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The ex-situ bioremoval of U(VI) from contaminated water using Acidithiobacillus
ferrooxidans strain 8455 and 13538 was studied under a range of pH and uranium
concentrations. The effect of pH on the growth of bacteria was evaluated across
the range 1.5-4.5 pH units. The respiration rate of At. ferrooxidans at different U(VI)
concentrations was quantified as a measure of the rate of metabolic activity over time
using an oxygen electrode. The biosorption process was quantified using a uranyl nitrate
solution, U-spiked growth media, and U-contaminated mine water. The results showed
that both strains of At. ferrooxidans are able to remove U(VI) from solution at pH 2.5-4.5,
exhibiting a buffering capacity at pH 3.5. The respiration rate of the micro-organism
was affected at U(VI) concentration of 30mg L~1. The kinetics of the sorption fitted
a pseudo-first order equation, and depended on the concentration of U(VI). The Kp
obtained from the biosorption experiments indicated that strain 8455 is more efficient
for the removal of U(VI). A bioreactor designed to treat a solution of 100mg U(VI) L'
removed at least 50% of the U(VI) in water. The study demonstrated that At. ferrooxidans
can be used for the ex-situ bioremediation of U(VI) contaminated mine water.

Keywords: bioremediation of uranium, At. ferrooxidans, bioreactor, mine water, ex-situ process

INTRODUCTION

An increase in anthropogenic activity through uranium mining and milling for the nuclear
fuel cycle, and other industrial processes, has resulted in elevated levels of uranium within the
environment. Low levels of uranium are released during uranium mining and high levels are
released during uranium enrichment and reprocessing (Lloyd and Renshaw, 2005). Leaching of
these waste materials into nearby ground water and soil sediments, due to ineffective storage
mechanisms, results in radionuclides entering the food and water supply, ultimately becoming
a hazard to human health (Choy et al., 2006; Gavrilescu et al., 2009). Therefore, safe removal
and detoxification of these contaminants is of utmost importance, with current bioremediation
technologies showing promise.

Contamination by uranium from mining activities is extensive in surface and ground waters
across the world, and the consequences of this are not only detrimental to the health of the
natural environment, since they also have an impact on human health. The UNESCO estimates
that groundwater provides about 50% of the global drinking water supply (WWAP, 2009). The
contamination of groundwater from uranium mining activities is limiting the access to clean water
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in former mining communities in the US. For example, a 5-
year study conducted by the US EPA in abandoned mining areas
within the 27,000 square miles of the Navajo Nation showed that
about 57,000 people access water from unregulated sources, and
some of those sources are contaminated with uranium. From
the 240 unregulated sources tested, 29 exceeded the drinking
water standard for uranium (USA-EPA, 2014). In the south-
west of the Punjab state of India, the levels of uranium in
groundwater have been reported to be as high as 100 ppb
(Alrakabi et al., 2012), potentially affecting 10 million people. A
study of 11,000 public supply wells in California showed that at
least 2 million people are exposed to water contaminated with
uranium, amongst other trace elements (Belitz et al., 2015). These
examples of ground water contamination demonstrate the urgent
need to develop water-cleaning technologies for the removal of
uranium.

Biologically based remediation techniques, such as
bioremediation, provide a cheap and efficient alternative to
current remediation technologies. These processes utilize the
enzymatic reductive power of microorganisms to produce
U(IV) minerals and the biosorbent, and enzymatic precipitation
capabilities of bacteria to sequester U(VI) (Merroun and
Selenska-Pobell, 2008; Neu et al., 2010; Newsome et al., 2014;
Choudhary and Sar, 2015). The enzymatic redox transformations
of U(VI) and U(IV) have been studied comprehensively (Wall
and Krumbholz, 2006). Numerous strains of bacteria are also
capable of transforming U(VI) using a similar mechanism
(Lloyd et al., 2003; Khijniak et al., 2005; Bernier-Latmani et al.,
2010; Orellana et al., 2013). However, the poor stability of these
reduced products within aerobic environments results in the
reoxidation of U(IV) minerals, hindering the development of
large scale bioremediation technologies using this technique
(Wall and Krumbholz, 2006; Merroun and Selenska-Pobell,
2008). Reoxidation of U(IV) minerals has been observed in the
presence of oxygen (Abdelouas et al., 1999; Duff et al., 1999),
nitrates/ites (Finneran et al., 2002; Senko et al., 2002, 2005b),
carbonates (Choudhary and Sar, 2015), Fe(III) hydroxides
(Nevin and Lovley, 2000; Senko et al., 2005a), organic ligands
(Luo and Gu, 2011; Singh et al., 2014), and microbial oxidation
activity (Dispirito and Tuovinen, 1982; Newsome et al., 2015).
Therefore, using indigenous microorganisms’ abilities to uptake
and precipitate U(VI) in the presence of oxygen may be more
efficient in the removal of U(VI) from surface contaminated
environments.

Biosorption is a metabolism-independent biological process
by which metal species, compounds, and particulate materials
can be removed from solution through complexation with
biomass (Gadd, 1993). The removal of U(VI) via bacterial
biosorption processes has been described as metabolism-
independent. Numerous bacterial strains from a diverse
origin have displayed binding affinities for the radionuclide
species. The process is affected by pH, ionic strength, sorbent
and sorbate concentrations, cell physiological state, and
the presence of other soluble polymers within solution
(Dobson and Burgess, 2007; Merroun and Selenska-Pobell,
2008; Wang and Chen, 2009). Structural differences in cell
wall architecture between gram-positive and gram-negative

bacteria suggest differences in uranium biosorption to the cell
surface. The gram-positive genus Bacillus has been studied
extensively for its biosorption capabilities in sequestering
uranium from aqueous environments. It is suggested that
at very low pH, covalent bonding alongside electrostatic
interactions occurs between uranium and the cell surface
due to protonation of the bioavailable functional groups
(Selenska-Pobell et al., 1999; Fowle et al., 2000; Kelly et al.,
2002; Panak et al.,, 2002; Gorman-Lewis et al., 2005). As the
pH increases and deprotonation of the functional groups
occurs; electrostatic interactions become more favorable due
to the positively charged uranyl species and negatively charged
surface. This results in uranyl complexation with neutral
phosphate and deprotonated carboxyl functional groups on
the bacterial cell wall (Fowle et al., 2000). The composition
of gram-positive cell wall suggests that these preferential
surface functional groups originate from the peptidoglycan
(carboxyl) and secondary teichoic and lipoteichoic acids
(phosphate).

The biosorption of uranium to gram-negative bacteria has
been demonstrated in a variety of strains (Haas et al, 2001;
Haas and Northup, 2004; Litke et al, 2012). Shewanella
putrificiens was shown to biosorb uranium through forming
surface complexes with carboxyl and protonated phosphate
groups, with sorption being dependent on pH and ionic strength
(Haas et al., 2001). A similar U(VI) biosorption mechanism
has been described for other Gram negative strains including
Idiomarina loihiensis MAH1 (Morcillo et al., 2014), Pseudomonas
fluorescens (Liitke et al., 2012), Cupriavidus metallidurans CH34,
and Rhodopseudomonas palustris (Llorens et al., 2012). Alongside
the phosphate groups within the outer membrane phospholipids,
lipopolysaccharides (LPS) have been suggested to be involved
in uranyl binding at the gram-negative cell surface (Ferris and
Beveridge, 1986; Langley and Beveridge, 1999; Barkleit et al.,
2008, 2011). The experiments suggest a binding mechanism
of uranyl to phosphate moieties rather than carboxyl groups.
This process is governed by the concentration of LPS instead
of solution pH. Based on these findings, the treatment of
effluents with low to medium concentrations of U(VI) waste
using bacterial biosorption may be more favorable due to the
attachment of metal cations to the surface (Newsome et al,
2014).

The removal of U(VI) has been demonstrated in situ
by underground field studies at the DOE Oak Ridge Field
Research Center. Microorganisms indigenous to the site were
stimulated using glycerol-3-phosphate. The precipitation of
uranium was achieved using small flow-through columns
under aerobic conditions and circumneutral pH-values. The
precipitates formed were identified as uranium phosphate
minerals using X-ray Absorption Spectroscopy (XAS)
(Beazley et al, 2011). Studies conducted under similar
conditions using glycerol-2-phosphate amended sediments
also showed the precipitation of U(VI) phosphate bearing
minerals (Salome et al., 2013). Strains isolated from same
site displayed varied phosphatase capabilities. The exposure
of some of these strains to uranium significantly decreased
their culturability, indicating the toxic effects of uranium to
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bacterial growth (Beazley et al., 2007; Martinez et al., 2007).
Further studies from this site suggested that, in the presence
of high calcium concentrations, other bacterial strains can
hydrolyze inorganic phosphate from glycerol-3-phosphate to
form uranium hydroxyapatite precipitates (Shelobolina et al.,
2009).

We present here the use of an extremophile microorganism,
Acidithiobacillus ferrooxidans, for the ex-situ bioremediation
of U(VI) contaminated acidic mine water. Our hypothesis
is that the ability of microorganisms to remove U(VI) from
solution can be harnessed ex-situ using a bioreactor. The main
possible mechanisms of removal proposed are biosorption
and biomineralization due to the presence of bacterial
biomass.

MATERIALS AND METHODS

Microorganisms and Growth Conditions
Two bacterial strains of At. ferrooxidans, type strain NCIMB
8455 (ATCC 23270) and strain NCIMB 13538, were obtained
from the National Collection of Industrial, Food, and Marine
Bacteria (NCIMB), Aberdeen Scotland. At. ferrooxidans was
originally isolated from an acid, bituminous coal mine effluent
in the United States of America and has been extensively studied
(Leduc and Ferroni, 1994), (Amouric et al., 2011). The NCIMB
13538 strain was isolated from an abandoned uranium mine
in Dera Ghazi Khan, Pakistan by the National Institute for
Biotechnology and Genetic Engineering (Faisalabad, Pakistan).
No published reports confirming the identity of the bacterium are
available. The prokaryote identity of this species was confirmed
using 16S rRNA gene analysis, and the results can be found
on Supplementary Table 1. The bacterial strains were cultured
using Acidiphilium complex medium, modified by the omission
of carbon and peptide sources, and the addition of 10 mM Fe
(DSMZ, 2015). This medium consists of 2mM MgSO4 7H,0,
0.8mM (NHy4);SO4, 0.7mM KCl, 0.06 mM Ca(NO3)2 4H,O0,
0.4 mM KH;POy, 0.3 mM NaCl, 0.6 mM K;HPOy, 10 mM FeSOy4
7H,0, 1.0 g L~! mannitol, and 1.7 g L~! bactotryptone. The
effect of temperature on the bacterial growth experiments for
both strains can be found in Supplementary Figures 1, 2.
The optimum temperature obtained for the growth was 30°C
for both strains and therefore all experiments were conducted
at this temperature. A Scanning Electron Microscopy (SEM)
micrograph showed that the cells are rod-shaped (Supplementary
Figure 3).

Effect of pH on the Growth of

Acidithiobacillus ferrooxidans

The effect of variation of initial solution pH on the growth of At.
ferrooxidans was evaluated by adjusting the starting pH of the
modified acidiphilium medium to initial pH-values of 1.5, 2.5,
3.5, and 4.5. The bacteria were then incubated at 30°C for 72h
with agitation. The optical density was measured periodically
at 600 nm. The value of pH was monitored constantly for the
duration of the experiment using a pH meter (Orion, Thermo
Scientific).

Effect of U(VI) Concentration on the
Metabolism of Acidithiobacillus

ferrooxidans

The effect of U(VI) concentration on the metabolic activity
of aerobically grown At. ferrooxidans strains was measured by
quantifying respiration rate. An oxygen electrode (Hansatech,
Ltd.) calibrated using sodium dithionite (Sigma-Aldrich) was
used. A stock solution of U(VI) was prepared using uranyl
nitrate hexahydrate, UO,(NO3), 6H,O (Sigma-Aldrich).
Samples of 2ml containing bacteria culture, incubated
with a range of U(VI) concentrations ranging from 1 to
100mg U(VI) L1, were analyzed for 5min. The electrode
calibration was matched for the composition of the modified
acidiphilium medium by including a non-inoculated medium
control. Six replicates of controls and samples were run in
alternating pairs. In order to compare the results obtained
between strains, cells were diluted to a concentration of
108 cells mL 1.

Kinetics of Biosorption of U(VI) Using

Acidithiobacillus ferrooxidans

The bacteria were grown to exponential phase using the
modified acidiphilium growth medium. Cells were harvested by
centrifugation at 6000 rpm for 20 min to separate the biomass
from Fe(IIl) precipitates and hydroxides produced in the
medium during growth. Afterwards, biomass pellets were washed
three times with 0.05M sulfuric acid and then two times with
0.01 M perchloric acid. A sample of 0.015 g wet mass (0.0038 g
dry weight approximately) of bacteria was suspended in 10 ml
sterile de-ionized water containing 1.08 x 10~% mmol L=! U(VI)
and incubated at 25°C with agitation. Samples were collected at
1,2, 4, 6, 12, and 24 h and analyzed using ICP-MS (ELAN 6000,
Perkin Elmer). All experiments were performed in triplicate
and controls containing uranium without bacteria were also
included.

Biosorption of U(VI) Using Acidithiobacillus

ferrooxidans

Batch experiments were conducted to quantify the biosorption of
U(VI) to At. ferrooxidans using simulated mine water solution at
different concentrations of uranium. The bacteria samples were
prepared using the same procedure as in the kinetic experiment.
Samples of 0.015 g wet mass (0.0038 g dry weight approximately)
of bacteria were suspended in 10 ml simulated mine water spiked
with U(VI) to a solution concentration of 10, 50, 80, 100, 120,
150, and 200 mg U(VI) L1, Controls solutions of U(VI) with
no bacteria inoculate, and bacteria with no U(VI) added, were
also included. Triplicate samples were incubated at 25°C in an
orbital shaker for 24 h. The supernatant was separated from the
biomass pellet by centrifugation at 3000 rpm, and analyzed for
its U(VI) content using ICP-MS. U(VI) biosorption was also
quantified using a simulated mine water solution containing
120 mg U(VI) L™! and a control of acidiphilium growth medium
spiked with 120 mg U(VI) L. Comparison of mean values was
performed using SPSS statistical software (IBM-SPSS, 2011).
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Semi-Continuous Bioreactor

A semi-continuous 5 L bioreactor containing growth media and
a culture of At. ferrooxidans was designed. The reactor was
submerged in a water bath at 30°C to ensure the micro-organism
growth. The reactor was kept under continuous agitation using
a magnetic stirrer and oxygen was supplied at a rate of
25mL min~! using a pump connected and tubing connected
to a porous stone to aid the oxygen diffusion through solution.
The pH and temperature of the solution were monitored using
electrode probes and samples were collected via a sampling port.
The reactor was left to equilibrate for 24h before adding an
aliquot of U(VT) solution to a final volume of 100 mg U(VI) L~L,
The reactor was operated for 72 h and the concentration of U(VI)
was quantified using ICP-MS. Figure 1 shows a sketch of the
reactor depicting its components.

RESULTS

Effect of Solution pH

The effect of pH on the growth of At. ferrooxidans was quantified
at different initial growth medium pH-values. Figure 2A shows
the growth curves obtained at pH 1.5, 2.5, 3.5, and 4.5 for strain
13538 at 30°C. The growth curves obtained for pH 2.5, 3.5,
and 4.5 follow a typical exponential curve, with a plateau at
ODggo-value 1.2. Bacteria did not grow at pH 1.5, indicating
that the optimum pH-value is between 2.5 and 4.5 pH units.
Figure 2B shows the profile for the pH obtained during the
growth experiments. There was no variation in the pH-values
during the experiment conducted at pH 1.5. Despite the initial
solution pH-values being adjusted to 2.5, 3.5, and 4.5 pH units
for the rest of the experiments, the pH measurements returned
values of 2.5 pH units after 20 h. The pH remained stable at this
value until the end of the experiment at 72 h.

Effect of U(VI) Concentration on the
Respiration Rate of Acidithiobacillus

ferrooxidans

The respiration rate of At. ferrooxidans at different U(VI)
concentrations was quantified as a measure of the rate of
metabolic activity over time by monitoring oxygen consumption.
Figure 3A shows the amount of oxygen consumed by At
ferrooxidans strain 8455 as a function of increasing concentration
of U(VI) in solution. Control experiments performed without
U(VI) were used for baseline measurements of the respiration
rate and a mean value of 0.9nmoles [10° cells]™! h~!
was calculated for all experiments. Four different uranium
concentrations were used to test metabolic oxygen utilization
in strain 8455, ranging from 1 to 30mg L~!. At 1mg L~}
uranium concentration, strain 8455 averaged 1.29 nmoles [10°
cells] ' h™!, avalue higher than the 0.98 nmoles [106 cells]'h~!
obtained from corresponding controls. Paired t-tests showed
that there was a statistically significant difference between the
means at a confidence level >99%. Six replicate experiments
using strain 8455 in contact with 10 mg U(VI) L~! uranium
solution were performed over a 2 day period to quantify errors
due to differences in experimental conditions. Two controls,

plus replicate experiments were run on the first day and four
on the second, with consistent results. This helped negate
experimental anomaly and complemented the statistical tests by
confirming that perceived enhanced metabolic performance of
strain 8455 at 10mg L~! uranium was significant and may be
due to a stress response that increases respiration rate in an
attempt to detoxify the uranium. At 30 mg L~! uranium, the
bacteria consumed oxygen at rates of 0.86 and 0.87 nmoles [10°
cells]*h~! for controls, respectively. According to SPSS paired
t-test analysis, there was no statistically significant difference
between the means. Strain 8455 was hence metabolically
uninhibited in terms of oxygen consumption by 30mg L~}
uranium. Tests at 40 mg L™! proved different. Average bacterial
oxygen consumption was 0.4 nmoles [10° cells] ~'h~!, lower than
the corresponding control value of 0.87 nmoles [10° cells]~'h~ L.
Paired t-tests confirmed a statistical difference between the
means at a significance level >99%. A uranium concentration of
30 mg L™! was hence sufficient to inhibit metabolic consumption
in strain 8455.

It was found that strain 13538 was more susceptible to
uranium than strain 8455 (Figure 3B). At 1mg L™! uranium,
strain 13538 recorded an oxygen consumption of 0.85nmoles
[10° cells]™! h~! as against 0.89 nmoles [10° cells]™! h~!
registered by the corresponding controls. Paired t-test analysis
using SPSS software showed there was no statistically significant
difference between the means. Strain 13538 was metabolically
uninhibited by a uranium concentration of 1mg L~!. Tests
conducted at 5mg L~} uranium showed strain 13538 consumed
oxygen at a rate of 0.56nmoles [10° cells]"'h~!, lower than
the 0.88nmoles [10° cells]~! h~! value recorded by the
corresponding controls. The paired ¢-tests comparing the means
showed a statistical difference at the 90% confidence level. As
uranium concentrations of 5mg L~! were clearly inhibitory to
oxygen metabolic activity in strain 13538, it was expected that
the results obtained at the higher metal concentrations of 10 and
30 mg L~! would follow a similar trend, as observed in Figure 3B.

Kinetics of the Biosorption Process

Results from the kinetic experiment performed using batch type
reactors with a solution of 1.08 x 10~3 mmol U(VI) L7! are
shown in Figure 4. A reduction of the initial concentration of
U(VI) over time was observed, with a typical exponential shape
in the curve for the experiments using both At. ferrooxidans
strains. Strain 13538 is slightly more efficient in reducing
the concentration of U(VI) in solution than strain 8455.
The obtained data was fitted to a pseudo-first order model
(Supplementary Figure 4). Fitting the data to zero order reactions
was not possible since this model is not dependent on the
concentrations of the reactants. Assuming that the rate of
reaction depends on one reactant, in this case, the concentration
of U(VI), a pseudo-first order equation was used to fit the
obtained data. The observed decrease of uranium concentration
in solution by strain 8455 was from 1.08 x 107 to 0.95 x
1073 mmol L~! after 24 h, which equates to a total decrease of
0.13 x 1073 mmol L™! or 11.9%. Of this amount, nearly half
(5.2%) was taken up by the cells after only 4 h. The amount of
U(VI) from solution, when in contact with strain 13538, was
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FIGURE 1 | Design sketch of the bioreactor showing its components. The total volume of the vessel was 5 L of a mine water solution containing 100 mg U(VI)
L1 Temperature and pH probes were inserted to monitor the reaction during time. Oxygen was constantly supplied via a aeration pump. The temperature was kept

determined to be from 1.08 x 1073 to 0.84 x 10™3 mmol L™ ! after
24 h, resulting in a decrease of 0.25 x 10~> mmol L™! or 22.6%. A
16.5% reduction was observed after 12 h (half of the experiment’s
duration). The rate of reaction, r, was defined as (Equation 1).

r = —k[U (VD] (1)

For strain 8455 the value of -k obtained was 16.9 s~! and
for strain 13539, the value of -k obtained was 38.9 s~I,
indicating that strain 8455 is able to remove uranium faster from
solution.

Bioremediation of U(VI) from Simulated
Mine Water

The effect of U(VI) concentration on the growth of At
ferrooxidans was evaluated using a solution of 120 mg U(VI) L~1.
Figure 5 shows changes in the concentration of uranium in

solutions of U(VI), growth media, and simulated mine water.
The concentration of uranium in the uranium salt solution after
being in contact with At. ferrooxidans was 57.35 mg L~! for strain
8455 and 69.50 mg L~! for strain 13538. The removal of uranium
from solution was calculated at 52.6 and 42.6% for strains 8455
and 13538, respectively. This indicated that both strains were
efficient in the reduction of uranium concentration from a uranyl
salt solution. The efficiency of At. ferrooxidans in removing
uranium from a solution of modified acidiphilium media was
also evaluated. The mean concentrations of uranium in solution
were 106.06 and 105.77 mg L™! for strain 8455 and strain 13538,
respectively. These values represent a removal of uranium from
growth media solution of only 12% for strain 8455 and 13% for
strain 13538 when in the presence of nutrients. The removal of
uranium from a simulated mine water solution by strain 8455
was 48.81mg L~! and 50.15mg L~! for strain 13538. These
represent an efficiency of removal of 59.7 and 58.5%, respectively.
T-test results showed that the removal of uranium from the three
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FIGURE 2 | (A) Growth curves of At. ferrooxidans strain 13538 at different
pH-values. The optical density at 600 nm was measured over a period of 72 h.
Optimal bacteria growth is achieved at pH 2-4.5. (B) Profile of solution pH
during growth experiments. Error bars represent 1 standard deviation of the
mean.

solutions by each one of the strains was significantly different
at 99% confidence. The statistical comparison also showed that
strain 8455 was more efficient compared to strain 13538 in
removing uranium from the uranyl salt solution. However, no
significant differences were found when comparing the efficiency
of both strains in removing uranium from the growth media or
simulated mine water solution.

The uptake of U(VI) by At. ferrooxidans from simulated mine
water solution was quantified using batch sorption experiments.
Figure 6 shows the sorption isotherm obtained for the removal of
uranium from simulated mine water solution at pH 3.5 for strain
8455 and strain 13538. The sorption isotherms exhibited a typical
curve shape with a plateau, indicating that the sorption capacity
of uranium by At. ferrooxidans is limited. The maximum sorption
obtained was 53% for strain 8455 and 43% for strain 13538. The
isotherm data was fitted to a Langmuir equation as follows:

_ QmI<LC
T 14K C

¢
>

EA Control
EA At ferrooxidans 8455

-
N

o
©

0.61

0.31

0.0-

Oxygen consumption nmoles [10° cells] *! h™!

7 5 0 30
Uranium conc. (mg L)

1.5:B

EA Control
EA At ferrooxidans 13538

Oxygen consumption nmoles [10° cells] ! h"!

1 5 10 30
Uranium conc. (mg L)

FIGURE 3 | Oxygen consumption rate by At. ferrooxidans 8455 (A) and
13538 (B) as a function of increasing concentration of U(VI) in solution.
The respiration rate is inhibited by the increasing concentration of U(VI) in
solution up to 30 mg (V1) L. Data labeled with * indicate significantly different
results.

where g represents a relationship between the initial and final
concentration of U(VI) in solution as a function of the biomass
in a given volume:

(Ci—CpV(L)

1= hiomass (9) 3)

A plot of the inverse of q vs. C produces a straight line
(Supplementary Figure 5) with a slope of ﬁ and an intercept
of qim’ where ¢, is the maximum sorption capacity and K, is the
Langmuir constant. The sorption parameters obtained for strain
8455 were K; = 0.013 and g,,, = 227.27 mg g dry biomass . For
strain 13538 the calculated sorption parameters were K; = 0.019
and g, = 178.57 mg g dry biomass~!. The dissociation constant,
Kp was calculated by:

@)

Kp = F; (4)
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Using the Langmuir isotherm model, the concentration in the
biomass sorbent is quantified using:

K;C,
Cs = _Am2LEw (5)
[1 +KLCW]

Assuming a concentration in solution, C,, of 100mg L™}, the
estimated Kp-values were 1.3 L g ~for strain 8455and 1.2 L g ~!
for strain 13538. The Kp-value obtained suggests that both strains
possess similar ability to remove uranium.

The bioremoval of U(VI) using At ferrooxidans was
also quantified using a semi-continuous reactor. The reactor
containing growth media and bacteria biomass was left to
equilibrate for 24h to half of the exponential growth phase,

=
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FIGURE 4 | Kinetics of the biosorption removal of U(VI) by At.
ferrooxidans strains 8455 and 13538. The data fits a pseudo-first order
equation. Bacteria strains are more efficient removing U(VI) from simulated
mine water solution compared to growth media or uranyl salt solution.

1205

100+

801

601

40

205

Uranium in solution (mg L)

Growth medium

Uranium salt solution Simulated minewater

EA Initial uranium conc. EA At. ferrooxidans 13538 E At ferrooxidans 8455
FIGURE 5 | Amount of uranium removed from uranyl nitrate, growth
media spiked with U(VI) and simulated mine water spiked with U(VI)
solutions by At. ferrooxidans strains 8455 and 13538. A higher
concentration of U(VI) was removed from simulated mine water solution. Data

labeled with * indicate significant different results.
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FIGURE 6 | Sorption isotherms for At. ferrooxidans strains 8455 and
13538 obtained at pH 3.5. The data fitted a Langmuir equation. Error bars
correspond to 1 standard deviation of the mean.

ensuring the availability of bacterial cells in the reactor. A spike
of U(VI) solution was added to make a final concentration
of 100mg U(VI) L™! in the reactor. The pH throughout the
bioremoval process was constant, at a value of 3.5, and no
pH amendments were required during the reaction time. The
oxygen concentration in solution was also found to be constant
at 8.1 mg O, L™!. The concentration of U(VI) was reduced from
100 mg U(VI) L™! to 512 mg U(VI) L' in the first 24 h. The
amounts of U(VI) quantified at 48 and 72h were 22.7 mg L!
and 15.4mg L™, respectively. The removal efficiency was then
calculated to be 51% at 24 h reducing to 32% at 72 h.

DISCUSSION

Effect of Solution pH and Oxygen on the

Activity of Acidithiobacillus ferrooxidans

Acidithiobacillus ferroxidans has great potential for use in
biotechnology processes as it grows well under acidic conditions
typical of acid mine drainage and tolerates high concentrations
of metals such as Cu(Il) (Dew et al, 1999) and U(VI)
(Merroun and Selenska-Pobell, 2001). These characteristics make
this organism an ideal candidate for use in bioleaching or
bioremediation technology. Studies conducted with solution pH
in the range 1.5-4.5 show that At. ferrooxidans growth is best
at pH 3.5 and hindered at pH 1.5. The optimum range of
pH obtained (2.5-4.5) is consistent with previously reported
growth conditions for At. ferrooxidans (Merroun and Selenska-
Pobell, 2001; Mazuelos et al., 2010). Therefore, any successful
biotechnology process using this organism requires an influent
pH-value within this range. However, experiments conducted
using At. ferrooxidans showed a buffering capacity around pH
2.5 (Figure 2B), indicating that the system readily equilibrates.
The stabilization of the pH profile across the experiment is
comparable to that obtained during an iron bio-oxidation
experiment using At. ferrooxidans (Mazuelos et al., 2010) where
pH fluctuated around a value of 2.3 under constant oxygen
conditions. The observed pH profile supports the hypothesis that
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pH stabilization in solution is due to limitation of oxygen in
solution and the formation of Fe’" via oxidation, as follows:

2Fe?t +0.50, + 2H1 < 2Fe*t + H,0 (6)

This process is limited by oxygen and hence indicates that the
abiotic oxidation of Fe>™ to Fe*™ in solution contributes to
maintenance of the buffering conditions that favor the healthy
activity of the At. ferrooxidans culture. Since pH plays such an
important role in the survival of At. ferrooxidans, any potential
reactor needs to be conceptualized using pH as a master variable.

The metabolic activity of At. ferrooxidans strains 8455 and
13538 was also measured as a function of U(VI) concentration
in order to evaluate the limits of resistance of the bacterial cells
to the presence of U(VI). The inhibition of oxygen uptake by
aerobic microorganisms may be considered a suitable method to
evaluate the toxicity of chemicals. There is a marked difference
in the behavior observed for strain 8455 compared to 13538 at
30 mg L™!. Strain 13538 is more affected by the presence of U(VI)
in solution, exhibiting a reduction in its respiration rate of ~70%
compared to only 50% reduction for strain 8455. This behavior
is comparable with results obtained for three A. ferrooxidans
eco-types that are capable of removing 25 mg U(VI) L™! from
solution (Merroun and Selenska-Pobell, 2001). Tolerance to
concentration of U(VI) varies between strains. A study of a
large number of A. ferrooxidans isolates found that the 16
rRNA genes have specific signatures distinguishing strains within
the species (Selenska-Pobell, 2002), and these different types
exhibited differences in their ability to accumulate uranium
(Merroun and Selenska-Pobell, 2001). These findings have been
reported for other types of micro-organisms, and lead to the
conclusion that accumulation of U(VI) is type specific.

In addressing practical considerations of a bioreactor
technology, strain 8455 adapted best to the conditions of the
study, and so it may be more suitable for use in bioremediation.
Designing a reactor will need to consider the limitations imposed
by the pH of the solution, the content of oxygen supplied to the
reactor and the concentration of U(VI) in solution, although this
is not as critical as the first two parameters.

Bioremoval Process of U(VI) by

Acidithiobacillus ferrooxidans

Immobilization of U(VI) by bacterial biomass has been
reported for a wide range of micro-organisms including natural
isolates from U-contaminated sites such as At. ferrooxidans, D.
radiodurans, Bacillus sp., Arthrobacter sp., and P. fluorescens
(Merroun and Selenska-Pobell, 2001; Bencheikh-Latmani and
Leckie, 2003; Suzuki and Banfield, 2004). Similar behavior was
observed for At. ferrooxidans strains 8455 and 13538, where
U(VI) was efficiently removed from solution despite its nutrient
composition. Interestingly, both strains seem to remove U(VI)
from solution more efficiently when in the presence of other
ions typical of mine waters. This result highlights the importance
of the presence of Fe’t and the role as electron donor that
this ion plays in the metabolism of At. ferrooxidans. Also
interesting was that the initial supply of nutrients provided
did not result in enhanced removal of U(VI) from solution

TABLE 1 | Efficiency of different bacteria species biomass (mg g 1dry
biomass) for the removal of U(VI) compared to At. ferrooxidans strains.

Bacterial species U removal (mg g‘1 dry References
biomass)

At. ferrooxidans 8455 227 in mine water This study

At. ferrooxidans 13538 179 in mine water This study

Islam and Sar, 2016

Suzuki and Banfield,
2004

Pan et al., 2015
Nedelkova et al., 2007

Acinetobacter sp. Hg1 1083 in U(VI) solution, pH 4

Bacillus pumilus 160 in U(VI) solution, pH 4

B. thuringiensis ZYR4
Microbacterium sp.

420 in uranyl acetate

230 in U(VI) solution, pH
4.5

P, aeruginosa 275 in U(VI) solution, pH 4 Choudhary and Sar,

2011

Stenotrophomonas sp. Islam and Sar, 2016

u18

80 in U(VI) solution, pH 4

(Figure 5). This has an impact on the cost associated with culture
maintenance. At. ferrooxidans seems to adapt to the nutrient
and electrolyte conditions supplied by mine water solution and
efficiently remove U(VI) without any added growth medium
components in small reactor systems. Compared to other bacteria
species strains 8455 and 13538 demonstrated a good removal
performance. For example, Bacillus thuringiensis exhibited a
superior efficiency of U(VI) removal of to 420mg g~ ! dry
biomass, compared to 227 and 179mg g~! dry biomass for
strains 8455 and 13538, respectively. However, the efficiency of
B. thuringiensis was quantified using a uranyl acetate solution,
where acetate contributed to the maintenance of the bacterial
culture (Table 1). The ability of strain 8455 for the removal
of U(VI) is comparable to Microbacterium and Pseudomonas
aeruginosa and exceeds the efficiency of Stenotrophomonas sp.
and Acinetobacter sp. (Table 1). The behavior of strain 13538
is more similar to the one reported for Bacillus pumilus at pH
4. Most of the reported studies were conducted using U(VI)
solutions only in contrast to the mine water solution used in this
study. The obtained efficiency confirms that At. ferrooxidans is a
good candidate organism to be used in bioremediation systems.
The biosorption process followed a typical Langmuir isotherm
shape and the distribution constants (Kp) derived from the
Langmuir model fitting indicated that At. ferrooxidans strain
8455 is more efficient in the removal and sorption of U(VI)
than strain 1358. These results are consistent with previously
observed behavior of At. ferrooxidans in mine water solution.
For example, the difference in efficiency of U(VI) removal
from solution between the different strains has been previously
reported (Merroun and Selenska-Pobell, 2001), where binding
and complexation of U(VI) was different between three
At. ferrooxidans eco-types. Although, we conducted genetic
characterization of the strains reported here, a comparison of the
strains to determine if they belong to different eco-type groups
was not conducted and hence comparison to previous studies
is only speculative. The biosorption process for strains 8455
and 1358 is described as a monolayer sorption process, where
UO3" ions in solution bind to the surface of At. ferrooxidans
at specific binding sites. These binding sites are energetically
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similar and possess similar chemical characteristics. Since this
study was focused on quantifying the efficiency of removal for a
bioprocessing technology, a full characterization of the chemical
nature of binding was not conducted. However, the binding
and removal of UO%"" ions by bacterial biomass extensively
reported in the literature indicates that the main bacteria
binding sites have been identified as phosphate containing sites.
Merroun and Selenska-Pobell (2001) described the complexes
formed by three eco-types of At. ferrooxidans studied by
fluorescence and infrared spectroscopy as uranyl organic-
phosphate compounds. Other bacterial strains have shown the
ability to precipitate U(VI) from solution as a phosphate type
of compound, which suggests that the mechanism of sorption
and precipitation is not unique to the bacteria type but to the
chemical nature of bacterial cell wall components. Beazley et al.
(2007) reported the formation of organophosphate compounds
by three heterotrophic bacteria isolated from soils when in
the presence of U(VI). The compounds were identified and
characterized using EXAFS and reported as organophosphate
of the autinite/met-autinite group mineral. Choudhary and Sar
(2011) observed a similar organophosphate compound formed
by the interaction of P. aeruginosa. The precipitates formed
on the cell envelope had a needle shape and were identified
as uranium organophosphate complexes by X-ray diffraction
analysis and infrared spectroscopy. Suzuki and Banfield (2004)
reported the formation of uranyl organophosphate complexes by
D. radiodurans and Arthrobacter spp. as observed from TEM and
EDX analysis. More recently, studies conducted by the authors
on Idiomarina loihiensis (Morcillo et al., 2014) showed that this
bacterium forms uranyl organophosphate compounds when in
the presence of U(VI) at higher salinity concentrations. These
findings indicate that the preferred sorption mechanism of U(VI)
by bacterial biomass is via complexation and precipitation on
phosphate rich binding sites. The evidence hence suggests that
At. ferroxidans would remove U(VI) as uranyl organophosphate
as a preferred sorption and removal mechanism.

Implications for Ex-situ Mine Water
Treatment—toward the Design of

Bioreactors
Very few technologies have been proposed for the removal of
uranium from water using treatment plant technologies and most
of the literature focuses on description of in situ remediation of
uranium mill tailings sites. Therefore, there is an opportunity
for advances by coupling removal of uranium with high-density
sludge systems (HDS; Campbell et al., 2015). A small scale ion
exchange system was developed by the US EPA as early as
1989 (Jelinek and Sorg, 1988). The removal of uranium was
achieved using anion exchange resins based on chloride ion and
a water softener tank. Uranium was reduced form 23.8 mg L~! to
111g L1, The treatment was efficient in the removal of uranium,
but the re-use of the ion exchange cartridges was limited and
additional uranium waste was generated.

Harnessing the power of At. ferroooxidans and the formation
of Fe-containing sludge may provide a feasible biotechnology
for the removal of uranium from contaminated waters. Using

the partition parameters obtained from batch experiments, a
bioreactor was designed to test the limitations of the technology.
The bioreactor used in this study contained At. ferrooxidans
culture, spiked with 100 mg L™! of U(VT), under constant oxygen
supply to ensure the survival of the micro-organism. Care had
to be taken to ensure that the aeration process did not oxidize
Fe?™T at a faster rate than At. ferrooxidans, otherwise the depletion
of Fe?* would hinder the metabolism of the micro-organism.
Therefore, an oxygen supply of 25 ml/min was used. The reactor
was operated for 72 h and samples of the solution were analyzed
for their U(VI) content. The efficiency of U(VI) removal obtained
was of 51% at 24 h for strain 8455. This efficiency was reduced
to 32% at 72h of reaction. A reactor tested using strain 13538
did not operate successfully. The reduction in the efficiency of
removal of U(VI) from solution indicates that there is a decay
in the ability of the micro-organisms to perform the biosorption
process, possibly due to the consumption of nutrient resources
that sustain the microbial biomass over time. A large amount of
Fe-containing sludge was formed at the bottom of the reactor,
limiting the diffusion of oxygen through solution and impeding
the bacteria respiration process. Therefore, removal of the sludge
during the water cleaning process may be required to maximize
the reactor performance. In mine water treatment, HDS are
a common feature of treatment plants. Sludge formed from
precipitation using lime is separated using a clarifier and recycled
into a tank until density is increased and the volume is reduced
by 90%. The resulting sludge is of high density producing a high
quality of effluent water. The HDS formed is easier to remove
from the plant and dispose of as waste. The combination of the
bioreactor with a HDS system would provide an optimal solution
for remediating U(VT).

The efficiency of removal achieved using the reactor was
close to the batch experiments, despite the reactor limitations
of nutrient and oxygen availability. Reactors packed using At.
ferrooxidans have been previously reported for ferrous ion bio-
oxidation and the removal of H,S (Mazuelos et al., 2010) and
(Giro et al., 2006). However, this is the first time a bioreactor
for the removal of U(VI) using At. ferrooxidans has been
described. The results presented here demonstrate an efficient
ex-situ treatment of mine water contaminated with U(VI) using
At. ferrooxidans. The ability of this microorganism to operate
under acidic pH and low nutrient concentration makes it ideal
for use in bioreactor technology. Compared to the performance
of bacteria indigenous to uranium ore (Islam and Sar, 2016),
At. ferrooxidans ability to remove U(VI) is higher, indicating its
suitability for use in bioremediation. The efficiency of a reactor
such as the one described here may be improved by integration
with HDS.
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