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DICKEY,T

This study was undertaken to determine the effectiveness
of zero-valent iron (Fe?) and several adsorbent materials
in removing uranium (U) from contaminated groundwater
and to investigate the rates and mechanisms that are involved
in the reactions. Fe? filings were used as reductants,

and the adsorbents included peat materials, iron oxides,
and a carbon-based sorbent (Cercona Bone-Char). Results
indicate that Fe? filings are much more effective than

the adsorbents in removing uranyl (U0,%™) from the aqueous
solution. Nearly 100% of U was removed through reactions
with Fe? at an initial concentration up to 76 mM (or

18 000 mg of U/L). Results from the batch adsorption and
desorption and from spectroscopic studies indicate that
reductive precipitation of U on Fe? is the major reaction
pathway. Only a small percentage (<4%) of UO,2* appeared
to be adsorbed on the corrosion products of Fe® and
could be desorbed by leaching with a carbonate solution.
The study also showed that the reduced U(IV) species

on Fe%surfaces could be reoxidized and potentially remobilized
when the reduced system becomes more oxidized.
Results of this research support the application of the
permeable reactive barrier technology using Fe? as a reactive
media to intercept U and other groundwater contaminants
migrating to the tributaries of Bear Creek at the U.S.
Department of Energy’s Y-12 Plant located in Oak Ridge,
TN.

Introduction

Zero-valentiron (Fe®) has been extensively studied in recent
years for use in degrading or removing both organic and
inorganic environmental contaminants (1—10). Because Fe°
filings are inexpensive and readily available, they have been
considered one of the most promising permeable barrier
materials for treating contaminated groundwater plumes (2,
11). Todate, about a dozen full-scale and pilot-scale in-situ
permeable reactive barriers have been installed (12), with
most of the installations targeting chlorinated organic
hydrocarbons in groundwater (11, 12). Atthe Elizabeth City
site, in North Carolina, a barrier wall has been installed to
remove both chromate (CrO427) and trichloroethylene from
the contaminated groundwater (3, 13).

While numerous laboratory and field studies have focused
on the reaction kinetics and mechanisms between Fe® and
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chlorinated organic contaminants, relatively few studies have
examined the potential for using Fe® to reduce or remove
radionuclides and heavy metals in contaminated ground-
water (3, 14, 15). In particular, it is still unclear whether the
removal of uranyl (UO2?") results from reductive precipitation
or from adsorption onto the corrosion products of Fe?® (15—
18). Itisimportant to know which of these two mechanisms
dominates the reaction because it largely determines the
mobility and fate of uranium (U) under a given geochemical
environment. For example, if UOy?" is predominately
adsorbed onto the hydrous iron oxides or the corrosion
products of Fe?, the adsorbed U would be readily desorbed
by the presence of competing ions and complexing agents
such as carbonate (CO3%7) and dissolved organic matter in
groundwater. Furthermore, a change in the groundwater
pH would profoundly influence the adsorption and desorp-
tion behavior of U on iron oxide surfaces. Alternatively, if
U is primarily removed by reductive precipitation, the
precipitated U would not be remobilized unless the ground-
water redox conditions are changed and the reduced U(IV)
species are reoxidized, forming more soluble U(VI) species.

From a thermodynamic perspective, Fel is able to reduce
a number of redox-sensitive radionuclide and metal species
such as UO2?", CrO42~, and pertechnetate (TcO*"), thereby
resulting in lower solubility species of uranium(lV) oxyhy-
droxides, Cr(OH)s, and TcO; (14, 15, 19—21). Studies (3, 19)
have shown that CrO,>~ and TcO, can be rapidly and
effectively removed by Fe®. A reductive precipitation is
suggested to be the major reaction mechanism for the
removal of these two contaminants by Fe®. In addition to
removing CrO,2~ and TcO,~, according to a recent study
related to groundwater remediation (15), Fe® is able to
effectively remove UO,?" and MoO,4?~ from aqueous solutions,
and the reductive precipitation for the removal of these
contaminants has also been suggested as a possible mech-
anism. However, because UO,?* can also be adsorbed onto
the iron corrosion products, these authors concluded that
the exact mechanism of UO,2" removal is not yet clear and
could be due to any of the following: (1) reduction of uranyl
by Fe® to form U(IV) species; (2) adsorption of UO,%" to iron
oxyhydroxide corrosion products; and (3) a combination of
reductive precipitation and adsorption. Fiedor et al. (18)
reported that UO,?* is only slowly and incompletely reduced
to U(IV) species under anoxic conditions by using a piece of
Fe® coupon in a relatively large volume of UO,?" solution.

The adsorption of UO,?* on iron oxyhydroxides is known
to take place, particularly atarelatively high pH, under which
the oxide surface becomes negatively charged (22—25). Hsi
and Langmuir (23) indicated that all iron oxide materials
strongly adsorb dissolved uranyl species at about pH 5—10
and that the amount of adsorption is greatest on amorphous
ferric oxyhydroxide and least on well-crystallized hematite.
The adsorption mechanism was attributed to a surface
complexation between UO,?" and iron oxyhydroxides (23,
25). The removal of U(VI) by iron corrosion products
consisting of over 97% hydrous iron(ll) oxide under saline
conditions (34.3% salts) was recently reported by Grambow
et al. (16). They found that a large percentage of U was
rapidly adsorbed onto the iron corrosion products and U(VI)
species were only partially reduced. These observations are
expected because a reduction of U(VI) to U(IV) by Fe(ll)
species is thermodynamically unfavorable except under
strong acidic conditions (reactions 1 and 2). Fe° is much
stronger a reductant than Fe?" (E® in reactions 1 and 3), and
UO,2* reduction by direct electron transfer at the Fe® surface
would be favorable following electrochemical corrosion, as
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TABLE 1. Properties of Reactive Media and Experimental Conditions for Rate Reactions between Uranyl (at an Initial

Concentration of 1000 mg of U/L) and Fe® Filings and Iron Oxide

surface area solid/solution volume
media (m?g) size ratio (w/v) (mL) note
Master-Builder iron 0.98 0.5-1 mm 1:5 10 sieved
Peerless iron, medium 0.10 0.5—-1 mm 1:5 10 sieved
Peerless iron, course 0.08 3—12 mm 15 10 as received
Cercona cast iron 0.02 0.2—3 mm 15 10 as received
Cercona iron-palladized ND? 0.2—-3 mm 1:5 10 Pd-coated (0.05%)
iron oxide 10.1 0.2—-0.25 um 1:20 10 as received
control blank 10 no solids
2ND, not determined.
illustrated by Powell et al. (14): automatic o- and g-discriminator (27). The detection limit
is approximately 0.5 mg/L for #8U. A phosphorescence
Fe¥t + e — Fe?" E’=+0.771V (1) | lifetime analyzer (ChemChek, KPA-11) was also used for U
analysis in selected batch studies in which the aqueous
U022+ 4+ 4HT + 27 — u(v) + 2H,0 solution was filtered through a 0.2-um Gelman PTFE syringe
EO— 10327V @) filter. Thisanalytical technique allowed a very low detection
) limit for U (on the order of 1 ng/L), thus enabling an
o+ _ 0 o_ assessment of the completeness of the reductive precipitation
Fe“" +2e —Fe E°'=—0.440V ?3) of U in solution.

Thus, both reduction of U(VI) by Fe® and adsorption of U(VI)
by iron oxyhydroxides can result in a removal of U from
aqueous solution; a better understanding of these two
reaction mechanisms is of practical importance because the
reaction pathways largely determine the fate and long-term
consequences of U retained within the Fe® media under
specific geochemical environments.

The objectives of this study were to determine the
effectiveness of Fe® and several adsorbent materials in
removing U from contaminated groundwater and to inves-
tigate the rates and mechanisms that are involved in the
reactions. The work was part of remedial actions using
permeable reactive barrier technology to intercept and treat
U, nitrate, chlorinated organic compounds, and other
contaminants migrating to the tributaries of Bear Creek at
the U.S. Department of Energy’s Y-12 Plant located in Oak
Ridge, TN. This paper focuses on the U removal from the
groundwater because it is a major contributor to health and
environmental risks downgradient of the Bear Creek (26).

Materials and Methods

Determining Reaction Rates. The reaction kinetics between
Fe® and UO,%" were studied in batch experiments by mixing
2 g of iron filings with 10 mL of uranyl nitrate [UO2(NO3),]
solution at an initial concentration of 4.2 mM (1000 mg of
U/L) inaglass vial (~12.5 mL in capacity). Stock UO,(NOs3),
solution was made in Milli-Q water, and the initial pH of the
reactant solution was 5 with an ionic strength of ~12.5 mM.
Four sources of iron filings were evaluated: (1) medium-size
Master-Builder iron (0.5—1 mm) (Master-Builders, OH), (2)
Cercona cast iron (Cercona of America, OH), (3) medium-
size Peerless iron (0.5—1 mm) (Peerless Metal Powers and
Abrasives, MI), and (4) coarse Peerless iron filings (3—12 mm).
The general properties of these iron filings and the experi-
mental conditionsare listed in Table 1. Ineach of the reaction
vials, a small headspace (~2 mL) was present, and the
aqueous solutions were not subject to any degassing. After
the UO,?* solution and Fe® were combined, the mixture was
agitated on a rotator at ~10 rpm. At various time intervals,
a reaction vial was sacrificially sampled. The supernatant
solution was withdrawn and filtered immediately with a 5-um
Gelman Acrodisc syringe filter. The filtered solution (8 mL)
was transferred to a 20-mL scintillation vial and mixed with
8 mL of Ultima-Gold scintillation cocktail; U activity in the
mixture was then analyzed by means of a Packard liquid
scintillation analyzer (model 2700TR) equipped with an

Additionally, the reaction rates between UOy?* and an
iron oxide powder (~200—250 nm in size) and a palladium-
coated Cercona cast iron were determined and compared
with that of the four Fe® metals. The experimental conditions
are also listed in Table 1. The iron oxide was expected to
mimic the reactions between UO,?* and the Fe® corrosion
products; a palladium-coated Cercona iron was used to study
the reductive precipitation of UO,*" under an enhanced Fe°
corrosion rate (induced by the Pd coating on the Fe® surface)
(5, 28).

Adsorption Capacity and Removal Efficiency. Asecond
set of experiments was performed to determine the U
adsorption or removal capacity of the reductive or adsorbent
materials, including Fe®filings, iron oxide powder, a carbon-
based adsorbent [Cercona Bone-Char, containing ~25%
carbon with calcium and aluminum phosphate as a binder
(Cercona of America)], and Ward’s peat (Ward’s Natural
Science Establishment, NY). The peat is a coal-like, fully
decomposed organic material. The experimental procedures
are similar to what has been described above except that
varying amounts of UO,?" were added into a series of reactant
solutions (Table 2). The solids and solutions were allowed
to equilibrate overnight before filtration and analysis. Alow
solid-to-solution ratio was used in these experiments because
of the relatively large surface area and the low bulk density
of the adsorbent materials. Inthe case of iron oxide powder,
0.1 gwas used in 10 mL of solution, and samples were filtered
with 0.2-um syringe filters for the iron oxide samples because
the average particle size of iron oxide was ~200~250 nm (29,
30). In the case of Cercona Bone-Char, 0.5 g was used in 10
mL of solution, and after reaching equilibrium, samples were
filtered with 5-um syringe filters. To determine the amount
of U adsorption on peat, 0.3 g of the solid was added to 15
mL of uranium solution with an initial U concentration up
to ~50 mM (12 000 mg/L).

U Partitioning on Fe® and its Corrosion Products.
Because Fe® corrodes in water, uranyl species are expected
to adsorb onto Fe® corrosion products such as iron oxyhy-
droxides. To evaluate the mechanisms and partitioning of
U on Fe® and its corrosion products, the following experi-
ments were performed. A 10-mL UO,(NO3); solution of 42
mM (10 000 mg of U/L) was equilibrated with 2 g of Fe® for
approximately 3 weeks on a shaker. The solid and solution
mixture was then removed from the shaker, and the
supernatantwas immediately decanted. Theiron filingswere
thus separated from the Fe® corrosion products (i.e., par-
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TABLE 2. Properties of Fe? Filings and Adsorbents and Experimental Conditions for Their Reactions with Uranyl

surface area solid/solution initial U solution volume

media (m%g) size ratio (W/v) (mg/L) (mL) note
Master-Builder iron 0.98 0.5-1 mm 1.5 0—18 000 10 sieved
Peerless iron, coarse 0.08 3—-12 mm 1:5 0—18 000 10 as received
Wards peat ND# 2mm 1:50 0—12 000 15 crushed and sieved
iron oxide 10.1 0.2—-0.25 um 1:100 0—12 000 10 as received
Cercona Bone-Char ND 1-5mm 1:20 0—12 000 10 as received
Cercona Fe-Bone-Char ND 1-5mm 1:20 0—12 000 10 as received, 10% Fe®

2 ND, not determined.

ticulates) in the supernatant. Note that the iron residue was
not washed, because of concern that additional iron oxy-
hydroxide corrosion products would possibly be generated
by repeated washing processes. The amount of U associated
with the filterable particles was estimated by analyzing U
concentrations in solution before and after samples were
filtered through a 5-um filter. If U was sorbed or copre-
cipitated with Fe® corrosion products, U activity would be
higher in the unfiltered samples than in the filtered samples.
To further evaluate whether U was reductively precipitated
or adsorbed on the iron corrosion products, 4 mL of the
suspension was extracted with 4 mL of 0.2 M Na,CO3 solution
(to give a final Na,CO3; concentration of 0.1 M). After
equilibration for 30 min, the carbonate solution was filtered,
and its U concentration was analyzed. Extraction of U inthe
remaining iron filings was performed in a similar manner by
adding 10 mL of 0.1 M Na,COs solution and equilibrating the
solution for 30 min. After equilibrium was reached, the Na,-
CO; solution was filtered, and its U content was analyzed.

X-ray Diffraction and SEM Analyses. The corrosion
products of Fe® were identified by X-ray diffraction (XRD)
analysis. Samples were prepared by filtering the suspended
particles from the mixture of Fe® and UO,?* solution under
vacuum. The filtered disks were immediately mounted on
a Scintag XDS-2000 diffractometer for mineralogical analysis.
This process took <10 min. The preparation time was kept
to a minimum because oxidation and crystallization of the
corrosion products might have occurred if they were allowed
to sit for an extended period (31).

The particle size and the size distribution of Fe® corrosion
products and U coatings on Fe® were examined by means of
ascanning electron microscope (SEM) and energy-dispersive
X-ray (EDX) diffraction analysis (JEOL JSM-35CF scanning
microscope). All samples were placed on aluminum stubs
and sputtered with gold to prevent electrical charging during
the SEM and EDX analyses.

Fluorescence Spectroscopy. U reductive precipitation
on Fe® was further evaluated by fluorescence spectroscopy,
with the understanding that only oxidized U(VI) species
would yield strong fluorescence (32). Two series of fluo-
rescence experiments were performed. In the first series,
Fe? filings (5 g) and iron oxide powders (0.5 g) were mixed
separately with 50 mg of U in an aqueous solution of UO,-
(NOs3),. Samples were equilibrated for 1 week, and their
steady-state luminescence spectrawere measured by means
of a fiber-optic probe inserted directly in Fe® or iron oxide
suspension (33). The 337-nm line of a pulsed nitrogen laser
(pulse duration = 5 ns) was used as the excitation source in
these studies. A fiber-optic superhead probe (Dillor) was
used in both the excitation and the collection of signals from
the samples. The emission was collected at 180° with respect
to the excitation direction and dispersed with a Spex 500M
monochromator with a 150-nm groove/mm grating blazed
at 655 nm. The dispersed radiation was detected by means
of a CCD detector (Spex System One) with an entrance slit
width of less than 0.8 nm and a resolution of 0.2 nm.

The second series of fluorescence experiments was
designed to evaluate the possible reoxidation of the pre-
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cipitated U(IV) on Fe® surfaces when exposed to air and to
provide additional evidence of U reduction in Fe®. Three
samples were prepared as follows. The first was an Fe®-
rusted sample, which was created by immersing Fe® filings
in water for 24 h and then drying them in air. The sample
was then reacted with UO,?" for 10 min, after which the
supernatant solution was decanted. The U-loaded rusted
iron sample was air-dried for ~2 days before analysis. The
second sample was prepared by reacting the Fe° filings
(without any treatment) with the U solution for 2 h and then
drying the sample with a Speed-Vac for 4 h before analysis.
In this case, the air was not excluded, but the exposure period
was shorter than that of the first sample. The third sample
was prepared in a similar manner as the second except it
was not dried (to exclude air contact); the supernatant was
decanted, and the moist Fe? residue (with U) was immediately
analyzed. The fluorescence spectrawere acquired by directly
inserting a fiber-optic probe into the Fe? filings after they
were cooled by liquid N, to minimize the quenching effects
of Fef.

Results and Discussion

Uranium Reaction Rates. The rates of removal of UO*" by
various Fe® filings are presented in Figure 1. Because no
strong buffers were added to counteract the electrolysis of
water by Fe? the solution pH increased from 5 to ap-
proximately 10 in less than 30 min (data not shown). Results
indicate that all iron filings studied are effective in removing
UO,2* from the aqueous solution. Over 97% of U was
removed within 30 min by all the Fe® media, and no detectable
amount of U was left in the aqueous phase after about 1 h
of reaction. The logarithmic decay of the UO,?* concentra-
tion during the initial stage of the reaction (Figure 1B)
indicates an apparent pseudo-first-order removal of UO?*
by Fe®. On the basis of the first-order reaction rate law, the
apparent initial reaction rate constants and the half-lives for
U removal were tabulated in Table 3. For the commercial
iron filings obtained from Master-Builders and Peerless, a
general trend of increase in reaction rates was observed with
the increase of surface areas (Table 3). A range of reaction
half-lives (1.8—5.7 min) has been derived for these media
(with arange of surface area of 0.08—0.98 m?/g). The reaction
rate constants for the Cercona cast iron media did not follow
the trend of the other commercial iron filings, possibly
because it was a direct machine product without heat
treatment (to remove residual oil) that is common to other
commercial iron filings. However, the Pd-coated Cercona
cast Fe? exhibited a faster initial removal rate (half-life = 2.2
min) than the uncoated Fe® (half-life = 3.6 min).

In contrast to Fe iron oxide was not as effective in
removing UO,%" in solution; only 15% of UO,%" was removed
by the oxide. The rate of removal of UO,?* by the iron oxide
appears to be fast; the solution U concentration fell within
5% of the steady-state value over a period of less than 1 min.
These observations indicate that the U was removed by iron
oxide largely through the surface adsorption or complexation
processes, which often exhibit relatively fast reaction kinetics.



TABLE 3. Initial Reaction Rate Constants and Half-Lives Based on
surface area size

media (m2/g) (nm)
Master-Builder iron 0.98 0.5-1
Peerless iron, medium 0.10 0.5-1
Peerless iron, course 0.08 3-12
Cercona cast iron 0.02 0.2-3
Cercona iron-palladized ND? 0.2-3

a Pseudo-First Order Rate Law?

rate constant half-lives R?2 of the
(min™1) (min) linear fit
0.39 1.79 0.96
0.29 2.41 1
0.12 5.68 1
0.19 3.61 0.99
0.31 2.22 0.99

2The weight-based solid solution ratios are 1:5. The initial concentration is 4.2 mM (1000 mg of U/L) in 10 mL of aqueous solution. ? ND, not

determined.
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FIGURE 1. (A) Time-dependent reactions between uranyl and zero-
valent iron (Fe%) filings or iron oxide powder in aqueous solution
and (B) the logarithmic plot of the initial reaction rates. The initial
concentration (G) was 4.2 mM (1000 mg of U/L).

The incomplete removal of U by the iron oxide could be
attributed to the limited availability of surface sites; the
adsorption reached its maximum because more UO,?* was
present in the solution than could be adsorbed.

On the other hand, the reductive precipitation process
usually takes longer than the adsorption process because it
involves the corrosion of Fe® and an electron transfer from
Fe®to UO,%". Because the U solution was not deoxygenated
before the experiment, a further time-lag was required to
establish a low redox potential for both iron surface and
solution. The near complete removal of U by Fe°filings shows
that the reductants have a much higher capacity than the
iron oxide despite the fact that the Fe® filings have a lower
specific surface area (0.02—1 m?/g) than the iron oxide powder
(10.1 m?/g). The apparent “high capacity” for U removal by
Fe? suggests that electrochemical corrosion of iron is the
main driving force, producing electrons for U(VI) reduction

Itis known that the reactions between Fe®and chlorinated
organic compounds are strongly correlated to the specific
surface area of Fe® (2, 6, 34, 35). Unfortunately, the surface
area of coarser iron (0.08 m?/g) used in the study did not
differ much from the finer iron filings (0.1 m?/g). Neverthe-
less, reaction rates of the commercial iron filings showed a
general trend, i.e., a slower rate with the smaller surface area
(coarser Peerless iron filings) than with the larger surface
areairon (Master-Builderironfilings). Therefore, the surface-
dependent U(VI) removal is consistent with the previous
observation of CrO,?>~ reduction by Fe® (3), indicating that
UQO,?* reduction by direct electron transfer at the Fe® surface
isafavorable reaction following the electrochemical corrosion
of Fe° as illustrated previously (14).

U Removal Efficiency and Capacity. The efficiency and
capacity of U removal through reductive precipitation and
adsorption by Fe® and several adsorbent materials (iron oxide,
peat, and Cerconabone-char) were further evaluated in batch
studies. These studies used arelatively high U concentration
for estimating the capacity of U retention or reduction by
these adsorbent or reductive materials. Figure 2 shows the
typical adsorption isotherms of UO,?* on adsorbent materials.
These adsorption isotherms indicated a relatively rapid
increase in adsorption initially but a decrease as solution
concentration increased. The adsorption can be described
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TABLE 4. U Partitioning in the Fe® and the Suspended Particles (i.e., the Corrosion Products of Fe® hefore and after Washing

with 0.1 M Na,C03

Peerless iron filings

Master-Builder iron filings

U desorbed before wash after wash U desorbed
(%) (mg) (mg) (%)
0.21 97.23 97.16 0.07

64.5 2.77 0.18 93.6

before wash after wash
(mg) (mg)
Uin Fe® 96.09 95.89
U in suspended particles 3.91 1.39
100 " ~100% UO," removed u' g 1100
o gl e 180
g ) c
- * ?
2 60 P ’ 160 g
3 il g
£ 40l o {40 &
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FIGURE 3. Effect of initial U concentration on U removal efficiency
by medium-sized Master-Builder (with headspace or without
headspace) and Peerless coarse iron filings (2 g in 10 mL of solution).
The initial uranyl concentration ranged from 0 to 76 mM (18 000 mg
of U/L).

by the Langmuir adsorption equation (29, 36):

_ KdmaC
9= kc+1

where g is the amount of U adsorbed in mg/g, K is the
adsorption affinity of U on the adsorbent and related to the
initial slope of the adsorption isotherm, gmax is the maximum
quantity or capacity of U adsorbed, and C is the solution U
concentration in mg/L. Results indicted that all of the
adsorbent materials were quite effective in removing U at a
relatively low solution concentration (<50 mg of U/L). The
initial slopes ranged from about 40 to > 10 000 mL/g, with
the Cercona Fe Bone-Char being the most effective at a low
initial concentration. However, the Wards peat exhibited
an adsorption capacity that was 2—3 times higher than that
of Cercona Bone-Char and about 5—6 times higher than that
of the ferric iron oxides on a weight basis. As the solution
U concentration increased, a relatively large percentage of
U was left in the solution phase because of the limited
sorption capacity of the solid materials.

In contrast, reactions between UO,?" and Fe® resulted in
almost 100% removal of U in solution, as shown in Figure
3. Regardless of the initial U concentration in solution (up
to 76 mM or 18 000 mg/L), no detectable amounts of U were
found in solution after reaction with Fe®. Note that the x-axis
is expressed as the equilibrium concentration of UO,?" in
solution in Figure 2 whereas in Figure 3 it is expressed as the
initial U concentration because U concentration in the
equilibrium solution was under the detection limit of the
analytical instruments. Analysis by a phosphorescence
lifetime instrument revealed not only an extremely high
sensitivity for U(VI) detection (on the order of parts per
trillion) but also the valence state of U because U(IV) does
not phosphoresce (32, 33). Todetermine ifthe reduced U(IV)
species were presentin the equilibrium solution phase, some
selected aqueous samples were exposed to the air, treated
with hydrogen peroxide (H,O;) and HNOg3, and reanalyzed
by the phosphorescence lifetime analyzer. Again, no detect-
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able amount of U was found in the solution after the
treatment. These results were therefore indicative of a
reductive precipitation of U by Fe® rather than an adsorption
process. Adsorption would have resulted in a partitioning
of U in the solution phase, which would increase with an
increase of U addition, as shown in Figure 2. No maximum
loading capacity may be defined for U removal as long as
sufficientamounts of Fe®are present in the system to maintain
an electron flow and a favorable reducing environment. The
adsorption process may dominate only when Fe®is consumed
and the corrosion products of iron (iron oxyhydroxides) are
formed in the system.

We further evaluated the percentage distribution of U in
the Fe® and its corrosion products in suspension because, if
U is largely adsorbed on the corrosion products of Fe°, the
adsorbed U could be desorbed from those suspended
colloidal particles or co-transported with these particles in
water. Thiswould reduce the effectiveness of an in-situ iron
reactive barrier for retaining contaminants. Results (Table
4) indicated that only a small percentage of U was associated
with the suspended particles (or the corrosion products) after
agitating for ~3 weeks in the batch experiments. The majority
of added UO,*" precipitated on the Fe’. Additionally, a
desorption experiment with 0.1 M Na,COs indicated that U
associated with suspended particles (i.e., the corrosion
products) was readily desorbed (>64%). However, only small
amounts of U (<0.21%) in Fe® could be washed out with the
carbonate solution (Table 4). It is known that COz?~
complexes with UO,?* to form negatively charged U species
such as UO,(COs),>~. The adsorption of UO,(CO3),%" is
expected to be negligible on negatively charged iron oxy-
hydroxide surfaces at the given pH condition (pH > 10)
because the zero point of charge of common iron oxyhy-
droxides is in the range of 6—8.5 (23, 37). Therefore, these
results suggest that UO,2", which was in the initial solution,
was converted to less soluble U(IV) species by the Fe®. The
large percentage of extracted U from suspended particulates
implies that U was primarily adsorbed in its oxidation state
of (V1) by the corrosion products, although these corrosion
products only constituted a small percentage of the Fe® mass.
These observations are consistent with that of Grambow et
al. (16), who found that a large percentage of UO,?" was
adsorbed on the corrosion products of Fe® and that UO,?*
was only partially reduced to U(IV) species. It is important
to note, however, that the suspended particles of iron
corrosion products were obtained by rigorously shaking the
Fel filings in solution, after which the suspension was
decanted immediately. Under static flow-through condi-
tions, the effluent is generally clear, and no suspended
particles could be observed by means of turbidity measure-
ments (data not shown); this suggests that iron corrosion
products may be attached to the Fe° filings or precipitated
downgradient in the iron media.

Identification of Reaction Byproducts. The reductive
precipitation and coating of U on Fe® surfaces was also studied
by SEM, EDX, and fluorescence spectroscopic analyses. Figure
4 shows two SEM images: one is a grain of Fe? filing, and
the other is agrain of Fe® after beingimmersed in a U solution
(the U loading was about 50 mg of U/g of Fe?). A uniform
thin layer of U coating on the U-treated iron is apparent in



FIGURE 4. Scanning electron microscopy of the iron particles (Master-Builder) (a) without any treatment and (b) coated with ~5% U by
reacting 10 mL of uranyl solution at concentration of 42 mM (10 000 mg of U/L) with 2 g of iron.
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FIGURE 5. Energy-dispersive X-ray (EDX) analysis indicating the
presence of precipitated U on zero-valent iron surfaces (as shown
in Figure 4b). Both U and Fe showed strong signals. Au signal is
an artifact from sample preparation.

comparison with the untreated Fe® grain in the SEM images.
The EDX spectrum of the U-treated grain showed both iron
and uranium peaks (Figure 5). Note that the appearance of
gold (Au) inthe EDX spectra was due to specimen preparation
by gold-sputtering for SEM and EDX analyses. Similar EDX
spectra were obtained for U adsorbed on the iron corrosion
products although the uranium peak was relatively weak
because of a low adsorption of uranyl on the surfaces of the
iron oxide particles (data not shown). XRD analysis identified
these iron corrosion products as primarily partially oxidized
magnetite (or maghemite). The mixed ferrous and ferric
oxides are expected because only a limited amount of oxygen
was present in the initial aqueous solution.

Reductive precipitation of UO?" to U(IV) by Fe° is
thermodynamically favorable according to reactions 2 and
3) (38). The reduced U(IV) readily forms oxyhydroxide
precipitates in solution (39, 40) or precipitates on Fe® surfaces,
asshown in Figure 4. We further employed the fluorescence
spectroscopic technique in an attempt to identify the valence
state of U on Fe® surfaces and in solution. The analytical
technique was also employed to evaluate the possible
reoxidation processes of the reduced U(1V) on Fe® surfaces.
It is known that only the oxidized U(VI) gives strong
fluorescence whereas the reduced U(IV) does not (32). In
Figure 6, the fluorescence spectra is plotted for (a) a UO;?*
aqueous solution, (b) a UO,?" suspension containing iron
oxide powder (hematite), (c) a UO,?* solution in the presence

(b) UO,™ in iron oxide
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FIGURE 6. Fluorescence spectra of uranyl in (a) initial solution, (b)
after reactions with ferric iron oxide (hematite) in suspension, and
(c) after reactions with zero-valent iron (Fe?) filings. The initial U
concentration was 12.6 mM (3000 mg/L). The adsorption of uranyl
by hematite reduced the fluorescence intensity of U(VI), whereas
the fluorescence signal was not observed after its reaction with
Fe?.

of Fe?, and (d) a background aqueous solution without UO2%".
The UO,?* aqueous solution itself showed strong intensity
in fluorescence (41). In the presence of hematite, the UO2*
spectra remained with a slightly reduced intensity because
hematite particles could cause a quenching of fluorescence.
In contrast, no fluorescence spectrawere observed after U022+
reacted with Fe®. These results are consistent with the batch
kinetic and equilibrium studies, which suggest that UO2%" is
reduced to U(IV) by Fe®. Because UO,?" is only adsorbed
onto iron oxide, but not reduced, a strong fluorescence
spectra could be observed in the iron oxide systems as a
result of the adsorbed uranyl species and the UO,?* remaining
in solution.

The evidence presented above further demonstrates that,
in the presence of Fe®, UO,?" is primarily reduced to U(IV)
and precipitated on the iron surface. However, itis unknown
if the reduced U(IV) species on iron surfaces are reoxidized
to U(VI) species over time or upon exposure to atmospheric
oxygen. Figure 7 shows the fluorescence spectra of three
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FIGURE 7. Fluorescence spectra of uranium on (a) air-dried rusty
iron surfaces (exposed to oxygen for 48 h), (b) Speed-Vac-dried iron
surfaces (exposed to oxygen for 4 h), and (c) zero-valent iron (Fe®)
filings not exposed to oxygen. No U(VI) signal was detected from
Fe? that was not subjected to oxidation. However, U(VI) was detected,
and the intensity was proportional to the exposure time when Fe°
was exposed to atmospheric oxygen.

solid Fe® samples that were exposed to air for varying lengths
of time after reacting with UO;*" solutions. A strong
fluorescence spectrum was observed after UO,?* was reacted
with a rusted Fe® and then dried in the air for 2 days. By
comparison, a much weaker fluorescence spectrum was
observed when reoxidation was allowed to occur in a short
period (4 h drying by Speed-Vac) after the UO,*" reacted
with Fe®. No fluorescence spectra could be identified for the
freshly prepared U—Fe® specimen. These results indicate
that the reduced U(IV) species on Fe® surfaces could be
reoxidized. Furthermore, the reoxidation rate appeared to
be relatively slow (on the order of hours or more) in
comparison with its reduction process (on the order of
minutes, Table 3).

Implications for Groundwater Remediation. Both batch
experiments and spectroscopic studies showed that Fe® is
effective in removing U from water under reducing condi-
tions. The major reaction pathway is reduction of UO,?* by
Fe® to form insoluble U(IV) species on iron surfaces.
Adsorption of UO,?* by corrosion products accounts for a
small percentage of total UO,2" removal. The overall removal
rates are fast, and the half-lives of the reactions are between
2 and 6 min based on a pseudo-first-order rate law.

This study implies that using iron in a permeable reactive
barrier to remove U is feasible for groundwater remediation.
However, the precipitated U(IV) on Fe® surfaces may be
reoxidized when it is exposed to oxygen. The oxidized U(VI)
species may potentially be desorbed or mobilized. The effect
of dissolved oxygen in groundwater on the rate of reoxidation
has not been determined in this study but would be an
important subject of future study. As long as a reducing
condition is maintained by Fe® in the permeable reactive
barrier, it is likely that the reduced U(IV) will be retained in
the Fe® media by either coprecipitation or cementation with
iron oxyhydroxides. Both laboratory and field-scale experi-
ments are under way to determine the removal efficiency in
situ and to assess the geochemical influence to the iron barrier
technology. Detailed discussion of these aspects is beyond
the scope of this paper and will be published elsewhere. The
long-term performance of Fe® reactive barriers is still open
to debate with respect to their efficiency, byproducts
formation, and clogging (2, 12, 42). Nevertheless, results of
this work indicate that Fe® is an inexpensive yet very effective
media that can be used to remove certain redox-sensitive
radionuclides and metals in addition to its ability to degrade
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many chlorinated organic compounds.
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