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ABSTRACT: It is crucial to determine the controls on the o OO xUO,2* + yCO;2 + zOH-
kinetics of U(VI) bioreduction in order to understand and model ’ \c“& /

the fate and mobility of U in groundwater systems and also to & < Ldsorption I
enhance the effectiveness of U bioremediation strategies. In this “avo\ COO < ==(U0,)(CO;),(OH), >

study, we measured the rate of U(VI) reduction by Shewanella . <1

oneidensis strain MR-1 as function of NaHCOj concentration. The S \/ _COO-

experiments demonstrate that increasing concentrations of Q\ \\ )

NaHCO; in the system lead to slower U(VI) reduction kinetics. A a¥

The NaHCOj; concentration also strongly affects the speciation of &O #=U(VI)-surface-complex
U(VI) on the bacterial cell envelope. We used a thermodynamic O'—{\?'// Reduction

surface complexation modeling approach to determine the u(v)

speciation and concentration of U(VI) adsorbed onto the bacteria

as a function of the NaHCOj; concentration in the experimental systems. We observed a strong positive correlation between the
measured U(VI) reduction rates and the calculated total concentration of U(VI) surface complexes formed on the bacterial cell
envelope. This positive correlation indicates that the speciation and concentration of U(VI) adsorbed on the bacterial cell
envelope control the kinetics of U(VI) bioreduction under the experimental conditions. The results of this study serve as a basis
for developing speciation-based kinetic rate laws for enzymatic reduction of U(VI) by bacteria.

Bl INTRODUCTION U(VI) reduction rates are still poorly defined, especially in
complex realistic geologic systems.

A number of groundwater systems have been contaminated by : : o
Previous studies suggest that U(VI) speciation and

uranium as a result of mining activities or from improper TEEEs ; .
disposal of waste from nuclear materials processing. The distribution in geologic systems may aﬁ:ecF U(VI) reduction
mobility of U in the subsurface can be dramatically reduced rates., b'ut a better ur.ldersFan(.h'ng (,)f the relatl.onshlp betweenlU
when soluble U(VI) is reduced to sparingly soluble U(IV) solid Sp eC}at}on and U 'bloe.wallablhty is needed ml;)rder to derive
phases under anaerobic conditions.' > Enzymatic reduction of SP ec1at101.1—b.ased kinetic rate laws. Sheng et al. propos‘ed that
U(VI) by bacteria can be both rapid and complete under the speciation of bOth,U(,VI) and U(IV) on bacterial c.ell
controlled conditions,*™® and hence epresents a_potentially envelopes cogtrols the kinetics of U(VI) reduction b}.f bacteria.
efficient and inexpensive U remediation approach.”~> Shgng et ?l' measured the rate of U(VI) reduction by S.
In order to understand and model the fate and mobility of U oneidensis in the presenFe of dissolved Ca and ED,TA’ and
in groundwater systems and also to enhance the effectiveness of found str.ong correlations between the speciation and
U bioremediation strategies, it is crucial to determine the concentration of U(VI) on the cell envelope and the U(VI)
controls on the enzymatic U(VI) bioreduction rate. A reduction rate. i
considerable amount of research has investigated the ‘ Other studies also suggest t.he%t metal bloavallablht?r can be
mechanisms of U(VI) reduction by bacteria."'2 For example, linked to the extent and speciation of metal adsorption onto

. 14-16 :
Ulrich et al.'' examined U(VI) reduction by Shewanella bacterial cell enve.lopes. ‘ For example, the chemotactic
response of Escherichia coli away from aqueous Ni is strongly

correlated to the extent of Ni adsorbed onto functional groups
on the cell envelope," and the toxicity of U and Cu to bacteria
is positively correlated to the concentration of the metals that

oneidensis as a function of dissolved bicarbonate and Ca
concentrations, and related the change in reduction kinetics
that they observed to changes in the dominant U(VI) species in
solution that accompanied changing fluid compositions.

Similarly, Stewart et al.'> observed that dissolved Ca and the bind to bacterial cells."* In addition, VanEngelen et al.'’
presence of iron oxides both decrease the U(VI) reduction rate

by affecting the aqueous U(VI) speciation. However, the Received: September 27, 2013

controls on the kinetics of the reduction process and the Accepted: February 28, 2014

connection between aqueous complexation and its effect on Published: February 28, 2014

W ACS Publications  © 2014 American Chemical Society 3768 dx.doi.org/10.1021/es5003692 | Environ. Sci. Technol. 2014, 48, 3768—3775



Environmental Science & Technology

demonstrated that the presence of high concentrations of
bicarbonate in solution significantly inhibits the toxicity of
U(VI) to bacteria due to the formation of negatively charged
uranyl-carbonate aqueous complexes, which are less bioavail-
able to the bacteria than carbonate-free U(VI) aqueous species.
The presence of bicarbonate under circumneutral to basic pH
conditions decreases the concentration of U(VI) that adsorbs
onto bacteria.'” Hence, although VanEngelen et al.*® did not
propose a link between adsorption and bioavailability, it is likely
that U(VI) bioavailability is controlled by adsorption of U(VI)
onto the cell envelope. The decreased toxicity observed by
VanEngelen et al.'® likely was caused by decreased adsorption
and/or a change in bacterial cell envelope speciation of U(VI)
that accompanied the introduction of bicarbonate to solution.
In order to test the hypothesis that the extent and speciation
of U(VI) on the bacterial cell envelope controls the kinetics of
enzymatic U(VI) reduction by bacteria, in this study we
measured the rate of U(VI) reduction by bacteria as a function
of NaHCOj; concentration in solution. Instead of focusing on
the effects of aqueous speciation of U(VI) on U(VI) reduction
kinetics, we test whether the observed U(VI) reduction kinetics
can be related to the speciation of adsorbed U(VI) on the
bacteria in these high carbonate systems. Although Sheng et
al."® observed a correlation between U(VI) adsorption and
enzymatic U(VI) reduction rates, their experiments were
conducted only at one concentration of dissolved carbonate,
and they only examined the effect of dissolved Ca and EDTA
on U(VI) adsorption and U(VI) reduction rates. Bicarbonate
not only is ubiquitous in natural geologic systems, but also is
commonly used as a flushing agent to mobilize subsurface U in
remediation and mining approaches.®™*° In this study, we
probe bioavailability of U(VI) under a range of more elevated
bicarbonate concentrations than were studied by Sheng et al.,'?
and thereby we determine the bioavailability of adsorbed
uranyl-carbonate complexes. We use stability constants for the
important uranyl-bacterial surface complexes to calculate the
concentration and speciation of U(VI) on the bacterial cell
envelope under each of the experimental conditions, and we
test if a relationship exists between the calculated extent of
U(VI) adsorption onto the bacterial cell envelope and the
observed U(VI) reduction rate. In this study, we test the
hypothesis that the reduction rate, and hence the bioavailability
of U(VI), is controlled by the concentration of adsorbed U(VI)
independent of the aqueous speciation of U(VI) in solution.
Determining if such a relationship exists provides insights into
the controls on U(VI) bioavailability to bacteria, and is crucial
in order to design effective bioremediation strategies based on
enzymatic reduction of U(VI) in realistic geologic systems.

B MATERIALS AND METHODS

Bacteria Preparation. The facultative Gram-negative
bacterium Shewanella oneidensis strain MR-1 was used in this
study. Cells of S. oneidensis were cultured aerobically and
prepared following similar procedures to those described
previously.'> Cells were collected by centrifugation at 10 970g
for 5 min after 48 h aerobic growth. Cells were washed twice by
resuspending them in 20 mL of sterile anoxic NaHCO;
solution, and then were resuspended in 10 mL of the same
solution to make a parent bacterial suspension. The
concentration of NaHCOj; used in the wash solution was the
same as the concentration of NaHCO; that was to be used in
the specific U(VI) reduction experiments for which each batch
of bacteria was being prepared. A small portion of the parent
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bacterial suspension was sampled in order to measure the actual
cell concentration in the suspension following procedures
described previously.”! The rest of the parent bacterial
suspension was transferred into an anaerobic glovebox for use
in the U(VI) reduction experiments. All the growth media and
solutions used in this study were made with ultrapure 18 MQ
water.

U(VI) Reduction Experiments. The reduction experiments
were conducted inside an anaerobic glovebox chamber with an
atmosphere of 95% N,/5% H,, and with a palladium catalyst
heater unit to remove any remnant oxygen. We used a gas
analyzer within the glovebox to monitor oxygen concentrations,
ensuring that oxygen was present below the 1 ppm detection
limit of the analyzer at all times. The general procedures and
analytical methods used were similar to those described by
Sheng et al."* The experimental medium consisted of S0 mM
Na-lactate, and NaHCO; at either 2.4, 5.0, 7.2, 11.9, 21.0, or
30.0 mM. First, a S0 mM Na-lactate solution was bubbled with
a95% N,/5% H, gas mixture for ~30 min outside the glovebox
to remove dissolved oxygen. The Na-lactate solution was then
transferred into the glovebox and separated into serum bottles,
which were sealed, removed from the glovebox, and then
autoclaved at 120 °C for 20 min. Inside the glovebox, a weighed
mass of solid NaHCO; was added to a weighed amount of the
anoxic sterile 50 mM Na-lactate solution to achieve a NaHCO;
concentration of 2.4, 5.0, 7.2, 11.9, 21.0, or 30.0 mM. The pH
of this lactate-bicarbonate solution was adjusted to be
approximately 7.0 using small aliquots of concentrated NaOH
and/or HCL. A filter-sterilized (using 0.2 #m nylon membrane
filters) urangrl acetate stock solution was prepared as described
previously,1 the concentration of which was determined to be
approximately 200 mM by inductively coupled plasma optical
emission spectroscopy (ICP-OES). A volume of the uranyl
acetate stock solution was added to a weighed volume of the
lactate-bicarbonate solution inside a Teflon bottle to achieve an
initial aqueous U(VI) concentration of either 0.25 or 0.1 mM.
The exact total dissolved U concentration of a sample of this
solution was determined by ICP-OES, and was taken to be the
initial U(VI) concentration in the reduction experiments. A
weighed volume of the parent bacterial suspension was added
to a weighed volume of the U(VI)-lactate-bicarbonate solution
to achieve an experimental cell concentration of 1.0 g(wet
mass) bacteria/L. The wet mass is approximately 8 times the
dry mass of the biomass® and 1 g wet mass equals
approximately 1.9(+0.6) X 10" cells."® After addition of the
cells, the experimental suspension was stirred continuously and
sampled at selected times. The pH was periodically measured
and maintained to be approximately 7.0 by using small aliquots
of concentrated NaOH and/or HCL

U(VI) can adsorb to a significant extent onto S. oneidensis at
pH 7.0 even in the presence of NaHCO;,"” so it is likely that a
portion of the U(VI) that was removed from solution was
present as adsorbed U(VI) on the bacterial cells. If we directly
measured the U(VI) left in solution only, we would
overestimate the reduction rate by failing to account for the
U(VI) that was adsorbed onto the bacterial cells. Therefore, in
order to measure all of the U(VI) remaining in the system at
each sampling time, we conducted an acidification step on each
sample that promoted desorption of U(VI) from the bacteria
and caused all remaining U(VI) in the system to be present in
solution and available for analysis. When sampling, 8 mL was
extracted from the reaction vessel and transferred into a Teflon
tube, sealed inside the glovebox, and then centrifuged at 6600g
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Figure 1. The concentrations of dissolved U(VI) remaining in solution in the presence of (a) 2.4 mM; (b) 5.0 mM; (c) 7.2 mM; (d) 11.9 mM; (e)
21.0 mM; (f) 30.0 mM NaHCO; as a function of time with an initial U(VI) concentration of 0.25 mM. In each figure, open triangles represent the
“before desorption” data set in which the sample was immediately analyzed for concentration of remaining U(VI) at each sampling time; solid
diamonds represent the “after desorption” data set in which the sample was acidified to approximately pH 1.5 for ~40 min before analysis of U(VI)
concentration; open squares represent the data points used to calculate the initial rate of U(VI) reduction by S. oneidensis. The figure depicts one of
three replicate experiments conducted under each experimental condition; the remaining two replicates are shown in SIL

for 2 min and filtered through a 0.2 ym Millipore Millex PTFE
filter outside the glovebox. The sample was analyzed
immediately for dissolved U(VI) concentration by fluorescence
spectrometry. Analysis of those samples yields a “before
desorption” concentration of U(VI) in the experiment. At
each sampling time, a second 8 mL sample was also extracted
and transferred to another Teflon tube and acidified with 60 uL
of 121 N HCI, to decrease the pH of the sample to
approximately 1.5. After 40 min of agitation, the acidified
sample was sealed inside the glovebox and then transferred to
the outside for centrifugation, filtration, and immediate analysis
for dissolved U(VI) concentration. Because the acidification
step caused all remaining U(VI) in the experimental systems to
partition into solution, we used these “after desorption” U(VI)
concentrations to define the U(VI) reduction rate. It is possible
that the acidification step may cause the desorption of U(IV)
and cell lysis; however, the presence of the U(IV) in solution
would not affect the subsequent U(VI) analysis. The fact that
the U(VI) concentrations in the acidified and nonacidified
samples under most studied conditions were nearly identical
(see Results below) is strong evidence that the acidification step
did not cause any significant reoxidation of U(IV). The
reduction experiments were conducted in triplicate for each
NaHCOj, concentration. The experiments with 0.1 mM U(VI)

were only conducted at NaHCO; concentrations of 2.4 and 7.2
mM, and in these experiments we only measured the U(VI)
concentrations after the acidification step. Previous measure-
ments indicated that the concentrations of dissolved carbonate
at pH 7 did not change significantly in 3 h.'” Because the
reduction rate was determined from the data collected in the
first 3 h in most of the experiments in this study, it is safe to
assume that no significant change in dissolved carbonate
concentration occurred in the experiments.

A set of control experiments was carried out under
conditions open to the atmosphere to determine if the
acidification step in the reduction experiments releases all of
the adsorbed U(VI) into solution. Due to the presence of
oxygen in the control experiments, no U(VI) reduction
occurred and U(VI) adsorption was isolated. In the control
experiments, 1.0 g(wet mass)/L of cells prepared as described
above was added to a solution which consisted of 50 mM Na-
lactate, different concentrations of NaHCO; (2.4, 5.0, 7.2, 11.9,
21.0, or 30.0 mM), and 0.25 mM total U (added as uranyl
acetate). The pH was maintained at approximately 7.0 for ~2.5
h. The sample was then acidified with 12N HCI to
approximately pH 1.5 for 40 min. The cells were removed by
centrifugation and filtration, and the concentrations of initial
(before addition of cells) and final (after removal of cells) total
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dissolved uranium in the solution were determined by ICP-
OES. The results of these desorption control experiments
indicate that the acidification step promoted desorption of
approximately 92% of the total U in the system, and only 8% of
the uranium was present as adsorbed U on the cells at pH 1.5.
Another set of control experiments with 0.1 mM total U and
concentration of 2.4 or 7.2 mM NaHCO; were also conducted
following the same procedures described above. The results
indicate that approximately 75% of the total U was recovered
during the acidification step and approximately 25% of the total
U remained adsorbed onto cells even at pH L1.5. Cell-free
control experiments, which followed the same experimental
procedures as the reduction experiments but without the
addition of cells, were also conducted in order to determine if
any U(VI) was lost due to adsorption onto the experimental
apparatus or for any possible reason other than reduction by
bacteria. No measurable loss of U(VI) was observed in these
abiotic controls.

A PTI Quantamaster QM-4 spectrofluorometer was used to
measure the phosphorescence decay of U(VI) in order to
determine the concentration of U(VI) in solution, following the
general approach and principles described in previous
studies.”*® Those previous studies used a kinetic phosphor-
escence analyzer (KPA) which uses a pulsed nitrogen laser as
an excitation source and has an extremely low detection limit
(~1 ng/L).>® Similar to KPA, the spectrofluorometer measures
phosphorescence decay by recording the change in intensity of
the phosphorescence signal emitted by excited U(VI) atoms in
the sample as a function of time. The spectrofluorometer that
was used in this study uses a xenon flash lamp, and has a higher
detection limit (~2 ppm) than KPA. However, because the
initial concentration of U(VI) in our experiments was 0.25 mM
(~60 ppm), the spectrofluorometer provides adequate U(VI)
analytical resolution and precision under our experimental
conditions. The setup parameters of the spectrofluorometer
and sample preparation were similar to those reported by
Sheng et al."* Each sample (0.5 mL) was acidified with 0.25 mL
of 12.1 N HCI, and diluted 150 times with ultrapure 18 MQ
water. 1.5 mL of Uraplex (complexing agent) was then added
to 1 mL of diluted sample and the solution was analyzed
immediately on the spectrofluorometer, using an excitation
wavelength of 420 nm, an emission wavelength of 515 nm and
slit width of 17 nm. Matrix-matched blanks and standards
covering the probable range of U(VI) in solution were
measured to construct a calibration curve and to quantify the
U(VI) concentrations in the samples. Any potential chloride
interference was accounted for by maintaining constant
chloride concentrations in the standards and the samples.
The spectrofluorometer exhibits a linear dynamic range for
aqueous U(VI) concentrations from 2 ppm to 90 ppm under
our experimental conditions. Analytical uncertainty was
approximately +4.5%, as determined by repeat analyses of an
aqueous U(VI) standard.

B RESULTS AND DISCUSSION

U(VI) Reduction Experiments. For the reduction experi-
ments with 0.25 mM initial U(VI), acidified samples from
experiments with 2.4 and 5.0 mM NaHCO; (Figure la and b)
yielded higher measured U(VI) concentrations than did the
nonacidified samples, due to significant adsorption of U(VI)
species onto the bacterial cell envelope. However, experiments
with higher NaHCO; concentrations, depicted in Figure lc—-f,
showed no significant difference between the acidified and

3771

nonacidified samples, likely because only a small fraction of the
U(VI) adsorbs onto bacterial cell envelope sites at neutral pH
in the presence of these higher NaHCO; concentrations.'”
Each of the experimental systems exhibited an initial linear
decrease in U(VI) concentration as a function of time. For the
systems with lower NaHCO; concentrations, the observed
reduction rate decreased markedly when approximately 60—
70% of the original U(VI) had been reduced. The experiments
with 21.0 and 30.0 mM NaHCO; did not exhibit this change in
reduction rate. However, the reduction rates that were observed
in these experiments were slower than those observed in the
experiments with lower NaHCOj; concentrations. At the end of
the 21.0 and 30.0 mM NaHCO; experiments, the U(VI)
concentration had only decreased by approximately 30—40%
from its original value, so perhaps did not reach a low enough
U(VI) concentration to cause the change in reduction rate. In
our exercise of relating reduction rates to the speciation and
concentration of U(VI) on the bacteria, we only considered the
data that define the initial linear reduction rates, with these
initial reduction rates depicted in Figure 1 as solid lines. The
initial reduction rate for each NaHCO; concentration was
determined from a linear fit to the U(VI) measurements from
the acidified samples only, and was calculated using the data
points that defined the initial linear relationship. For example,
the initial rate of reduction for the 2.4 mM NaHCO,
experiment shown in Figure la was determined from the first
four data points collected during the first 1 h of the experiment,
while the reduction rate for the 30.0 mM NaHCOj; experiment
(Figure 1f) was determined from the entire data set.

For the 0.1 mM U(VI) experiments, approximately 0.025
mM U(VI) remained adsorbed onto the cells even after the
acidification step according to the results of our desorption
control experiment. Using our experimental approach, we
cannot determine to what extent the U that remains adsorbed
onto the cells after acidification is U(VI). In order to
conservatively estimate U(VI) reduction rates, we assume
that none of this U(VI) is reduced to U(IV), yielding minimum
U(VI) reduction rates under each condition. Hence, 0.025 mM
U(VI) was added to the measured U(VI) concentration in
solution to obtain the total U(VI) concentration in each
sample, and this calculated value was used to determine the
U(VI) reduction rates (Figure 2). This correction was not
needed for the 0.25 mM U(VI) experiments shown in Figure 1
because 92% of the U(VI) was recovered in the acidification
test. The data shown in Figures 1 and 2 are representative ones
for each NaHCO; concentration. The figures show only one of
the three replicate runs. The results for the other two replicates
for each NaHCOj; concentration are included in the Supporting
Information (SI). The average initial reduction rate and the
associated uncertainty (1o) for each of these experimental
conditions are shown in Table 1, and were calculated from the
three experiments conducted at each NaHCOj; concentration.

The reduction rate data clearly indicate that increasing the
concentration of NaHCOj; in solution significantly decreases
the rate of U(VI) reduction by S. oneidensis (Figure 3). This
observation is consistent with the results of previous
studies,'”** which note a similar dependence of the U(VI)
reduction rate on NaHCOj; concentration in solution. As the
concentration of NaHCO; increases from 2.4 to 30.0 mM in
the reduction experiments with 0.25 mM initial U(VI), the
initial U(VI) reduction rate decreases from 1.256 to 0.216 umol
U(VI)/mg dry biomass/h. The reduction rate also decreases
from 0.757 to 0.371 umol U(VI)/mg dry biomass/h, when
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Figure 2. The concentrations of U(VI) in the presence of (a) 2.4 mM
and (b) 7.2 mM NaHCO; as a function of time with an initial U(VI)
concentration of 0.1 mM. In each figure, solid diamonds represent the
concentrations of dissolved U(VI) remaining in solution after the
acidification step; open triangles represent the concentrations of total
U(VI) in the system and these were used to calculate the initial
reduction rate (see text). The figure depicts one of three replicate
experiments conducted under each experimental condition; the
remaining two replicates are shown in SL

Table 1. Calculated Uranyl Surface Complexes and Average
Reduction Rate

average initial

total reduction rate
initial R-L,- adsorbed  [pmol U(VI)/mg
U(VI) NaHCO, (UO,),CO,(OH);** U(VI)” dry biomass/h] +
(mM) (mM) (mM) (mM) lo
0.25 24 0.0726 0.1453 1.256 + 0.112
0.25 5.0 0.0478 0.0956 0.832 + 0.016
0.25 7.2 0.0259 0.0517 0.736 + 0.076
0.25 11.9 0.0174 0.0347 0.581 + 0.028
0.25 21.0 0.0013 0.0026 0.173 + 0.038
0.25 30.0 0.0002 0.0003 0.216 + 0.049
0.1 2.4 0.0308 0.0616 0.757 + 0.136
0.1 7.2 0.0156 0.0312 0.371 + 0.018

“R-L#- represents S. oneidensis functional groups, Sites 1- 4, with pK,
values of 3.3 + 0.2, 48 +£ 0.2, 6.7 + 0.4, and 9.4 + 0.5, respectively.30
bTotal adsorbed U(VI) includes all the uranyl surface complexes
formed on the cell envelope: R-L;-UO,*, R-L,-(UO,);(OH),’, R-L,-
(U0,)4(OH),’, R-L;-(UO,);(OH);*", R-L,-(UO,),CO5(OH);~.""

NaHCO; concentration increases from 2.4 mM to 7.2 mM in
the reduction experiments with 0.1 mM initial U(VI). In
addition, for reduction experiments with the same NaHCO,
concentration but different initial U(VI) concentration, U(VI)
reduction rates decrease with decreasing initial U(VI)
concentration, which is consistent with the results from Haas
and Northup.”® The reduction rates that we observed in the
21.0 and 30.0 mM NaHCO; experiments with 0.25 mM initial
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Figure 3. The average initial rate of U(VI) reduction by S. oneidensis as
a function of NaHCOj; concentration in the experiments. The error
bars represent the associated standard deviation (1) of each value.
Solid and open squares represent data for experiments with initial
U(VI) concentrations of 0.25 mM and 0.1 mM, respectively.

U(VI) are the same within experimental uncertainty, with a
value of 0.173 + 0.038 ymol U(VI)/mg dry biomass/h for the
21.0 mM NaHCO; system and a value of 0.216 + 0.049 ymol
U(VI)/mg dry biomass/h for the 30.0 mM NaHCOj; system.
The lack of an observed effect of increasing NaHCO;
concentration on the reduction rate under the two highest
NaHCO; conditions is likely due to the increased difficulty in
obtaining precise rate determinations for these conditions
where the U(VI) reduction rates are so slow.
Thermodynamic Modeling. A nonelectrostatic surface
complexation modeling approach and the program FITEQL
were used to calculate the extent and speciation of U(VI) that
was adsorbed onto the cell envelope of S. oneidensis under the
initial conditions of the U(VI) reduction experiments.'”*"*®
The extent of adsorption of U(VI) likely changes as a function
of time during the experiments, and the observed U(VI)
reduction rate also changed with time to some extent (Figure
1). Our objective was to determine merely if the initial
reduction rate could be related to the initial extent of U(VI)
adsorption. The calculations accounted for aqueous U(VI)
complexation with hydroxide and carbonate, and also the
important uranyl surface complexation reactions determined by
Sheng and Fein'” for S. oneidensis (refer to Table S1 and Table
S2 in SI for the reactions considered in the calculations along
with corresponding equilibrium constant values and their
sources). Although aqueous uranyl hydroxide and carbonate
complexation limit the extent of U(VI) adsorption that occurs
above pH §, significant adsorption still occurs even in systems
with high dissolved carbonate, and we model U(VI) adsorption
in our pH ~ 7 systems using an adsorption reaction between
the aqueous complex (UO,),CO;(OH);~ and a deprotonated
bacterial site.'” Sheng and Fein'” provide evidence for the
adsorption of a negatively charged U(VI) species onto bacteria
above pH S, based on the observation of U(VI) adsorption
under conditions where the U(VI) speciation is dominated by
(U0,),CO5(OH);™ and other negatively charged complexes.
Despite electrostatic repulsion between (UO,),CO;(OH);~
and the negatively charged binding site, adsorption can still
occur due to favorable energetics of covalent bonding.”” The
speciation calculations indicate that the dominant uranyl-
bacterial complex that forms at pH 7.0 under our experimental
conditions is R-L,-(UO,),CO;(OH);* (Table 1). The extent
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of total adsorbed U(VI) at pH 7.0 decreases as the
concentration of NaHCO; increases in the experiments with
the same initial U(VI) concentration, and the total adsorbed
U(V) also decreases with decreasing initial U(VI) concen-
tration in the system (Figure 4).
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Figure 4. The total concentration of U(VI) adsorbed onto the cell
envelope of S. oneidensis as a function of NaHCOj; concentration in the
experiments. Solid and open squares represent data for experiments
with initial U(VI) concentrations of 0.25 mM and 0.1 mM,
respectively.

A strong positive correlation exists between the observed
U(VI) reduction rate and the calculated total concentration of
U(VI) that adsorbed onto the bacterial cell envelope (Figure
5). It is interesting to note that although the 0.1 mM and the

U(VI) Reduction Rate
[umol U(VI)/mg dry biomass/h]

0.06 0.09 0.12

Adsorbed U(VI) (mM)

0.03

0.15

Figure S. Average initial U(VI) reduction rates as a function of the
total concentration of U(VI) adsorbed onto the cell envelope of .
oneidensis. The error bars represent the associated standard deviation
(16) of each value. Solid and open squares represent data for
experiments with initial U(VI) concentrations of 0.25 mM and 0.1
mM, respectively.

0.25 mM U(VI) experiments exhibit distinct trends in the
relationships between the reduction rate and NaHCO;
concentration and between extent adsorbed and NaHCO,
concentration (Figures 3 and 4), they define a single trend
when the data are translated into reduction rate as a function of
extent of adsorption (Figure S). This result strongly supports
our hypothesis that the reduction rate, and hence the
bioavailability of U(VI), is controlled by the concentration of
adsorbed U(VI) independent of the speciation of U(VI) in
solution. Increasing the concentration of NaHCO; in the
experimental systems causes a decrease in the extent of U(VI)
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adsorption onto the cells, and hence a concomitant decrease in
the U(VI) reduction rate by the bacteria. Similarly, decreasing
the total U(VI) concentration in the system also causes a
decrease in the concentration of adsorbed U(VI) on the
bacteria, and hence a decrease in U(VI) reduction rate. These
results are consistent with those of Sheng et al."”® who measured
the effect of dissolved Ca on the reduction rate of U(VI) by S.
oneidensis, and found a strong negative correlation between the
reduction rate and the concentration of Ca-uranyl-bacterial
complexes, but a strong positive correlation between the U(VI)
reduction rate and the total concentration of Ca-free uranyl—
bacterial complexes. Our results also suggest a cell envelope
speciation control on adsorption. The data from the 2.4, 5.0,
and 7.2 mM experiments (Figure la—c) indicate that some
U(VI) remains adsorbed onto the bacterial cells. At the end of
the experiments, the reduction rates are much slower than at
the beginning, suggesting that the adsorbed U(VI) at the end of
the experiments is not as readily reduced as is the U(VI) that
reduces rapidly at the beginning of the experiments. This effect
may be caused by the presence of a distinct uranyl—bacteria
complex that is not as bioavailable as the dominant form of
adsorbed U(VI) at the beginning of the experiments.
Previous studies have suggested that U speciation in solution
affects the rate of U(VI) reduction by bacteria.'"'> However,
under the experimental conditions, direct contact between
U(VI) and the enzymatic electron pathways within the bacterial
cell envelope, specifically multiple sites located in the outer
membrane and periplasm,*®*” is required in order for U(VI)
reduction to occur. Therefore, although the extent of
adsorption and hence reduction rates are clearly related to
aqueous U(VI) speciation, this relationship is indirect only. Our
approach of relating the reduction rate to the speciation and
concentration of U(VI) on the cell envelope represents a more
mechanistic model that reflects the fact that U(VI) adsorption
is a necessary step during U(VI) reduction. The results of this
study provide the framework for using a surface complexation
modeling approach for deriving quantitative rates laws for
U(VI) reduction by bacteria. This approach not only provides a
more mechanistic model of the adsorption reactions that are
responsible for U(VI) reduction than does a traditional biotic
ligand model approach, but it also enables flexible predictions
of the initial rate of U(VI) reduction by bacteria in complex
geologic settings through calculation of the speciation and
concentration of U(VI) that adsorbs onto the cell envelope.
The observed rate of U(VI) reduction by S. oneidensis in this
study decreases with increasing NaHCO; concentration in
systems with the same initial U(VI) concentration. We
calculated the species and concentration of U(VI) that is
adsorbed onto the bacteria under the experimental conditions
using the thermodynamic surface complexation model and
stability constants for the important uranyl-bacterial complexes
developed by Sheng and Fein.'” There is a strong positive
correlation between the calculated concentration of adsorbed U
on the bacterial cell envelope and the observed U(VI)
reduction rate. The correlation between the U(VI) reduction
rate and the total concentration of uranyl surface complexes
indicates that the speciation and concentration of U(VI) on the
bacterial cell envelope control the kinetics of enzymatic
reduction of U(VI) by bacteria, and the modeling approach
outlined here represents a means for predicting enzymatic
U(VI) reduction kinetics in complex geologic settings.
Conditions at a field site can vary significantly in terms of
pH, carbonate concentration, competing cation concentrations,
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etc. The modeling approach described here enables estimations
of the effect of changing conditions on U(VI) reduction rates
by calculating how these parameters affect the concentration of
adsorbed U(VI). Although we did not relate the observed
reduction rate to the concentration of specific bacterial surface
complexes, the surface complexation approach enables these
types of correlations to be incorporated into kinetic rate laws
once calibrated by an appropriate set of measurements. In a
broader sense, our results are consistent with a growing body of
evidence that suggests that adsorption controls a wide range of
bacterial metabolic functions that involve metal cations, and
that surface complexation modeling represents a potent
approach for quantitatively modeling those processes in
complex multicomponent systems.
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