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North American Uranium Deposits
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Abstract: Some attempts were made to remove and recover uranium that may be present in nuclear fuel
effluents and mine tailings using microorganisms isolated from North American uranium deposits. To
establish which microorganisms accumulate the most uranium, hundreds strains of microorganisms were
screened. Of these strains of microorganisms tested, extremely high uranium accumulating ability was
found in some bacteria isolated from North American uranium deposits. These bacterial strains, such as
Arthrobacter and Bacillus sp., can accumulate about 2500 pmol uranium per gram dry wt. of microbial
cells within one hour. These microbial cells can remove uranium from the uranium refining waste water
with high efficiency. These microbial cells can also accumulate thorium as well as uranium with high
efficiency. The microbial cells immobilized with polyacrylamide gel have excellent handling
characteristics and can be used repeatedly in the adsorption-desorption cycles. These new
microorganisms isolated from uranium deposits can be used as an adsorbing agent for the removal of the
nuclear fuel elements, which may be present in nuclear fuel effluents, mine tailings and other waste

sources.
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INTRODUCTION

The recoveries of nuclear fuel elements, such as
uranium and thorium, from aqueous systems have
become the center of wide interest of exploit
undeveloped energy resources. The removal of
radioactive elements and toxic heavy metals from
contaminated sources also seems to be a worthwhile
subject to investigate in terms of environmental control.
In this regard, efforts have especially concentrated on
studying accumulation of the wuranium b

: . . . - [1°7] [2.8-11]
microorganisms, including bacteria' ™", fungi and
yeasts”’ 1

We have investigated uranium accumulation from
aqueous systems using microorganisms isolated from
uranium mines, among which some strains of bacteria
were found to possess extremely high uranium
accumulating ability!"*. Microbial biomass may thus be
considered for use as an adsorbing agent for the recovery
and removal of uranium that may be present in
metallurgical effluents, mine tailings and other waste
sources.

In uranium deposits, it can be presumed that some
microorganisms having a high accumulating ability for
uranium and different species of microorganisms having
an ability to leach uranium from ore may exist in mine
soil and aqueous systems. It would, therefore, be useful
to find further microorganisms having an enhanced
ability to accumulate uranium from uranium mines.

Recently, we screened hundreds of microorganisms
existing in uranium deposits for their ability to
accumulate large amount of uranium, and found some
new strains which accumulated large amount of uranium,
such as Bacillus subtilis in Australlia and Arthrobacter

and Bacillus sp. in North America!"”. The accumulation
using Bacillus subtilis in Australlia was reported in
detail, however, uranium accumulation using
Arthrobacter and Bacillus sp. was not reported in detail.
In this study, I discuss whether new strains of
microorganisms found in North American uranium
deposits, especially Arthrobacter sp., can be used for the
removal of nuclear fuel elements such as uranium from
uranium refining wastewater.

MATERIALS AND METHODS

Culture of microorganisms: The medium for growing
microorganisms contained 3 g L™ meat extract, 5 g L~
peptone and 5 g L™ NaCl in deionized water. The
microorganisms were maintained on agar slants and
grown in 300 mL of the medium in a 500mL flask with
continuous shaking (120 rpm) for 72 h at 30°C. Cells
were collected by centrifugation, washed thoroughly
with deionized water and then used in the following
accumulation experiments.

Screening of microorganisms for their ability to
accumulate uranium: Uranium was supplied by
UO,(NO3),. The pH of the solution was adjusted at 5.8
with 0.1 M HNOj;. Resting microorganisms (15 mg dry
wt. basis) were suspended in 100 mL solution (pH 5.8)
containing 84 pM uranium and the suspension was
shaken for 1 h at room temperature. The microorganisms
were then collected by filtration through a membrane
filter (pore size 0.2 um). The amounts of accumulated
uranium by the celﬁ were determined by measurin
uranium in the filtrate using an inductively couple
plasma quantometer (ICPS8000, Shimadzu Corporation,
Kyoto, Japan).
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Effect of pH on the uranium accumulation: The pH of
the solution was adjusted to the desired value with 0.1 M
HNO; or 0.1 M NaOH. Resting Arthrobacter cells (15
mg dry wt. basis) were suspended in 100 mL solution
containing 84 uM uranium for 1 h at room temperature.

Effect of external uranium concentration on the
uranium accumulation: Resting Arthrobacter cells (15
mg dry wt. basis) were suspended in 200 mL solution
(pH 5.8) containing a desired amount of uranium for 1 h
at room temperature.

Time course of the uranium accumulation: Resting
Arthrobacter cells (15 mg dry wt. basis) were suspended
in 100 mL solution (pH 5.8) containing 84 uM uranium
at room temperature.

Washing of microbial cells with EDTA solution:
Resting cells (15 mg dry wt. basis) were suspended in
100 mL solution (pH 6.0) containing 84 uM uranium for
1 h at room temperature. Microbial cells with
accumulated uranium were washed three times with 10
mL of 10 mM EDTA solution.

Distribution of the Arthrobacter cells: Resting cells
(640 mg fresh weight) were suspended in 1000 mL
solution (pH 5.8) containing 500 uM of uranium for 1 h
at room temperature. The Arthrobacter cells having
accumulated heavy metal ions were fractionated as
described in Fig. 1. The freeze-dried Arthrobacter cells,
cell wall and intracellular particle fractions were
digested in HNO;/H,SO, solution.

Selective  accumulation of uranium using
Arthrobacter., US-10 cells: Resting cells (15 mg dry wt.
basis) were suspended in 100 mL of a solution (E)H 5.0)
containing 4 x 10° M Mn?", Co*", Ni*', Cu*’, Zn*", Cd*
and UO,”" for 1 h at room temperature.

Accumulation of thorium and selective accumulation
of thorium and uranium: Thorium was supplied by
Th(NOs),. Resting cells of Arthrobacter cells (15 mg dry
wt. basis) were suspended in 100 mL solution (pH 3.5)
containing 50 uM thorium and/or uranium for 1 h at
room temperature.

Fresh Arthrobacter, US-10 cells

suspended in uranium solution
shaken for 1 h at 160 rpm
collected by centrifugation

Uranium accumulated Arthrobacter cells
suspended in deionized water
disrupted by French press
(14,000 kg/cm®) 5 times
centrifuged at 3,000 rpm for
30 min (1,000 x g)

Precipitate Supernatant solution

(Cell wall fraction) centrifuged at 17,000 rpm for

30 min (28,000 x g)

Supernatant solution
(Intracellular soluble fraction)

Precipitate
(Intracellular
particle fraction)

Fig. 1: Fractionation of  Arthrobacter, Us-10 cells.

Accumulation condition was shown in Table 2
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Immobilization of microbial cells: Five grams of
precultured Arthrobacter cells were suspended in 4.5 mL

isotonic sodium chloride solution and 680 mg
acrylamide monomer, 34 mg N,
N’-methylene-bis(acrylamide), 0.3 mL

3-dimethylaminopropionitrile solution (5%) and 0.34
mL potassium persulfate solution (2.5%) were added to
the suspension. After solidification, the gel was crushed
into small pieces (50-100 mesh), washed thoroughly
with isotonic sodium chloride solution followed by

deionized water and then wused for adsorption
experiments.
Recovery of uranium by immobilized

microorganisms: Fifteen milliliters of a solution (pH
5.8) containing 42 uM uranium was adsorbed on a
column (bed volume, 2 mL) of immobilized
Arthrobacter cells at a space velocity of 20 h™'. Adsorbed
uranium was desorbed with 10 mL of 0.1 M Na,CO;
solution. The repetition test was carried out five times.

Removal of uranium from uranium refining waste
water by microorganisms: Uranium refining waste
water (200mL, pH 5) supplemented with 2.1 mM of
uranium were adsorbed on a column (bed volume 2
mL) of immobilized microbial cells at Space velocity of
10 /h at room temperature.

RESULTS
Screening of microorganisms isolated from North

American uranium deposits for their ability to
accumulate uranium: To determine the ability of

Table 1: Accumulation of uranium using microorganisms isolated
from soils or water from uranium mine

Strain U accumulated Strain U accumulated

Number (%) Number (%)

US-1 14.0 CAN-1 12.6

Us-2 17.1 CAN-2 23.7

Us-3 23.9 CAN-3 339

Us-4 38.7 CAN-4 49.8

Us-5 439 CAN-5 55.7

Us-6 58.9 CAN-6 67.9

Us-7 72.0 CAN-7 74.2

US-8 84.4 CAN-8 85.7

Bacillus sp., US-9 95.9 CAN-9 95.4

Arthrobacter sp., US-10 96.4 CAN-10 96.9

Resting cells (15.0 mg dry weight basis) were suspended in 100 mL
(pH 6) solution containing 84 puM of uranium for 1 h at room

temperature
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Fig. 2: Effect of pH on uranium accumulation using Arthrobacter,
US-10 cells. Resting cells (15 mg dry wt. basis) were
suspended in 100 mL solution containing 84 uM uranium
for 1 h at room temperature
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Fig. 3: Effect of external uranium concentration on uranium

accumulation using Arthrobacter, US-10 cells. Resting
cells (15 mg dry wt. basis) were suspended in 200 mL
solution (pH 5.8) containing a desired amount of uranium
for 1 h at room temperature. Symbols: circles, accumulated
uranium (umol/g dry wt. cells); squares, accumulated
uranium (%)

various microorganisms isolated from North American
uranium deposits to accumulate uranium, hundreds of
strains of microorganisms were screened. As shown a
part of the results in Table 1, we have found that the
amounts of uranium accumulated by the microbial cells
range widely from a minimum value of 14.0 % to a
maximum value of 98.3 %. Of special interest to this
discussion is the wide range effectiveness with which
different species of microorganisms accumulate
uranium.
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Fig. 4: Time course of uranium accumulation by Arthrobacter,

US-10 cells. Resting cells (15 mg dry wt. basis) were
suspended in 100 mL solution (pH 5.8) containing 84 uM
uranium at room temperature

Of these microorganisms tested, extremely high
uranium accumulating ability was found in some strains
appeared to be genus bacteria. One of them,
Arthrobacter sp., US-10"" found in United States can
accumulate the largest amount of uranium per gram of
microbial cells within 1 h. In North America, we have
also discovered some new strains, such as Bacillus sp.,
US-9" having the high ability to accumulate uranium.

Some factors affecting uranium accumulation using
microorganisms: As shown in the above section, some
microorganisms isolated from uranium deposits located
in North America have an extremely high ability to
accumulate uranium. In order to obtain basic
information on the removal of uranium using new strains
of microorganisms found in uranium deposits, some
factors affecting uranium accumulation were
investigated in detail using Arthrobacter sp., US-10
isolated from United States uranium deposits.

Effect of pH on the uranium accumulation: The effect
of pH on the uranium accumulation using Arthrobacter
sp., US-10 is shown in Fig. 2. The amounts of uranium
accumulated are highest at around pH 5 and decrease
with increasing acidity below pH 4. Thus, the
accumulation of uranium by Arthrobacter cells is
markedly affected by the pH of the solution.
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Fig. 5: Release of uranium from Arthrobacter, US-10 or Bacillus,
US-9 cells by washing with EDTA solution. Resting cells
(15 mg dry wt. basis) were suspended in 100 mL solution
(pH 5.8) containing 84 puM uranium for 1 h at room
temperature. Microbial cells with accumulated uranium
were washed three times with 10 mL of 10 mM EDTA
solution
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Fig. 6:  Selective accumulation of heavy metals using Arthrobacter,

US-10 cells. Resting cells (15 mg dry wt. basis) were
suspended in 100 mL of a solution (pH 5.0) containing 4 x
10° M Mn*", Co™", Ni*", Cu™*, Zn*", Cd** and UO,* for | h
at room temperature

Effect of external uranium concentration on the
uranium accumulation: It is obvious from Fig. 3 that
the amounts of uranium accumulated using Arthrobacter
sp., US-10 (umol uranium/g microbial cells) increase as
the external uranium concentration increases, whereas
the ratio of the total amounts of uranium accumulated to
the external uranium concentration decreases. When the
external uranium concentration is low, the extremely
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high accumulation ratio is found. It is evident from Fig.
3 that Arthrobacter cells can accumulate 2480 pumol
uranium per gram of the microbial cells.

Table 2: Distribution of uranium in Arthrobacter sp., US-10 cells
Fractions Accumulated uranium

(pmol) (%)
Whole cells 237 100
Cell wall fraction 140 59
Intracellular particle fraction 51 21
Intracellular soluble fraction 32 13

Resting cells (640 mg fresh weight) were suspended in 1000 mL
solution (pH 5.8) containing 500 pM of uranium for 1 h at room
temperature

Time course of the uranium accumulation: It is
evident from Fig. 4 that the amounts of uranium
accumulated by Arthrobacter sp., US-10 cells increase
very rapidly during the first 3 min following the supply
of uranium.

Release of uranium from microbial cells by washing
with EDTA solution: As shown in Fig. 5, when
microbial cells, such as Arhrobacter sp., US-10 and
Bacillus sp., US-9 were washed 3 times with 10 mM
EDTA solution, about 70% (80%) of the accumulated
uranium was desorbed from resting cells in the case of
Arhrobacter sp. (Bacillus sp.), suggesting that most
uranium in both cells is coupled with ligands that are
easily substituted by EDTA. However, 30% (20%) of
accumulated uranium in Arhrobacter sp. (Bacillus sp.)
are not substituted by three times of EDTA washing.

Distribution of uranium in Arthrobacter cells: The
present experiments were undertaken to determine
which parts of the cells were accumulated uranium in the
Arthrobacter, US-10 cells. The Arthrobacter, US-10
cells having accumulated uranium were fractionated as
described in Fig. 1.

The amounts in each fraction shown in Table 2 were

in the following decreasing order: cell wall fraction >
intracellular particle fraction > intracellular soluble
fraction. Uranium was found in the cell wall fraction
abundantly and small amounts of uranium were in the
intracellular fractions.
Selective  accumulation of wuranium  using
Arthrobacter., US-10 cells: To determine which heavy
metal ions can be most readily accumulated by microbial
cells, the selective accumulation of heavy metal ions
using Arthrobacter, US-10_cells from a solution
containing 4 x 10° M of Mn*", Co*', Ni*", Cu*’, Zn*',
Cd*" and UO,*" at pH 5 was examined.

As shown in Fig. 6, the relative degree of magnitude of
heavy metal ions accumulated using Arthrobacter,
US-10cells appeared to be UO,>" > Cu*" > others.

This result shows that Arthrobacter sp., US-10 can
readily accumulate uranium compared to other heavy
metal ions.
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Table 3:

Accumulation of thorium and/or uranium from the solution containing thorioum and/or uranium

Strain
Th or U only” (umol/g dry wt.cells)

Metal accumulated from the solution containing

Metals accumulated from the mixed solution

containing Th and U (umol/g dry wt.cells)

Th U
Anthorbacter sp. US-10 98.8 98.9
Bacillus sp. US-9 94.0 99.7

Th U
98.5 52.1
98.3 15.8

a) Resting cells (15 mg dry weight basis) were suspended in 100 mL solution (pH 3.5) containing 50 uM of thorium or uranium for 1h at room

temperature.

b) Resting cells (15 mg dry weight basis) were suspended in 100 mL solution (pH 3.5) containing 50 uM of thorium and uranium for 1h at room

temperature

Accumulation of thorium by microorganisms: As
described above, new microorganisms found in
American uranium deposits can accumulate uranium
with high efficiency. In this course of our study, the
question has been raised whether these strains have the
accumulating ability for thorium as well as uranium.

The next step in our study was to examine the
selective accumulation between uranium and thorium. A
comparative study of the selective accumulation
between these two metals using microbial cells holds
both academic and practical interest because both
uranium and thorium are chemically similar nuclear
fuels.

As thorium hydroxide is precipitated in a solution

containing thorium at pH 4.0, the accumulation of
thorium examined at pH 3.5.
It is evident from Table 3 that both Arthrobacter sp.,
US-10 and Bacillus sp., US-9 can also accumulate
thorium with high efficiency. The amount of
accumulated uranium from the solution containing both
elements at pH3.5 by Arthrobacter sp., US-10 became
half of that from the solution containing uranium only,
however, that from the solution containing both elements
by Bacillus sp., US-9 became far lower than that from
the solution containing uranium only. Accordingly, the
effect of thorium on uranium accumulation by Bacillus
sp., US-9 is stronger than that by Arthrobacter sp.,
US-10

Recovery of uranium by immobilized
microorganisms: As described above, new
microorganisms, such as Arthrobacter and Bacillus sp.,
found in American uranium deposits, can accumulate
large amounts of uranium from aqueous systems.
However, the free cells of these bacteria are not reusable
because of their mechanical instability and susceptibility
to cell degradation. Furthermore, free cells are not
suitable for use in column systems, because they cause
plugging. To overcome these deficiencies in free cells,
the cells of Arthrobacter sp., US-10 having a high
uranium accumulating ability were immobilized with
polyacrylamide.
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To obtain basic information on the recovery of
uranium using immobilized microbial cells, a repetition
test of the uranium adsorption-desorption cycle was
carried out. We have previously shown that the uranium
retained on the adsorbent can easily be desorbed with
dilute NapCO3 solution, so we used 0.1 M NapCO3
solution as the desorbent in this experiment.

As shown in Fig. 7, the ability of the immobilized
Arthrobacter cells to adsorb uranium did not decrease
after 6 repetitions of the adsorption-desorption cycles in
a column system. Thus, immobilized microbial cells
have excellent handling characteristics and can be used
repeatedly in the adsorption-desorption cycles.
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Fig. 7: Test of repeated uranium adsorption-desorption using
immobilized Arthrobacter, US-10 cells. Fifteen milliliters
of a solution (pH 5.8) containing 42 pM uranium was
adsorbed on a column (bed volume, 2 mL) of immobilized
Arthrobacter cells at a space velocity of 20 h™'. Adsorbed
uranium was desorbed with 10 mL of 0.1 M Na,COs

solution
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Table 4:  Uranium removal from uranium refining wastewater using
immobilized microorganisms isolated from uranium mines
Strains Accumulated U (%)

Arthrobacter sp., US-10 100
Bacillus sp., US-9 100

Uranium refining waste water (200mL, pH 5) supplemented with 2.1
mM of uranium were adsorbed on a column (bed volume 2 mL) of
immobilized microbial cells at Space velocity of 10 /h at room
temperature

Removal of uranium from uranium refining waste
water by microorganisms: As mentioned above, some
microbial cells have a high uranium accumulating ability,
which suggests the possibility that it may be used for
removal of uranium from uranium mine tailing, uranium
refining waste water and other waste sources.

We have tried to remove uranium from the uranium
refining wastewater sampled at the Ningyo-toge Station
of the Power Reactor and Nuclear Fuel Development
Corporation, using some microorganisms having a high
ability to accumulate uranium.

It is evident from Table 4 that these microorganisms
can remove uranium from the uranium refining
wastewater with high efficiency.
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Equilibrium isotherm of uranium accumulation using
Arthrobacter, US-10 cells. Experimental condition was
same as Fig. 4

Fig. 8:

DISCUSSION

In uranium deposits located in North America, we
have discovered some new microorganisms, such as
Arthrobacter and Bacillus sp., having an extremely high
ability to accumulate uranium.

The amounts of uranium accumulated usinig
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Arthrobacter sp., US-10 was affected by the pH of the
solution, however, these strains accumulate can
accumulate large amount of uranium at wide pH 5-8.

The uranium accumulation using Arthrobacter sp.,
US-10 increases as the external uranium concentration
increases. The relationship between the concentration of
residual uranium in the solution and the amounts of
accumulated uranium calculated from the data of Fig.3 is
shown in Fig. 8. It is obvious from this figure that the
accumulation of uranium by the microbial cells obeys
the Langmuir isotherm, C/q = mC. + n, where q
indicates the amount of uranium accumulated (umol
uranium/g dry wt. cells), C. is the residual uranium in the
solution (uM) and m (= 3.88 x 10™*) and n (=6.45 x 107)
are constants. The maximum amount of uranium
accumulated (umol uranium/g dry wt. cells) is estimated
from the slope of the line to be 2580 pmol uranium/g dry
wt. cells.

As the results of EDTA washing from the
Arthrobacter cells, 70 % of accumulated uramium was
bound with the surface of cell wall components. The
results about distribution of uranium in Arthrobacter
cells almost coincided with the results by the EDTA
washing.

On the basis of these finding, it seems reasonable to
postulate that the accumulated uranium using
Arthrobacter sp., US-10 is mostly dependent on
physico-chemical binding to the cell components,
however, 30 % of that is accumulated in the cytoplasm.

These results contrasted the results of the
accumulation patern of uranium in microalge, such as
Chlorella  regularis, which was accumulated in
intracellular soluble fraction > intracellular particle
fraction > cell wall fraction!"”.

Most of the accumulated uranium was desorbed
easily by diluted sodium carbonate solution. In addition,
these bacterial cells also have an extremely high affinity
for thorium. Accordingly, I consider that these new
microorganisms can be used as an adsorbing agent for
the removal and recovery of the nuclear fuel elements,
which may be present in nuclear fuel processing
effluents, mine tailings and other waste sources.
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