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We explored mechanisms for increasing U(VI) sorption by
pretreating alumina surfaces with arsenate, which has a high
affinity for binding with uranyl and is an analog for phosphate.
Batch experiments were conducted at pH ∼4 by pretreating a
γ-alumina surface with arsenate, followed by the addition of
uranyl.Parallelexperimentswereconductedwithdifferentalumina
loadings as well as As and U concentrations. Results show
positive correlations between U(VI) uptake and [As]ini/[U]ini (ratio
between the initial As solution concentration for pretreatment
and the initial U solution concentration), suggesting the
formation of ternary surface complexes and/or precipitates.
Desorptionexperimentsshowpartial irreversibilityof theadsorbed
U, suggesting less likelihood of remobilization. The pretreatment
process results in enhanced U uptake and enhanced stability
of the sorbed U, and provides a basis for designing other treatment
processes for selective remediation applications.

1. Introduction
Contamination and migration of uranium in the natural
environment have raised great concerns among scientists
from different research areas. Uranium contamination occurs
mainly at nuclear waste management facilities, uranium
mining and milling sites, heavy industrial sites, and former
nuclear weapons complexes. Understanding its transport
behavior is important for assessing the potential risks posed
by long-term storage of nuclear waste and also for deter-
mining the migration of natural radioactive materials in the
geologic environment close to population centers.

Among the multiple oxidation states occurring in solid
and aqueous forms in the environment, U(VI) is the stable
oxidation state in oxidizing environments, existing almost
exclusively as uranyl (UO2

2+) at surface conditions. It is more
soluble and mobile than the other common oxidation state,
U(IV) (1, 2). Sorption of uranyl to mineral surfaces is one of
the most important mechanisms by which its mobility can
be retarded in the surface and subsurface geological envi-
ronments (3). Sorption is dependent on factors such as the
nature of the mineral surface, availability of surface sites,
and solution composition. The presence of other organic or
inorganic ligands may strongly influence the speciation of

uranyl ions and, therefore, its uptake behavior by mineral
surfaces (2).

Previous studies have shown that pretreating mineral
surfaces with inorganic anions that have strong affinities for
mineral surfaces (e.g., phosphate and sulfate) and/or metal
ions can have pronounced effects on metal sorption. For
example, presorbed phosphate has been shown to enhance
uptake in several metal-mineral systems such as Pb2+-
goethite and Pb2+-boehmite (4), Cd2+/Cu2+-goethite (5, 6),
Dy3+/Gd3+-boehmite (7), and Pb2+/Cu2+/Zn2+/Cd2+-kao-
linite (8–10). The enhancement in sorption is usually shown
to be pH-dependent, with greatest enhancement occurring
at acidic pH ranges where maximum phosphate sorption
occurs (4–6, 10). Similar strategies for in situ immobilization
of actinides by phosphate may be effective considering that
actinide phosphates are highly insoluble and stable in
geological formations (11).

Previous studies have shown uranyl to sorb moderately
to γ-alumina, depending on pH, and generally find minimal
sorption at acidic pH conditions (12–14). Phosphate and
arsenate adsorb strongly to alumina at acidic to neutral pH
values (15–17). In this study, we explored mechanisms for
increasing U(VI) sorption under acidic pH conditions by
pretreating γ-alumina surfaces with arsenate, a chemical
analog of phosphate. γ-Alumina was chosen as the sorbent
because of its high surface area and because its surface
aluminol groups may be representative of those in aluminum-
containing minerals, which are abundant in the environment
and could serve in remediation strategies. Arsenate is not
expected to be a viable candidate for pretreating soil and
sediment minerals because of its potential release into the
environment. However, as a chemical analog of phosphate,
it offers the benefit of allowing more convenient charac-
terization of the local structure of the reaction products by
X-ray absorption spectroscopy (XAS) because of its stronger
backscattering property and also higher absorption energy
(K-edge, 11.876 keV) than that of phosphorus (K-edge, 2.149
keV). In the present study, we focus on the systematic
examination of enhanced uranyl sorption by alumina surfaces
pretreated with arsenate. A companion paper (14) provides
detailed structural investigation of the sorption products,
utilizing both U LIII-edge and As K-edge EXAFS (extended
X-ray absorption fine structure) spectroscopy, which allows
direct characterization of uranyl-arsenate interactions at
the alumina surface.

We also note a separate but parallel study, where we
conducted experiments to examine the mechanism of
arsenate and uranyl cosorption on γ-alumina surfaces at
different solution conditions (18).

2. Materials and Methods
2.1. Materials and Reagents. γ-Al2O3 (aluminum oxide-C,
purity >99.6%) was purchased from Degussa. The specific
surface area measured by BET is 100 ( 15 m2/g (provided
by the manufacturer). γ-Alumina was aged at two concen-
tration loadings (2 and 10 g/L) in a 0.01 M NaNO3 background
electrolyte for ∼1 month before sorption experiments were
conducted. The pH of the initial suspensions was ∼4.8-5.0.
No further pH adjustments were made. After the aging
process, measured pH was ∼4.5-5.5. A portion of the aged
suspension was centrifuged at 11000 rpm for 15 min, and
then the wet paste was dried in air and ground for structural
characterization. X-ray diffraction (XRD) analysis shows that
the aged γ-alumina partially transformed to a mixture of
bayerite and gibbsite polymorphs upon full hydration (Figure
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SI-S1 of the Supporting Information), which is consistent
with previous studies (16, 19–23).

American Chemical Society (ACS) grade sodium arsenate
(Na2HAsO4 ·6H2O, Sigma) and uranyl nitrate (UO2(NO3)2 ·
6H2O, Alfa Aesar) were used for making arsenate (0.5 or 1 M,
pH titrated to ∼4) and uranyl (0.1 or 0.5 M, no further pH
adjustment) stock solutions. All experiments were conducted
using boiled deionized (DI) water in a N2-filled glovebox to
minimize the effect of carbonate on arsenate sorption and
its potential complexation with uranyl (24–26). The pH
measurements were conducted using a Ag/AgCl glass elec-
trode (Thermo Orion) and three-point calibration with
buffered solutions pH 4, 7, and 10.

2.2. Arsenate or Uranyl Sorption Experiments. Three
sets of sorption experiments were conducted for arsenate
sorption on γ-alumina, including one sorption envelope
experiment (alumina loading 10 g/L, As initial concentration
2 mM, and various pH values) and two sorption isotherm
experiments at pH ∼4 (alumina loading 2 and 10 g/L, and
As initial concentration 0.1-4 and 0.5-20 mM, respectively).
Two sets of pH edge experiments were conducted for uranyl
sorption on untreated γ-alumina (alumina loading 2 and 10
g/L, U initial concentration 0.2 and 1 mM, respectively).

For As or U sorption edge experiments, aged γ-alumina
suspension was divided into several polypropylene high-
speed centrifuge tubes (40 mL each). The pH of the
suspension in each centrifuge tube was adjusted to the
desired value (3.5-11.5), using 0.1 M HNO3 or NaOH. A
predetermined volume of arsenate or uranyl stock solution
was added to the suspension to achieve desired As or U
concentrations. The suspension was then placed on a
horizontal shaker and allowed to react for 24 h.

For As sorption isotherm experiments, 250 mL of aged
γ-alumina suspension was titrated to pH ∼4 and divided
into centrifuge tubes (40 mL each). Certain volumes of As
stock solution were added in the suspension to achieve As
initial concentrations of 0.1-20 mM. The pH was quickly
adjusted using 0.1 M HNO3 or NaOH, if needed. The
suspension was then allowed to react for 24 h while shaking.

After reaction, sorption products were centrifuged at 11000
rpm for 10 min. The supernatant was decanted and collected
for As or U concentration analysis by direct current plasma
atomic emission spectrometry (DCP-AES). The amount of
As or U taken up by the alumina surface was expressed as
percent uptake, calculated using the difference between As
and U initial and final solution concentrations.

2.3. Uranyl Sorption on Arsenate-Treated Alumina.
After the aging process, 250 mL γ-alumina suspension was
titrated to pH 4 ( 0.2 with 0.1 M NaOH or 0.1 M HNO3, after
which As stock solution was added to achieve As initial
concentrations of 0.1-1 mM (the reason for choosing this
concentration range will be discussed later). The pH was
quickly adjusted if necessary. The suspension was allowed
to react for 24 h while shaking. We refer to this procedure
as the pretreatment (prt). After pretreatment, the pH of the
suspension was measured, and 10 mL suspension was
collected for As concentration analysis. The remainder of
the suspension was divided into polypropylene centrifuge
tubes (20 mL each), and a volume of U stock solution was
added to each centrifuge tube to achieve U initial concen-
trations of 0.1-4 mM. The suspensions were then allowed
to react for another 24 h and measured for final pH, followed
by centrifugation, concentration, and structure analysis.

Parallel experiments with two alumina loadings (2 and 10
g/L) and corresponding ranges of [As]ini and [U]ini were carried
out to examine the effects of relative As/U concentration
ratios and absolute U concentrations. The choice of con-
centration ranges is discussed later. Sorption samples were
labeled as prt-alumina loading (g/L)-As initial concentration
(mM)-U initial concentration (mM). For example, prt-

2-0.4-0.1 stands for a sorption sample with 2 g/L γ-alumina
loading, 0.4 mM initial As concentration, and 0.1 mM initial
U concentration.

2.4. Kinetic Sudies and Desorption Experiments. Kinetic
studies were performed on sample prt-2-0.4-0.1 to examine
how readily U is taken up from the solution after the
pretreatment by arsenate and addition of uranyl. Desorption
experiments were carried out on sample series prt-2-0.4-0.1
and prt-2-0.4-0.4 to test long-term stability of the sorption
products. Experimental details can be found in the Supporting
Information.

3. Results and Discussion
3.1. Arsenate or Uranyl Sorption on Alumina. Sorption
edges of uranyl and arsenate on γ-alumina from separate
experiments are shown in Figure 1. Arsenate sorption reaches
a maximum below pH 5, while uranyl sorption approaches
a minimum (∼25%) at this pH range, consistent with previous
studies (13, 16). Therefore, we selected pH 4, corresponding
to maximal arsenate coverage, as the condition to evaluate
whether pretreatment enhances uranyl uptake. We note that
in addition to the formation of mononuclear and (or)
binuclear inner sphere sorption complexes, when sorbed
onto mineral surfaces, uranyl is known to form polymeric-
colloidal phases or oxyhydroxide precipitates at neutral to
basic pH ranges or at high U concentrations (12, 13, 27, 28).
Therefore, the choice of pH 4 also minimizes the potential
for formation of uranyl polymeric species due to pH effects.
However, as we indicated previously, the use of parallel
pretreatment sample series with different alumina loadings
(2 and 10 g/L) and corresponding As and U initial concen-
tration ranges allows us to examine the effect of absolute
concentrations.

To evaluate the effect of surface-sorbed arsenate on uranyl
uptake as well as the potential direct formation of uranyl
arsenate precipitates directly from solution at high [As]ini, it
is important to estimate the density of surface adsorption
sites on γ-alumina and the amount of arsenate needed for
maximum surface coverage. Because of the complexity raised
bysurfacetransformationofγ-aluminaintoagibbsite-bayerite
mixture upon hydration (20–23), it was difficult to calculate
the amount of arsenate needed for such requirements.
Previous studies (29–31) reported values of 1.03-2 proton
active sites per nm2 on γ-alumina as summarized in Table
SI-S1 of the Supporting Information. On the basis of these
numbers, the minimum amount of arsenate needed for
maximum coverage (i.e., one As atom per site) is estimated
to be 0.34-0.65 and 1.7-3.25 mM for 2 and 10 g/L alumina
loading, respectively. We also took an experimental approach
to address this question as discussed below.

FIGURE 1. Arsenate and uranyl uptake (in separate experiments)
on γ-alumina as a function of pH at different alumina loadings and
As (or U) initial solution concentrations.
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Sorption isotherms and percent uptake of As on the
alumina surface at two alumina loadings (2 and 10 g/L) are
shown in Figure 2. Both isotherms show a gradual increase
of As uptake on alumina (expressed as [As]solid, in µmol/g),
with increasing As initial concentration (expressed as [As]ini,
in mM). For 2 g/L alumina loading, a plateau at [As]ini > 1.5
mM follows the initial increase, suggesting saturation of
available surface adsorption sites. For sample series with 10
g/L alumina loading, a sharp increase of [As]solid is also
observed at ∼20 mM after the plateau, suggesting the possible
formation of surface precipitates.

On the basis of the surface site estimation and sorption
isotherms, we chose the following [As]ini ranges for pretreat-
ment. For alumina loading of 2 g/L, [As]ini is varied between
0.1 and 1 mM. As shown in Figure 2a, at [As]ini < 0.4 mM,
more than 95% As is sorbed on the surface, leaving minimal
As in the solution, thereby minimizing the potential for direct
complexation and precipitation from the solution. Therefore,
the concentration range of [As]ini < 0.4 mM allows examination
of the effect of surface-sorbed As. For 0.4 < [As]ini < 1 mM,
a fraction of As is left in the solution. This allows the
examination of combined effects of surface-sorbed and
aqueous As. Similar strategies were used for alumina loading
of 10 g/L (Figure 2b), with two concentration ranges of [As]ini

< 3 mM (with more than 95% uptake) and 3 < [As]ini < 5 mM
(with a fraction of As remaining in solution).

3.2. Aqueous Speciation. Aqueous speciation of uranyl
for the experimental conditions was calculated using the
program PHREEQC (32) with the LLNL database provided
with the program. Rutsch et al. (33) studied the formation
constants of three uranyl arsenate aqueous complexes,
UO2H2AsO4

-, UO2HAsO4
0

(aq), and UO2(H2AsO4)2
0

(aq), using
time-resolved laser-induced fluorescence spectroscopy (TR-
LFS), and found their values to be similar to those of uranyl
phosphate complexes UO2H2PO4

-, UO2HPO4
0

(aq), and
UO2(H2PO4)2

0
(aq). Because limited solubility data were found

for uranyl arsenate solid phases and because of the complexity
introduced by the surface transformation of γ-alumina and
pretreatment procedures (i.e., the presence of preadsorbed
arsenate), we conducted speciation calculations for three

relevant systems, involving gibbsite, phosphate, and uranyl
as likely guides for the γ-alumina-arsenate-uranyl system.
They are (1) P(V) equilibrated with gibbsite, (2) U(VI) in the
solution of interest, and (3) a system containing only aqueous
uranyl and phosphate ions under the experimental conditions
of pH 4 and NaNO3 0.01 M. Three representative P and U
concentrations (0.1, 0.4, and 2 mM) were used for calculations.
Aqueous speciation and saturation indexes with respect to
solid phases are shown in Table 1.

In the gibbsite-P(V) system, at all P concentrations, the
dominant aqueous species is H2PO4

-, with small amounts of
AlHPO4

-. Berlinite (AlPO4) becomes slightly oversaturated
only at high P concentrations (>2 mM). In the U(VI) only
system, the UO2

2+ species is dominant. At higher concentra-
tions (>2 mM), polymeric species such as (UO2)2(OH)2

2+

become important, resulting in potential precipitation of
uranyl oxyhydroxide species such as schoepite and UO3 ·
2H2O. In the P(VI)-U(VI) system, depending on P and U
concentrations, uranyl-phosphate complexes (UO2HPO4

0
(aq)

and UO2H2PO4
-) and UO2

2+ are the most dominant species,
with (UO2)2(OH)2

2+ increasing slightly at high U concentra-
tions. These results indicate strong complexation between
uranyl and phosphate ions in the solution, also suggesting
the potential for formation of surface complexes or precipi-
tates on the pretreated alumina surface. Saturation index
calculations also indicate (UO2)3(PO4)2 ·4H2O as being the
most oversaturated phase, followed by uranyl hydrogen
phosphate compounds with different hydration states. As
shown in the gibbsite-P(V) system, AlPO4 formation is
possible at high P concentrations. Arai and Sparks (34) studied
the effects of residence time on arsenate sorption on
γ-alumina, using similar conditions as in our experiments
(5 g/L alumina aged 1 month with 0.1 M NaCl, 1 mM initial
As concentration, and pH 4.5). Their XANES results show the
formation of only surface-sorbed species up to 3 days, and
possible formation of mansfieldite-like precipitates (AlAsO4 ·
2H2O) or rearrangements in the local structure of sorbed
species for a longer reaction time (11 months). Laiti et al.
(30, 35) studied the precipitation of aluminum phosphate
phases during phosphate sorption on the alumina surface
and suggested possible precipitation at high P/surface site
ratios and long reaction times. Their adsorption data show
no significant amount of P loss due to precipitation within
25 h. In light of these previous studies, for the conditions and
pretreatment times (24 h) we employed, we do not expect
any significant surface precipitation to have occurred.
However, it is not possible to rule out minor precipitation.
These speciation results for the phosphate system are
intended as a first-approximation model for the correspond-
ing arsenate system, which is the focus of this paper.

3.3. Uranyl Sorption on Pretreated Alumina. Kinetics
of uranyl sorption on the pretreated alumina surface was
studied for sample prt-2-0.4-0.1 (Figure SI-S2 of the
Supporting Information). Percent uranyl uptake gradually
increases within the initial 10 h and is followed by a plateau
indicating a reaction steady state. Therefore, our choice of
a 24 h reaction time should allow for an apparent steady
state of uranyl sorption on the pretreated surfaces.

After careful examination of the sorption data over a range
of γ-alumina loadings and As and U concentrations, some
general trends are observed and are explained below.

3.3.1. Effect of [As]ini/[U]ini Ratio. Figure 3a shows that U
percent uptake is positively related to the [As]ini/[U]ini ratio,
with a gradual initial increase and a plateau at high [As]ini/
[U]ini ratios. The [As]ini/[U]ini ratio is defined as the ratio
between the initial As concentration for the pretreatment
and the initial U solution concentration (both in mM). The
U percent uptake on the untreated alumina surface is 20-25%
at pH 4 (Figure 1 and dashed arrow C in Figure 3a). After
pretreatment, for alumina loading of 2 g/L, the U percent

FIGURE 2. Arsenate percent uptake (O) and surface loading (4,
expressed as [As]solid) as a function of initial As concentration,
[As]ini, for alumina loadings of (a) 2 g/L and (b) 10 g/L.

4448 9 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 43, NO. 12, 2009



uptake is greatly increased to ∼50% at a [As]ini/[U]ini ratio of
3 and reaches a plateau of ∼90% at a [As]ini/[U]ini ratio > 7.
For alumina loading of 10 g/L, a steeper trend is observed,
with the percent U uptake of 50% at a [As]ini/[U]ini ratio of
∼2, and U is almost depleted from the solution when the
[As]ini/[U]ini ration > 3.

3.3.2. Effect of Absolute [As]ini at Fixed [U]ini. A closer
examination of the effect of absolute [As]ini involves the two
regions discussed in Section 3.1: (1) a low [As]ini region, where
almost all As is sorbed on the surface, and (2) a higher [As]ini

region, where high surface coverage of As is obtained but
considerable As remains in solution. Absolute [As]ini can be
readily calculated on the basis of the [As]ini/[U]ini ratio and
[U]ini, shown in the legend of Figure 3a. For alumina loading
of 2 g/L, the low [As]ini region is considered as [As]ini < 0.4
mM, where more than 95% is sorbed during the pretreatment
process (Figure 2). Figure 3a shows that in this region, U
percent uptake is enhanced at different degrees depending
on [U]ini. For example, for 0.1 mM [U]ini, U percent uptake
is enhanced to ∼70% at 0.4 mM [As]ini ([As]ini/[U]ini ) 4),
whereas for 0.2 mM [U]ini, U percent uptake is ∼60% at [As]ini

) 0.4 mM ([As]ini/[U]ini ) 2). This suggests that the pretreated
alumina surface has a much stronger affinity for uranyl
sorption either because of its electrostatic attraction to the
surface-sorbed negatively charged arsenate or because of
the formation of ternary surface complexes and/or precipi-
tates. In the higher [As]ini region of 0.4-1 mM, a fraction of
As remains in the solution, and U uptake increases until
reaching a plateau, where it is almost completely removed
from the solution. In this region, despite the effects of the
surface-sorbed arsenate mentioned above, complexation
and/or precipitation of uranyl arsenate species from the
solution are also likely to be important. Similar trends are
also observed for sample series with alumina loading of 10
g/L in regions where [As]ini < 3 mM and 3 < [As]ini < 5 mM.

3.3.3. Effect of Alumina Loading. At a given [As]ini/[U]ini

ratio, higher alumina loading (10 g/L) yields a higher U
percent uptake (Figure 3a) until 100% U uptake is reached.
This is likely due to the increased surface area with increased
alumina loading. In order to eliminate the effect of alumina
loading, we used a partition coefficient, Kd, defined as

Kd )
[U]solid(µmol g-1)

[U]ini(mmol L-1)
(1)

TABLE 1. Speciation Calculations at Representative Experimental Conditions

Gibbsite-P(V) system U(VI) system

[P] (mM) 0.1 0.4 2.0 [U] (mM) 0.1 0.4 2.0

P aqueous species (>2%) U aqueous species (>2%)

H2PO4
- 83.8 91.3 96.6 UO2

2+ 90.4 82.1 61.0
AIHPO4

+ 15.5 8.1 2.8 UO2OH+ 5.3 4.6 3.1
(UO2)2(OH)2

2+ 5.5 13.5

S.I.a of solid phases S.I.a of solid phases

AIPO4
b 0.3 schoepite 0.1

UO3 ·2H2O 0.1

P(V)-U(VI) system

[P] (mM) 0.1 0.1 0.1 0.4 0.4 0.4 2.0 2.0 2.0
[U] (mM) 0.1 0.4 2.0 0.1 0.4 2.0 0.1 0.4 2.0

U aqueous species (>2%)
UO2HPO4

0
(aq) 66.3 20.7 4.2 80.9 74.5 16.8 71.5 73.4 78.9

UO2H2PO4
+ 11.5 3.6 14.0 12.9 3.0 12.6 13.0 13.8

UO2
2+ 20.3 63.9 58.7 11.0 51.7 5.4

UO2(H2PO4)2
0
(aq) 2.8 15.2 12.9

UO2OH+ 3.6 3.0 2.7
(UO2)2(OH)2

2+ 3.4 12.6 10.0

S.I.a of solid phases
(UO2)3(PO4)2 ·4H2O 5.1 6.4 7.0 4.2 6.7 8.1 3.3 5.2 8.6
H2(UO2)2(PO4)2

c 0.1 0.3 0.3 0.3 1.4 1.5 0.2 1.4 2.9
UO2HPO4 0.1 0.2 0.2 0.2 0.7 0.8 0.1 0.7 1.4
UO2HPO4 ·4H2Od 0.4 0.5 0.5 0.5 1.1 1.1 0.4 1.1 1.8
a Saturation index (S.I.) ) log(Q/Keq). b Mineral berlinite. c Mineral autunite. d Mineral chernikovite.

FIGURE 3. (a) U percent uptake and (b) partition coefficient, Kd,
as a function of the [As]ini/[U]ini ratio for two alumina loadings
(2 and 10 g/L) and [U]ini ) 0.1-4 mM. [As]ini/[U]ini is defined as
the ratio between the initial As pretreatment concentration and
the initial U concentration (both in mM). Kd is defined as the
ratio between [U]solid (µmol/g) and [U]ini (mM). Dashed arrow C
indicates the percent uptake value of U on an untreated
alumina surface (Figure 1). Horizontal dashed arrows D and E
indicate Kd values of U sorption on untreated alumina for 2 g/L
loading and U 0.2 mM and 10 g/L loading and U 1 mM,
respectively.
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which normalizes U uptake to alumina loading and expresses
the partitioning of U between solid and solution. The plot
of Kd as a function of [As]ini/[U]ini is shown in Figure 3b. For
certain alumina loading, similar trends are shown as observed
for the U percent uptake, where an increase in the [As]ini/
[U]ini ratio results in an increased Kd value as compared to
the Kd values of U sorption on untreated alumina surfaces
at 2 and 10 g/L (values indicated by dashed arrows D and
E in Figure 3b, respectively). However, comparing Kd values
for sample series with different alumina loadings shows that
the sample series with low alumina loading (2 g/L) exhibits
much higher U partitioning (almost 5-fold more) between
the solid and liquid phase as compared to that of the sample
series with high alumina loading (10 g/L). This is likely due
to the high U concentrations used at high alumina loading.

3.3.4. Effect of [U]ini at Fixed [As]ini. Figure 4a shows U
surface loading on arsenate-treated alumina as a function of
[U]ini. Sample series shown are alumina loading of 2 g/L with
[As]ini ) 0.4 mM (98.7% sorbed on surface) and alumina
loading of 10 g/L with [As]ini ) 2 mM (96.9% sorbed on
surface). Increasing [U]ini results in greater overall U uptake
on the pretreated surface but decreased partitioning as seen
by lower Kd values (Figure 4b). However, similar to the trend
shown in Figure 3b, low alumina loading (2 g/L) generally
results in greater partitioning of U between solid and liquid
phases (higher Kd values) as compared to high alumina
loading of 10 g/L.

3.4. Desorption Experiments. Results from desorption
(prt) experiments conducted on two sample series (prt-2-
0.4-0.1 and prt-2-0.4-0.4) are shown in Figure 5. The
percentage of U remaining sorbed on the surface is normal-
ized to the total amount of U taken up by alumina before
desorption was initiated (∼70% for prt-2-0.4-0.1 and ∼49%
for prt-2-0.4-0.4 as shown in Figure 4a). In both samples,
∼95% of the As remains sorbed (as normalized to the initial
amount taken up) throughout the whole desorption process,
consistent with its strong affinity for the alumina surface at
an acidic pH. For both series, the amount of sorbed U varies
during the initial ∼20 h and only reaches apparent steady
state slowly. After 192 h, ∼50% of the U is sorbed for

prt-2-0.4-0.1 and ∼65% for dsp-2-0.4-0.4. Although
desorption is known to be dependent upon experimental
conditions and kinetics, these results nevertheless suggest
that only a limited amount of the uranyl that has been sorbed
on the surface is remobilized through the desorption process
under these experimental conditions. This could be due to
the formation of strong surface complexes such as an
uranyl-arsenate ternary surface complex or the formation
of uranyl arsenate surface precipitates as suggested by the
speciation calculations. Investigation into the mechanisms
of enhanced uranyl sorption as well as stability of sorption
products is presented in a companion paper (14), in which
X-ray absorption spectroscopy and X-ray diffraction were
utilized for direct characterization of sorption products. These
are found to be a mixture of surface adsorbed uranyl species
and uranyl arsenate precipitates.

3.5. Environmental Implications. In this study, we
demonstrated how pretreatment of alumina surface with a
ligand having strong affinities for both the surface and uranyl
can enhance uranyl uptake from solution and lead to more
stable final sorption products. Arsenate was chosen as an
analog for environmentally abundant and commercially
accessible phosphate. Inasmuch as uranyl sorption on
untreated alumina is not favored at low pH, the pretreatment
procedure could significantly increase the efficiency of
sorption on alumina. It is also likely to increase the stability
of the sorption products, thereby limiting the remobilization
of surface adsorbed uranium. The most important contribu-
tion of this work is the conceptual basis we provide for
modifying surface properties of aluminum-rich solids to
enhance their sorption selectivity and capacity over specific
pH ranges. Although γ-alumina is an unlikely sorbent for
remediation and was chosen as a model solid, we demon-
strate that nearly a 5-fold enhancement in uranyl uptake can
be achieved. Therefore, knowledge gained from this work
may also have application for the design of materials for
uranium remediation, especially under acidic conditions.
Results from this work also provide predictive information
of U(VI) mobility in complex natural systems, where ligands
such as phosphate sorb onto mineral surfaces prior to
exposure to U(VI).

To better understand the operative uptake mechanisms
on a molecular scale, we investigated samples from the
present paper using X-ray absorption spectroscopy and X-ray
diffraction to assess local structure and long-range order of
the sorption products. The results are presented in a
companion paper (14).

FIGURE 4. (a) U surface loading on pretreated alumina, expressed
as [U]solid (µmol/g) and (b) U partition coefficient Kd on the
arsenate-pretreated alumina surface as a function of initial U
concentration. Open O show alumina loading of 2 g/L and [As]ini
0.4 mM, i.e., sample series prt-2-0.4-[U]ini. Solid 2 show
alumina loading of 10 g/L and [As]ini 2 mM, i.e., sample series
prt-10-2-[U]ini.

FIGURE 5. Percentage of uranyl that remains sorbed during
desorption (normalized to the amount of U sorbed on a γ-alumina
surface before desorption) and pH of the suspension as a function
of desorption time for sample series prt-2-0.4-0.1 and
prt-2-0.4-0.4.
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