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This research evaluated a method of controlled base addition
for immobilizing uranium (U) and technetium (Tc) through co-
precipitation with aluminum (Al) and other metal ions which co-
exist in a highly contaminated acidic environment. The batch
and column experiments indicate that the addition of strong base
(NaOH) provided a rapid yet effective means of sequestering
U, Tc, and toxic metal ions such as nickel (Ni2+) and cobalt (Co2+)
in the sediment and groundwater. Greater than 94% of
soluble U (as UO2

2+) and >83% of Tc (as TcO4
-) can be

immobilized at pH above 4.5 by co-precipitation with Al-
oxyhydroxides. The presence of sediment minerals appeared
to facilitate co-precipitation of these contaminants at lower pH
values than those in the absence of sediments. The immobilized
U and Tc were found to be stable against dissolution in
Ca(NO3)2 solution (up to 50 mM) because of the formation of
strong surface complexes between U or Tc and Al-oxyhydroxides.
This research concludes that, as long as a relatively high pH
(>5) and a low carbonate concentration are maintained, both U
and Tc can be effectively immobilized under given site-
specific conditions.

Introduction
During the cold war era, massive amounts of acidic and
radioactive wastes were disposed of in four unlined S-3 Ponds
at the Y-12 National Security Complex in Oak Ridge,
Tennessee (1, 2). The leakage from the S-3 Ponds created a
groundwater plume of contamination in the underlying
unconsolidated residuum and shale bedrock, which extends
more than 2 km along the geologic strike both east and west
of the Ponds. The groundwater is characterized with a low
pH (∼3.5) but high contents of uranium (U, as high as 0.2
mM), technetium (Tc, ∼47 nM), aluminum (Al, ∼18 mM),
nitrate and sulfate (∼100 mM). The dominant forms of U

and Tc in groundwater and sediments are U(VI) [as uranyl
(UO2

2+)] and Tc(VII) [as pertechnetate (TcO4
-)], as described

previously (1, 3). However, uranyl could be associated with
nitrate (as UO2NO3

+) or sulfate [as UO2SO4 or UO2(SO4)2
2-]

at such a low pH due to high nitrate and sulfate concentra-
tions (1, 4-8). Pertechnetate is poorly retained by the
sediment and thus has often been observed along with nitrate
in the groundwater (1, 3). On the other hand, reduced forms
of U(IV) and Tc(IV) are known to be particle reactive or readily
immobilized in the sediment under strong reducing condi-
tions (1, 3, 9). The extreme acidity also caused the dissolution
of the shale and carbonate bedrocks, releasing high con-
centrations of Ca2+ (as high as 25 mM), Mg2+ (∼8 mM), and
toxic metal ions such as Ni2+ (0.2 mM) and Co2+ (∼0.02 mM)
(1, 10).

The low pH, high metal ion, and nitrate concentrations
pose formidable challenges to successful implementation of
remediation technologies such as in situ bioremediation and
ex situ pump-and-treat at the site (3, 9, 11-14). For example,
in a pilot-scale bioremediation study, the groundwater had
to be treated or neutralized above-ground and then recir-
culated to the subsurface to create conditions that are
favorable for microbially mediated reduction and im-
mobilization of U (15, 16). The treatment resulted in
production of large quantities of precipitated, mixed wastes
containing radioactive materials and toxic metal ions, which
had to be treated and stored separately. However, by taking
advantage of the high Al content in groundwater, studies
have shown that more than 90% of U and Tc could be
removed or co-precipitated with Al-oxyhydroxides by the
base addition (1). A survey of groundwater from this
contaminated site also indicates that U and Al concentrations
are inversely correlated to pH, possibly due to the co-
precipitation of U and Al at higher pH conditions (10). We
thus hypothesized that the addition of base (e.g., NaOH) or
in situ subsurface pH manipulation could provide an effective
means of sequestering U and Tc at the site. Additionally, an
increased pH in the subsurface can potentially enhance
microbial activity, leading to increased microbial denitrifi-
cation (to be evaluated in future studies).

The present study was therefore aimed at evaluating the
mechanisms and effectiveness of immobilizing U and Tc
through precipitation or co-precipitation with Al and de-
veloping a controlled pH manipulation technique to reme-
diate the contaminated groundwater and sediment under
given site-specific conditions. We show that a large percent-
age of soluble U and Tc can be removed at pH above 4.5 by
co-precipitation with Al-oxyhydroxides. The immobilized U
and Tc are stable against dissolution in Ca(NO3)2 because of
the specific sorption and surface complexation of uranyl and
pertechnetate with Al-oxyhydroxides.

Methods and Materials
Groundwater and Sediment Samples. Sediments were
collected from borehole FWB103 (11-12 m deep) by rotasonic
drilling and characterized as interbedded Nolichucky shale
and sandstone (10). This highly weathered clayey sediment
was selected for the study because of its relatively high U
content among all sediment core samples. The mineralogical
composition of the sediment consists of primarily vermiculite
> mica > hydroxyl-interlayered-vermiculite, and the sand-
stone material consists of mainly quartz > calcite > feldspar.
The sediment was homogenized and sieved through a 4-mm
sieve before use. The major elemental composition of the
sediment (Table 1) was determined using an inductively
coupled plasma-mass spectrometer (ICP-MS) following the
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digestion of the sediment using EPA method 3050. The cation-
and anion-exchange capacities (CEC and AEC) of the
sediment were 135.3 and 14.0 mmol/kg, respectively, de-
termined according to methods of Hendershot et al. (17).
Nitrate and sulfate were extracted by 0.03 M KCl solution
and determined by ion chromatography (IC). The pH of the
sediment suspension was measured in 0.1 M CaCl2 at a 1:2
soil to solution ratio. Groundwater was collected in poly-
ethylene bottles from the same location as sediment core
samples, and its major ionic species also were analyzed by
ICP-MS or IC (for anions) (Table 1).

Column pH Manipulation, Batch Titration, and Stability
Studies. The column flow experiment was performed by
packing homogenized sediments (340 g dry weight) into a
glass column (50 × 140 mm) and continuously recirculating
contaminated groundwater (1.8 L in a reservoir) through the
column at a flow rate of 1.5 mL/min. The experiment is to
simulate field remedial scenarios, in which the groundwater
is titrated slowly and recirculated within the subsurface
treatment zone. While the reservoir was being stirred, NaOH
(1.35 M) was added at 0.5-1 mL daily for 31 days. The process
was designed to avoid rapid precipitation of Al-oxyhydrox-
ides, which could potentially cause clogging of the sediment
column during titration. On the other hand, Al ions tend to
form soluble hydroxyl-Al species (at OH-/Al ratio <2.8) (18, 19)
that are subsequently transported and precipitate slowly
within the sediment column. No significant amounts of
precipitate were observed in the reservoir for the duration
of the experiment. Effluent samples (about 1 mL) were taken
periodically through a 3-way valve and then centrifuged at
8000g for 20 min to obtain the clear supernatant solution.
The operationally defined dissolved ionic species in the
supernatant solution were determined either by ICP-MS
(for metal ions) or ion chromatography (for anions). Tech-
netium was assayed by liquid scintillation counting, as
described previously (20, 21). Analytical errors were estimated
to be better than ( 10%. A control column (without pH
adjustment) also was performed in the same manner.
However, data are not presented because no significant
changes in the effluent water chemistry were noted.

A series of contaminated groundwater samples (20 mL
each in separate polyethylene vials) was titrated to pH 9.5
by the addition of varying amounts of NaOH (1.35 M) under
aerobic conditions. Similarly, sediment samples (5 g each)
were first suspended in 25 mL of 0.03 M KCl background
electrolyte in 50-mL polyethylene vials, to which various

amounts of NaOH were added to give a pH ranging from
about 3.5 to 9. The final volume was made up to 30 mL for
all groundwater and sediment samples, which were then
equilibrated on an end-to-end shaker for 48 h. The super-
natant solutions were subsequently collected by centrifuga-
tion, the final pH was recorded, and the ionic composition
was determined as described earlier.

To evaluate the stability and dissolution of precipitated
U and Tc, selected sediment and groundwater precipitate
samples from the above batch experiments (titrated to pH
∼7) were equilibrated with 20 mL of either KHCO3 or Ca(NO3)2

at 5 or 50 mM concentrations. These electrolyte solutions
were selected to simulate conditions in which a high ionic
strength and carbonate concentration could cause the
desorption (through ion exchange) or dissolution (through
complexation) of U and Tc. After 7 days of equilibration, the
supernatant solution was collected by centrifugation and
analyzed for U and Tc contents.

X-ray Absorption Spectroscopy and Mineralogical Char-
acterization. The extended X-ray absorption fine structure
(EXAFS) spectra were collected at MR-CAT (22) at the
Advanced Photon Source of Argonne National Laboratory.
Selected sediment samples from the batch titration experi-
ment were processed in a controlled chamber (N2 atmo-
sphere) by packing the moist paste (after centrifugation) into
a plastic sample holder that was sealed with Kapton film and
tape. The sample was stored in the chamber and subsequently
transferred to the beamline for the X-ray measurements. The
spectra were collected at room temperature in quick scanning
fluorescence mode. The beamline parameters and analysis
procedures have been previously described (23, 24), and
additional details were provided in Supporting Information
((SI) Table S1 and Figure S1). In addition, selected samples
(groundwater precipitates and sediments before and after
pH adjustment) were analyzed for mineralogical and mor-
phological characteristics by means of X-ray diffraction (XRD),
scanning electron microscopy (SEM), and energy dispersive
X-ray (EDX) spectroscopy. Details are provided in SI (Figures
S2-S4).

Results and Discussion
Immobilization of U and Tc in the Sediment Column.
During the column-flow experiment, the effluent pH and
concentration profiles of U and Tc were continuously
monitored along with other major cations and anions (Figure
1). As can be expected, with the addition of NaOH, the pH
increased slowly from ∼3.5 to 4.4. (Figure 1a), largely due to
the hydrolysis of both dissolved and sorbed Al species and
the buffering of the sediment in the column (1, 25). The
estimated amount of base needed for hydrolyzing Al was
about 34 mmol based on the Al concentration (6.3 mM) and
the volume of the groundwater used in the experiment. This
amount accounted for nearly 67% of the total amount of
NaOH consumed (50.9 mmol). In addition to Al species, other
polyvalent cationic species such as dissolved and sorbed
Fe(III) and Mn(IV) should have contributed to the consump-
tion of NaOH because of their relatively high contents in the
sediment (Table 1). They are known to hydrolyze much like
Al3+ within the pH range studied (26). The presence of natural
humic substances may further contribute to the buffering
capacity of the system because of their polyelectrolytic
characteristics with varying acidic functional groups (7, 27, 28).

The concentrations of U, Tc, Al, and Si in the column
effluent decreased consistently as the pH increased (Figure
1b). At the end of the experiment (at pH ∼4.4), >90% of the
initial groundwater U (0.15 mM) and >80% of Tc (10.5 nM)
were removed. This decrease in the U and Tc concentrations
coincided with the removal or co-precipitation of Al and Si,
in which the groundwater Al concentration decreased from
about 6.3 to 0.2 mM and Si decreased from 1.2 to 0.1 mM,

TABLE 1. Major Elemental or Ionic Composition of the
Groundwater and Sediment Used in This Study (ND = Not
Determined, NA = Non-Applicable, TOC = Total Organic
Carbon, and DO = Dissolved Oxygen)

groundwater (mmol/L) sediment (mmol/kg)

U 0.2 2.7
Tc 1.1 × 10-5 3.5 × 10-5

Al 6.3 1.4 × 103

Si 1.2 ND
Fe 8.9 × 10-3 8.4 × 102

Mn 0.5 ND
Co 8.0 × 10-3 0.5
Ni 1.6 × 10-2 1.3
Mg 2.1 4.8 × 102

Ca 7.6 5.2 × 102

nitrate 50.2 21.0
sulfate 32.0 10.0
chloride 9.1 ND
DO 0.3 NA
TOC 4.1 35.7
CEC NA 135.5
AEC NA 14.0
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respectively. On the basis of the speciation calculations
(1, 4, 25, 29), UO2

2+, UO2SO4(aq), and TcO4
- should be the

dominant aqueous species in the pH range of about 3.5-5
and would have remained in the solution phase. It is the
sorption and co-precipitation with Al-oxyhydroxides and/or
hydroxyaluminosilicates which caused the sequestration of
U and Tc (1, 30). The precipitated Al-oxyhydroxides after pH
adjustment formed coatings on minerals as revealed by the
SEM analysis, which were also evidenced by increased
intensities of Al and U in the EDX spectra (SI Figures S3-S4).
Tc cannot be detected because of its low concentrations in
the sample.

At the end of the titration, the concentration profiles of
Ca2+, Mg2+, Co2+, and Ni2+ ions also showed a decrease from
initial concentrations of about 7.6 and 2.1 mM to 3.4 and 1.0
mM (for Ca2+ and Mg2+) and from 8.0 and 16.1 µM to 2.3 and
5.4 µM (for Co2+ and Ni2+) (Figure 1c). However, it was
somewhat surprising that the decrease in the concentrations
of Ca2+, Mg2+, Co2+, and Ni2+ occurred at pH below 4.0 (or
after the addition of ∼40 mmol of NaOH), under which these
cations would be expected to exist as soluble ionic species
(1, 25). Even at pH 5 and in the presence of Al (but without
sediments), previous studies showed that these ions remained
in solution, except Co2+ (1). These observations could not be
explained by the hydrolysis and precipitation of Ca2+, Mg2+,
Co2+, and Ni2+ but are attributed to complex interactions
such as sorption, ion exchange, and co-precipitation with
Al-oxyhydroxides, as will be discussed in detail below.
Previous studies reported that Al-oxyhydroxides are par-
ticularly effective in sorbing Co2+ and Ni2+ by forming double
hydroxide phases (31-33).

Among major anionic species, the concentration of nitrate
remained relatively constant at about 50 mM during the
titration (Figure 1d). On the other hand, the sulfate con-
centration decreased from 31 to 22.6 mM, but the chloride
concentration increased from about 9 to 13.2 mM. These

results indicate complex interactions and competition among
various anions for sorption and complexation with minerals
and precipitated Al-oxyhydroxides. Specifically, because of
a relatively low pH and the presence of large quantities of
Al and Fe (10), the sediment contains a significant amount
of variable positive charges with a measured AEC of 14 mmol/
kg at pH ) 3.5. With an increase of pH, the AEC of the
sediment is expected to decrease (34) and thus results in the
desorption or release of previously sorbed anions such as
chloride in solution. Nitrate has a low tendency to form
surface complexes with mineral surfaces (1, 35); thus its
effluent concentration remained relatively constant during
the titration (Figure 1d). Although sulfate is a divalent anion
and more strongly sorbed than chloride and nitrate by
variably charged sites in the sediment (36), the decrease in
the sulfate concentration could not be explained by its
competitive sorption onto the sediment because sulfate
desorption should also be expected as the pH increased or
AEC decreased (1, 25). On the other hand, the decrease in
the sulfate concentration can be attributed to the co-
precipitation and the formation of the Al-SO4-OH minerals.
The co-precipitation of sulfate with Al and the formation of
minerals such as basaluminite (Al4(OH)10SO4) and jurbanite
[AlSO4(OH) ·5H2O or Al4SO4(OH)10 ·5H2O] have been reported
previously (37-39). However, because of the amorphous
nature of these precipitates, the presence of basaluminite
and jurbanite minerals could not be detected by the XRD
analysis (SI Figure S2). On the other hand, the formation of
Al-OH-SO4 precipitates can be validated by the activity-
ratio analysis based on methods of Sposito (34) (SI Figure
S5). Results indicate that the formation of basaluminite and
jurbanite is thermodynamically favored under given experi-
mental conditions (1, 34).

Batch Titration of the Sediment and Groundwater.
Previous studies (1) using a similar contaminated ground-
water showed that the precipitation or co-precipitation of

FIGURE 1. pH and normalized concentrations of dissolved U, Tc, and other major cations and anions in column effluent solutions.
The groundwater (1.5 L in a reservoir) was added with 0.5-1 mL of NaOH (1.35 M) daily and circulated continuously through the
column for 31 days.
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metal ions (e.g., U, Tc, Al, Ca, Ni, Co) occurred at relatively
higher pH values than was observed in the present study
(Figure 1). A major difference was the presence of the
sediments (in addition to groundwater) in the column
experiment, and it suggests that mineral surfaces played
an important role in causing the sorption and/or co-
precipitation of these metal ions. To evaluate these
processes during the pH titration, a series of batch
experiments were performed either in the groundwater or
the contaminated sediment suspension obtained from the
same location. Similarly, results (Figure 2) indicate that U
and Tc were rapidly removed as the pH increased. However,
the removal of uranium was found to occur at a lower pH
(∼4) in the presence of sediments than in the groundwater
alone (at pH ∼5.2) (Figure 2a). The removal of Tc and Al
also occurred at slightly lower pH values in the sediment
suspension than in the groundwater (Figure 2b, c). The
differences in the removal of Ca2+, Ni2+, and Co2+ were
even more pronounced, in which these ions were hardly
removed at pH < 5 during the titration of the groundwater.
However, in the presence of sediments, significant portions
of Ni2+ (>90%), Co2+ (>90%), and Ca2+(>60%) were removed
at pH above neutral, again indicating the importance of
the presence of mineral surfaces in causing the removal
of these ions. The different removal patterns of cations in
the sediment and the groundwater again suggest that
different mechanisms may be responsible, including ion-
exchange, adsorption, precipitation, and co-precipitation.
The sediment contains substantial amounts of iron oxy-
hydroxides such as ferrihydrite, goethite, and phyllosili-
cates (e.g., illite, kaolinite, and vermiculite) (10, 40). These

minerals can act as reactive surfaces for the sorption of
these ions and hydroxyl-metal ions [e.g., Al(OH)2+ or
Al(OH)2

+, UO2
2+ or UO2(OH)+, Ca2+ or Ca(OH)+] or

oxyanions such as TcO4
- onto positively charged mineral

surfaces under acidic pH conditions (5, 10, 41-43). They
may also facilitate the hydroxylation and thus the growth
and precipitation of Al-oxyhydroxide solid phases at lower
pH values, resulting in the sorption and co-precipitation
of U and Tc at lower pH values in the sediment.

It is important to note that most of U and Tc were removed
at pH above 5.5 in groundwater, whereas little or no removal
of Ca2+ or nitrate occurred even though their concentrations
were much higher (Table 1). This indicates that the removal
of U and Tc is not a simple cation or anion exchange process
because concentrations of U and Tc in solution were orders
of magnitude lower than those of competing cations or anions
in the system. The removal of U and Tc is attributed to the
specific sorption or inner-sphere surface complexation with
precipitated Al-oxyhydroxides (1, 43). The specific inner-
sphere complexation between uranyl and Al-oxyhydroxides
was validated by the EXAFS analysis, in which uranyl appears
to be bound directly to aluminate in the sediment (Figure
3) (also see SI Figure S1 and Table S1). The Fourier transform
(Figure 3) shows the strong U-Oax, U-Oeq, and U-Al1 signals
from the axial oxygen atoms of the uranyl moiety, the
equatorial oxygen atom of the uranyl, and the alumina atom
of the Al-oxyhydroxide. The model also includes the U-Oax

multiple scattering paths and another weaker alumina
(U-Al2) signal. The EXAFS results for the U-Oax, U-Oeq, and
U-Al distances are consistent with the bonding of the uranyl
to alumina in dioxouranium sodium magnesium aluminum

FIGURE 2. Aqueous concentrations of U (a), Tc (b), Al (c), Co (d), Ni (e), and Ca (f) during the batch titration of a contaminated
sediment and a groundwater. The error bars represent one standard deviation of triplicate samples.
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oxide (ICSD 73443) as shown in the inset of Figure 3. Similarly,
in a study of U sorption by amorphous Al-hydroxide by
EXAFS, Froideval et al. (30) found that uranyl formed
predominant mononuclear and dinuclear inner-sphere
surface complexes with Al-hydroxide. The sorption or surface
complexation between Tc and aluminate could not be
evaluated by EXAFS because of the extremely low concen-
tration of Tc in the sample. However, the fact that little or
no desorption of anionic Tc (as TcO4

-) occurred at pH ∼10
(Figure 2) provides additional evidence of strong sorption or
possible inner-sphere surface complexation between Tc and
aluminate because surfaces of aluminate should be negatively
charged at pH 10 (1, 44). Previous studies have shown that
significant desorption of Tc occurs only when a relatively
high concentration of carbonate is added to the system
because CO3

2- also forms complexes with Al-oxyhydroxides
(1).

Stability of Co-Precipitated U and Tc. Successful re-
mediation of the contaminated site through subsurface
pH manipulation depends on the stability of immobilized
U and Tc. We subsequently evaluated the stability of
precipitated or co-precipitated U and Tc in both pH-
adjusted sediment and groundwater samples from the
above batch experiments by equilibrating with either
Ca(NO3)2 or KHCO3 at concentrations of either 5 or 50 mM
(Figure 4). Ca(NO3)2 was used to determine the exchange-
able amounts of U and Tc species by Ca2+ or nitrate,
whereas KHCO3 was used to assess the desorption or
dissolution of U and Tc through the complexation reactions
of carbonates. Results indicate that the immobilized U
and Tc was stable in Ca(NO3)2; less than 1% of precipitated
U and Tc was released into the solution phase after 7 days
of equilibration. These observations again indicate the
strong complexation between U or Tc and Al-oxyhydroxides
because Ca2+ and nitrate ions at 50 mM were incapable
of desorbing U and Tc (1, 45). On the other hand,
substantially higher amounts of U and Tc were dissolved
in KHCO3, particularly at a relatively high KHCO3 con-
centration (50 mM) (Figure 4a). Less than 10% of U and
15% of Tc were dissolved in 5 mM KHCO3, whereas about
20-50% of U and 50-60% of Tc were dissolved in 50 mM
KHCO3 solution. The instability of U at a high carbonate

concentration is expected because uranyl readily forms
stable and soluble complexes with carbonate such as
UO2(CO3)2

2- and UO2(CO3)3
4- (5, 46). However, compared

with those in the groundwater precipitate, the immobilized
U in the sediment appeared to be more stable, especially
at the low carbonate concentration (5 mM KHCO3). This
observation can be explained by the buffering capability
of the sediment, leading to a lower pH (∼7.3) in the
sediment than in the groundwater precipitate (pH∼8.9)
by the addition of 5 mM KHCO3. Similarly, the immobilized
Tc was found to be relatively stable in 5 mM KHCO3 in the
presence of sediments (Figure 4b), but an increased
concentration of KHCO3 (50 mM) led to substantial
desorption or dissolution of Tc. Since Tc (as TcO4

-) itself
does not form complexes with carbonates (29, 46), the fact
that carbonate is much more effective than nitrate in
desorbing anionic TcO4

- indicates that carbonates were
specifically sorbed onto Al-oxyhydroxides and caused a
reduction in surface adsorption sites (1, 47), leading to a
decreased sorption and/or an increased desorption of Tc
in the carbonate solution. This study thus concludes that,
as long as a relatively high pH (>5) and a low carbonate
concentration are maintained, both U and Tc can be
effectively immobilized. It demonstrates the feasibility and
effectiveness of controlled pH manipulation for remedia-
tion, particularly for the groundwater and sediments that
are contaminated with high levels of U, Tc, Al, and toxic
metal ions at a low pH.
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FIGURE 3. Real part of the Fourier transform of EXAFS spectra
(symbols) and model (line) of co-precipitated U(VI) with
Al-oxyhydroxides in a contaminated acidic sediment, which
was titrated to pH 6.7. The components of the model are shown
offset beneath. The inset shows the structure of uranyl bound
to aluminate. The red, brown, and blue spheres represent O,
U(VI), and Al atoms. The atoms that correspond to the
components of the model are labeled. The raw data and fitting
parameters are available in the Supporting Information.

FIGURE 4. Desorption and dissolution of (a) uranium and (b)
technetium from sediment minerals and precipitates following
the batch titration of a contaminated sediment and groundwater
to pH about 6.5. The experiment was performed by equilibrating
samples with either 5 or 50 mM of Ca(NO3)2 or KHCO3 solution
in 7 days. The error bars represent one standard deviation of
triplicate samples.
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