorption densities observed in the XAS samples.
Thus, the identity of U(VI) surface species at the edge
sites is not known.



Table 6
Surface complexation reaction stoichiometry and formation constants

Exponents in mass law defining the surface species*

Surface species a b c d e f g h logKf (I = 0)

Al2OH2
+ 1 1 1 5.20

Al2O� 1 �1 �1 �14.40
Al2OH2

+–NO3
� 1 1 1 1 �1 7.90

Al2O�–Na+ 1 �1 1 �1 1 �11.50
(Al2Oouter)2UO2 2 �2 1 �5.44
(AlOHedge)2UO2(CO3)2

2� 2 �4 2 1 �1.1 �0.9 �2.19
(Al2OHouter)2UO2(CO3)2

2� 2 �4 2 1 �1.1 �0.9 �9.56
(Al2OH2

+)3–UO2(CO3)3
4� 3 �3 3 1 3 �4 8.62

* Mass law for formation of the surface species is: [Surface species] = Kf[Al2OH]a(H+)b(H2CO3)c(UO2
2+)d (Na+)e(NO3

�)f exp{(�F/RT)(gWo + hWb)}.
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Assuming that U(VI) surface reactions with the outer
alumina surface (and associated stability constants) are
known from the modeling shown in Fig. 15, FITEQL
was used to determine the optimum strong site density to
fit the experimental data at a total U(VI) concentration
of 0.01 lM, assuming that the distribution of U(VI) surface
species with pH was the same as that observed at the 30 lM
total U(VI) concentration. The results indicated that the
optimum value for the strong site density was 0.03% of
the total sites. Given that the edge site density is estimated
to be equal to 0.04% of the total sites, it was assumed that
the stronger bonding observed at low U(VI) sites was on
aluminol edge sites. It was found that a satisfactory
description of the adsorption behavior at the 0.01 lM total
U(VI) concentration could be obtained with just the bis-
carbonato species reacting with the edge sites, so in the ab-
sence of spectroscopic data at these low U(VI) adsorption
densities, this parsimonious modeling approach was adopt-
ed. The fit to the experimental data at the 0.01 lM total
U(VI) concentration is shown in Fig. 3 and the edge site
stability constant is given in Table 6. Model agreement
with the experimental data for a total U(VI) concentration
of 1 lM is also shown in the figure; this calculation is a pre-
diction at the intermediate U(VI) concentration, without
further optimization of model parameters.

Fig. 4 shows the agreement between model predictions
and experimental data as a function of ionic strength at a
total U(VI) concentration of 1 lM. The predictions are
good at NaNO3 concentrations of 0.02 and 0.1 M, but rel-
atively poor at 0.5 M NaNO3. The experimental data show
that U(VI) adsorption decreased at the higher ionic
strength to a much greater degree than the model predicts.
The reason for the larger decrease in U(VI) adsorption at
the high ionic strength is unknown, but it is likely that
the decrease is due to the formation of poorly understood
aqueous species, i.e., Na3UO2(CO3)3

�, Na4UO2(CO3)3
o

(Guillaumont et al., 2003, p. 670). These authors have not-
ed that in studies of the aqueous species, Ca2UO2(CO3)3

o

(e.g., Bernhard et al., 2001), there is an unexplained depen-
dence of the stability constant on Na+ concentration that is
likely due to the formation of NaxUO2(CO3)3

x�4 aqueous
species. A recent study (Fox et al., 2006) has shown that
the Ca2UO2(CO3)3

o species does not adsorb, and by chem-
ical analogy it can be argued that the NaxUO2(CO3)3
x�4

aqueous species also do not adsorb. Thus, in 0.5 M NaNO3

solution, U(VI) adsorption on imogolite is likely decreased
in the pH range 7–9 (Fig. 4) due to formation of the
NaxUO2(CO3)3

x�4 aqueous species. Since these species were
not considered in the modeling due to the lack of formation
constants, the adsorption of U(VI) at high pH is likely over-
predicted in 0.5 M NaNO3 solution at alkaline pH values.

The surface complexation modeling approach used in
this study differs from previous approaches, in that priority
was given to selecting surface species that were consistent
with independent spectroscopic measurements. Most other
surface complexation models in the literature have been
based solely on a best fit to macroscopic adsorption data
alone. The latter modeling approach may sometimes
achieve an excellent fit to macroscopic adsorption data
with fewer surface species (and model parameters), but
the modeling approach developed in this study is superior
because the surface species used (and their ranges of pH
predominance) were supported by spectroscopic evidence.
The modeling approach included an analysis of the depen-
dence of calculated adsorption on the proton coefficients of
surface reactions (combined with bond-valence analysis),
and for one surface species, an analysis of surface charge
distribution. Unfortunately, detection limits for the spec-
troscopic analysis at present only allow this modeling ap-
proach to be applied at relatively high adsorption
densities. Extrapolation of the modeling results to lower
adsorbate concentrations requires an analysis of surface
site types and their likely abundances.

4. Summary and conclusions

At pCO2 = 10�3.45 atm, U(VI) uptake on imogolite sur-
faces was sensitive to changes in pH and ionic strength.
The adsorption maximized at near neutral pH values,
and decreased with increasing pH. An increase in sodium
nitrate concentrations from 0.02 to 0.5 M resulted in
decreasing U(VI) adsorption at pH >7.5. Our comprehen-
sive XAS analyses and PCA suggest: (1) U(VI) surface spe-
cies are pH dependent and (2) mixed inner-sphere surface
species and/or outer-sphere surface species are present
within different pH regions.
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As indicated by U–Al interatomic distances of �3.3 Å,
inner-sphere surface species are coordinated on outer-wall
AlO6 functional groups via bidentate mononuclear config-
uration. U–C interatomic distances of �2.9 Å were consis-
tently observed at pH 5.3–8.8, suggesting bidentate
bonding of carbonate anion on U(VI) equatorial oxygen
atoms. Incorporation of U–Odist 3- and 4-legged multiple
scattering paths as a function of U–Oeq–C bending angle
provided new insight into the complex U(VI)-carbonate
ternary surface speciation at the imogolite–water interface.
bis-Carbonato ternary and non-carbonato inner-sphere
surface species co-exist in different proportions at pH val-
ues 5.3 and 7. We found that pronounced U–Odis features
at �4.23 Å in FT spectra at pH 8.8 could be attributed to
the formation of tris-carbonato outer-sphere surface spe-
cies, with approximately 30% of adsorbed U(VI) present
as bis-carbonato inner-sphere surface species.

The results indicate that U(VI)-carbonato ternary spe-
cies on poorly crystalline aluminosilicate mineral surfaces
may be important in controlling U(VI) mobility in low-
temperature geochemical environments over a wide pH
range (�5–9), even at the partial pressure of carbon dioxide
of ambient air (pCO2 = 10�3.45 atm). Knowledge of the
macro- and molecular-scale uranyl (U(VI)) partitioning
with soil/sediment mineral components will be important
in future predictions of U(VI) transport processes in the va-
dose zone and in aquifers.
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