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Abstract

The uranium (U) in Shewanella putrefaciens (S. putrefaciens) and anaerobic granular sludge (AnGS) were fractionated, and
the contents and forms of U in each fraction were investigated. The functional groups of microorganisms for U binding and
the deposition of U in microbial aggregates were also analyzed. Four main approaches were found involved in U immobiliza-
tion, including biosorption/complexation by microbial cells and their extracellular polymeric substances (EPS), non-reductive
biomineralization, bioreduction and intracellular accumulation. Results show that non-reductive biomineralization was found
to be dominated in the U(VI) immobilization process. Besides, the contribution of EPS to U removal could not be ignored.
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Introduction

Uranium (U) contamination in groundwater has been a sig-
nificant global environmental problem and multidisciplinary
studies have been undertaken to solve the problem [1].The
traditional methods, like physical or chemical methods [2,
3] might work in removing U in contaminated groundwater,
which usually also brought drawbacks, such as difficulties in
regenerating media or bringing new chemical pollution [4,
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5]. Comparing with these methods, utilizing microorganisms
has drawn more and more attention due to its advantages of
sufficient raw materials, low cost, high treatment efficiency
and environmentally friendly feature [6—8].

Since the first discovery of anaerobic microorganisms
capable of reducing U(VI) in the presence of an electron
donor [9], there have been extensive studies on the U
removal by microorganisms, including pure cultures (such
as mould, Sulfate-reducing bacteria, Shewanella) [4, 10-12]
and mixed cultures (such as sediment microcosm, anaerobic
granular sludge (AnGS)) [13, 14]. Bacteria could potentially
affect U migration by various processes. Four basic mecha-
nisms have been reported involved in bacterial immobiliza-
tion of U, including biosorption, bioaccumulation, biomin-
eralization and bioreduction [4, 15—17]. These mechanisms
in the immobilization process is dominated by microbial
species, U forms and external environments. Biosorption,
biomineralization and intracellular accumulation might be
the main mechanisms for U removal when microorganisms
were under aerobic conditions, while bioreduction should
not be ignored for some microorganisms when they were
in anaerobic circumstances [4, 11, 14].The solubility and
mobility of U in groundwater would be greatly decreased
when soluble U(VI) were reduced to insoluble U(IV).

The formation of needle shaped U precipitates accumu-
lated in the cytoplasm have been mentioned before by several
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authors [18, 19], verifying U could be immobilized by cel-
lular uptake. Microorganisms like Serratia and Citrobacter
immobilized U by precipitation with phosphate, which was
released when they consumed phosphorous substrates using
their phosphatase activity [12, 20]. Recent study also found
that U(VI)-phosphate precipitate could be converted into
U(IV)-phosphate precipitate when U reducing bacteria coex-
isted [21].The solubility of U(IV)-phosphate precipitate in
water was much smaller, hence, more stable immobilization
form of U was created under such two coupled mechanisms.
Moreover, microorganisms could produce macromolecules
outside their cell walls, termed as extracellular polymeric
substances (EPS). As the medium between cells and sub-
stances around them, EPS would influence the behavior of
surrounding substances, especially poisonous substances
like U [22]. A large amount of U was accumulated in the
EPS of AnGS in our previous study and the roles of EPS
were multiple [23]. As described above, the mechanisms of
U immobilization using microorganisms should be various
and complicated. Non-redox processes (biosorption, biomin-
eralization and bioaccumulation) and redox processes might
be both involved, microbial cells and their EPS might con-
tribute differently to each process. Hence, so far the micro-
bial mechanisms of U immobilization have not been clearly
understood yet.

In order to understand the interactions between microor-
ganisms and U in groundwater system and finally enhance
the effectiveness of U bioremediation strategies, it is crucial
to determine the speciation and distribution of U in micro-
bial aggregates. As known, U could be present in the form
of soluble U(VI) ions, U(VI) particles or U(IV) particles
in systems like groundwater, while its forms and relevant
quantities would vary with environmental conditions includ-
ing microbial species or even different parts of microbial
aggregates. Therefore, effective fractionation and accurate
determination of U in microbial aggregates is necessary.
Shewanella putrefaciens (S. putrefaciens), a model dissimi-
latory metal-reducing bacterium, which has been known for
its diversity of metabolic system. A number of studies have
been conducted about the interactions with U and its impact
on U mobility [24, 25]. AnGS is a microbial consortium
habitat that has high anaerobic activity and good biodiver-
sity, and its enriched U(VI)-reducing microorganisms could
effectively and stably reduce U(VI) [14, 26]. In this study,
S. putrefaciens (representing the pure culture) and AnGS
(representing the mixed culture) were selected as two typical
microorganisms, and the contents and forms of U in these
two microbial aggregates were studied, to further explore
the microbial mechanisms involved in U immobilization and
the contribution of each mechanism to total U removal. This
study has important reference value for further understand-
ing the mechanism of U removal in microbial remediation
systems.
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Experimental
Cultures of S. putrefaciens and AnGS

All chemicals used in this study were analytical grade,
and all solutions were prepared using Milli-Q water. The
S. putrefaciens (CICC 22,940) used in this study was pur-
chased from China Center of Industrial Culture Collec-
tion. S. putrefaciens was cultured in sterilized medium
(tryptone, 10 g; yeast extract, 5 g; sodium chloride, 10 g;
H,0, 1 L) at 30 °C. Then, the cells were harvested by
centrifugation (6000 rpm, 10 min) after 18 h and washed
two times using bicarbonate buffer (15 mM, pH 7; adding
1.3 mM NaCl). The AnGS was obtained from a full-scale
upflow anaerobic sludge blanket reactor (Hefei, Anhui,
China) treating starch wastewater, then stored anaerobi-
cally at 4 °C. The volatile suspended solids (VSS) content
of sludge was 65% and the specific acetoclastic methano-
genic activity was 350 mg COD/g VSS/day (COD: chemi-
cal oxygen demand).

Batch experiments of U immobilization by S.
putrefaciens and AnGS

All experiments were carried out under nitrogen atmosphere.
U(VI) immobilization tests were carried out in 50-mL serum
bottles, containing 20 mL synthetic groundwater and leaving
30 mL headspace. The synthetic groundwater was prepared
following similar procedures described previously [23]. The
synthetic groundwater was boiled for 10 min, and sparged
with N, to remove dissolved oxygen. After cooling down
to room temperature, 1 g L™ NaHCO, was dosed to adjust
the pH to 7.0. Sodium bicarbonate was used as buffer solu-
tion, as well as a complexing ligand for U(VI), represent-
ing the natural water research complexed state of U in the
groundwater [11, 14]. U added in synthetic groundwater
was uranyl sulfate (UO,S0O,-3H,0, 99.99%, Hubei Chush-
engwei Chemical Co., Ltd, China). 0.27-mL aliquots from
a 2200 mg L~! stock solution were added for a final con-
centration of 30 mg L~! U(VD) in each bottle. The electron
donors and microorganisms were successively added into the
medium to their respective pre-set concentrations. The final
concentrations of S. putrefaciens and AnGS were respec-
tively 6x 10® cells mL™" and 1.3 g L™! (VSS). The elec-
tron donors for S. putrefaciens and AnGS were respectively
10 mM lactate and 10 mM acetate. Before being sealed with
butyl rubber stoppers and aluminum tearoff seals, these bot-
tled bioreactors were sparged with nitrogen again to further
remove the residual oxygen.

S. putrefaciens tests continuously ran 2 days, while
AnGS tests ran 8 days. In previous studies, 2 days and
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8 days were proved to have better removal effect on U
for S. putrefaciens and AnGS, respectively [23, 27]. Dur-
ing the running time, the temperature was controlled at
30+ 1 °C and 0.5-mL mixed solution was taken at certain
intervals. Each experiment was carried out in triplicate.

Fractionation of U in microbial aggregates

Sequential EDTA, NaHCO; and HNOj; extraction approach
was applied to fractionate the U in the microbial aggregates
in our test due to its effectiveness, whose schematic dia-
gram is shown in Fig. 1. Firstly, 0.5-mL sample was peri-
odically extracted from each test solution and centrifuged at
8000 rpm for 5 min, the centrifugation supernatant was fil-
tered through a 0.45 pm filter pinhole. Then, the pellets were
washed twice with the 100 mM anaerobic NaCl solution to
remove any loosely banded U(VI) on cell surfaces. Secondly,
the pellets were resuspended with 0.5 mL anaerobic EDTA
solution (1 mM) and sonication extraction was performed
for 10 min to extract the U in EPS. The extraction of EPS
was usually carried out in 54 mM (2%) EDTA solution, but
high concentration of EDTA solution may also complex
U(V]) in extracellular cluster aggregates. Therefore, 1 mM
EDTA solution was chosen in our experiment, mainly con-
sidering that it did not affect subsequent analysis. Thirdly,
after being centrifuged at 8000 rpm for 5 min, the residue
was resuspended with 0.5 mL anaerobic NaHCOj; solution
(100 mM) and left overnight to extract U(VI) in extracellular
cluster aggregates. As reported, | M NaHCO;was generally

—{ Supernatant (Usupematant)

used for extraction of U(VI) [28]. However, cell lysis might
be caused by 1 M NaHCO;, hence100 mM NaHCO; was
applied in this test based on consideration on extraction
efficiency and cell lysis extent. Fourthly, after being centri-
fuged at 8000 rpm for 5 min, the residue was resuspended
with 0.5 mL anaerobic EDTA solution (100 mM) for 4 h
to extract U(IV) in extracellular cluster aggregates. As a
strong complexation agent, EDTA can dissolve the U(IV)
minerals by forming U(IV)-EDTA complexes [29]. Finally,
the residue was treated with 0.5 mL HNO; (10%) for 4 h to
quantify any remaining U that was attributed to intracel-
lular accumulation. The concentrations of U in supernatant
(Usupernatant)> EPS (Ugps), NaHCOj extracts (extracellular
U(VD), Uy gx),.EDTA extracts (extracellular UIV), Uy gx)
and HNOj; extracts (intracellular U(IV), Uyy) were analyzed
by inductively coupled plasma mass spectrometry (ICP-MS)
(NEXION 350, Perkin Elmer), and all samples were acidi-
fied in 5% HNO; previously.

Analysis of U contained particles in EPS extracts
by single particle ICP-MS

The soluble and particulate U fractions in the EPS extracts
were quantified by single particle ICP-MS, and so did the
size distribution of particulate U. In the single particle
mode, the signal of the soluble uranyl ions was obviously
different from the signal of the U-containing particles. For
relatively large EPS-associated U particles (micron-size),
microporous membrane with pore size of 0.22 pm was used
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Fig. 1 Schematic diagram for analyses of U in fractionation of microbial aggregates
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to differentiate the soluble and particulate U in EPS extracts,
as this pore size was proved to be efficient to intercept min-
erals of size from several microns to tens of microns. After
extraction, the EPS samples were filtered through 0.22 pm
cellulose nitrate membranes and the initial filtrate was dis-
carded. The difference between the U content in the EPS
solution before and after filtration was evaluated to be the
mineral fraction of U in EPS (> 0.22 pm).

While for the characterization of size distribution of nano-
size U particles, a series of known diameter and particle
concentration of silver nanoparticles (Citrate NanoXact™
Silver, nanoComposix Inc.) were used as the standard par-
ticle. One colloidal particle could be ionized in the plasma
torch to be a flash of ions and displayed as the transient
signal to be detected by MS. The signal intensity presents
the particle size and the flash frequency accounts the particle
concentration.

Analytical methods

Scanning electron microscopy with energy dispersive X-ray
(SEM-EDX) and Fourier transform infrared spectroscopy
(FTIR) techniques were performed on the microbial aggre-
gates before and after reaction with U. Samples for SEM
analysis were briefly fixed in 2.5% glutaraldehyde solution
for 4 h, and washed in a phosphate buffer saline followed by
a gradual ethanol dehydration series (30%, 50%, 70%, 95%
and 100%) for 15 min in turn. Then, the samples were air-
dried and pasted on the metal stage with double-sided con-
ductive adhesive, coated with gold before analysis. Finally,
the gold-coated samples were examined on Ultra 55 SEM
coupled with Oxford IE450X-Max80 EDX. Samples for
FTIR spectra were added into KBr powder at a mass ratio
of 1:100 and grinded. After dried, a pressed pellet was made
by tablet machine. The FTIR spectra were acquired using a
Perkin-Elmer Nicolet-5700 spectrophotometer at 4.0 cm™!
resolution in the range of 4000—400 cm™".

Results and discussion
U immobilization using S. putrefaciens and AnGS

The time courses of U(VI) immobilization by S. putrefaciens
and AnGS are shown in Fig. 2. As shown, the content of U
in supernatant (Ugypermaiant)s the content of U in the microbial
aggregates (U, = Ugpg+ Uyprgx + Upyv.ex + Upy) and the
material balance of the system (Ugygem = U + Usupernatant)
at each stage of the experiment were analyzed. As time
went on, the concentrations of Ug,permaiane decreased con-
stantly, and the removal efficiency of 92.3% and 96.1%
were achieved by S. putrefaciens and AnGS, respectively.
S. putrefaciens cells were cultured to be at the exponen-
tial phase with high activity, so the trend of U removal was
almost linear during the two-day time course. While for the
AnGS, a kind of mixed culture, and taken out from the stor-
age condition of 4 °C for tests, its U reducing activity needed
to be recovered and stimulated for a period. Therefore, in
the 8-day time course, the U removal by AnGS was small
in the first day, then increased almost linearly to Day 3, and
finally tended to be stable after three days. In addition, pH in
reaction process was measured and found that pH decreased
due to the substrate consumption by microorganism. The pH
value fallen from 7.0 to 6.2 and 7.0 to 5.7 in S. putrefaciens
and AnGS test, respectively. After calculating the distribu-
tion of U(VI) species at experimental pH range by Visual
MINTEQ3.0, U(VI) precipitation could not happen abioti-
cally during the experiment.

The material balance of the two systems during the exper-
iment (U system) is also shown in Fig. 2. Results showed
that both two systems could be mass balanced. It is known
that biological system is quite complex and the material bal-
ance usually could be difficult to be very good. Since S.
putrefaciens was present as flocs, the material balance was
better. While AnGS was granules with particle size from
1 mm to 2 mm, the difficulty in homogeneity sampling of
AnGS lead to poorer balance. Whatever, the material bal-
ance is within the acceptable level in microbial system.
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,.E —* Uigga ) g 10 | —* Ugta
8 5r USYS‘G'“ P % /§ Usystem
] P 8 5¢r /
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(@] 0F «— ¥ 5] ol . +
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U speciation and distribution in microbial
aggregates

In this study, the U distribution in four fractions of microbial
aggregates, which represented four main forms by microor-
ganisms can immobilize U, was analyzed. The four fractions
are set as (1) extracellular EPS-combined U, (2) extracellular
non-reductive and mineralized U(VI) (as EPS were previ-
ously extracted, soluble U(VI) through biosorption could be
little and mainly U(VI) minerals was in 100 mM NaHCO,
extracts), (3) extracellular microbially mediated reductive
U(IV) precipitation, and (4) intracellular U. During U(VI)
immobilization process by microorganisms in all tests, the
concentration of each fraction of U (Ugpg, Uy px, Upy.px and
Uyy) as time went on was analyzed (Fig. 3 and Table 1). The
percentage value of each U fraction in the microorganisms
calculated by U/U,,, is shown in Table 2.

The first U fraction immobilized by microorganisms was
extracellular EPS-combined U. EPS were extracellular mac-
romolecule substances secreted by microorganisms, which
might play important roles in the reaction of U(VI) and
microorganisms. Under toxic conditions, microorganisms

might secrete more EPS to form a protective layer, adsorb-
ing or binding those toxic substances. The toxicity of metals
is related to the activity of free metallic ions, when metals
are complexed or adsorbed by organic or inorganic ligands,
their toxicity to microorganisms is greatly reduced [30]. As
EPS were the first barrier facing U(VI) before U(VI) diffus-
ing through EPS and reacting with cells, the ability to accu-
mulate U should be one of the important properties for EPS
[17]. It can be seen in Fig. 3 that EPS had accumulated a
large amount of U in this experiment. As for S. putrefaciens
and AnGS, the contribution of EPS to U(VI) immobiliza-
tion were respectively 11.8+1.1% and 8.8 +1.1% (Table 2)
at the end. Similar effects have been reported in studies on
metal ion immobilization [22]. Approximate contribution of
EPS to U removal has been achieved in our previous study
using AnGS [23], though different methods were applied to
extract EPS. Overall, a small percentage of U was indeed
accumulated in EPS. Details about the species of U in EPS
were discussed below.

The second U fraction immobilized by microorganisms
was extracellular non-reductive U(VI) mineralization, which
was shown as Uy gx in Fig. 3. The non-reductive U(VI)

Fig.3 The concentrations of 14 20 =
1 —~ U(Vl)in EPS —~ U(V1)in EPS
UEPS’ UV]-].EX7 UIV-'E_X and LIINlrl ‘T_l 126 a D) :: extracellular cluster aggregates ‘T_l b JU(VI) !n extracellular cluster aggregates
the U(VI) immobilization pro- = N U(IV) in extracellular cluster aggregates o 16 Y U(IV) in extracellular cluster aggregates
cess by S.putrefaciens (a) and € 10l m Intracellular accumulation 1 £ m Intracellular accumulation
AnGS (b) =1 = % i
5 8f 2 5 12
c c
o o
= 6 = 8t
o =
g 40 5 - .
g g 4
2r % o
: I A i
0 4 8 20 28 44 0 0.3 1 2 3 6 8
t(h) t(d)
Table 1 The U fractions -
Test Time  Ugps Uvrex Uvex Un

and their contents in the S.
putrefaciens and AnGS

Content (mg L™

Content (mg L™!)  Content (mg L™!)  Content (mg L)

S. putrefaciens 0 0.086+0.005 0.44+£0.046 0.055+0.014 0.023+0.003
4h 0.093+£0.012 0.86+0.31 0.070+0.011 0.029+0.010
8h 0.17+0.015 2.17+0.28 0.15+0.021 0.038+0.010
20h 0.46+0.0016 4.64+0.69 1.14+0.49 0.98+0.73
28 h 0.80+0.10 8.40+0.64 1.59+0.58 1.15+£0.25
44 h 2.08+0.20 10.08 +1.48 2.21+0.62 3.19+£0.98

AnGS 0 0.053+0.005 0.52+0.068 0.051+0.011 0.027 +0.005
03d 0.063+0.008 0.79+0.36 0.057+0.016 0.028+0
1d 0.089+0.009 1.05+0.48 0.21+0.099 0.064+0.014
2d 0.48+0.39 5.4+0.38 1.41+0.17 0.255+0.095
3d 1.32+0.28 13.2+1.36 5.24+1.02 1.09+0.057
6d 1.66+0.007 13.5+1.04 5.77+0.46 1.39+0.41
8d 2.40+0.31 16.6+1.16 5.94+0.35 2.25+0.086
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Table2 The U fractions and
their percentage in the S.
putrefaciens and AnGS

Test Time

Un
Fraction (%)

Ulv.ex
Fraction (%)

UyLex
Fraction (%)

Ukps
Fraction (%)

S. putrefaciens 0
4h
8h
20h
28 h
44 h

AnGS 0
03d
1d
2d
3d
6d
8d

14.1+0.9 73.0+£7.7 9.1+24 3.7+0.6
8.8+1.2 81.8+29.4 6.6+1.0 2.7+£09
6.9+0.6 85.7+11.2 5.9+0.8 1.5+0.3
6.4+0.02 64.2+9.5 15.7+£6.7 13.5+£10.1
6.4+0.8 70.3+£5.3 13.3+4.8 9.7+2.1

11.8+1.1 57.4+8.4 12.5+£3.5 18.1£5.5
9.0+0.8 79.1+10.3 7.6+£1.6 4.1+0.8
6.7+0.8 84.2+38.4 6.0+£1.7 2.9+0.02
6.2+0.6 74.4+34.4 14.7£7.0 45+1.0
6.4+5.1 71.5+£5.0 18.6+£2.3 33+12
63+13 63.2+6.5 25.1+4.9 52402
7.4+0.03 60.5+4.6 257720 62+1.38
8.8+1.1 61.1+4.2 21.8+12 82+0.3

mineralization represented the process that U(VI) immobi-
lized by microorganisms but not receive electrons, involving
biosorption (U(VI) adsorption by microorganisms and bind-
ing in the functional group of bacteria) and mineralization
(U(VI) mineralized with enzymatically-generated ligands
due to a phosphatase activity). It can be seen that non-
reductive U(VI) mineralization was the main mechanism
of microbial immobilization of U. Since the cell surface,
including cell wall, directly contacted with the environment,
the charged groups within the surface layers were able to
interact with ions or charged molecules present in the exter-
nal milieu. Under neutral conditions, the speciation of U(VI)
was dominated by stable complexes such as hydroxides or
carbonates [17]. Based on thermodynamic simulation, ura-
nyl hydroxide, uranyl carbonate and calcium-U carbonate
species could form stable surface complexes on microbial
cells [31]. In addition of functional groups, phosphatase also
played an important role in the microbial non-reductive min-
eralization of U [32]. Over expression of bacterial phos-
phatase induced by heavy metal stimulation could be used
as a detoxification mechanism of bacteria themselves. The
intracellular phosphatase could produce phosphates under
the stimulation of U(VI), thus promoting better fixation of
U, which could reduce the toxicity of U(VI) to cells. Islam
et al. [33] isolated a variety of bacteria from U mines and
studied their interaction with U, and found that most of them
could immobilize U into U phosphate compounds or ura-
nyl phosphate hydrates in phosphorus-free solutions. It was
hypothesized that these bacteria might induce the immobi-
lization of uranyl ions by increasing the concentration of
surrounding phosphate under the action of phosphatase.
Therefore, the U(VI) in the extracellular cluster aggregates
in this study might mainly be composed of uranyl carbonate
and uranyl phosphate complexes. Under the experimental
conditions in this study, the contributions of non-reductive

@ Springer

mineralization to U(VI) immobilization of S.putrefaciens
and AnGS were 57.4+8.4% and 61.1 +4.2% (Table 2) at
the end, respectively.

U,v.px concentrations in Fig. 3 represented the micro-
bially mediated reductive precipitation of U(VI) to U(IV).
Bioreduction mainly refers to the reduction of soluble U(VI)
to insoluble U(IV) through special enzymatic action of
microorganisms under anaerobic conditions [15]. S. putre-
faciens could use U(VI) as the terminal electron acceptor of
energy metabolism. AnGS had highly specific microbial bio-
diversity that was capable of U(VI) bioreduction [14]. Biore-
duction could be influenced by environmental factors. Some
coexisting ions such as Ca**, Mg?*, CO;>~ and NO;~ have
been reported to have obvious inhibitory effect on U reduc-
tion by microorganisms [34, 35]. The contents of U(IV) in
S. putrefaciens were from the initial 0.055+0.014 mg L™!
to the last 2.21 +0.62 mg L™!(Fig. 3a and Table 1), and in
the AnGS from 0.051 +0.011 to 5.94 +0.35 mg L' (Fig. 3b
and Table 1). Results showed that S. putrefaciens and AnGS
had the ability to reduce U(VI), and the maximum contribu-
tion of reduced U(IV) to total U removal by S. putrefaciens
and AnGS under ambient conditions were 12.5+3.5% and
21.8+1.2% (Table 2) at the end, respectively. Notably, the
proportion of biological reduction for S. putrefaciens was
relatively small, probably because the presence of bicarbo-
nate ions inhibited or significantly decreased the bioreduc-
tion of U(VI) by microorganisms [36].

U,y concentrations in Fig. 3 represented the intracellu-
lar accumulated U in microorganisms. It can be seen from
Table 2 that the contribution of intracellular accumula-
tion to total U removal by S. putrefaciens and AnGS was
respectively 18.1 +£5.5% and 8.2+0.3% at the end. Unlike
essential metals such as iron, zinc and manganese, which
are accumulated intracellularly through metabolic systems.
Some studies have found that the accumulation of U inside
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microorganisms was due to the increased membrane per-
meability caused by the toxicity of U, and the chelation of
polyphosphate with U inside microorganisms [37].

During U(VI) immobilization process by microorganisms
in all tests, U(IV)/U(VI) ratios were calculated, and varia-
tions of which in microbial aggregates during the process are
shown in Fig. 4. In all tests with U(VI) added, UIV)/U(VI)
ratios decreased after reaction, then gradually increased as
time went on. The ratios of U(IV)/U(VI) in AnGS were rela-
tively higher than that in S. putrefaciens, which may be that
there were many kinds of U reducing bacteria in AnGS. The
AnGS was taken out from the storage condition of 4 °C for
tests, its U reducing activity needed to be stimulated for a
period, resulting that the ratios of U(IV)/U(VI) were similar
to S. putrefaciens in the first 1 d. After 1 d, the reduction of
U(VI) to U(IV) increased rapidly. Taken results of UIV)/
U(V]) ratios, it could be concluded that most U(VI) was
combined to microorganisms through adsorption or compl-
exation before reduction to UIV) and U(VI) immobilization
was much faster than U(VI) bioreduction.

Contents and forms of U in the EPS

Fractions of soluble and particulate U in EPS, and also size
distribution of particulate U are shown in Table 3 and Fig. 5.
The forms of U in EPS of S. putrefaciens and AnGS dis-
played different characteristics. For S. putrefaciens, more

than 35% of U was present as soluble ions in the whole
process, and this fraction could be over 50% in the initial
4 h. While U in the EPS of AnGS was mainly present in the
form of nano-sized particles, accounting for over 80% nearly
all the time (Table 3). Both fractions of soluble U in EPS
for S. putrefaciens and AnGS were significantly increased in
the initial stage of the reaction and then gradually decreased
over time. This phenomenon demonstrated that mainly
biosorption of uranyl ions by EPS occurred in the initial
period and then the soluble ions would be consumed to form
U particles. Results showed that U immobilization in EPS
mainly through biosorption for S. putrefaciens, while mainly
bioprecipitation for AnGS. The presence of higher density
of ions like phosphorus in the EPS of AnGS might promote
the formation of U precipitates.

The particle size distribution of U in EPS varied with
time. U particles in EPS of S. putrefaciens gradually formed
and grew larger over time, with concentrations increasing
from 4 766 +278 parts mL~! to 84 000+ 3 784 parts mL ™!
and mean size from 11.4+0.9 to 163.1 +£5.8 nm (Table 3
and Fig. 5a, b). U particles in EPS of AnGS increased
from 35 300+ 1 357 parts mL~! to 232,698 +7 445 parts
mL~!, and the mean size increased from 16.7 + 1.0 to
128.44+4.2 nm (Table 3 and Fig. 5c, d). Results of the mean
size of U particles in S. putrefaciens and AnGS tests were
analyzed using analysis of variance (ANOVA) method.
According to ANOVA analysis, insignificant difference is

Fig.4 Variations of ratios of 0.4
UIV)/U(V]) in the time course a o5+ b
of U(VI) immobilization by —_ —~ %
S.putrefaciens (a) and AnGS (b) % 0.3 % 04} ;
5 % =
5 02t =1 %
5 S 0.2
he] +E g8
T 01} g
4 i : T o1t 3
'
00 1 1 1 1 1 1 00 1 1 1 1 1 1 1
0 4 8 20 28 44 0 0.3 1 2 3 6 8
t(h) t(d)
Table 3 .Fractions of sqluble Test Time Soluble (%) Particulate (%) Mean size (nm) Particle concentra-
and particulate U and size tion (parts mL~")
distribution of particulate U
in EPS extracts detected by S. putrefaciens 0 537432 46.3+2.7 114209 4766 +278
ICP-MS (diluted 20 times) 4h 84.5+5.1 155409 84.1437 3072+ 160
20h 49.0+£3.0 51.0+4.2 1322+6.2 71,240 +4421
44 h 36.4+1.3 63.6+5.1 163.1+£5.8 84,000 +3784
AnGS 0 852+1.4 91.5+3.6 16.7+1.0 35,300+ 1357
1d 204+1.0 79.6+4.9 61.8+3.2 18,686 +2870
3d 14.1+0.8 859+5.3 109.7+2.9 71,783 +3895
8d 8.98+0.8 91.0+3.5 128.4+4.2 232,698 +7445
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present in the U particle size of EPS between S. putrefa-
ciens and AnGS (P=0.432> 0.05). Especially, in the initial
stage of U(VI) immobilization by the two microbial aggre-
gates, the amounts of U particles in EPS decreased and the
mean diameter increased with only a little increase in the
U content in EPS, demonstrating that smaller U particles
aggregated and grew larger. This result was consistent with
the previous results of EPS content determination, indicat-
ing that U accumulated in EPS over time. As reported by
Jroundi et al. [38], U could precipitate in cell walls and EPS
of Myxococcusxanthus.

Above results indicated that after the reaction with U(VI),
both EPS of S. putrefaciens and AnGS were enriched with
uranyl ions and U(VI) minerals. Biosorption and biominer-
alization were confirmed to be involved in the U(VI) immo-
bilization by EPS.

Microscopic analysis of microbial aggregates

In order to further verify the accumulation of U in microbial
aggregates, the morphologies and elements of S. putrefa-
ciens and AnGS before and after exposure to U(VI) were
analyzed by SEM coupled with EDX (Fig. 6). As shown, the
S. putrefaciens cells were round, smooth and well-formed
before reaction with U(VI) (Fig. 6a), while their surface
shrinked after reaction with U(VI) (Fig. 6¢). Many particles
were found to be deposited on the surface of cells, which
were confirmed to be U particles (Fig. 6d). These U particles
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may form by precipitation with phosphate groups released
by cells. As reported by Vaideeswaran et al. [15], inorganic
phosphate was released by cells, providing ligands for for-
mation of insoluble U(VI) phosphates. Moreover, much EPS
were produced after reaction with U and obviously observed
coating on the surface of cells, which might explain the sig-
nificant U immobilization by EPS (Fig. 3).

The SEM images of AnGS before and after U(VI) reac-
tion are shown in Fig. 6e and g. Notably, the surface of
AnGS was rough and irregular, and EPS were found coat-
ing on the surface of microorganism and filling in the gaps
of microorganism (Fig. 6¢). It can be seen in Fig. 6g that
the surface of AnGS looks more smoother after reaction,
and much EPS were produced on the surface of microorgan-
ism. This mainly might be due to the large secretion of EPS
when facing high concentration of U(VI), which changed its
surface morphology. There was no element U in the AnGS
before reaction (Fig. 6f), but the absorption peak of element
U appeared after reaction (Fig. 6h), indicating that a large
amount of U were immobilized by AnGS.

FTIR analysis

FTIR was used to characterize the functional groups of
microorganisms with scanning range of 400-4000 cm™".
The FTIR spectra of S. putrefaciens and AnGS before
and after reaction with U(VI) is shown in Fig. 7. The
main functional groups and peaks of FTIR analysis were
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Fig.6 SEM-EDX spectra of
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according to literatures [27, 39] and shown in Tables 4 and 1535cm™!, 1401 cm™' and 615 cm™, respectively (Table 4).
5. As shown, some FTIR peaks of S. putrefaciens moved ~ The 1049 cm™! absorption band intensity weakened after
after their reaction with U(VI). The peaks at 2928 cm™!,  reaction, indicating a coordination of uranyl to phos-
1545 cm™', 1407 cm™" and 559 cm™! shifted to 2923 cm™!,  phoryl groups. These changes should be attributed to the
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Fig.7 FTIR spectra of S. putre-
faciens (a) and AnGS (b) before
and after reaction with U(VI)

3412,

N
-
<

L@

before

after

<
I}
S
3}
N

b

before

@
1 1D

4000 3500

3000 2500 2000 1500 1000

wavenumber(cm™")

500 4000 3500 3000 2500 2000 1500 1000 500

wavenumber(cm™)

Table 4 FTIR analysis of S. putrefaciens before and after reaction with U(VI)

Wavenumber before reac-

Wavenumber after reaction Wavenumber range

Major functional groups

tion (cm™") (cm™) (cm™)
3412 3411 3700-3000 Stretching vibrations of -OH and -NH,
2928 2923 3000-2900 C-H stretching vibration of methylene (-CH-)
1656 1657 1680-1630 Amide I, carbonyl (C=O0) stretching vibration
1545 1535 1630-1540 Amide II, C-N stretching vibration, N-H bending vibration
1407 1401 1500-1250 Deformation vibrations of -OH
1050 1049 1200-850 Phosphate asymmetric and symmetric stretching bands
916 Asymmetric stretching vibration of uranyl ions
559 615 <800 Sstretching vibration of -C-X

Table 5 FTIR analysis of AnGS before and after reaction with U(VI)

Wavenumber before reac-

Wavenumber after reaction Wavenumber range

Major functional groups

tion (cm™!) (cm™) (cm™)

3411 3390 3700-3000 Stretching vibrations of -OH and -NH,

2925 2926 3000-2900 C—H stretching vibration of methylene (-CH-)

1647 1649 1680-1630 Amide I, carbonyl (C=0) stretching vibration

1546 1536 1630-1540 Amide II, C-N stretching vibration, N-H bending vibration
1403 1423 1500-1250 Deformation vibrations of -OH

1049 1050 1200-850 Phosphate asymmetric and symmetric stretching bands

574 565 <800 Stretching vibration of -C-X

interactions of groups on S. putrefaciens and the uranyl ions.
The appearance of new peak at about 916 cm™! was assigned
to the asymmetric stretching vibration of uranyl ions, which
indicated that the uranyl ions were successfully chelated
by S. putrefaciens [40]. In summary, the changes of peak
position demonstrated that there were strong coordination
interactions between uranyl ions and carboxyl, phosphoryl
and amide groups on the S. putrefaciens surface. Similarly,
peaks of AnGS also moved after their reaction with U(VI)
(Fig. 6b). Peaks at 3411 cm™!, 1546 cm™, 1403 cm™! and
574 cm™' shifted to 3390 cm™', 1536 cm™, 1423 cm™' and
565 cm™!, respectively (Table 5). The 1049 cm™! absorption
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band intensity enhanced after reaction, indicating a coor-
dination of uranyl to phosphoryl groups. In the process of
interactions between U and AnGS, carboxyl, phosphoryl and
hydroxyl were the main reaction sites.

U immobilization mechanisms

Above results showed that the mechanisms of microbial
immobilization of U were complex. Certain U in solution
could be immobilized rapidly by the surface of cells and
EPS, which contained numerous functional groups. Then,
with its metabolism, such as enzymatic action, uranyl ions
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were transformed into relatively stable states. In this study,
four ways should be involved in the microbial immobiliza-
tion of U, including the biosorption/complexation of soluble
U by EPS and microbial cells (e.g. UO,**, UO,(CO5)3 etc.),
the formation of U(VI) precipitation through non-reductive
biomineralization by EPS and microbial cells (e.g. U(VI)-
phosphate precipitation, U(VI)-carbonate precipitation),
bioreduction of soluble U(VI) to U(IV) precipitates (UO,,
or even U(IV)-phosphate) by EPS and microbial cells, and
the intracellular accumulation of U. In addition, due to the
special environmental geochemical characteristics of U(VI),
some coexisting ions, such as metal ions and anions, also
had certain effects on microbial immobilization of U. This
study explored the speciation and distribution of U in micro-
organisms in the presence of carbonate, and these informa-
tion of U in microorganisms under other conditions needs
further study.

Implications of this work

The present work clarifies the interactions between the two
different microbial aggregates and U, and the overall results
suggest high U accumulation. The real applicability of the
studied microorganisms in bioremediation processes should
be evaluated in future, and then further management of
microorganisms loaded with U also should be paid attention.
Inorganic acid solution would be capable of effectively strip-
ping the immobilized U from the microorganisms. Safety
of the waste biomass and recovery of the loaded U could be
both achieved.

A lot of studies have been reported about the remediation
of a single radical element pollution in groundwater, while
relatively little information is available on the remediation of
multiple radionuclide pollution. Actually, thorium is also an
important natural radioactive element in nature, which could
form compound pollution with U in the environment. Previ-
ous investigations have shown that different kinds of micro-
organisms have excellent accumulation properties for tho-
rium in groundwater [41]. The presence of thorium or other
nuclides may affect the immobilization of U by microorgan-
isms. Further work is needed to investigate the immobiliza-
tion behavior of various nuclide ions by microorganisms.

Conclusions

The results presented here reported the speciation and dis-
tribution of U in microbial aggregates and the contribu-
tion of different mechanisms to U immobilization. Results
showed that the interaction between microorganisms and
U(VI) was complex. Non-reductive biomineralization was
the main mechanism of microbial immobilization of U, and
its maximum contribution to U removal by S. putrefaciens

and AnGS were 57.4 +8.4% and 61.1+4.2%, respectively.
As well, the contributions of EPS, bioreductive and intra-
cellular accumulation could not be ignored. Both soluble
and particulate U was detected in EPS analyzed by single
particle ICP-MS, confirmed that biosorption and biomin-
eralization occur in the process of U(VI) immobilization
by EPS. In addition, SEM—EDX analysis showed that the
presence of high content of U might promote the secretion
of EPS and U subsequently combined to the released EPS
to form U particles. FTIR analysis further demonstrated that
uranyl ions were bonded to different functional groups of
microorganisms. Overall, our results provided new insights
into understanding and utilizing different mechanisms of
microbial removal of U.
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