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In a companion study, we demonstrated that pretreatment of
γ-alumina surface with arsenate enhances uranyl uptake under
acidic conditions, where uranyl otherwise sorbs poorly.
Here, we examine the local structure and long-range order of
the sorption products by using X-ray absorption spectroscopy
(XAS) and X-ray diffraction (XRD). Arsenate was chosen for the
pretreatment because of its high affinity for binding with
uranyl and alumina, and because it is an analog for environmentally
abundant and commercially accessible phosphate. It also
facilitates characterization of sorption products using As K-edge
XAS, which complements U LIII-edge XAS. Fitting results
suggest the formation of U-As precipitates with structures
similar to UO2HAsO4 · 4H2O (trögerite) and likely U polymeric species
at high U concentrations. The ratios among surface-sorbed
uranyl, U-As precipitates, and uranyl polymeric species are
dependent on the [As]initial/[U]initial ratio and absolute initial
U concentration. XRD suggests the precipitates are likely to
be highly disordered and poorly crystalline. Current findings
evaluate the mechanism by which the pretreatment results in
enhanced U uptake and stability and provides a conceptual
basis for designing other pretreatment technologies for uranium
remediation.

1. Introduction
Uranium is an environmental pollutant associated with milling,
mining, isotopic enrichment activities, and nuclear waste
storage at U.S. Department of Energy sites and elsewhere. It is
considered a hazard because of its radioactivity as well as toxicity
as a heavy metal. Many field demonstrations and laboratory
studies have evaluated uranium retardation and remediation
by different techniques, including in situ reduction, precipitation, sorption, and installation of permeable reactive barriers
(1-4). Under oxidizing environments, U(VI) is the stable
oxidation state, existing almost exclusively as uranyl UO22+,
and is much more soluble and mobile than the other common
oxidation state U(IV). Inasmuch as sorption onto a mineral
surface is one of the most important means of retarding uranyl
mobility in the natural environment (1), suitable sorbents should
have a strong affinity for uranyl sorption or act as a reductant
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to reduce U(VI) to U(IV) (4). The long-term effectiveness of
such sorbents also depends strongly on their surface properties
and the final state of the retained uranium. Because of the low
solubility of uranyl phosphate compounds in geological settings
(5), phosphate-containing materials have been tested at several
demonstration sites (4, 6). At most of the studied sites, decreases
of total dissolved uranium concentration in the groundwater
were observed. However, detailed characterization of the
sorption products (i.e., their chemical speciation) is critical for
understanding their long-term stability and potential for
remobilization. Fuller et al. (6) studied the sorption products
from a demonstration site, which uses a biogenic phosphate
material (apatite-containing bone charcoal) and found that
under existing groundwater conditions the immobilized uranium existed mostly as surface complex(es), which may be more
susceptible to remobilization than precipitated solids. A molecular scale understanding of sorption products also provides
the basis for improving sequestration technologies.
In a companion paper (7), we explored the batch uptake
behavior of uranyl by γ-alumina surfaces that were pretreated
with an inorganic ligand having a high affinity for both uranyl
and the solid surface. Arsenate was used as an analog of
phosphate because it allows for more convenient characterization of the sorption products by X-ray absorption
spectroscopy (XAS). Our observations showed greatly enhanced uranyl sorption on the pretreated surface at acidic
pH values. This possibly suggests that arsenate-pretreated
surfaces, and by analogy phosphate-pretreated surfaces, favor
uranyl complexation and precipitation. The effects of alumina
loading, initial arsenate concentration for pretreatment, and
uranyl concentration were examined. Desorption experiments also indicated enhanced stability of uranyl on pretreated surfaces, suggesting less susceptibility to remobilization. In this study, we examine the local structure and
long-range order of the final sorption products of uranyl
reacted with arsenate-pretreated alumina by combining U
LIII- and As K-edge XAS and X-ray diffraction.

2. Materials and Methods
2.1. Batch Sorption Experiments. Details of batch sorption
procedures have been described in detail by Tang and Reeder
(7). The pretreatment (prt) process involved reacting arsenate
with aged alumina suspensions for 24 h, followed by the
addition of uranyl. Uranyl sorption samples on arsenatepretreated alumina are labeled as prt-alumina loading (g/
L)-[As]ini (mM)-[U]ini (mM). All sorption products were
centrifuged, and the wet paste was mounted for XAS analysis.
Portions of the wet pastes were dried under N2 atmosphere
and ground for XRD analysis.
Two primary series of sorption samples were chosen for
XAS analysis: (1) a low concentration group, with alumina
loading of 2 g/L, [As]ini 0.05-1 mM, and [U]ini 0.05-0.8 mM,
and (2) a high concentration group, with alumina loading of
10 g/L, [As]ini 2 mM, and [U]ini 1-4 mM. Previous studies
show that uranyl can form polymeric species and precipitates
at relatively high concentrations (8-11); therefore, comparisons between the two concentration groups allow us to
examine the effect of absolute [U]ini on the final sorption
products. Spectra were also collected on two U (or As)
sorption samples on untreated alumina at pH 4 ( 0.2. They
are labeled as U (or As)-alumina loading (g/L)-[U]ini (or
[As]ini) (mM). Information for all sorption samples examined
by XAS is given in Table 1.
2.2. Model Compounds. Three uranyl arsenate compounds were synthesized and used as model structures for
XAS analysis, including UO2HAsO4 · 4H2O (trögerite), UO210.1021/es802370d CCC: $40.75
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TABLE 1. Information for EXAFS Samples
after U sorption
samples

[γ-Al2O3]
(g/L)

[As]ini
(mM)

[U]ini
(mM)

prt-As
uptakea (%)

U uptake (%)

[U]solid
(µmol/g)

[As]solid
(µmol/g)

As-2-0.4
U-2-0.1
prt-2-0.05-0.05
prt-2-0.1-0.1
prt-2-0.4-0.1
prt-2-0.4-0.2
prt-2-0.4-0.4
prt-2-0.4-0.8
prt-2-1-0.1
prt-10-2-1
prt-10-2-2
prt-10-2-4

2
2
2
2
2
2
2
2
2
10
10
10

0.4
0.05
0.1
0.4
0.4
0.4
0.4
1
2
2
2

0.1
0.05
0.1
0.1
0.2
0.4
0.8
0.1
1
2
4

98.5
97.3
98.7
99.7
99.7
99.7
99.7
65.2
96.9
96.9
96.9

22.5
24.3
35.9
69.4
57.5
48.6
44.0
96.1
72.0
52.7
41.8

11.25
6.08
17.96
34.68
57.55
97.08
176.06
48.06
71.99
105.48
167.29

197.00
24.75
49.34
199.34
188.50
190.86
187.20
357.20
199.00
198.68
198.48

a

Arsenic percent uptake after the pretreatment process.

(H2AsO4)2 · H2O, and (UO2)3(AsO4)2 · 5H2O. Their structure
types represent sheets, chains, and frameworks, with typical
U:As (or P) ratios of 1:1, 1:2 and 3:2, respectively (12). Metaschoepite, (UO2)4O(OH)6 · 5H2O, was also synthesized and
used as a model compound to represent the extremely
complex uranyl polymeric species or oxyhydroxide. Synthesis
methods for all model compounds are described in the
Supporting Information, and their structures are discussed
later.
2.3. Synchrotron X-ray Absorption Spectroscopy Analysis. Details of X-ray absorption spectroscopy data collection
and analysis are described in the Supporting Information.
Errors for the fitting parameters are estimated from fits of
model compounds. Estimated errors are (0.01 Å for the R
value of the first oxygen shell and (0.05 Å for higher distance
shells. For coordination numbers (CN), which are correlated
to the Debye-Waller factor, the estimated errors are (20%
for the first oxygen shell and (40% for shells at higher
distances. Estimated errors for the Debye-Waller factors are
(0.001 Å2 for the first shell and (0.005 Å2 for higher shells.

3. Results and Discussion
3.1. Aqueous Speciation. Aqueous speciation of uranyl at
experimental conditions was calculated using the program
PHREEQC (13) with the LLNL database provided with the
program. Details are presented in the companion paper (7),
where speciation calculations using phosphate as an analog
for arsenate show strong complexation between uranyl and
phosphate. (UO2)3(PO4)2 · 4H2O and uranyl hydrogen phosphates with different hydration states were also shown to be
oversaturated (7). Sandino and Bruno (14) studied the
solution chemistry of (UO2)3(PO4)2 · 4H2O and proposed that
it may be the solubility-limiting phase in oxic phosphatecontaining systems at neutral to slightly alkaline pH. However,
to our knowledge, neither (UO2)3(PO4)2 · 4H2O nor its structural analog, (UO2)3(AsO4)2 · 4H2O, has been reported to occur
naturally. In fact, their synthesis involves recrystallization of
the precursor phase chernikovite, UO2HPO4 · 4H2O (15), or
trögerite, UO2HAsO4 · 4H2O.
3.2. Structure of Model Compounds. U LIII-edge EXAFS
data for the model compounds UO2HAsO4 · 4H2O, UO2(H2AsO4)2 · H2O, (UO2)3(AsO4)2 · 5H2O, meta-schoepite, and U
sorption sample (U-2-0.1) are shown in Figure 1, and their
shell-by-shell fitting results are listed in Table SI-S1 of the
Supporting Information. In all cases, the Fourier transforms
are dominated by peaks at ∼1-2 Å in R space (not corrected
for phase shift). The first peak centered at ∼1.4 Å (1.8 Å in
real space) is typical of compounds containing the uranyl
moiety due to the strong backscattering of two axial oxygen
atoms. The second strong peak centered at ∼1.8 Å in R space

(except meta-schoepite) is due to the backscattering from
equatorial oxygen atoms distributed at 2.29–2.47 Å. The
reasons that meta-schoepite only shows subtle features at
this position are discussed later.
The broad peak at 3-4 Å in the Fourier transforms of
UO2HAsO4 · 4H2O and UO2(H2AsO4)2 · H2O as seen in Figure
1b is due to the U–Oax–U–Oax mulitple scattering (MS)
contribution and backscattering from 4 As atoms at ∼3.7 Å.
The latter contribution results from uranyl bipyramids in
the structural units of both compounds, where they share
the corners with four arsenate tetrahedra. However, these
two compounds have very different structures. UO2HAsO4 ·
4H2O has a space group of P4/ncc and belongs to the
autunite-meta-autunite group with a U:As (or P) ratio of
1:1. It is isostructural with its phosphate analog chernikovite,
UO2HPO4 · 4H2O, with a layered structure consisting of
corrugated autunite-type sheets, connected by sharing
vertices between uranyl square bipyramids and arsenate
tetrahedra (Figure SI-S2 of the Supporting Information)
(12, 16). Each uranyl bipyramide shares corners with four
arsenate tetrahedra, and vice versa. UO2(H2AsO4)2 · H2O
belongs to the less common walpurgite group with a U:P (or
As) ratio of 1:2. It is not known to occur naturally. Its structure
(space group C2/c) is based on infinite chains of uranyl
pentagonal bipyramids (four connected within the chain,
linked to arsenate tetrahedra. Each uranyl pentagonal
bipyramide shares corners with four arsenate tetrahedra
within the chain, whereas each arsenate tetrahedra only
shares corners with two uranyl pentagonal bipyramides
within the chain (17, 18).
(UO2)3(AsO4)2 · 5H2O represents the less common phosphuranylite group with a U:P (or As) ratio of 3:2. It belongs
to space group Pca21 and is a framework structure, consisting
of uranyl arsenate sheets linked by uranyl pentagonal
bipyramids. The uranyl arsenate sheets are based on the
uranophane sheet-anion topology, which consists of alternating segments that are two uranyl arsenate chains wide
and are highly corrugated rather than planar (12, 19). It has
not been found to occur naturally (17).
Uranyl oxyhydroxide hydrates are extremely complex
species, but their structures are all based on polyhedral sheets
with the composition (UO2)x(O)y(OH)z, consisting of uranyl
groups linked by oxide and hydroxide ions. Meta-schoepite
is structurally related to naturally occurring schoepite,
(UO2)4O(OH)6 · 6H2O, and they can be interconverted through
exchange of water molecules in the structure, leaving the
(UO2)x(O)y(OH)z sheets essentially unchanged in the process
(20, 21). Meta-schoepite has 5 Oeq atoms distributed at
2.21-2.64 Å, and their backscattering is partially canceled
out by each other. Therefore, the corresponding Fourier
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FIGURE 1. (a) k3-Weighted U LIII-edge EXAFS data of pretreated samples and model compounds. (b) Corresponding Fourier transforms
in R space (not corrected for phase shift). U-2-0.1 is the sorption sample of U alone on untreated alumina. Raw data and
shell-by-shell fitting results are shown by dashed and solid lines, respectively.
transform shows only a distribution of subtle weaker peaks
after the first Oax peak (Figure 1b). The Oeq can be fit with
∼1.4 O at ∼2.27 Å and ∼1.7 O at ∼2.44 Å. There are also 6
U atoms at 3.83-4.6 Å, which can be fit with ∼2.1 U at ∼3.87
Å and ∼2.7 U at ∼4.63 Å.
The U sorption sample on untreated alumina (U-2-0.1)
shows a split equatorial shell with ∼3.7 Oeq at ∼2.34 Å and
∼2.4 O at ∼2.48 Å (Figure 1b), indicating the formation of an
inner-sphere sorption complex (8, 9).
Arsenic K-edge EXAFS data of corresponding model
compounds are shown in Figure 2, and their shell-by-shell
fitting results are listed in Table SI-S2 of the Supporting
Information. All samples can be fit with an As-O distance
of ∼1.68 Å, typical for AsO4 tetrahedra. Overall, their As EXAFS
χ curves show less striking differences as compared to
those of the U EXAFS data, and similarities between
UO2HAsO4 · 4H2O and UO2(H2AsO4)2 · H2O can again be
observed, with U backscattering at ∼3.7 Å. They differ in
that UO2HAsO4 · 4H2O has 4 U at ∼3.7 Å, whereas
UO2(H2AsO4)2 · H2O has only 2 U atoms at this distance and
also with As atoms at higher distances of ∼4.3 and ∼4.57 Å.
The As-alumina sorption sample (As-2-0.4) can be fit
with 4 O atoms at ∼1.68 Å and ∼2 Al atoms at ∼3.15 Å,
indicating the formation of a bidentate inner-sphere surface
sorption complex (22). On the basis of both EXAFS measurements and theoretical calculations, it is generally agreed that
As(V) sorbs as a bidentate inner-sphere complex on various
Al and Fe (hydr)oxides (22-24), although a monodentate
surface complex has also been reported to exist at low surface
coverage (25). The mechanism of phosphate adsorption on
Al and Fe (hydr)oxides is under debate regarding different
protonation states and bidentate vs monodentate complexes.
However, by comparing calculated and experimental infrared
spectroscopy results of phosphate surface sorption complexes, recent studies suggest that a bidentate bridging
complex dominates at acidic pH range of 4-6, with various
protonation states of monodentate surface complexes also
becoming stable with increasing pH (26, 27). Therefore, the
4454
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analogy between arsenate and phosphate surface complexes
for our experimental conditions is not unreasonable.
3.3. EXAFS Analysis of Sorption Products. As can be
seen from Table 1, the pretreatment process clearly increased
the amount of uranyl taken up by the alumina surface, to
∼24-96%, as compared to only ∼23% uptake without
pretreatment (sample U-2-0.1). U LIII-edge EXAFS data for
sorption samples and model compounds are shown in Figure
1a. The sequence, from top to bottom, corresponds to
increasing alumina loading, [As]ini, and [U]ini. By simply
comparing the shapes of the χ curves to those of the model
compounds, it is seen that prt-2-0.05-0.05 is very similar
to that of the U-alumina sorption sample, with a broad
asymmetric peak at 6-9 Å-1. With increasing As and/or U
concentrations, this peak becomes narrower and more
square, accompanied by the growth of a distinctive “triplet”
feature at 9-10.5 Å-1 (indicated by asterisks), very much like
that for UO2HAsO4 · 4H2O but dissimilar to the other U-As
model compounds.
Figure 1b shows the corresponding Fourier transforms of
sorption samples and model compounds. The two dominant
peaks at 1-2 Å are typical of the uranyl moiety, with the first
peak corresponding to the two axial oxygen atoms, Oax, at
distances typically of 1.77-1.83 Å (17) and the second peak
corresponding to the equatorial oxygen atoms, Oeq. The
number of equatorial oxygen atoms can range from 4 to 6
and, depending on the solution chemistry or solid structure,
can either be at a relatively uniform distance or split into two
or more shells at different distances. Burns (17) studied the
bond length distribution of the equatorial shells in 222
structures containing the uranyl moiety and found the
average lengths to be 2.264, 2.368, and 2.460 Å for structures
with Oeq ) 4, 5, and 6, with standard deviations of 0.064, 0.01,
and 0.107 Å, respectively. All samples and model compounds
also show a strong feature at ∼3.2 Å, which is due to the 4-leg
multiple scattering (MS) path composed of U-O-U-O with
approximately 180° scattering between the central U atom
and the two axial O atoms. All of the samples showing the

FIGURE 2. (a) k3-Weighted As K-edge EXAFS data of pretreatment samples and model compounds. (b) Corresponding Fourier
transforms in R space (not corrected for phase shift). Raw data and shell-by-shell fitting results are shown by dashed and solid
lines, respectively.
prominent triplet feature at k ) 9-10.5 Å-1 also show a strong
feature at ∼3.2 Å in R space (indicated by dashed line), which
is similar to that seen for UO2HAsO4 · 4H2O and UO2(H2AsO4)2 · H2O. Samples in the high concentration group
also show a weak peak at ∼4 Å (indicated by dashed line),
similar to that of meta-schoepite, suggesting possible U
polymeric species forming at high U concentrations.
Shell-by-shell fitting was carried out for all sorption
samples, and the results are listed in Table 2. All of the samples
can be fit with ∼2 Oax between 1.78 and 1.81 Å, consistent
with the OdUdO moiety. The equatorial shell is best fit with
a split O shell, with one at 2.28-2.35 Å and another at
2.45-2.53 Å, with the exceptions of prt-2-4-0.4, prt-24-0.8, and prt-2-1-0.1. These are best fit with only one
equatorial oxygen shell (∼4 O atoms at ∼2.29 Å) and are
similar to those of model compounds UO2HAsO4 · 4H2O and
UO2(H2AsO4)2 · H2O. Arsenic backscattering at ∼3.7 Å is
observed for all samples, suggesting the formation of a surface
ternary complex and/or uranyl arsenate precipitates. A U-As
path cannot be fit for the two lowest concentration series,
prt-2-0.05-0.05 and prt-2-0.01-0.01, probably indicating
that the surface-sorbed uranyl species are dominant in these
samples. For samples of the high concentration group, U
backscattering at 3.92-3.96 and 4.22-4.26 Å are fit; these are
typical U-U distances found for uranyl polymeric species or
oxyhydroxide precipitates.
Arsenic K-edge EXAFS data are shown in Figure 2a. Fourier
transforms of all of the sorption samples are dominated by
a peak centered at ∼1.3 Å, which is due to the backscattering
of first oxygen shell and is best fit with ∼4 O atoms at ∼1.69
Å (Table 3), which are typical values for As in tetrahedral
coordination. Most of the sorption samples show a subtle
shoulder at ∼6.7 Å-1 and a square-shaped peak at 8-10.5 Å-1
in k space (both indicated by dashed lines). These two features are similar to those in UO2HAsO4 · 4H2O and UO2
(H2AsO4)2 · H2O. However, a triplet feature can be seen for

UO2(H2AsO4)2 · H2O at 10.5-13 Å-1 in k space, which is not
observed in any of the sorption samples. Combining these
observations with the U EXAFS results, we conclude that a
phase similar to UO2HAsO4 · 4H2O is more likely to be present
in the sorption products than UO2(H2AsO4)2 · H2O. Figure 2b
shows all of the sorption samples have a broad peak at ∼2.7
Å in R space (indicated by a dashed line), similar to that of
the surface-sorbed As species. It can be fit with ∼2 Al at 3.12
( 0.03 Å (Table 3), similar to that of the arsenate only sorption
sample (i.e., As-2-0.4, fitting results in Table SI-S2 of the
Supporting Information), suggesting that a bidentate innersphere sorption complex dominates on the surface. A few of
the sorption samples, especially prt-2-0.4-0.8 and prt10-2-1, show a prominent peak at ∼3.6 Å in R space
(indicated by a dashed line), similar to the feature seen in
UO2HAsO4 · 4H2O and UO2(H2AsO4)2 · H2O, and can be fit with
a U shell at ∼3.7 Å but generally with a very small coordination
number. Attempts to fit this shell with an As-As correlation
failed to yield satisfactory results.
One of the limitations of EXAFS is that the local structural
information provided is averaged over all of the atoms of the
particular element, thereby making it difficult to identify
multiple species. However, based on the combined U and
As EXAFS results, especially the distinctive splitting of the
U(VI) equatorial oxygen shell for an inner-sphere surface
sorption complex, As backscattering at 3.7 Å for U-As
precipitates, and U backscattering at 3.92-3.96 and 4.224.26 Å for uranyl polymeric species, we hypothesize that the
final sorption products most likely consist of multiple species.
These include surface-sorbed uranyl (or arsenate) species,
uranyl-arsenate precipitates (with a structure similar to that
of trögerite), and polymeric uranyl species at high U
concentrations (g2 mM). It is also possible that aluminaarsenate-uranyl ternary surface complexes exist in our
system, especially at low U and As concentrations. However,
identification of such complexes using EXAFS is difficult
VOL. 43, NO. 12, 2009 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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TABLE 2. Fit Results of U LIII-Edge EXAFS Data on Sorption Samples
shell

prt-2-0.05-0.05
Oax
Oeq
prt-2-0.1-0.1
Oax
Oeq
prt-2-0.4-0.1
Oax
Oeq
As
prt-2-0.4-0.2
Oax
Oeq
As
prt-2-0.4-0.4
Oax
Oeq
As
prt-2-0.4-0.8
Oax
Oeq
As
a

CNa

R (Å)

σ2 (Å2)

E0 (eV)

Rb

1.8
3.1
2.1

1.81
2.35
2.50

0.001
0.003c
0.003c

10.25

8.8

2c
2.8
2.3

1.80
2.34
2.51

0.002
0.003c
0.003c

10.22

14.6

1.9
3.0
3.1
0.5

1.79
2.30
2.46
3.68

0.002
0.003c
0.006
0.002

9.66

8.0

2.6
2.7
1.8
1.3

1.81
2.34
2.53
3.67

0.004
0.003c
0.003c
0.006c

13.62

1.8
4.3
1.1

1.78
2.29
3.68

0.001
0.005
0.003

10.72

1.8
4.5
1.2

1.78
2.29
3.68

0.001
0.006
0.003

10.79

Coordination number.

b

9.0

6.8

shell

prt-2-1-0.1
Oax
Oeq
As
prt-10-2-1
Oax
Oeq
As
U
prt-10-2-2
Oax
Oeq
As
U

prt-10-2-4
Oax
Oeq
As
U

7.7

CNa

R (Å)

σ2 (Å2)

E0 (eV)

Rb

2.7
4.3
3.6

1.78
2.29
3.70

0.003
0.002
0.005

5.48

8.3

2.5
3.2
1.2
2.2
1.8

1.8
2.31
2.47
3.72
3.92

0.005
0.003c
0.003c
0.006c
0.01c

11.64

8.9

2.1
2.9
2.0
0.7
2.7
2.4

1.79
2.29
2.45
3.70
3.95
4.22

0.003
0.003c
0.003c
0.002
0.01c
0.01c

7.94

8.0

1.4
3.5
2.8
1.5
1.0
0.7

1.78
2.28
2.45
3.69
3.93
4.28

0.001
0.003c
0.003c
0.003
0.01
0.006

6.89

6.5

CNa

R (Å)

σ2 (Å2)

E0 (eV)

Rb

4.3
1.4
0.5

1.69
3.11
3.71

0.002
0.006c
0.001

5.55

17.6

3.1
2.0

1.68
3.13

0.001
0.006c

4.89

20.5

4.4
1.4
0.6

1.69
3.12
3.72

0.003
0.006c
0.003

5.70

15.4

4.4
1.8

1.70
3.13

0.003
0.006c

5.51

16.7

4.2
1.8
0.6

1.70
3.13
3.67

0.002
0.006c
0.009

5.32

17.0

Residual percent c Fixed.

TABLE 3. Fit Results of As K-Edge EXFAS Data of Sorption Samples
shell

prt-2-0.05-0.05
O
Al
prt-2-0.1-0.1
O
Al
prt-2-0.4-0.1
O
Al
prt-2-0.4-0.2
O
Al
prt-2-0.4-0.4
O
Al
U

a

CNa

R (Å)

σ2 (Å2)

E0 (eV)

Rb

3.2
1.8

1.69
3.12

0.002
0.006c

4.85

19.6

3.3
1.6

1.69
3.13

0.003
0.006c

5.01

20.1

3.5
2.2

1.69
3.09

0.001
0.006c

6.63

4.2
2.0

1.69
3.15

0.002
0.006c

5.44

17.3

4.4
1.7
0.5

1.69
3.13
3.68

0.003
0.006c
0.007

5.66

16.9

Coordination number.

b

20.0

9

prt-2-0.4-0.8
O
Al
U
prt-2-1-0.1
O
Al
prt-10-2-1
O
Al
U
prt-10-2-2
O
Al
prt-10-2-4
O
Al
U
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because their corresponding interatomic distances using As
or U as central atoms are likely to be similar to observations
for systems containing both precipitation and surface
adsorption, especially given the weak backscattering property
of Al.
Principal component analysis (PCA) of U and As EXAFS
data for sorption samples also suggests the existence of
multiple species. Therefore, linear combination fits (LCF)
were conducted to examine the relative percentage of each
species. The selection and identification of end members
are discussed in detail in the Supporting Information, and
the results of LCF are shown in Table SI-S3 of the Supporting
Information.LCFusedU-aluminasorptionsample(U-2-0.1),
UO2HAsO4 · 4H2O, and meta-schoepite as end members,
representing a surface-sorbed uranyl species, uranyl-arsenate
surface precipitates, and uranyl polymeric-oxyhydroxide
species. With increasing uranium concentration, the fraction
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of surface-sorbed uranyl gradually decreases and the fraction
of uranyl-arsenate precipitate increases. At high U concentrations (prt-10-2-2 and prt-10-2-4), uranyl polymeric species appear and increase with increasing U
concentration. LCF results for As EXAFS suggest surfacesorbed As to be the dominant species in all sorption samples,
and no obvious trend was observed with changes in
concentrations.
3.4. X-ray Diffraction Evidence of Surface Precipitation.
XRD patterns of four representative sorption samples
(prt-10-2-1, prt-2-1-0.1, prt-2-0.4-0.1, and pt-20.1-0.1) are shown in Figure 3. Data were collected using a
Scintag diffractometer with a Cu KR source and a Ge solid
state detector at a scan rate of 0.3° 2θ/min. Also shown are
the XRD patterns of γ-Al2O3 powder (unaged and untreated),
UO2HAsO4 · 4H2O, UO2(H2AsO4)2 · H2O, (UO2)3(AsO4)2 · 5H2O,
and meta-schoepite, with the intensities of the latter four

FIGURE 3. (a) XRD patterns of four representative pretreatment samples, prt-2-0.1-0.1, prt-2-0.4-0.1, prt-2-1-0.1, and
prt-10-2-1 and model compounds. (b) Expanded view of (a) between 8° and 29° with the hkl of UO2HAsO4 · 4H2O indexed. B and G
indicate peak positions corresponding to bayerite and gibbsite after the aging of γ-alumina. Asterisks indicate the peaks
corresponding to surface precipitates in the sorption products.
scaled down to fit in Figure 3. As shown in Figure 3a, raw
γ-Al2O3 shows broad, poorly defined maxima between 30°
and 50° 2θ. The sharp peaks at ∼18.5, 19, and 20.5° 2θ in the
aged samples (labeled G, B, and B/G in Figure 3b), respectively, correspond to bayerite and/or gibbsite. Two weak
features at ∼18° and 25° (indicated by asteriks) show gradual
increases in intensity as pretreatment As concentration and
alumina loading increase (from bottom to top), indicating
the formation of surface precipitates. The EXAFS and LCF
results suggested a progressive increase of a uranyl arsenate
surface precipitate (with a structure similar to trögerite).
These two peaks in the XRD pattern are consistent with
trögerite but are not among its strongest diffraction peaks.
This apparent inconsistency is probably due to structural
features inherent to trögerite. As shown in Figure SI-S2 of
the Supporting Information, the structure of trögerite consists
of sheets containing uranyl bipyramids and arsenate tetrahedra. The interlayer region contains protons and H2O
molecules, and adjacent layers are linked through hydrogen
bonding. This layered structure has been extensively studied
and shows high proton conductivity and cation exchange
between layers. Adding more complexity, the crystal structure
can undergo a reversible phase transformation between high
symmetry (tetragonal) and lower symmetry (P1j ) structures
near room temperature (18-28 °C) (16, 28). Therefore,
depending on the crystallinity, ordering, and cation intercalation of the surface precipitates, some diffraction lines
may have greatly attenuated intensity, especially the lines
related to the repeat along the c axis. The two peaks that
appear in Figure 3 at ∼18° and 25° correspond to 110 and
200, which are the two strongest peaks that do not have any
c axis component. This evidence, combined with EXAFS
results, which are more sensitive to short-range ordering of
<5 Å (here within a layer), suggests that the surface precipitate
has a highly disordered, poorly crystalline structure similar
to the sheets found in trögerite.
3.5. Environmental Implications. Combined with the
results of our companion batch uptake study (7), we
conclude that the pretreatment process is effective in
enhancing uranyl sorption on alumina under acidic pH
conditions as well as partially stabilizing the uranyl taken
up by the surface. Multiple mechanisms are involved in
U uptake, including surface adsorption and formation of
uranyl arsenate surface precipitates and uranyl polymeric
species or oxyhydroxides. The dominance of each mechanism depends on several factors such as sorbent particle
loading, relative availability of surface sites, and most

importantly the absolute arsenate and uranyl concentrations and their ratio. The formation of a trögerite-like uranyl
arsenate precipitate, as one of the dominant mechanisms
suggests that U sequestered by this means is less likely to
be released back into solution. These findings also
demonstrate the importance of identifying the mechanisms
for enhanced U uptake, which aids in evaluation of the
long-term stability and potential remobilization of the
sequestered U. Finally, the combined studies provide a
conceptual basis for designing and evaluating pretreatment
processes to enhance selective uptake of radionuclides. It
is worth noting again that arsenate was chosen as an analog
for phosphate, and this work therefore provides a starting
point for assessment of phosphate, which might behave
similarly. Although studies in more complex systems are
needed, for example, the effects of pH and coexisting
ligands (such as dissolved carbonate species) on uranyl
sorption on pretreated surfaces, our work nevertheless
provides predictive information regarding the final products in such systems.
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