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Introduction

Uranium is a key soil and groundwater contaminant at many U.S. Department of Energy sites,
serving a leading role in the nation’s defense for over 50 years. Uranium contamination of soil
and groundwater is of great environmental concern due to the toxicological properties of the
uranyl species. The behavior of uranium and its mobility in the subsurface is affected by various
factors such as porewater and groundwater chemical composition, soil mineralogy, and
microorganisms that thrive under these conditions. Uranium exists in four oxidation states but,
under oxidizing conditions, it dominates as a highly soluble and stable uranyl ion, UO2?*. In
neutral or basic pH conditions, uranium undergoes hydrolysis in agueous solutions and can
readily complex with a wide variety of ligands such as carbonate, nitrate and phosphate. In a
bicarbonate-rich environment, carbonate anions are an important complexing agent for U(VI),
and soluble uranyl-carbonate complexes are formed, such as negatively charged U02(COs),”
and UO,(COs)s* , as well as neutral complexes such as UO,CO; (Bachmaf et al., 2008). The
presence of carbonates clearly affects the dissolution of actinides and facilitates uranium
desorption reactions from soil and sediments, thus increasing uranium mobility in natural
waters (Langmuir, 1978). The above mentioned complexes have been identified in
contaminated pore water at the Hanford Site, Washington State, and have been shown to
inhibit the microbial reduction of U(VI) (Bernhard et al., 2001; Brooks et al., 2003).

The addition of tripolyphosphate amendments is one of the methods used to decrease the
concentration of soluble uranium in contaminated plumes. The introduction of sodium
tripolyphosphate into uranium-bearing saturated porous media results in the formation of
uranyl phosphate solid phases (autunite) of general formula {X1-2[(UO,)(P04)]2-1-nH,0}, where
X is a monovalent or divalent cation. The stability of the uranyl phosphate solids in the
subsurface is a critical factor that allows for determining the long-term effectiveness of the
sodium tripolyphosphate remediation strategy. The presence of soil bacteria can affect uranium
mobility significantly. Bacteria, in an effort to obtain phosphorous, a vital nutrient for their
metabolism, may dissolve uranyl-phosphate minerals, thus liberating uranium in the aqueous
phase. In addition to the biological activity, the presence of bicarbonate ions seems to enhance
the release of U(VI) into the agueous phase (Gudavalli et al., 2013). Natural systems are
complex and their behavior is dictated by the synergistic and/or antagonistic effect of both
biotic and physicochemical factors.

The Columbia River, adjacent to the Hanford Site, exhibits large stage variations, causing
fluctuations in the water table. These water table fluctuations and multiple rise-and-fall cycles
in the river created an oxic-anoxic interface in this region. Previous assessments of Hanford
sediment samples collected from this area noted a decline in cultivable aerobic bacteria and
suggested the presence of facultative anaerobic bacteria (Lin et al., 2012; Marshall et al., 2008).
Therefore, understanding the role of facultative and anaerobic bacteria (e.g., Shewanella) as
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one of the factors affecting the stability of autunite solids is very important for designing a
successful environmental remediation strategy.

Objectives

The objective of this research is to investigate autunite dissolution under anaerobic conditions
by focusing on the bacterial strains of Shewanella oneidensis MR1 sp. There have been a few
studies on the microbial dissolution of autunite in the anaerobic conditions examining
dissimilatory metal-reducing bacteria (DMRB) (Shewanella putrefaciens 200R) (Smeaton et al.,
2008) and Shewanella oneidensis MR1 (Sheng & Fein, 2013; Sheng & Fein, 2014b). Previous
experiments with aerobic Arthrobacter oxydans strains illustrated a bio-enhanced release of
U(VI) from natural Ca-autunite in the presence of various concentrations of bicarbonate.
Arthrobacter strains, G968 and G975, which exhibited various degrees of tolerance to U(VI)
toxicity, were able to bio-enhance the release of U(VI) from natural Ca-autunite at almost the
same capacity (Katsenovich et al., 2013). Previous research by Bencheikh-Latmani and Leckie
(Bencheikh-Latmani & Leckie, 2003) and Katsenovich (Katsenovich et al., 2012) has also
suggested that uranyl-carbonate complexes formed in the solution do not strongly interact with
the negatively charged bacterial surface, which in turn can mitigate U(VI) toxicity on cells.

Materials and Methods

3.1 Bicarbonate media solution preparation

The media solution was prepared in 1 L of DIW buffered with 0.02 M Na-Hepes buffer with pH
adjusted to 7.1 with 0.1 mol/L HCl or NaOH. Sodium lactate (C3HsNaOs, 60% w/w) was added to
the solution with a concentration of 0.024 mol/L. The solution was divided into three bottles
and sterilized by autoclaving at 121°C, 15 psi for 15 min and cooled at room temperature. As
the experiment is based on the investigation of bacteria interactions in the presence of
different bicarbonate concentrations, potassium bicarbonate salt was added to the autoclaved
bottles to obtain 3 mM and 10 mM bicarbonate; the remaining bottle was kept bicarbonate-
free. This accounts for a total of three concentrations of bicarbonate for the experiment tested.
Next, the solutions were filter-sterilized and the sterile bottles were stored in the anaerobic
chamber until the beginning of the experiment.

3.2 Shewanella oneidensis MR-1 growth conditions

Shewanella oneidensis MR1 strains were obtained from the Pacific Northwest National
Laboratory (PNNL) and stored at -80°C in 25% glycerol prior to use. A starter culture was grown
on sterile hard and liquid Luria-Bertani (LB) media prepared with 10.0 g of tryptone, 5.0 g of
yeast extract, and 10.0 g of sodium chloride, with a pH of 7.0. Hard media required an addition
of 15.0 g of agar. A fresh culture was grown in 15-mL tubes placed in the incubator at 30°C
while being shaken at 100 rpm (C24KC refrigerated incubator shaker; New Brunswick Scientific).
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Bacterial cells were grown overnight in an LB liquid medium and then harvested for the cell
density (cells/mL) calculations using a glass hemocytometer (Fisher Scientific, Pittsburg, PA) or
INCYTO C-Chip disposable hemocytometer (SKC America). Once the average cell count was
obtained, it was multiplied by the dilution factor and the volume factor (104) in order to
calculate the final concentration of cells per mL. The number of cells/mL in the stock suspension
was used to estimate a desired volume (mL) of a bacterial suspension needed for the
inoculation of each bottle. To account for viable bacteria, a well-mixed homogeneous aliquot
(0.01 mL - 0.1 mL) of the suspension from each test vial was uniformly spread on the sterile
Petri dishes containing a LB growth media mixed with 15 g/L of agar. Inoculated plates were
kept inverted in an incubator at 30°C. Viable microorganisms were calculated from the number
of colony-forming units (CFU) found on a specific dilution.

3.3 Autunite biodissolution experiments

The autunite biodissolution experiments were performed by using 20-mL sacrificial glass
scintillation vials as opposed to our past experiments where sampling was periodically
conducted from the same 100-mL sealed bottle containing 50 mL of sterile medium. The
sacrificial vials approach was chosen to avoid microbial cross- contamination during sampling
events. Each vial was filled with 18 mg of autunite powder to provide a final U(VI) concentration
of 4.4 mmol/L (Figure 1), which is similar to concentrations previously used in the mixed
bioreactors. All prepared glass vials with autunite were covered with plastic caps and
autoclaved for 15 min at 121°C to ensure sterile conditions. Each vial was amended with 10 mL
of sterile media solution containing 0, 3, and 10 mM KHCOs. After autunite equilibration, the
samples were inoculated with the desired volume of bacterial suspension to obtain an initial
cell density of 10° cells/mL. In addition, abiotic control vials were kept for each bicarbonate
concentration and sampled in parallel with the experimental vials. Each set, prepared using a
specific bicarbonate concentration, includes duplicate sacrificial biotic vials and an abiotic
control. Samples were sacrificed at specific time intervals according to the sampling schedule.
In addition, to allow the media solutions to equilibrate with the autunite, three abiotic samples
were prepared at each bicarbonate concentration and sampled every 5 days before bacteria
inoculation. The interval of time between sampling events after the media equilibrated with the
autunite and bacteria inoculation was about 4-5 days, as shown in Figure 2. The total number of
sacrificial vials for the duration of the experiment was calculated as 99.
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Figure 1. 20-mL glass scintillation vial prepared with media amended with KHCO; and autunite mineral.
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Figure 2. Sampling schedule before and after inoculation.

Experimental vials and bottles with the media solutions amended with bicarbonate were kept
in an anaerobic chamber for the entire duration of the experiment (Figure 3).

Figure 3. Sacrificial vials inside the anaerobic glove box, prepared to conduct the autunite biodissolution
experiment.

3.4 Protein analysis

For cell protein determination, a BCA (Pierce) protein analysis kit was used. For the preliminary
assessment, a calibration curve was built using albumin as a standard solution and the
absorbance was measured at 562 nm spectrophotometrically. The BCA protein assay is based
on the highly selective colorimetric detection of the cuprous cation (Cu®) by bicinchoninic acid
(BCA) as a result of the reduction of Cu®* to Cu® by protein in an alkaline medium. A fresh

4
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culture of facultative anaerobic bacteria Shewanella oneidensis MR1 was grown in two 15-mL
tubes filled with LB liquid media to determine the relationship between the protein content and
cell density. The tubes were placed in the incubator for two days at 30°C. After two days, the
tubes were centrifuged and the pellet was washed with deionized water and re-suspended in
1.5 mL of DIW. The washing procedures were repeated twice. After washing, the cells were
counted via hemocytometer and 1.2 mL from each vial was extracted into the 1.5-mL
microcentrifuge tubes to be used for the bicinchoninic acid protein assay. The stock cell density
concentrations in vial #1 and vial #2 were calculated as 884,210,526 cells/mL and 877,419,355
cells/mL, respectively. Following the protocol procedures, the cells were lysed by boiling at
100°C for 10 min and then cooled on ice. The addition of an alkaline medium followed and the
samples were placed in a water bath (60°C) for 30 minutes. Several aliquots were taken from
the stock cell solutions and a calibration curve was prepared by using albumin as a standard for
the protein content and the absorbance was measured at 562 nm spectrophotometrically.
Testing of this protocol yielded a detection limit of 10°° cell/mL.

3.5 Sampling and elemental analysis

Prior to any further manipulation, the pH of the samples was recorded. Then, 1-mL aliquots
were isolated from each vial and stored in the laboratory refrigerator for further uranium
analysis by the kinetic phosphorescence analysis (KPA-11, Chemchek Instruments Inc.)
instrument. The presence of organic content in the solutions can interfere with KPA
measurements; hence, samples collected during the experiments were pre-processed by wet
ashing followed by dry ashing procedures. A modified ashing technique described by Ejnik (Ejnik
et al., 2000) was used for wet and dry ashing. Wet digestion was performed by the addition of
500 pL of concentrated nitric acid (HNOs) and 500 uL of concentrated hydrogen peroxide (H,0,)
to each vial; the vials were placed on a heating plate until full evaporation was achieved and a
white solid residue was acquired. Occasionally, some samples turned yellow while ashing; 0.5
mL of peroxide was added to these samples and the process was continued until a white
precipitate was obtained. The dry samples were placed in a furnace preheated to 450°C for 15
min and then allowed to cool at room temperature. Finally, precipitates obtained in the drying
step were dissolved in 1 mL of 2 mol/L nitric acid and analyzed by means of the KPA instrument
to determine uranium concentrations released into the aqueous phase as a function of time. In
addition, calcium and phosphorous were determined by means of inductively coupled plasma —
optical emission spectroscopy (ICP-OES 7300 Optima, Perkin Elmer) using calcium and
phosphorous standards (Spex CertiPrep). ANOVA statistics were used to examine the results on
the release of U(VI) due to varying concentrations of bicarbonate ions. The significance level
was set at a= 0.05. The results from elemental analysis were used in speciation modeling
calculations by means of Visual Minteq and Hydra speciation software.
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3.6 SEM-EDS analysis

The autunite samples, after isolation of aliquots for chemical analysis and protein analysis, were
prepared for SEM-EDS analysis. Cells attached on autunite were first treated with 4 ml of 2%
glutaraldehyde in 0.1 M HEPES at 4°C for 2h. Samples were then centrifuged, supernatant was
decanted and the material was washed with 4 ml of 0.05 M HEPES for 10 min. After discarding
the supernatant, the material was “dehydrated” in 4 consecutive steps: treatment with 35%,
70%, 90% and 100% of ethanol for 10 min at room temperature. Finally, a small quantity of
hexamethyldisilazane (HMDS) (Pierce Biotechnology, Inc, obtained from Fisher Scientific) was
introduced two times and the material was left to air-dry at room temperature for 10 min
before being stored in a desiccator until SEM-EDS analysis (Braet et al., 1997; Hazrin-Chong &
Manefield, 2012).

Results and Discussion

4.1 Elemental analysis

Figure 4, Figure 5, and Figure 6 present concentrations of uranium measured by means of KPA
in bicarbonate-free samples and samples amended with 3 mM and 10 mM of bicarbonate,
respectively.
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Figure 4. Uranium concentration as a function of time for bicarbonate-free samples.

In the case of bicarbonate-free samples, the amount of uranium released in the aqueous
phase didn’t show any statistically significant difference between abiotic and biotic samples
(confidence level 95%, p=0.468), denoting that the presence of Shewanella oneidensis does
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not contribute to the release of uranium in the aqueous phase (Figure 4). It seems that the
release of U(VI) in the aqueous phase is the outcome of the autunite mineral dissolution by
the aqueous phase. Furthermore, no decrease in uranium was observed in the biotic
samples after inoculation with Shewanella oneidensis (day 10), a fact that implies that there
is no bioreduction of U(VI) to U(IV). On the other hand, in the samples amended with 3 and
10 mM bicarbonate, the inoculation with bacteria cells incurs a sharp increase in uranium
concentration in the aqueous phase, most probably due to bacterial activity of dissolving
autunite in order to obtain the metabolically necessary phosphorous. The steady state
maximum concentrations of U(VI) detected were 3-6 fold higher compared to the
corresponding bicarbonate-bearing abiotic controls at steady state. However, despite
anaerobic conditions, no bioreduction of uranium was observed in the bicarbonate-
amended samples and the concentration of uranium in the media solutions remained stable

throughout the experiment (63 days) (Figure 5, Figure 6).
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Figure 5. Uranium concentration as a function of time for samples amended with 3 mM bicarbonate.
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Figure 6. Uranium concentration as a function of time for samples amended with 10 mM bicarbonate.

Despite the fact that no bioreduction of U(VI) was observed in any of the conditions studied,
the degree of uranium release among the different conditions in the presence of Shewanella
oneidensis differed significantly (Figure 7). There was a progressive increase in uranium release
as the concentration of bicarbonate in the sample increased (p=0.001 among all groups for

confidence intervals 95%).
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Figure 7. Uranium concentration in the aqueous phase in the presence of Shewanella oneidensis as a function of
time, for three different bicarbonate conditions.
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The dissolution of autunite also resulted in the release of calcium and phosphorous in the
aqueous phase. The results for calcium analysis are presented in Figure 8- Figure 10.

60
50
. _
e
o
2 40 | ?
S @ I
k] o
@ L
[} [ ] [}
: ¢ * . Lt
8 20 -
P
O
10 1 ® Avg 1&2
& cul
O T T T T T T !
0 10 20 30 40 50 60 70

Time, days

Figure 8. Calcium concentration as a function of time for bicarbonate-free samples. Red points represent biotic
samples while blue points represent abiotic samples.
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Figure 9. Calcium concentration as a function of time for samples amended with 3 mM bicarbonate. Red points
represent biotic samples while blue points represent abiotic samples.
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Figure 10. Calcium concentration as a function of time for samples amended with 10 mM bicarbonate. Red
points represent biotic samples while blue points represent abiotic samples.

In bicarbonate-free samples, results revealed a similar trend between biotic and abiotic
samples. Statistical evaluation suggested that there is not a significant difference between
abiotic and biotic samples (p=0.476). A similar trend was observed in the samples amended
with 3 mM bicarbonate (p=0.965) and with 10 mM bicarbonate (p=0.867, confidence interval
95%). In accordance with uranium results, higher concentrations of bicarbonate ions in the
media solutions resulted in higher calcium release in the aqueous phase.

Despite of high variability of phosphorous concentrations between biotic duplicates, the results
were similar to that tested for calcium: there was no significant difference between biotic and
abiotic samples in all three categories (p=0.784, p= 0.793 and p=0.644 when comparing biotic
and abiotic samples for bicarbonate-free, 3 mM and 10 mM amended samples, respectively,

confidence interval 95%).
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Figure 11. Phosphorous concentration as a function of time for bicarbonate-free samples. Red points represent

biotic samples while blue points represent abiotic samples.
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Figure 12. Phosphorous concentration as a function of time for samples amended with 3 mM bicarbonate. Red

points represent biotic samples while blue points represent abiotic samples.
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Figure 13. Phosphorous concentration as a function of time for samples amended with 10 mM bicarbonate. Red
points represent biotic samples while blue points represent abiotic samples.

4.2 Cell density and cell viability per plates

Direct visual cell counting using a hemocytometer combined with a cell viability analysis using
the spread plate method was conducted for each sampling event. The initial inoculation cell
density was 10° cells/mL (log 6 cells/mL) for all biotic samples. In bicarbonate-free samples, cell
densities for the duration of the experiment showed almost no change from the initial
concentration (Figure 14). In contrast, samples amended with 3 mM and 10 mM of bicarbonate
demonstrated almost 10-14 fold increases in cell density and values stabilized in the range of
log 6.9- log 7.3 cell/mL by the end of experiment (Figure 14).

Cell viability, determined via counts of colony forming units (CFU/mL), was compared to the cell
density obtained via direct cell counting. Samples containing 0 mM bicarbonate yielded on
average about 11.1% of viable cells out of a total cell density that correlates to only 1.1° + 1.0°
CFU/mL. In addition, viable cells showed a tendency to decrease with time. In samples
amended with 3 mM and 10 mM of HCOs;, the ratio between viable cells and total cell density
increased to 30-31%. Since the cell density in bicarbonate-amended solutions increased in
average to 1.0’-1.4 cells/mL, the quantity of viable cells was determined to be on the order of
2.2°-2.3° CFU/mL, which is significantly higher than was observed in the bicarbonate-free
solutions. The increase in total cell density and the quantity of viable cells might be an
indication that the cells have acclimated to withstand uranium toxicity in the presence of
bicarbonate ions. Figure 15 presents results for the total cell density versus viable cells for the
three bicarbonate concentrations tested.
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Figure 14. Changes in the direct cell counts for samples containing varying concentrations of bicarbonate.
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4.3 pH monitoring and protein analysis

pH monitoring was conducted for every sampling event. For all the samples, bicarbonate-free
and the ones amended with 3 and 10 mM bicarbonate, an increase in pH (0.7 pH units) was
observed at day 21. However, there was no similar trend observed for the control abiotic
samples, where pH remained practically unchanged until the end of the experiment (Figure 16).
Facultative anaerobic bacteria in the presence of a terminal electron donor (O;) can convert
sugars to CO, through respiration (Lin et al., 2005), whereas in the absence of a terminal
electron donor, sugars can be converted into organic molecules through fermentation reactions
(Sanchez et al., 2005). In the case of Shewanella oneidensis MR-1, the bacteria under aerobic
conditions have been reported in literature to produce no other by products than CO, (Pinchuk
et al., 2011), which when dissolved in water forms carbonic acid, hence decreasing the pH. On
the other hand, Shewanella oneidensis has been reported to metabolically excrete acetate and
formate when grown on lactate as a sole carbon source under anaerobic conditions and the
production of CO, was very limited (Claessens et al., 2006; Meshulam-Simon et al., 2007;
Pinchuk et al., 2011; Tang et al., 2006). Assuming that the release of CO, is the determining
factor for pH fluctuation, the limited release of CO, scenario may be a possible explanation for
the experimental results presented in Figure 16.
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Figure 16. pH of autunite suspensions as a function of time. Red lines represent biotic samples and blue lines
abiotic samples.

Interestingly, the protein analysis revealed a very similar trend with a sharp increase of protein
content at day 21, and the increase was more profound in the samples amended with 3 and 10
mM bicarbonate (Figure 17). A correlation between cell density of fresh Shewanella oneidensis
suspensions and protein content fits to a linear regression (Figure 18). Based on the estimated
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regression function, the experimentally determined protein content was converted to the cell
density for all bicarbonate concentrations tested (Figure 19). The correlation coefficient
between the protein content and the calculated amount of cells present in the medium
suggested an increase in cell growth at day 21. Cells cultivated in media amended with 10 mM
HCO; demonstrated almost 3 times higher density than that in bicarbonate-free solutions. This
vigorous cell growth demonstrated through a sharp increase in protein concentration in the
medium coincided with the pH increase. In the case of bicarbonate-free samples, the cell
density reached 10" from 10° cells/ml, whereas in the case of samples amended with 3 mM
and 10 mM bicarbonate, the change in cell density was much greater, from 10° cells/ml to 10%°
cells/mL.
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Figure 17. Protein concentration as a function of time for Shewanella oneidensis grown under anaerobic
conditions.
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Figure 19. The variation of cell density (logarithmic scale) as function of time.

The theoretically calculated cell density values presented in Figure 19 correspond to the total
cell density, which is a sum of both viable and non-viable cells. The nature of the protein
determination protocol does not allow estimating the amount of viable and non-viable cells.
Overall, the theoretically calculated total cell density looks overestimated compared to the
direct visual cell density counting. This might be due to the fact that Figure 19 calculations were
based on Shewanella oneidensis cells grown in the bacteria culture medium. There is a
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possibility that exposure to uranium affected the cell physiology and protein content, which
might have resulted in changes of protein masses (Khemiri et al., 2014). So, the correlation
between cell density and protein content obtained for the control cells grown in culture media
might not be valid for cells exposed to uranium. Further experiments on uranium-bacteria
interactions conducted without autunite solids will help to investigate changes in
protein content as a result of uranium exposure.

4.4 SEM-EDS analysis and speciation studies

Images of autunite solids taken by means of SEM revealed the destruction of autunite as a
consequence of bicarbonate effect and bacterial activity (Figure 20). In the bicarbonate-free
samples, no bacteria were observed on the autunite surface. This finding may explain the fact
that there was not any uranium release in the aqueous phase due to bacterial activity in the
bicarbonate-free samples (Error! Reference source not found.). On the other hand, bacteria were
clearly observed on the mineral’s surface in the case of samples amended with 3 mM and 10
mM bicarbonate (Figure 21). Bacteria can attach on the mineral surfaces through specific
structures called extracellular polymeric substances (EPS), comprised mostly of saccharides and
proteins and secondarily DNA and lipids (Donlan, 2002). Nevertheless, no extensive (covering
most of the surface or creating vertical multilayer formations) biofilm was observed in these
samples. The formation of an extensive film has been reported to be crucial for metal reduction
by Shewanella and is regulated by the presence of oxygen (MclLean et al., 2008; Wu et al.,
2013). Our experiments were performed in the absence of oxygen, hence the absence of an
extensive biofilm, as well as bioreduction, may be justifiable.
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Figure 21. Bacterial activity on the surface of autunite.

A study by Thormann investigated the biofilm formation by Shewanella and reported the
formation of a layer of biofilm initially until the coverage of the surface and, consequently, the
formation of vertical towering biofilm structures (Thormann et al., 2004). Furthermore, acetate
and lactate have been reported to be less effective stimulants for U(VI) reduction, whereas
more complex organic electron donors have been directly correlated to the ability of DMRB to
reduce U(VI) (Barlett, 2014).

The SEM photos also revealed the formation of secondary minerals, mainly uranyl phosphates
and uranyl carbonates, coating the surface of autunite (Figure 22). These secondary minerals
are a result of saturation of the aqueous phase due to the release uranium, calcium and
phosphorous under the conditions studied.

Figure 22. Secondary mineral particles coating on the surface of autunite and EDS analysis.

The formation of the secondary minerals was predicted by the calculations performed by
means of speciation softwares (Visual Minteq and Hydra). The soluble species were also
predicted by the speciation softwares under the experimental conditions and the results are
presented in Table 1. As can be seen, the saturation of hydroxylapatite (calcium phosphate
mineral) and uranyl-phopshate minerals is predicted in all cases. Nevertheless, the elemental
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analysis results did not reveal any decrease in any of these elements throughout the duration of
the experiment; on the contrary, uranium, calcium and phosphorous seem to be unaffected. A
decrease in the concentration of those elements could be associated with the formation of
secondary minerals (and bioreduction, only in the case of uranium). A possible explanation
could be that the rate of release of those elements in the aqueous phase is very similar to the
rate of micro-precipitation of secondary minerals, which removes these elements from the
aqueous phase; hence, the apparent concentration of those elements remains the same.
Additional experiments, as outlined in the “Future Work” section, will help validate this
hypothesis.

Table 1. Soluble and Saturated Species for All Three Conditions Studied (bicarbonate-free samples and samples
amended with 3 and 10 mM bicarbonate)

0 mM bicarbonate 3 mM bicarbonate 10 mM bicarbonate
Soluble Precipitates Soluble Precipitates Soluble Precipitates
20% Hydroxylapatite 50% Hydroxylapatite | 92% UO,(CO;);* Hydroxylapatite
UO,HPO, Ca,U0,(CO0s)5
80% Uranyl- 44% Uranyl- 6% Uranyl-
Uo,PO, phosphate Cal0,(C0;);™ phosphate Cal0,(C0;);> phosphate
autunite ~6% negatively autunite autunite
charged uranyl
carbonate
complexes

On the other hand, the soluble species are primarily negatively charged entities in the case of
bicarbonate-free samples and samples that contain 10 mM of bicarbonate; whereas in the case
of samples amended with 3 mM of bicarbonate, the negatively charged and the neutral U(VI)
complexes are almost 50-50%. It has been suggested in literature that negatively charged
uranyl complexes are less bioavailable to the cells and the least readily reducible fraction,
mostly due to electrostatic repulsions between negatively charged uranyl complexes and the
bacterial cell surface (Belli et al., 2015; Sheng & Fein, 2014a). This scenario provides an
additional potential explanation for the absence of bioreduction, especially in the case of
bicarbonate-free samples and samples amended with 10 mM of bicarbonate, where the
majority of uranyl complexes are negatively charged. On the other hand, the point of zero
charge (pzc) of aututnite is 5-6 (Wellman et al., 2007), which makes the net surface charge of
aututnite at pH 7.5 negative. Hence, one would expect electrostatic repulsion between
negatively charged bacterial surfaces and the autunite surface. Bacteria were detected on the
surface of autunite in the samples amended with 3 and 10 mM bicarbonate, implying that
under phosphorus-limiting conditions, bacteria may overcome the electrostatic repulsion and
liberate P from uranyl mineral phases to meet metabolic needs. It is not clear though to what
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degree this takes place, since the amount of bacteria detected on the surface was not very
high.

Although uranyl phosphates are considered to be sinks of uranium and therefore strong
candidates for remediation strategies (Beazley et al.,, 2007), the experimental findings
demonstrate their liability in the presence of bacteria.

Future Work

Batch experiments that will replicate the exact conditions (U, Ca and P concentrations along
with three different bicarbonate concentrations) before inoculation with bacteria in the
absence of autunite (mineral-free) will take place over the same duration. The objective of this
experiment will be to test the hypothesis that there are potentially two antagonistic
mechanisms with similar kinetic rates are taking place. The formation of secondary minerals
and bioreduction are removing U, Ca and P from the aqueous phase, while autunite dissolution
is re-introducing those elements in the aqueous phase, resulting in an apparent equilibrium of
those elements in the supernatant. In the proposed experiment, the decrease in the elemental
concentration in the aqueous phase will signify the existence of the two antagonistic
mechanisms (since there will be no autunite dissolution); whereas, if all concentrations remain
the same, this will imply that the formation of secondary minerals takes place to a very limited
degree and that the driving force behind the apparent equilibrium is the mineral dissolution.
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