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Abstract Accidental release of plutonium (Pu) from
storage facilities in the subsurface environment is a
concern for the safety of human beings and the
environment. Given the complexity of the subsurface
environment and multivalent state of Pu, we developed
a quantitative biogeochemical framework for biore-
mediation of Pu(V)O, ™ in the subsurface environment.
We implemented the framework in the biogeochemical
model CCBATCH by expanding its chemical equilib-
rium for aqueous complexation of Pu and its biological
sub-models for including Pu’s toxicity and reduction
reactions. The quantified framework reveals that most
of the Pu(V) is speciated as free Pu(V)Oz“L(aq), which is
a problem if the concentration of free Pu(V)O," is
>28 pM (the half-maximum toxicity value for bacteria
able to reduce Pu(V) to Pu(Il)POy(apy)) or >250 pM
(the full-toxicity value that takes the bioreduction rate
to zero). The framework includes bioreduction of Fe>*
to Fe*", which abiotically reduces Pu(V)O, " to Pu(IV)
and then to Pu(Ill). Biotic (enzymatic) reduction of
Pu(V)O," directly to Pu(Ill) by Shewanella alga
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(S. alga) is also included in the framework. Modeling
results also reveal that for formation of Pu(III)POy4(am),
the desired immobile product, the concentration of
coexisting model strong ligand—nitrilotriacetic acid
(NTA)—should be less than or equal to the concentra-
tion of total Pu(1ll).
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Introduction

Plutonium (Pu) from the nuclear-energy and weapons
industries poses important risks. Although used
(waste) Pu is stored in fuel rods underground,
accidental release of Pu from these stored facilities
[estimated at 1.6 x 10'® Bq (Choppin and Bond
1996)] is a major concern for humans and the
environment, especially since Pu has a long half-life
(2.4 x 10* years) and is capable of radiolytic and
chemical toxicity (Demirkanli et al. 2007; Neu et al.
2005; Reed et al. 2010).

Once released in the subsurface environment, Pu
may occur in any of five oxidation states, depending
on the biogeochemistry of the subsurface environ-
ment. This results in complicated Pu chemistry, since
the chemical speciation and mobility of Pu differ
among the oxidation states (Demirkanli et al. 2007;
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Reed et al. 2010). For example, under oxidizing
conditions, plutonium occurs as Pu(V)O," and
Pu(VI)022+, which form distinct complexes with
inorganic/organic compounds (Choppin 2003; Cleve-
land and Rees 1981). While Pu(VI)O,*" forms strong
hydroxyl complexes and sorbs strongly to aquifer
surfaces, Pu(V)O," does not form hydroxyl com-
plexes until pH >8 and, therefore, should be very
mobile under most subsurface conditions (Choppin
2003; Francis 2007; Reed et al. 2010).

The best strategy to avoid unintentional exposure
from Pu is to convert it to a precipitate phase that is
immobile in the subsurface environment. For actinides
(An) in general, lower oxidation states—An(III) and
An(IV)—are less soluble and are more likely to
precipitate than are the higher oxidation states. For
plutonium, Pu(IV) and Pu(IIl) oxidation states exhibit
lower solubility and, thus, are the target oxidation states
(Banaszak et al. 1999; Francis 2007; Reed et al. 2010).

If the chemical and redox speciation of Pu in the
subsurface environment is dominated by soluble
oxidized forms, reduction of Pu to the more desired
Pu(IIl) or Pu(IV) oxidation states is a remediation
option. Fortunately, microbial reduction of Pu has
been reported under anaerobic conditions: by Bacillus
polymyxa and circulans (Rusin et al. 1994), Geobacter
metallireducens GS15 and Shewanella oneidensis
MR1 (Boukhalfa et al. 2007; Icopini et al. 2009),
Clostridium sp. (Francis et al. 2008), and Shewanella
alga (S. alga) (Reed et al. 2007).

In this work, we develop a quantitative biogeo-
chemical framework for assessing bioremediation of
Pu(V)O," in the subsurface environment. First, we
evaluate the chemical speciation of Pu(V)O, ", which
is the most problematic form of oxidized Pu, since it is
more soluble and thus mobile than Pu(VI). Second, we
evaluate the toxicity of Pu(V)O," towards S. alga.
Third, we introduce direct and indirect microbial
reduction of Pu(V)O," to form Pu(IV) and Pu(IIl)
products. Fourth, we evaluate the chemical speciation
of the reduced products, placing special attention on
the effect of nitrilotriacetic acid (NTA), a strong
complexing ligand, towards production of immobile
Pu(Ill) precipitate phase, the desired end product.
NTA is a key inclusion in this study. On the one hand,
strong complexing ligands, such as NTA, are known to
coexist in plutonium contaminated sites (Banaszak
et al. 1998a, b; Boukhalfa et al. 2007). On the other
hand, this study shows that equimolar concentrations
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of NTA and Fe(Ill) is essential to keep Fe(IIl) in
soluble form.

Modeling

Background information on the biogeochemical
model CCBATCH

We develop the biogeochemical framework for biore-
mediation of Pu by building upon the biogeochemical
model CCBATCH, which was developed by our team to
quantitatively link all the different types of reactions that
control the fate of radionuclides and a range of other
metals and organic co-contaminants (Banaszak et al.
1998b; Rittmann and VanBriesen 1996; Rittmann et al.
2002a, b; Schwarz and Rittmann 2007a, b; VanBriesen
and Rittmann 2000a, b; Willett and Rittmann 2003). The
basic structure of CCBATCH is described here, and
critical details, such as parameter values, are reported as
needed in “Results and Discussion”.

CCBATCH explicitly couples biological electron-
donor and -acceptor consumptions to simultaneous
chemical reactions, including acid/base, complexa-
tion, and precipitation. In this way, CCBATCH
directly links the effects of biological reactions to
the biogeochemical fate of various components in the
system, even when the components do not participate
directly in the biological reaction. The original
CCBATCH model coupled kinetically controlled
microbial reactions with thermodynamically con-
trolled aqueous phase acid/base and complexation
reactions (VanBriesen and Rittmann 1999, 2000a).
Subsequently, Rittmann et al. (2002b) added a sub-
model to link kinetically or equilibrium-controlled
precipitation/dissolution to the microbial and aque-
ous-phase reactions. Willett and Rittmann (2003) also
added a sub-model to link slow kinetically controlled
complexation to bioavailability of organic ligands for
microbial reactions. Schwarz and Rittmann (2007a, b)
expanded the CCBATCH model to transport of
contaminants. Recently, Marcus et al. (2010)
expanded the CCBATCH platform to biofilms, includ-
ing those that live on the anode of a microbial fuel cell.

All the equilibrium reactions in CCBATCH are
solved by a Newton—Raphson technique that combines
the aqueous-phase mass balances with mass-action
equilibrium expressions for all relevant acid/base and
complexation reactions, and it can compute the
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equilibrium pH from the proton condition when the pH
is not fixed. Thus, changes in acidic hydrogen during
biological reactions and precipitation/dissolution
reactions are explicitly captured by the proton condi-
tion (VanBriesen and Rittmann 1999).

Modeling domain and utilized feature
of CCBATCH

We develop our biogeochemical framework for Pu
bioremediation for a batch system using previously
reported experimental (Reed et al. 2007) and modeling
(Deo et al. 2011) results. Table 1 describes the
components of the medium used for the batch
reactions. Furthermore, we use the following features
of CCBATCH for our framework:

e Chemical equilibrium sub-model—represents
thermodynamically controlled, aqueous phase
acid/base and complexation reactions among
medium components.

¢ Biological sub-model—represents kinetically con-
trolled microbial oxidation/reduction reactions
with Pu(V)O," and other biologically active
components of the medium, and provides stoichi-
ometric links to the production and consumption of
other components.

e Precipitation/dissolution sub-model—uses the
thermodynamically controlled (equilibrium) fea-
ture for representing precipitation/dissolution of
Pu component that can form solids.

Table 1 Identity and concentrations of initial components of
the medium used in this study (Adapted from Reed et al.
(2007))

Aqueous species Concentration
(mM)
Kt 12.4
NH,* 11.22
Cl™ 43.1
Lactate 20
PuO,™ 0.01
Total carbonate 2.0
NTA*~ 10
Fe’™ 10
S. alga 0.00418

Mg”, Mn”, SO42+, Ca”, Co”, Zn2+,
Cu**, AI**, borate, M0oO,>~, Ni**,
WO0,*7, PO, NO;~

Trace levels

The following are the components we modeled:
lactate, acetate, H™, Fe**, Fe*", Shewanella alga (S.
alga), Pu(V)0,™, Pu(IV)**, and Pu(Ill)>". We chose
S. alga as our model bacterium for driving the
biological reactions, since it has well characterized
kinetics for the components and reactions we consider
(Caccavo et al. 1992, 1996; Liu et al. 2002; Songkasiri
2003; Truex et al. 1997).

Upgrading CCBATCH for chemical speciation
of Pu(V)0,™

To use CCBATCH for this domain, we needed to
expand the model to include the chemical (equilib-
rium) reactions of Pu (i.e., Pu(V)O,", Pu(IV)**, and
Pu(Il)**) with other components in the medium
(Table 1). We added complexes of Pu(V)O,%,
Pu(IV)**, and Pu(Il1)>** with the common components
of the medium, along with their respective equilibrium
constants and stoichiometric mass balances; the com-
plexes and formation constants are listed in Table 2.

Reduction of Pu(V)O," by Shewanella alga

We chose Pu(Ill) as the final reduced form of
plutonium based on literature reports that support
Pu(V)O," reduction to Pu(IlT) under anaerobic con-
ditions by metal-reducing bacteria: Geobacter metal-
lireducens GS15 and Shewanella oneidensis MR1
(Boukhalfa et al. 2007), Geobacter sulfurreducens and
Shewanella oneidensis (Renshaw et al. 2009), and
Clostridium sp. (Francis et al. 2008).

When modeling Pu(V)O," reduction in the pres-
ence of Fe(II)-NTA in the medium, we hypothesized
that Pu(V)O, " reduction is abiotic (chemical), being
directly due to Fe(Il) that is produced upon preferen-
tial biological reduction of Fe(IIl) (Reed et al. 2007).
Also, we included that Pu(V)O," follows a stepwise
reduction to Pu(IV) and then to Pu(IIT). Based on these
hypotheses, we linked microbial reduction of Fe(III) to
Fe(ID), to abiotic reduction of Pu(V)O," to Pu(IV), and
then to Pu(IlI).

Table 3 summarizes the parameters that describe
the bioreduction of Fe(Ill) and S. alga growth from it:
Qractate = Maximum specific rate of lactate utilization,
K, reamy = electron acceptor concentration that gives
half of the maximum growth rate, and b = first-order
endogenous-decay rate. The yield and stoichiometry
for all components involved in Fe(IlI) bioreduction
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Table 2 Formation constants for major Pu(V, IV, III) aqueous
complexes at ionic strength = 0.1

Species Log K Ref.

Pu(V)0,CO;~  5.12
Pu(V)Ox(CO5)3~ 6.5
Pu(V)Ox(CO3)3~ 5.5
Pu(V)0,OH -9.7
Pu(V)O,NTA 6.75
Pu(IV)(CO3)§~  34.1
Pu(IV)(CO5)¢~ 327
Pu(IV)(OH)3* 0.6
Pu(IV)(OH)Y —23
Pu(IV)(OH), —8.6
Pu(IV)NTA* 12.82
Pu(IV)(SO,.)*" 55
Pu(Il) (OH)F -7
Pu(Ill) (CO;)™ 8.1
Pu(ll) (CO3); 129
Pu(Ill) (CO53~ 154 Gustafsson (2009)
Pu(IINTA 12.2 Gustafsson (2009)
Pu(IIDPOy4(am) Log Ky, = —24.6  Gustafsson (2009)

Smith et al. (2004)
Gustafsson (2009)
Gustafsson (2009)
Gustafsson (2009)
Banaszak et al. (1999)
Gustafsson (2009)
Gustafsson (2009)
Gustafsson (2009)
Gustafsson (2009)
Gustafsson (2009)
Banaszak et al. (1999)
Gustafsson (2009)
Gustafsson (2009)
Gustafsson (2009)
Gustafsson (2009)

were based on the following overall reaction for
lactate utilization coupled to biomass synthesis (Ritt-
mann and McCarty 2001):

0.25 CH;CHOHCOO™ + 0.77 Fe** + 0.0115 NH;
— 0.0115 CsH;0;N + 0.25 CH;COO™
+0.1925 H,CO3 + 0.7815 H* 4 0.77 Fe**
(1)
We assumed that the lactate concentration is in
excess, which means that the kinetics is controlled by

the concentration of available Fe(IlI). We also
assumed that the available Fe(Ill) equals the total

Table 3 Kinetic parameters for biotic reduction of Fe*", and
abiotic reductions of Pu(V)0O," and Pu**

Parameter Value How estimated

Qlactate 77.9 mol Lac. Deo et al. (2011)
(mol cell x h)~!

Koream 4.3 x 1073 M Deo et al. (2011)

b 0.024 day_l Hacherl and Kosson (2003)
Kk, 26.25 M2 h™! Deo et al. (2011)

ks 26.25 M> h™! Deo et al. (2011)

ks 0.892 M h™! Deo et al. (2011)

KPuO,¥ 28 x107°M Banaszak et al. (1998b)
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Fe(III), since the medium’s pH was buffered at pH 7,
which fixed the relative concentration of any Fe(III)
species with total Fe(III). Equation 1 is represented in
the model by the rate of substrate (i.e., lactate)
utilization using the following rate expression:

Rate jaciate) = Qiacrare X [S- alga]

[Fe(I11)]
. <[Fe(HI)] + Ka,Fe(m)) (2)

in which Qe = maximum specific rate of lactate
utilization, K, geqiry = electron acceptor concentra-
tion that gives half of the maximum growth rate, and
[S. alga] and [Fe(IIl)] represent concentrations of S.
alga and Fe(IIl), respectively. Then, rates of con-
sumption or production of other species in eq. 1 were
calculated using their stoichiometry normalized to
lactate. For example, rate of biomass (i.e., S. alga)
synthesis is:

0.0115) 3)

Rate(&alga) = Ratejzerae X ( 0.25

Since S. alga is also lost to cell death and
endogenous respiration, collectively called cell decay,
we represented the net rate of S. alga formation with
the following expression:

0.0115
Net Rate(s a1ga) = Ratecrae X

0.25
— (b x [S. alga]) 4)
Following microbial reduction of Fe(Ill), the pro-
duced Fe(Il) was linked to abiotic reductions of
Pu(V)O," to Pu(IV) and then Pu(IV) to Pu(IIl). We

represented these abiotic reductions using the follow-
ing overall reactions:

Pu(V)O; + Fe** + 4H" — Fe** + Pu(1V)*" +2H,0
(5)
Pu(IV)*" + Fe’™ — Fe’* + Pu(Ill)** (6)

For these reactions, we assumed first-order kinetics
with respect to Pu(V)O,", Pu(IV)**, and Fe®"
concentrations:

Rate = ki [Pu(V)O; | [Fe*'] (7)
Rate = k» [Pu(IV)“} [Fe?*] (8)

In the absence of Fe(Il)-NTA to keep Fe is
solution, we included in the model reduction of
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Pu(V)O,* to Pu(IIl) by direct (enzymatic) reduction
reaction (Deo et al. 2011; Reed et al. 2007). The yield
and stoichiometry for all components involved in
Pu(V)O," bioreduction were based on the following
overall reaction that couples Pu(V) reduction to lactate
utilization:

0.25 CH;CHOHCOO™ + 0.5 Pu(V)O; + H'
— 0.25 CH3COO™ + 0.25 H,CO;

+0.5 Pu(I1)** 40.5 H,0 (9)

The kinetic parameters that describe Pu(V)O,"
reductions—k,; = abiotic reduction of Pu(V)O," to
Pu(IV)**, k, = abiotic reduction rate of Pu(IV)** to
Pu(III)3 *, and ky = rate constant of biotic reduction of
Pu(V)0,* to Pu(III)3Jr without supporting growth of
S. alga—are given in Table 3. We assumed first-order
kinetics with respect to the Pu(V)O," concentration
for biotic reduction of Pu(V)O, " to Pu(Ill)**:

Rate = k3 [Pu(V)O05 ] (10)

Toxicity of Pu(V)O," towards Shewanella alga

Since actinides have shown toxicity towards bacteria
at elevated concentrations (Reed et al. 2010), we
included toxicity of Pu(V)O," in the model. For
example, Banaszak et al. (1998b) reported that free
NpO,* g above 2.8 x 107> M was toxic towards
Chelatobacter heinstzii, while Reed et al. (2007)
reported loss of S. alga cell viability with increasing
concentrations of Pu(V) in PIPES buffer at pH 7. The
loss of S. alga cell viability, however, was minimized
in the presence of strong chelating agents, including
NTA. From this observation, we infer that the toxicity
was due to availability of free Pu(V)O," (4q), Which
concentration was reduced upon complexation with
the added NTA. In this study, we added the following
toxicity effect to rate eqs. 2 and 10, respectively, in the
presence or absence of Fe>™-NTA:

KPu(V)O;,
KPu(V)O3 + [Pu(V)O; |

(11)

where KPu(V)O; is the half-maximum toxicity con-
centration, and [Pu(V)O, "] is the concentration of the
free Pu(V)02+(aq). We assumed the value of
KPu(V)O;to be2.8 x 107° M (Table 3). This means
that the lactate utilization rate is reduced by 50% when
the concentration of free Pu(V)Oz+(aq) is 2.8 x
107> M. Furthermore, the model causes the lactate

utilization rate to be zero when the Pu(V)O,"
concentration is >2.5 x 10~ M, which represents
the full toxicity value.

Results and discussion
Chemical speciation of Pu(V)0, with Fe*"-NTA

Figure 1 compares speciation of 10 uM Pu(V)O,"
when the medium is buffered at pH 7. The major
aqueous species of Pu(V)O, ™, and the percentages of
the Pu(V) species are 90.13% for Pu(V)O,*, 8.97%
for Pu(V)0O,CO;3™, 0.71% for Pu(V)O,NTA, 0.18%
for Pu(V)O,0H, and <0.00% for Pu(V)O,(CO3)>~
(149 x 1071 M) and Pu(V)0x(CO3)3~ (9.41 x
107" M). The high percentage of free Pu(V)0," (g
illustrates the lack of strength of the organic complex-
ing compounds in the medium. Since free Pu(V)Of(aq)
is the toxic species, its dominance means that toxicity
can be important if Pu(V) is not reduced rapidly by S.
alga.

Toxicity of Pu(V)O," towards Shewanella alga

Figure 2 shows the availability of free Pu(V)02+(aq)
(y-axis) at different total Pu(V)O," (x-axis) concen-
trations of 10, 30, 50, 250, and 300 pM. Also shown
on the figure are free Pu(V)02+(aq) values representing
half-maximum toxicity (i.e., KPu(V)O;) and full
toxicity (dashed lines). The results illustrate that the

1E-4
o 1E61 B
s B8 B = <
e 2 ® 2
f‘é‘a 1E-10 A ® l;
g ¢ <
£ 1E-12 - g <
@] T S
1E-14 1 ?
1E-16 A <
*a 4 “ ' jan}
o - = o o E
g o o < S &
) O o =) Qo
= = S A~ =
Q o] A A
=] =
& &
Pu(V)O,* Species

Fig. 1 Speciation of Pu(V)O," in the medium buffered at pH 7.
Medium components are given in Table 1
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Half-Maximum
100 1 Toxicity =28 x106M

50 \L .

o) | |

10 30 50 250 300
Conc. of Pu(V)O,* oy (X 100 M)

Conc. Of Pu(V)0,* ,,, (x 10°M)

Fig. 2 Concentration of free (aquo) Pu(V)O," at different
concentrations of total Pu(V)O,* when present with 10 mM of
Fe’T-NTA. Also shown are values for half-maximum toxicity
and full toxicity

free Pu(V)Of(aq) concentration is more than the half-
maximum toxicity value when the total Pu(V)0,"
concentration exceeds ~30 uM. When the total
Pu(V)O," concentration reaches 300 puM, the avail-
able free Pu(V)Oz“L(aq) concentration is ~275 uM,
which exceeds the full toxicity value.

The impact of toxicity is illustrated in Fig. 3, which
shows the time course of the effect of Pu(V)O,"
toxicity on (Fig. 3A) production of Fe(II) (from biotic
reduction of Fe(Ill)) at different total Pu(V)O,"
concentrations (M) of 0, 10, 50, and 300. Pu(V)O,™
toxicity is reflected by the amount of Fe(I) produced,
which is essential for abiotic reductions of Pu(V)O,"
to Pu(IV), and Pu(IV) to Pu(Ill). Also shown are the
resultant abiotic reductions of Pu(V)O,' in the
absence (solid line) and presence (dashed line) of the
toxicity effect at different initial Pu(V)O," concen-
trations of (Fig.3) (B) 10 uM, (C) 50 uM, and
(D) 300 uM. For a total Pu(V)O," concentration of
10 uM (Fig. 3B), Pu(V) reduction is only slightly
affected by the presence of the toxicity term, since the
free Pu(V)O," concentration is less than the half-
maximum toxicity value. In Fig. 3C, Pu(V) reduction
is delayed in the presence of the toxicity term, because
the initial free Pu(V)O," concentration, ~49.6 pM
out of a total Pu(V)O," concentration of 50 pM, is
about twice the half-maximum toxicity value. At
300 uM (Fig. 3D), however, no Pu(V)0,* is reduced,
since the free Pu(V)O, " concentration is more than the
full-toxicity value of 250 puM, and the lactate utiliza-
tion rate in the model is zero. These results show why
including Pu(V) toxicity in the biogeochemical frame-
work is essential for defining the upper limit of
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Fig. 3 A Effects of initial concentrations of total Pu(V)O,"
(UM)—(a) 0, (b) 10, (c) 50, (d) 300—on the production of Fe(II)
(from reduction of Fe(Ill)). The resulting time course for the
abiotic reduction of Pu(V)O," by the produced Fe(II) is also
shown for different initial Pu(V)O," concentrations of
B 10 uM, C 50 uM, D 300 pM, in the absence (solid line)
and presence (dashed line) of the toxicity term (eq. 10)
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Fig. 4 A Model simulation for bioreduction of Fe(Ill) by S.
alga. Also shown are consumption of lactate and productions of
acetate and Fe(II), and growth of S. alga (inset). B Model
simulation for concurrent abiotic reductions of Pu(V)O," to
Pu(IV) and Pu(IV) to Pu(Ill) by the Fe(II) produced in
A. C Model simulation for bioreduction of Pu(V)O," to Pu(III)
by S. alga in the absence of Fe**-NTA. Also shown is
production of acetate from oxidation of lactate, which is shown
as inset

actinide concentration when designing effective bio-
remediation strategies.

Reduction of Pu(V)O," by Shewanella alga
With the toxicity effect established, we explore

transformations of all the major components involved
in reduction of Pu(V)O,™ to Pu(lll). First is reduction

of Pu(V)O," in the presence of Fe**-NTA, where
Fe(III) undergoes preferential bioreduction to Fe(II).
Figure 4A shows model simulations for transforma-
tions of all the major components during bioreduction
of Fe(IIl). The results show complete reduction of
Fe(III) to Fe(Il) in ~ 10 h, along with stoichiometric
consumption of lactate, productions of Fe(II) and
acetate, and growth of S. alga. All the components
reach plateaus after ~ 10 h due to complete consump-
tion of all the available Fe(IIl), the limiting reactant.

Figure 4B shows model simulations for abiotic
reduction of Pu(V)O," to Pu(IV) and Pu(lll) that
occurred in parallel with the results in Fig. 4A. Once
significant Fe(IT) has built up (at about 3 h), abiotic
reduction of Pu(V)0," to Pu(IV) takes place. The
reduction of Pu(IV) to Pu(Ill) is delayed to about 6 h,
when enough Pu(IV) has accumulated so that its
reduction of Pu(V)O, ™ is observable. Most generation
and consumption of Pu(IV) takes place between 5th
and 25th h, and production of Pu(Ill) is complete by
the 35th h. The maximum accumulation of Pu(IV) is
~37.5% of the total initial Pu(V)O,*, which reflects
that abiotic reduction of Pu(V)O," and Pu(IV) occur
simultaneously. An especially telling effect of having
Pu reduction be abiotic is that reduction to Pu(IIl)
requires ~35 h, even though the complete biotic
reduction of Fe(Ill) is achieved in less than 10 h.

We also show reduction of Pu(V)O," in the
absence of Fe3+-NTA, where we assumed that
Pu(V)O," is only enzymatically reduced directly to
Pu(Ill) by S. alga. Figure 4C shows model simulations
for bioreduction of Pu(V)O," to Pu(Ill) by S. alga,
along with stoichiometric consumption of lactate and
production of acetate. Modeling results indicate that
full bioreduction of 10 pM of Pu(V)O,™" to Pu(IIl) is
achieved in ~ 10 h, but with very little consumption of
lactate (~ 0.025%), since Fe(III) could not be reduced.

While reduction of Pu was reported before (Rai
et al. 2002; Reed et al. 2006), this framework model is
the first to demonstrate mechanistic understanding of
Pu(V)O," bioreduction in the absence and presence of
Fe’*-NTA. An especially unique feature is the
stepwise reductions of Pu(V)O," to Pu(IV) and to
Pu(Ill), along with its coupling to the biotic reactions
that produce the Fe(I). The coupled biotic and abiotic
mechanisms are important to understand when design-
ing a bioremediation strategy for Pu(V)0O," (Reed
et al. 2007, 2010; Tabak et al. 2005). While the
ultimate goal is to drive microbial reduction of
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Pu(V)O," to the less soluble Pu(III) form, this goal
may be achieved only in the absence of strong Pu(Ill)-
complexing ligands, which would prevent Pu(III)
from precipitating to form an immobile phase.

Thus, along with reduction of Pu(V)O, " to Pu(III),
we evaluated the fate of Pu(IIl) in a medium in which
Pu(V)O," is reduced in the presence of Fe’T-NTA.
We used Pu(ll)PO4my as an example for the
precipitate phase of reduced Pu. Figure 5A shows
model simulation for speciation of Pu(III) when the
formation of a Pu(Ill) precipitate, Pu(IlHPO4,p), is
possible. Speciation results show that almost all the
Pu(III) is speciated to Pu(IIHNTA ,q) (99.94%), leav-
ing minor amounts of Pu(III)(CO3)<+aq)—O.01%—and

Pu(IIl)POy4(4my—0.05%. Since the dominant reduced
form is highly soluble and, therefore, undesirable, the
strategy of bioreduction of Pu(IIl) did not succeed
when the medium contained NTA at a 1000:1 mol
ratio with Pu; this high NTA:Pu ratio occurs when
NTA is present to complex the much more abundant
Fe(III). Similar undesired reduced products were
observed experimentally, in the presence of compara-
ble concentrations of chelating agents, upon reduc-
tions of uranium—forming a U(IV)-citric acid
complex (Francis and Dodge 2008)—and pluto-
nium—forming Pu(IIl)-EDTA (Boukhalfa et al.
2007) and Pu(IIT)-NTA (Rusin et al. 1994) complexes.

We explored the effects of reducing the concentration
of NTA on the formation of Pu(III)POam), the desired
reduced product. The results in Fig. 5B indicate that
decreasing the concentration of NTA from 10 to
0.01 mM allows the fraction of Pu(II)PO4emy to
increase from 98.5%, since almost all of the Pu(Ill) is
free to complex with PO43_ to form Pu(IIHPOy4capm).
Thus, Pu(IIHPO4(,m) becomes a promising immobilized
form if NTA is minimized, for example, through
biodegradation by Chelatobacter heintzii (Banaszak
et al. 1998b). Our modeling results indicate that
concentrations of strong complexing ligands, such as
NTA, should be monitored, because having their
concentration at more than a 1:1 molar ratio with Pu(III)
can counteract the benefits of bioreduction of Pu.

Conclusions

We developed a biogeochemical framework for biore-
mediation of Pu(V)O,™ in the subsurface environment.
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Fig. 5 A Speciation of Pu(Ill) in the presence of Pu(IIl)
precipitate formation as Pu(IIl)PO4n, in the medium of
Table 1. B Percent formation of Pu(Ill)POy(,m) as a function
of different concentrations of NTA

Initial chemical speciation revealed that most of
Pu(V) was distributed as free Pu(V)02+(aq) (99.40%).
Since free Pu(V)O, ™ is toxic towards bacteria, such high
dominance of free Pu(V)O," limits the maximum free
concentration of Pu(V)O, ™ that can be bioremediated to
~250 uM. We then evaluated the reduction of
Pu(V)O," by S. alga in the presence of Fe’-NTA.
We assumed that S. alga reduces Fe(III) to Fe(II), which
then abiotically reduces Pu(V)0," stepwise reduction
to Pu(IV) and then to Pu(IIl). We also evaluated biotic
(enzymatic) reduction of Pu(V)O," by S. alga, where
we assumed that Pu(V)O, " is reduced directly to Pu(III)
without formation of Pu(IV). Chemical speciation of the
reduced (Pu(Ill)) product results in formation of an
undesired soluble Pu(Ill) species—Pu(IIDNTA ).
However, systematic reduction of the NTA concentra-
tion from 10 to 0.01 mM allowed an increase in the
formation of the desired product, Pu(IIl)POy s, from
0.05 to 98.5%. The comprehensive biogeochemical
framework model identifies mechanisms and chemical
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species that are essential to know when designing a
strategy to bioremediate Pu(V) toward the formation of
an immobilized Pu(III) precipitate phase.
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