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An anaerobic, gram positive, spore-forming bacterium
Clostridium sp., common in soils and wastes, capable of
reduction of Fe(lll) to Fe(ll), Mn(IV) to Mn(ll), Te(VII) to Tc(IV),
and U(VI) to U(IV), reduced Pu(IV) to Pu(lll). Addition of

22py (IV)-nitrate to the bacterial growth medium at pH 6.4
resulted in the precipitation of Pu as amorphous Pu(OH), due
to hydrolysis and polymerization reactions. The Pu (1 x 1075 M)
had no effect upon growth of the bacterium as evidenced by
glucose consumption; carbon dioxide and hydrogen production;
a decrease in pH of the medium from 6.4 to 3.0 due to
production of acetic and butyric acids from glucose fermentation;
and a change in the Eh of the culture medium from +50 to
—180 mV. Commensurate with bacterial growth, Pu was rapidly
solubilized as evidenced by an increase in Pu concentration
in solution which passed through a 0.03 x«m filtration. Selective
solvent extraction of the culture by thenoyltrifluoroacetone
(TTA) indicated the presence of a reduced Pu species in the
soluble fraction. X-ray absorption near edge spectroscopic
(XANES) analysis of Pu in the culture sample at the Pu Ly
absorption edge (18.054 keV) showed a shift of —3 eV compared
to a Pu(lV) standard indicating reduction of Pu(IV) to Pu(lll).
These results suggestthat, atthough Pu generally exists as insoluble
Pu(IV) in the environment, under appropriate conditions,
anaerobic microbial activity could affect the long-term stability
and mobility of Pu by its reductive dissolution.

Introduction

The presence of plutonium in contaminated soils, and
transuranic (TRU) and mixed wastes is a major concern
because of its potential for migration from the waste-
repository resulting in long-term contamination of the
environment. The toxicity of Pu and the relatively long half-
lives of its isotopes (87.7-8.0 x 108y) are the primary causes
for concern. Significant microbial activity is expected in the
waste due to the presence of organic compounds and nitrate,
which are used as carbon and nitrogen sources by a variety
of microorganisms. Microorganisms have been detected in
low-level radioactive wastes containing Pu, transuranic (TRU)
wastes, Pu contaminated soils, and in waste-repository sites
under consideration for the disposal of nuclear waste (1).
Low-level radioactive and TRU wastes contain low levels of
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Pu along with other radionuclides and organic compounds
(2).238.239.240py (gross alpha activity 1.7 x 10° pCi/L) isotopes
were detected in leachate samples collected from the low-
level radioactive-waste disposal sites at West Valley, NY and
Maxey Flats, KY (3-5). Several aerobic and anaerobic bacteria
were isolated from the leachate samples and included Bacillus
sp., Pseudomonas sp., Citrobacter sp., and Clostridium sp.
(6). The radioactivity and the organic chemicals present in
the leachate were not toxic to the bacteria and were
metabolized producing-tritiated and !'“C-methane (2, 7).
Viable, metabolically active microbes were detected at the
Los Alamos National Laboratory (LANL) TRU waste burial
site containing >**Pu contaminated soil and flammable waste
(8.

Dissolution of Pu by microorganisms is brought about by
their production of organic acids, extracellular metabolites,
and siderophores (9-14). Immobilization of Pu by bacteria
may be due to biosorption and bioprecipitation reactions
(15-21). Solubilization of Pu(IV) hydrous oxide by Fe(III)-
reducing strains of Bacillus polymyxa and B. circulans under
anaerobic conditions has been reported (22). Although the
physical, chemical, and geochemical processes affecting
dissolution, precipitation, and mobilization of actinides have
been investigated, we have only limited information on the
interactions of microorganisms with actinides and the effect
of microbial processes on the reductive precipitation or
dissolution of Puin TRU wastes (1, 13, 14, 17). Afundamental
understanding of these processes would help to assess their
impact on the behavior of radionuclides and on the long-
term stewardship of contaminated sites.

In this study we report that an anaerobic, gram-positive,
spore-forming bacterium Clostridium sp. (ATCC 53464),
common in soils and wastes and capable of affecting the
solubility of U(VI), Fe(IIl), Mn(IV), and Tc(VII) by reduction
from higher to lower valence state (23-25), also reduces Pu(IV)
to Pu(Ill).

Materials and Methods

Culture. Clostridiumsp. (ATCC 53464), a gram positive, strict
anaerobic bacterium isolated from a coal cleaning waste was
grown in medium containing the following ingredients (per
liter): glucose, 5 g; NH,Cl, 0.5 g; glycerol phosphate, 0.3 g;
MgSO4‘7H20, 0.2 g CaClz-ZHzO, 0.5 g FeSO4'7H20, 2.8 mg;
peptone, 0.1 g; yeast extract, 0.1 g; pH 6.8. The medium was
prereduced by boiling and purging with nitrogen gas, and
was dispensed into 60 mL serum bottles inside a glovebag.
The bottles were sealed with butyl rubber stoppers and
autoclaved.

Pu-Nitrate. 2*?Pu-nitrate (CRM 130) was obtained from
New Brunswick Laboratory (Argonne, IL). One milligram of
222Pu(NO;), was dissolved in 10 mL of 8 M nitric acid by
heating in a HEPA filtered hood for 30 min at 130 °C. The
solution was diluted with deionized water to obtain a 1 x
107° M stock solution and prior to use the pH was adjusted
to 6.3 with KOH in a glovebag using sterile, prereduced,
deionized water. Total activity was determined on a 0.5 mL
aliquot using a Wallac Guardian model 1414 liquid scintil-
lation counter (LSC). The minimum detectable amount
(MDA) for 2*?Pu by alpha counting was 0.9 pCi/mL (26).

Biotransformation of Pu by Clostridium sp. A 0.1 mL
aliquot of pH-adjusted ?*?Pu-nitrate stock solution was added
to a 20 mL serum bottle containing 10 mL growth medium
at pH 6.3 to give a final concentration of 1 x 1077 M 24?Pu.
Medium with and without 2*?Pu was inoculated with a 0.25
mL aliquot of a 24 h old culture of Clostridium sp. grown in
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the medium described above. The samples were placed in
an incubator in the dark at 26 °C.

Microbiological and Chemical Analyses. At periodic
intervals the head space pressure was measured using a digital
pressure gauge, and carbon dioxide was analyzed by gas
chromatography, as previously described (23). The bottles
were opened inside the glovebag and the pH was determined
using a Beckman ®350 pH meter with a Beckman 511275-
AB combination electrode. The Eh was determined using a
Mettler Toledo InLab 501/170 combination oxidation-re-
duction potential (ORP) electrode which was calibrated using
a standard solution (ThermoOrion, MA). The solutions were
filtered through a 0.45 um filter, and glucose and organic
acids were analyzed by high pressure liquid chromatography
(HPLC) using a Shimadzu LC-10AS liquid chromatograph
with a Bio-Rad HPX-87H column and 0.003 N H,SO, mobile
phase. Glucose and organic acids were determined using a
refractive index and a UV-vis detector, respectively.

Pu Speciation. We used microfiltration, selective solvent
extraction, X-ray absorption spectroscopy, and liquid scintil-
lation counting to determine the speciation of Pu in solution
phase.

Microfiltration. At selected intervals during the growth of
the bacteria the samples were shaken and an aliquot was
removed and counted by LSC to determine total ?4*Pu in the
unfiltered sample. In addition, 2.0 mL aliquots were parallel
filtered through 0.4 xm and 0.03 ym Poretics polycarbonate
filters, respectively, into preweighed LSC vials using an
Amicon stirred cell under argon gas.

Selective Solvent Extraction Techniques. The speciation
of the Pu in the solution was determined by extraction with
thenoyltrifluoroacetone (TTA) at pH 0 and pH 4 (27). At
selected times a 0.5 mL aliquot was removed from the sample
bottle and transferred to a silanized glass vial inside an
anaerobic glovebag. The organic and aqueous components
of the extracts were separated and assayed for Pu by liquid
scintillation.

X-ray Absorption Near-Edge Spectroscopy (XANES) Analysis
of Pu. In a parallel experiment the oxidation state of Pu in
the culture sample after anaerobic bacterial activity was
determined using XANES analysis. Two 60 mL serum bottles
containing 500 ug ?*?Pu-nitrate each were placed inside an
anaerobic glovebag and 40 mL prereduced growth medium
was added to each one. This corresponds to a total con-
centration of 5.0 x 107> M Pu in each sample. The bottles
were then sealed with butyl rubber stoppers. Two milliliters
of a 24 h old culture of Clostridium sp. was added, and the
samples were placed in an incubator in the dark at 26 °C.
After incubation for 42 h the Eh was measured and the entire
culture was freeze-dried using a Labconco Freezone 4.5
freeze-drier. The freeze-dried material was placed in an
anaerobic glovebag, transferred to an Al sample holder, and
analyzed for Pu at the Pu Ly absorption edge (18.054 keV)
with a 13-element Ge detector at beamline X18B at the
National Synchrotron Light Source (NSLS). The beamline
energy position was monitored using a Zr metal foil, which
has a nearby K absorption edge energy of 17.998 keV. Seven
scans were collected and averaged to minimize the signal-
to-noise ratio. The combined XANES spectrum was back-
ground-subtracted and normalized to the edge jump and
the oxidation state was determined by comparing the energy
position at the inflection point with tetravalent plutonium
nitrate.

Plutonium Speciation Calculations. The aqueous specia-
tion of Pu in bacterial growth medium was calculated using
the geochemical modeling program PHREEQC (28). The
thermodynamic constants for the Pu(IV) hydroxide species
and the Pu(IV) carbonate species were obtained from the
Nuclear Energy Agency Thermochemical Database Project
(29). In addition, the Pu(OH),(COs),>~ species (30) and the
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FIGURE 1. Dissolution of 22Pu(IV) (1 x 10~7 M) by Clostridium
sp.

Pu(COs)s*>~ species (31) were considered. The reduction
potential for the Pu(IV)/Pu(Ill) couple was obtained from
Lemire (32). All of the constants for the Pu(IV) species were
corrected to an ionic strength of I = 0 (33).

Mechanisms of Pu Dissolution. Direct (enzymatic) and
indirect (nonenzymatic) mechanisms of Pu dissolution in
the bacterial growth medium was determined. Dissolution
of Pu in the growth medium by Clostridium sp. was
determined as described elsewhere (24). Briefly, 5 x 107" M
242py-nitrate was added to (i) uninoculated prereduced,
autoclaved growth medium (control), (ii) prereduced syn-
thetic spent medium containing organic acids in the pro-
portions found at logarithmic growth phase of the culture,
(iii) unfiltered cell-free spent medium obtained from a 24 h
bacterial culture (cells removed by centrifugation), (iv) 0.45
um filtered cell-free spent medium, and, (v) to a 18 h-old
culture. The samples were incubated for 24 h and were filtered
through a 0.45 um filter prior to analysis of Pu by LSC. All
manipulations were performed inside an anaerobic glovebag.

Results
Dissolution of Pu by Clostridium sp. Figure 1 shows the
solubilization of Pu concomitant with the growth of the
bacteria. Adding 2**Pu (IV)-nitrate to the bacterial growth
medium initially precipitated Pu as amorphous Pu(OH), due
to its hydrolysis and polymerization. After 12 h of incubation
~70% (7 x 1078 M) of the total Pu passed through the 0.4 um
filter, while 53% (5.3 x 1078 M) passed through the 0.03 um
filter; after 36 h of growth the values were 70% (7 x 1078 M)
and 61% (6.1 x 1078 M), respectively. However, after 186 h
of incubation the Pu passing through the 0.4 um filter
decreased to 45% (4.5 x 1078 M) and 37% (3.7 x 1078 M)
through the 0.03 um filter. Throughout the experiment, the
total Pu remaining in the unfiltered control (uninoculated)
sample was 1.8 x 1078 M (18%) and 1.9 x 1078 M (19%) in
the inoculated sample which indicates the amount of Pu
that was adsorbed on the surfaces of the serum bottles. At
this time, ~6% (6 x 10~ M) of the total Pu in the control
sample was detected in solution after filtration through the
0.4 um filter, and 4% (4 x 10~ M) after passing through the
0.03 um filter. The remaining Pu was retained on the filters.
The metabolism of glucose, change in pH, and production
of carbon dioxide and organic acids by Clostridium sp. in the
presence and absence of 1 x 1077 M 2*?Pu are shown in Figure
2A—D. Glucose was completely consumed at the rate of 0.4
mM h! in both samples in the presence and absence of Pu
(Figure 2A). The pH of the Pu-containing uninoculated
control sample remained constant at 6.4 during the experi-
ment, while it decreased in the inoculated sample, both with
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FIGURE 2. Glucose consumption (A), change in pH (B), production of carbon dioxide (C), and production of organic acids (D) during
growth of Clostridium sp. in the presence of 1 x 107 M 2?Pu-nitrate.

and without Pu, from an initial value of 6.45 to a final value
of 3.01 &+ 0.02 at 186 h, indicating that Pu did not affect
bacterial growth (Figure 2B); over the same time, the Eh of
the medium decreased from +50 mV to —180 mV. Carbon
dioxide production was similar in the presence (234 + 15
umoles) and absence (229 + 31 umoles) of Pu (Figure 2C).
Hydrogen was also produced in stoichiometric amounts of
240 £ 28 and 227 £ 21 umoles, respectively. The fermentation
of glucose produced acetic and butyric acids (Figure 2D), the
quantities of which were similar in the presence and absence
of Pu. In a related experiment designed for oxidation state
determination by XANES we also observed that addition of
5 x 1075 M of 2#2Pu(IV)-nitrate had no effect on the growth
of Clostridium sp. as evidenced by similarities in quantities
of glucose consumed, the decrease in pH and Eh, and in the
amounts of carbon dioxide, hydrogen, and organic acids
produced.

Plutonium Speciation by Selective Solvent Extraction. TTA
extraction into the organic fractions at pH 0 and pH 4 after
0.45 um filtration of the uninoculated (control) and inoculated
medium with Clostridium sp. revealed the presence of a
reduced Pu species in the soluble fraction (Figure 3). At pH
0 the Pu(IV) oxidation state is expected to be extracted into
the organic fraction, while at pH 4 in addition to the Pu(IV),
the Pu(IIl) and Pu(VI) oxidation states are also extracted. No
detectable Pu was extracted from the control sample into
the organic fraction at either pH. After 12 h incubation, a
small amount of Pu(IV) was extracted at pH 0 (9.9 & 0.9 x
107° M), and slightly less at pH 4 (8.0 & 0.6 x 1079 M). After
51 h incubation, the Pu concentration fell to 3.1 + 0.1 x 107
Min the pH 0 and to 3.2 + 0.8 x 10° M in the pH 4 fractions.
In contrast, in the inoculated samples, we observed a
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FIGURE 3. Selective extraction and speciation of Pu in the TTA
organic fractions at pH 0 and 4 in 0.45 xm filtered solution from
the uninoculated (control) and inoculated with Clostridium sp.
samples. Total Pu concentration in the samples: 9.2 + 1.2 x
108 M.

20 40 50 60

significant increase in Pu concentration in both fractions.
After 12 h of incubation at pH 0, 6.1 + 1.0 x 1078 M was
extracted; after 51 h, activity had decreased to 2.0 & 0.2 x
107% M. In the pH 4 fraction, the amount of Pu in solution
reached a maximum value of 8.5+ 1.1 x 10 M at 12 h, and
decreased to 3.6 + 0.3 x 1078 M at 51 h. The greater activity
observed at pH 4 reflected the presence of either Pu(IIl) or
Pu(VI). However, these samples are in a highly reducing
environment that favors the formation of the Pu(IIl) oxidation
state. Total activity in the unfiltered sample was 9.2 + 1.2 x
1078 M. Less than 15% of the total Pu (<1.3 x 1078 M) was

VOL. 42, NO. 7, 2008 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 2357



2.0

—
(9]

—Pu(IV)-nitrate
------- -~ Clostridium sp.

Normalized absorbance
—_
[e)

o
W

18000 18050 18100 18150 18200
Energy (eV)

FIGURE 4. XANES analysis of Pu before (—) and after (--- -) anaer-
obic bacterial activity. Comparison of the sample’s absorption
edge position at (18.059 keV) with that for Pu(IV)-nitrate (18.062
keV) showed a shift of -3 eV, confirming the presence of Pu(lll).

extracted into the aqueous phases at both pHs, signifying
that the polymeric forms were removed by filtration.

Plutonium Speciation by XANES Analysis. We determined
the oxidation state of Pu in the freeze-dried culture sample
by XANES analysis. The addition of 500 xg ?*?Pu had little
effect on growth of Clostridium sp., as described above. At
42 h the pH in the samples was 3.02, total gas production of
17 + 2 mL, and the Eh was —185 mV. The inoculated control
(no Pu) sample had similar values with a pH of 2.98, total gas
production of 19 + 2 mL, and an Eh of —182 mV. Prior to
freeze-drying an aliquot of the solution was filtered through
a 0.45 um filter and the filtrate contained 63% of the added
Pu while 27% of the Pu was retained on the filter, similar to
the results obtained in the time-course experiment. The
speciation of Pu by XANES analysis in samples incubated
with Clostridium sp. is shown in Figure 4. Comparison of the
XANES spectra shows the amplitude of the solid line for the
Pu(IV) standard is greater than the bacterially treated
sample (dotted line). The sample absorption edge position
is displaced by 3 eV to lower energy at (18.059 keV)
compared to the Pu(IV) nitrate (18.062 keV). This shift is
similar to that observed for the trivalent Pu oxidation state
and confirms the presence of Pu(Ill) (34, 35). No shoulder
on the high-energy side of the absorption peak was
observed ruling out the presence of a Pu(V) or Pu(VI) actinyl
oxidation state.

Speciation calculations showed that Pu(OH), dominates
in the growth medium at pH 6.5. This poorly soluble species
exists as an amorphous colloid that can be removed by
filtration (log Ks, = —58) (31, 36). At pH 2.8, various Pu(IV)
hydroxide species of the general formula Pu(OH) *~* (where
x =1, 2, or 3) may be formed. The acidic conditions (pH
3), low Eh (=180 mV), and elevated CO, levels (234 mM)
in the culture’s headspace space under pressure demon-
strate that conditions for formation of Pu(IIl) is favored.

Mechanisms of Pu Dissolution. Figure 5 depicts the extent
of Pudissolution by the various biotic and abiotic treatments.
After 144 h, 15% of the Pu from the uninoculated growth
medium (control) at pH 5.7 was in solution, whereas in the
synthetic medium at pH 3.3, 41% was present in solution. In
the filtered spent medium 50% of the Pu was solubilized,
whereas in the unfiltered spent medium (pH 3.1) 70% was
solubilized. In the presence of cells at pH 2.9 95% of Pu was
in solution. These results suggest that increase in bacterial
activity as well as the components of bacterial activity
enhanced the dissolution of Pu by reduction of Pu(IV) to
Pu(IID).
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FIGURE 5. Dissolution of Pu(IV) by uninoculated medium (control),
(ii) prereduced synthetic spent medium, (iii) unfiltered cell-free
spent medium, (iv) 0.45 um filtered cell-free spent medium, and (v)
in the presence of actively growing cells.

Discussion

The solution chemistry of plutonium is very complex, as it
can exist in several oxidation states (III—VI). Under oxidizing
condition Pu undergoes a disproportionation reaction and
can exist simultaneously as Pu(IV), Pu(V), and Pu(VD).
Although Pu is relatively immobile in the environment, its
transport, albeit at very low concentrations has been observed
atseveral Department of Energy sites and Mayak Production
Association, Urals, Russia. For example, at Los Alamos
National Laboratory’s (LANL) waste site it was detected as
Pu colloids (37), at the Nevada Test Site (NTS) it was associated
with mineral colloids (38), at Rocky Flats, CO, the predomi-
nant form in the soil is PuO(s) (39), and as colloids associated
with organic macromolecules in surface waters (40); at Mayak
Puwas bound to iron oxide colloids (41) , and at Maxey Flats,
a former low-level radioactive waste site, it was observed in
colloidal form and as a soluble tetravalent species complexed
with organic ligands (5).

Microorganisms have been detected in low-level radioac-
tive and TRU-wastes in Pu contaminated soils and in waste-
repository sites being considered for nuclear-waste disposal
(I). Microbes can affect the solubility and mobility of Pu
(1, 13). Microbial activity can alter the oxidation states of Pu
because of the very small differences in the redox potential
between Pu(Ill), Pu(IV), Pu(V), and Pu(VI) (32, 42). In this
study we have observed that the growth of Clostridium sp.
lowered the Eh of the growth medium to —180 mV, and the
pH from 6.2 to 3.0, concomitant with the generation of acetic-
and butyric-acids, carbon dioxide, and hydrogen. After 14 h
of growth, 70% of the Pu passed through a 0.4 um filter and
55% passed through a 0.03 um filter, suggesting that Pu (IV)
is solubilized by Clostridium sp. Solvent extraction by
thenoyltrifluoroacetone (TTA) confirmed a decrease in the
polymeric form of Pu and an increase in the soluble fraction,
indicating the presence of Pu(IIl). XANES analysis of the Pu-
containing culture at the Pu L edge (18.054 keV) verified
that the oxidation state was Pu(III). Brookins (44) has shown
that trivalent Pu exists under low Eh and pH conditions; and
that reduction took place only in the presence of growing
cells, indicating direct bacterial action. In addition, ther-
modynamic calculations predict that Pu is transformed from
amorphous Pu(OH)4 to Pu(Ill). Pu (III) is relatively more
soluble (K, = 107226) than Pu(IV) (K, = 10757%) (44, 45).
However, Pu(Ill) is unstable and is readily reoxidized to
Pu(VI) which can exist as colloidal form (5, 22). Other work
has shown that Pu(V) can exist along with Pu(Ill) at the



low Eh and pH conditions (46, 47). However, we did not
observe the presence of Pu(V). Although reductive dis-
solution of Pu(IV) by Bacillus sp. has been implied (22),
to our knowledge, this is the first study to afford evidence
of the bacterial reduction of Pu(IV) to Pu(IIl). Trivalent Pu
hasbeen detected in low-level radioactive waste leachates
containing a variety of organic compounds and anaerobic
bacteria including Clostridium sp. in a highly reducing
environment (5, 6, 48). However, the dissolution of
seemingly insoluble Pu(IV) by anaerobic bacteria under
certain conditions, such as alternating oxic- and anoxic-
conditions or under wet and dry cycles, can indeed
remobilize Pu and facilitate its movement, even for short
distances. Accordingly, the management of TRU wastes
and long-term stewardship of remediated sites still con-
taining residual Pu must take these processes into
consideration.
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