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Biofilms of sulfate-reducing bacteria Desulfovibrio desulfu-
ricans G20 were used to reduce dissolved U(VI) and subsequently
immobilize U(IV) in the presence of uranium-complexing
carbonates. The biofilms were grown in three identically
operated fixed bed reactors, filled with three types of minerals:
onenoncarbonate-bearingmineral (hematite)andtwocarbonate-
bearing minerals (calcite and dolomite). The source of
carbonates in the reactors filled with calcite and dolomite
were the minerals, while in the reactor filled with hematite it
was a 10 mM carbonate buffer, pH 7.2, which we added to the
growth medium. Our five-month study demonstrated that the
sulfate-reducing biofilms grown in all reactors were able
to immobilize/reduce uranium efficiently, despite the presence
of uranium-complexing carbonates.

Introduction
Uranium (U238) has been discharged into the environment
for more than 60 years as a result of nuclear energy and
weapons production and incorrect mine management. The
EPA remediation program lists 21 sites in the U.S. in which
uranium contaminates groundwater and soil (1). Uranium-
contaminated sites pose challenging problems for reme-
diation. One of the promising remediation processes is the
in situ microbial reduction of uranium in the subsurface
environment, leading to the immobilization of the reduced
uranium. Both nonbiological and biological reactions can
contribute to the microbially stimulated reduction of uranium.

Nonbiologically, uranium can be reduced by the sulfides
or by sulfate-reducing bacteria (2, 3). This process is efficient
but it has limited application in natural waters. Even though
hydrated uranium (VI) ions in pure water are amenable to

reduction by microbially generated hydrogen sulfide, ura-
nium (VI) in natural waters forms complexes with carbonates,
and the complexed uranium ions are not amenable to
reduction by hydrogen sulfide (4–6). Because most natural
waters are buffered by the carbonate system and carbonates
in groundwaters can reach considerable concentrations (5–20
mM), the feasibility of uranium reduction in the subsoil
formation by microbially generated hydrogen sulfide is
questionable. When the contaminated water contains car-
bonates, most of the U(VI) forms complexes, and the chemical
reduction of uranium caused by biogenically produced sulfide
is not likely to occur (4).

Biologically, uranium U(VI) is reduced by the electrons
derived directly from organics, and uranium deposits are
associated with the microbial membranes. The process is
known as enzymatic reduction of uranium, and it can be
carried by various microorganizms, not only sulfate reducing
bacteria (7–10). The exact mechanism of this process is not
known but the involvement of c-type cytochromes has been
implicated by some authors (11, 12). The efficiency of the
enzymatic reduction of uranium does not seem to decrease
in the presence of uranium complexed with carbonates,
which, hypothetically, makes possible uranium removal from
contaminated waters using enzymatic reduction. Since the
nonbiological reduction has limited application, the enzy-
matic reduction has been extensively studied. As a result of
these studies, Fredrickson et al., 2002; Lovley et al., 1991;
Ganesh et al., 1999; and Fredrickson et al., 2000, among others,
have shown that U(VI) can be reduced to U(IV) by several
bacterial strains, such as Desulfovibrio desulfuricans,
Shewanella putrefaciens, and Deinococcus radiodurans which
use U(VI) as an electron acceptor (13–16). However, it is not
clear whether the enzymatic reduction of uranium is efficient
enough to remove considerable concentrations of uranium
in the contaminated groundwaters and whether the possible
toxic effects of uranium to microorganisms make the process
sustainable for long periods of time.

Our study has been designed to test the hypothesis that
uranium U(VI) can be reduced in the subsoil formation by
biofilms of sulfate-reducing bacteria (SRB) in the presence
of carbonates and that the process is efficient and sustainable
for long time. To test this hypothesis, we used SRB biofilms
of Desulfovibrio desulfuricans G20 grown in three fixed bed
tubular reactors, each filled with hematite, calcite, or
dolomite, and we used lactate as the electron donor. The
growth medium supplied to the reactors filled with calcite
and dolomite was not buffered, since we expected that
carbonates from the carbonate-bearing minerals would buffer
the solution. The growth medium supplied to the reactor
filled with hematite was buffered with 10 mM carbonate.
Uranium U(VI) was continuously supplied to all reactors and
the removal rate was evaluated from the mass balances in
the influents and effluents of the reactors. After five months
of operation, Biofilm samples were taken from the reactors
and were analyzed using high-resolution transmission
electron microscopy (HRTEM), energy-dispersive X-ray spec-
troscopy (EDS), X-ray photoelectron spectroscopy (XPS), and
selected-area electron diffraction (SAED) to determine the
chemistry and crystallography of the uranium deposits.

Materials and Methods
Microorganizm and Growth Medium. D. desulfuricans G20,
obtained by courtesy of J. Wall, University of Missouri,
Columbia, was subcultured and maintained in a modified
metal toxicity medium amended with reductants (ascorbic
acid and sodium thyoglycolate), as described by Sani et al.,
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2001 (17). The growth media, described in Table S1 in the
Supporting Information (SI), were prepared using deionized
water and were autoclaved at 121 ( 1 °C (1 atm vapor
pressure) for 20 min The details of growth media are described
in Table S1, SI. Briefly, three types of growth media were
used: medium A was used to grow the stock culture of the
microorganizms, B1 to grow biofilms in the reactors filled
with dolomite and calcite, and C2 to grow biofilms in the
reactor filled with hematite. Filter-sterilized (0.2 µm filter)
uranyl acetate (Mallinckrodt, MO) was added, to growth
media B2 and C2 only, to a final U(VI) concentration of 126
µM. A three step procedure was used: (1) grow the micro-
organisms and inoculate the reactors, (2) operate the reactors
to establish the presence of the biofilms in the absence of
uranium, and (3) operate the reactors in the presence of
uranium. The procedures for inoculating and operating the
reactors are described later.

Packing Material. Hematite, calcite, and dolomite were
used as the packing materials. Synthetic polycrystalline
hematite beads, 4 × 4 mm in cross section and 4, 8, or 13
mm in length, were obtained from a jewelry supplier
(Harlequin Beads and Jewelry, Eugene, OR). Analysis by X-ray
diffraction showed them to be hematite with traces (ca. 1
wt%) of magnetite. The identical diffraction patterns obtained
for powdered beads and intact beads confirmed their
polycrystalline nature. The bead surfaces were cleaned by
rinsing with a series of organic solvents (in the order hexane,
acetone, methanol, and 2-propanol) followed by a 60 min
exposure to ozone using an ozone plasma generator. Cleaned
beads were then wrapped in Al foil until use. XPS analysis
showed the cleaned bead surfaces to deviate from the nominal
bulk composition of hematite by having more oxygen, less
iron, and minor amounts of C, Al, and Si impurities (Table
S2, SI). After sputtering to remove the top 20 nm of the surface,
XPS analysis showed a composition closer to the nominal
bulk hematite composition.

Commercial dolomite from the Regal Talc Mine (Dillon,
MT) was bought from a local construction material supplier,
and hexagonal calcite was obtained from Sargent-Welch,
Science and Education Supply. The minerals were crushed
with a hammer and sieved. The size fraction in the range
3.35–4.76 mm was used as the packing material, and the
minerals were rinsed with deionized water before they were
used. The commercial dolomite, CaMg(CO3)2, contained
small amounts of iron. This was determined by visual
inspection, which showed spots of hematite filling the cracks
of the dolomite, and confirmed by the presence of a Fe peak
in the EDS analysis (results not shown).

Column Reactors. The reactors were clear polycarbonate
tubes (internal diameter 2.54 cm, length 40 cm) (Figure S1,
SI). Each column was filled with 132 mL of crushed mineral
and then sealed with epoxy resin to prevent air access. The
pore volume in each of the reactors was 70 mL. To ensure
the uniform delivery of growth media, we used flow
distributors made of 0.5 cm glass beads entrapped between
two plastic sieves; these were placed in the inlet and in the
outlet of the column reactors (Figure S1, SI). A mixing
chamber (0.5 L of volume) was located in the recycle line,
as shown in Figure S1, SI. The procedures of growing the
biofilms and operating the reactors are described in the
Supporting Information.

Carbonates and Other Major Species in the Effluents.
The concentrations of soluble carbonates and other major
species at equilibrium with the packing material were
calculated for each biofilm reactor, using the software Visual
MINTEQ version 2.51 (KTH, Stockholm, Sweden). For the
computations, we used the actual pH of the solution
measured in each reactor and we assumed that hematite,
dolomite, and calcite were solid phases present in excess
(infinite phases) in the hematite, dolomite, and calcite

columns, respectively. Tryptone and yeast extract were
present in the growth medium but not included in the
calculations because they were composed mainly of proteins,
and we assumed that they did not affect the equilibriums of
inorganic species. The growth medium used in the reactor
filled with hematite had the highest total carbonate con-
centration (10 mM), and the reactors filled with dolomite
and calcite had total carbonate concentrations of 4.37 and
2.97 mM, respectively. The concentration of total carbonate
was adjusted in the reactor with hematite, and in the other
two reactors it was established by equilibrating the solution
with the mineral phase of the filling material. Table S3 in the
SI shows the results of the computations.

Analytical Methods. Uranium in the influents and in the
effluents from the reactors was determined using a modified
procedure based on adsorptive stripping voltammetry, ASV
(18, 19). The conditions of the measurements described in
these papers could not be applied directly to our samples
because our samples contained large amounts of organics;
we modified and optimized the ASV for our application as
described in the Supporting Information.

To determine the uranium concentrations in the biofilms,
Biofilm samples of known weights were collected from the
reactors and dissolved in 11 M nitric acid (J.T.Baker, cat no.
9601), then diluted with pure water and analyzed using the
method described in the Supporting Information.

In the influents and effluents of the reactors, lactate
concentration was determined using a lactate kit (Sigma
Diagnostic, cat no. 735–10), sulfate concentration was
determined using the turbidimetric method (20), and pH
was monitored daily.

Statistical Analysis. The U(VI) immobilization rate for
each reactor was calculated from the difference in U(VI)
concentration between the inlet and the outlet, and the
average concentrations and the standard deviations were
calculated. To compare the uranium immobilization rates
in the reactors, we used a two-sample t test (21). We named
the average daily removal rates of the three reactors µcalc,
µdol, µhem for the reactors filled with calcite, dolomite, and
hematite, respectively. The null hypothesis was that the
average daily removal rates in the three reactors were the
same (µcalc ) µdol ) µhem). Unpaired, two-tail tests were
performed using both pooled and independent standard
deviations. The calculated t test values (Tcalc-dol, Tcalc-hem,
Tdol-hem) were compared with the t test values calculated at
t95, showing that there was at least a 95% probability that the
measured uranium removal rates were not the same, so we
rejected the null hypothesis. The software DataPlot (National
Institute of Standards and Technology, Gaithersburg, MD,
http://www.itl.nist.gov/div898/software/dataplot.html/) was
used for the calculations.

Interpretation of Microscopy Data. Procedures for
sampling the biofilms for microscopy analysis and for
Transmission Electron Microscopy are described in the
Supporting Information. Transmission electron micrographs
of cross-sectioned material showed the structure of a matured
biofilm, including layers of cells, a well-developed matrix of
extracellular polymers (EPS), and newly formed biominerals
associated with the cells or EPS. The cells showed a heavy
deposition of reduced U in their periplasmic space. Typical
electron-dense precipitates coupled to the bacterial mem-
branes contained uranium and had a poorly crystalline or
nanocrystalline character, as shown by EDS and SAED.

Results and Discussions
Uranium Removal. Figure 1 shows that, as time progresses,
the total amount of uranium accumulated in the biofilm
increases linearly. The reactor filled with calcite was not
sampled during the last 20 days because of a clogging problem
experienced at that time. Note that the efficiency of uranium
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removal was inversely proportional to the concentrations of
carbonates in the solution: the reactor filled with hematite
had the highest total carbonate concentration (10 mM), and
the reactors filled with dolomite and calcite had total
carbonate concentrations of 4.37 and 2.97 mM, respectively.
However, since we assume that the uranium was removed
enzymatically, it is not clear whether this observation is
relevant. Perhaps some of the uranium was reduced by the
biogenically generated hydrogen sulfide, which would explain
the sensitivity of the results to the concentration of carbon-
ates. Further analysis of this observation exceeds the
boundaries of this study. The uranium immobilization
efficiency evaluated at the end of the experiment was 87.2%
in the reactor filled with calcite, 82.4% in the reactor filled
with dolomite, and 72.5% in the reactor filled with hematite.
The results demonstrate that sulfate-reducing biofilms can
remove uranium from water containing carbonate in the
presence of carbonate-bearing minerals. It is important for
further analysis to notice that the biofilm grown in the reactor
filled with hematite immobilized less uranium than the
biofilms grown in the other two reactors.

Table 1 shows the average daily rates and the total amounts
of accumulated uranium in each reactor. The rate of uranium
immobilization in the biofilm deposited in the reactor filled
with hematite is significantly lower than the rates of uranium
immobilization in the biofilms deposited in the reactors filled
with calcite or dolomite.

Microbial Activity and pH. Microbial activity was
determined as the lactate uptake efficiency (Cinlet-lactate-
Coutlet-lactate)/Cinlet-lactate × 100. The biofilms deposited in the
reactors filled with hematite, dolomite, and calcite removed
practically all lactate: 99.% ( 1, 98% ( 1, and 94.3% ( 0.6
of the lactate in the inlet, respectively. The average sulfate
removal was 59 ( 28%, 51 ( 12%, and 24 ( 5% for hematite,

dolomite, and calcite reactors, respectively. These results
show that the process in the reactors was lactate limited.

The pH in the three reactors was continuously monitored
during the five months of the experiment: it was 7.77 ( 0.16
in the reactor filled with hematite, 7.51 ( 0.14 in the reactor
filled with dolomite, and 7.68 ( 0.14 in the reactor filled with
calcite.

Characteristics of Uranium in Biofilms. Biofilm Deposited
in the Reactor Filled with Calcite. Transmission electron
micrographs (TEMs) of the Biofilm deposited in the reactor
filled with calcite are shown in Figure 2A–D. Figure 2A shows
that uranium deposits were associated primarily with cell
membranes, as expected, but also with external polysac-
charidic substances (EPS), showing as a disperse material
away from the cells. Some uranium was deposited in the
periplasm, (Figure 2B and C) and, as determined by EDS and
SAED, the deposited material appeared to be poorly crystal-
line nanoparticulate (Figure 2D) with exclusive uranium and
oxygen content (2E).

Biofilm Deposited in the Reactor Filled with Dolomite. TEM
images of the Biofilm deposited in the reactor filled with
dolomite are shown in Figure 3. Most precipitated uranium
was associated with membranes and located in the peri-
plasmic space. The preferential use of uranium as a terminal
electron acceptor in periplasmic membranes, described also
by Elias et al. (22), is evident throughout the entire sample,
even though cells were frequently directly in contact with
the dolomite surface (Figures 3A–D). Cells appear to have
precipitated material also commonly associated with capsular
structures (Figure 3E). Although no disperse EPS material
like that in the calcite sample was present this time,
extracellular polysaccharides certainly played a role in the
accumulation of reduced material. The U-containing material
appears to be nanoparticulate, very poorly crystalline, or
amorphous, as shown by HRTEM and SAED (Figure 3F).

Biofilm Deposited in the Reactor Filled with Hematite. The
biofilm deposited in the reactor filled with hematite showed
a lower uranium removal efficiency compared to the biofilms
in the reactors filled with calcite and dolomite. Its uranium
deposits had a well-defined nanocrystalline structure (Figure
4), showing that the uranium deposits in the biofilm deposited
in the reactor filled with hematite were more stable than

FIGURE 1. Uranium accumulated in biofilms of sulfate-reducing
bacteria deposited in reactors filled with various minerals. The
continuous line shows the cumulative amount of uranium
delivered to each reactor (or maximum uranium accumulation
possible).

TABLE 1. Average Daily Uranium Immobilization Rates in the
Column Reactors

mineral on
which biofilm

was grown

uranium
immobilization
rate (mg U/day)

accumulated
uranium in biofilm

at the end of
the experiment

(mg U/g wet biofilm)

hematite 11.34 ( 2.76 4.83 ( 0.51
dolomite 14.03 ( 2.69 6.86 ( 0.58
calcite 15.31 ( 1.16 8.19 ( 0.49

FIGURE 2. TEM images of a thin cross section of a Biofilm
deposited in the reactor filled with calcite. (A) A characteristic
cell population with precipitated U minerals associated with
membranes and EPS. (B) Cells with reduced U(IV) in their
periplasm. (C) Detail of periplasmic space with visible plasma
[P] membrane and outer [O] membrane filled with U(IV)
material. D) High-resolution TEM image of U-containing
material reveals its poorly crystalline nanoparticulate
character, with a typical particle size of 3 nm. (E) EDS
spectrum showing U signal in material directly associated with
cells, as well as in the dispersed material attributed to the
EPS-linked particles.
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those in the biofilms in the reactors filled with calcite and
dolomite, which had a poorly nanocrystalline structure,
Figures 2 and 3.

Precipitated Uraninite. In the reactor filled with hematite,
uranium precipitated on the cell membranes and in the peri-
plasmic spaces of the microbial cells. However, in the reactor
filled with calcite, uranium also precipitated in the extra-
cellular polymeric matrix. These observations are consistent
with the reports summarized in a recent review of various
studies on biologically precipitated uraninite (23). The
crystallography of the precipitated uraninite remains con-
troversial. It is known that uraninite occurs as crystalline
particles, smaller than 3 nm, in mixed-culture incubated
sediments and in pure-culture Desulfosporosinus spp. (24).
In our study, the form of the precipitated uranium depended
on the mineral phase supporting the biofilm growth: it was
amorphous in the reactors filled with calcite and dolomite
and crystalline in the reactor filled with hematite. The role
of the mineral phase supporting biofilm growth in the crystal
formation of precipitated uranium is not known, and all
studies known to us, which report the crystalline structure
of microbially precipitated uranite, were conducted using
planktonic cultures of microorganisms, not biofilms. Our
results indicate that the crystallography of uranite precipi-
tated in biofilm reactors is affected by a factor that is not

present in planktonic cultures of microorganizms, the mineral
phase on which the biofilm grows.

Efficiency of Uranium Removal. Sulfate-reducing bio-
films showed high removal efficiencies of uranium in the
presence of carbonates: 72.5, 82.4, and 87.2% in the reactors
filled with hematite, dolomite, and calcite, respectively.
Previous studies showed that sulfate-reducing bacteria can
reduce uranium in the presence of low concentrations of
carbonates (11, 15) but high concentrations of carbonates
inhibited uranium reduction, leading to the conclusion that
uranyl–carbonate complexes are not available as electron
acceptors (25, 26). These conclusions were reached based
mostly on short-term studies and using planktonic cells only.
We have demonstrated that sulfate-reducing biofilms remove
uranium efficiently for long periods, under conditions
resembling those expected in groundwaters in biofilms
deposited on naturally occurring minerals. We therefore
conclude that sulfide-reducing biofilms can be used to
remove uranium from groundwaters with reasonably high
efficiency, higher than 72% in our study. Table 2 summarizes
our findings.

Interestingly, in the reactor filled with calcite, uranium
precipitated in the matrix of extracellular polymers. We
cannot explain this observation, but it is possible that uranium
precipitation in the extracellular matrix was responsible for
the somewhat higher overall uranium removal efficiency in
that reactor. It is possible that the efficiency of uranium
removal in our reactor was also affected by other factors,
and not only by those we described above, such as different
EPS chemistry in biofilms grown on the different minerals.
The following section summarizes the known factors affecting
uranium removal in microbial reactors and discusses their
possible effect on our results.

Factors Controlling Uranium Removal in Microbial
Reactors. Effect of Iron. It is well-known that Fe(III) in
hematite affects the reoxidation of uranium, as formerly
described (27), by the following reaction:

U(IV)+ 2Fe(III))U(VI)+ 2Fe(II) (1)

According to this reaction, the presence of ferric iron
should decrease uranium reduction efficiency. Since hematite
has the most Fe(III), we expect that biofilms grown on
hematite should remove less uranium than biofilms grown
on minerals with a smaller content of ferric iron, if this effect
is indeed dominant. Biofilms grown on a hematite surface
create a diffusion barrier and may prevent the access of U(VI)
to solid-phase Fe(III). It is possible that the diffusion limitation
created by the biofilm may be the reason why we did not
observe significant differences in the rate of uranium
immobilization between the biofilm grown on hematite and
those grown on dolomite and calcite.

Effect of Carbonates. It is well-known that carbonates
complex oxidized uranium and that these complexes are
difficult to reduce. The effect of carbonates can be more
subtle when the interaction between the solid-state mineral
phase and uranium is considered. Zheng et al. demonstrated
that calcium carbonate reduces uranium sorption on soils
by forming uranyl–carbonate complexes (28). Our observa-
tion that the biofilms grown on calcite showed the highest
removal efficiency could, hypothetically, not be explained
by these interactions. However, even though the adsorption
of uranium by calcite was expected to be the dominant
mechanism of uranium removal in the initial stages of
operation, the adsorption capacity of calcite must have been
exhausted during the longer periods of time, and adsorption
can not have remained the dominant mechanism of uranium
removal.

Effect of Calcium. Although in natural waters the effect of
calcium may be difficult to separate from the effect of
carbonates, Brooks et al. claimed that uranium reduction

FIGURE 3. (A) TEM image of a microbial cell in close proximity
to a dolomite surface shows electron-dense U(IV) precipitates.
(B) Cell with heavy uranium deposits in the periplasmic space.
Reduced uranium precipitated in the periplasm shown at a
higher magnification (inset of B) clearly points out the more
electron-dense uranium material [U] as opposed to (C) the
lighter dolomite substrate. (D) Higher magnification of (A)
shows membrane features and direct association with
dolomite. (E) Cross section of a cell with reduced material
deposited in the periplasm and (outer ring on 5E) the capsular
structure. (F) SAED disperse ring pattern of the precipitated
uranium demonstrates its poorly nanocrystalline or amorphous
character.

FIGURE 4. (A) TEM image of a cross section of Biofilm grown
on hematite showing cells with relatively low mineral
precipitation. (B) Cells that precipitated uranium demonstrated
the same site of reduction-the periplasm. The square in B is
shown in C. (C) Cell with pronounced lipid layer of plasma and
outer membrane. HRTEM revealed the well-defined nano-
crystalline character of the precipitated uranium, with a crystal
size of 2–5 nm (single crystal, inset C).
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was inhibited by the presence of calcium (29). In our study,
the highest calcium concentration was in the reactor filled
with calcite. Consequently, following the expectations based
on the effect of calcium the column filled with calcite should
have exhibited rather poor uranium removal. This was not
the case in our study, and we offer an alternative explanation
to these effects, the presence of biofilm, as described below.

Effect of Biofilm. Many studies on uranium removal have
been conducted using nonbiological and well-defined sys-
tems (e.g., green rust, adsorption to hematite). As for
bioremediation research, most of the experiments have been
conducted in the presence of suspended microorganisms or
enriched sediments (30–32) eventually spiked with micro
and nanoparticles of other minerals (27, 33). Few investiga-
tions have been conducted in the presence of biofilms (25, 34).
It is not clear which information can be transferred from one
system to another, whether the results in a biofilm reactor
can be explained by the observations reported in planktonic
cell studies, for example. Not all our observations of uranium
removal in biofilm reactors are consistent with the observa-
tions reported from studies using other systems. Therefore,
we conclude that some of these inconsistencies may be
related to the presence of the Biofilm and the unique
environment that exists in Biofilm reactors. The conclusions
based on observations of nonbiological systems may be valid
for the first few days of biofilm reactor operation when the
surface of the mineral is still exposed to water. As time
progresses, however, less and less of the surface is exposed
to bulk solution, and more and more of it is covered with the
biofilm. The mass transfer resistance from the bulk to the
mineral surface increases with increasing biofilm develop-
ment. As a result, the chemistry near the mineral surface
changes dramatically. These changes in chemistry are not
uniform, though. Biofilms are heterogeneous, and their
heterogeneity causes local chemistries to vary among loca-
tions (35). We have attempted to summarize these effects in
Figure 5.

Implications of Our Study. Many authors have expressed
concern about whether in situ uranium plume stabilization

can be accomplished using reducing biofilms because of the
presence of carbonates in groundwaters; even if bioreduction
is possible, the stability of bioreduced uranium is still under
discussion (26, 36–40). This concern is further magnified when
the contaminated site contains carbonate-bearing minerals.
We have demonstrated that, although the mineral type on
which biofilms are grown and the total carbonate concen-
tration affect uranium removal efficiency, over long periods
of time (4–5 months) sulfate-reducing biofilms precipitate
uranium and the precipitated uranium is stable as long as
sulfate-reducing conditions are satisfied in the reactor. Our
findings show that sulfate-reducing biofilms reduce uranium
in the presence of carbonates. Since it is well-known that
uranium reduction by the microbially produced sulfides is
not efficient in the presence of carbonate, we conclude that
the mechanism of uranium removal in the biofilm reactors
was enzymatic reduction. The corollary to this conclusion is
that the overall rate of the enzymatic reduction of uranium
depends on the concentration of microorganisms. Conse-
quently, the concerns raised by other authors may be justified
for nonbiological systems and for planktonic cultures of
microorganizms in which the concentration of microorga-
nizms is low. In biofilms, where the concentration of
microorganisms is considerably higher than it is in planktonic
cultures of microorganisms, the enzymatic mechanism of
uranium removal appears to be efficient enough to make a
technological process of uranium immobilization possible.

Acknowledgments
We gratefully acknowledge the financial support provided
by the Natural and Accelerated Bioremediation Research
program (NABIR), Office of Biological and Environmental
Research (OBER), U.S. Department of Energy (DOE), U.S.
(grant nos. DE-FG03-01ER63270). The Pacific Northwest
National Laboratory is operated for DOE by Battelle Memorial
Institute under contract DE-AC06-76RL0 1830. Part of this
research was performed at the Environmental Molecular
Sciences Laboratory (EMSL), a national scientific user facility

TABLE 2. Summary of Our Findings

mineral on which
biofilm was grown

U removal
efficiency (%)

iron content
in mineral

extracellular
uranium reduction

total
carbonate (mM) U structure

Ca2+

Free (mM)

hematite 72.5 Fe2O3 - completely
iron no 10 Well-defined
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FIGURE 5. Possible mechanisms contributing to uranium precipitation/reduction/reoxidation. The figure shows biofilms grown on
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