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a b s t r a c t

In this paper, we systematically investigated the influence of some selected ligands on the U-phosphate
precipitation induced by soil bacteria. These organics are widely ranging from acetate, lactate, salicylate
and citrate to oxalate. The results revealed that uranium could be biomineralized on bacteria as
UO2HPO4$4H2O or (UO2)3(PO4)2$4H2O. The influence of organic ligands on the biomineralization had
clear-cut correlations with its complexation abilities to uranyl. It was clearly found that the U-phosphate
biomineralization was affected noticeably by the strong ligands (oxalate and citrate). Further study
discovered that when the organic ligands were uncompetitive with biotic PO4

3� for uranyl, the trans-
formation of uranyl species from b-UO2(OH)2 colloidal particles to free UO2

2þ-ligands ions could facilitate
the U-phosphate biomineralization. However, when the organic ligands competed with biotic PO4

3� for
uranyl, the U-phosphate biomineralization were inhibited. Our results highlight the importance of
complex interactions of strong organic ligands with uranyl during the bacterial precipitation of UeP
compounds and thus for the mobilization and immobilization of radio-nuclides in the nature.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

As a common toxic radioactive element, uranium has a complex
geochemistry and can form a large number of chemical species. The
uranium was oxidized as UO2

2þ under usual environmental condi-
tions [1e3], which was soluble and easy to migrate in the soil and
groundwater. The migration behavior of UO2

2þ can be tuned by
multiple factors, including pH, cation, anion, and inorganic or
organic matters. As one of the commonest types of abundant
organic matter in the environment, microorganisms could interact
with uranyl by such mechanisms as biosorption [4e6], bio-
accumulation in the cell [7,8], bioreduction [9e11] and biominer-
alization [12e14]. Among these mechanisms, U-phosphate
biomineralization has received extensive attention [12,14e18].
Uranium-phosphate biomineralization may be very common.
Approximately 80% soil microbes have the ability to transform the
organophosphates to inorganic phosphate via phosphatase activity,

and U(VI) could be transformed to sparingly soluble and stable
phosphate minerals over a broad range of pH and redox conditions
[19,20]. On the other hand, bio-precipitation of uranium into stable
U-phosphate precipitate can offer a long-term sink for uranium
[21,22]. This process may have the potential to be a promising
candidate in the bioremediation process in anaerobic conditions.

The first biomineralization of uranium was observed on Cit-
robacter sp [23]. in 1992. Since then many microorganisms,
including Aspergillus niger [12], Paecilomyces javanicus [12], Rho-
danobacter A2-61 [14], Pseudomonas aeruginosa [15], Acinetobacter
sp. [16] and Saccharomyces cerevisiae [17], have been confirmed
with significant abilities to mineralize uranyl. Moreover, the bio-
mineralization was proven to be involved in a phosphatase medi-
ation process [18], and the glycerol-2-phosphate, glycerol-3-
phosphate, tributyl phosphate, phytic acid and fructose-1,6-
bisphosphate could be used as the organic phosphorus and
decomposed into phosphate by the cells [14,18,20,24]. Additionally,
many byproducts, such as NH4UO2PO4, Hn(UO2)n(PO4)n$xH2O
(n ¼ 1 or 2), metaankoleite or potassium uranyl phosphate hydrate
[12,20,25,26], were obtained during this biomineralization process.

The U-phosphate biomineralization is largely affected by the
environmental factors, such as pH [20], carbonate [27] and NH4

þ
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[26]. For example, uranyl can be precipitated by phosphate as
UO2HPO4:4H2O or (UO2)3(PO4)2$8H2O, which depends on the dis-
tribution of uranyl and phosphate species at different pH [28]. The
carbonate has an obvious impact on U-phosphate biomineraliza-
tion in alkaline conditions, due to the complexation of carbonate
with uranyl as UO2(CO3)22� or UO2(CO3)43�, and the affinity of CO3

2�

with UO2
2þ, which is higher than PO4

3� [27,29,30]. NH4
þ can complex

with UO2
2þ as well as PO4

3� and formNH4UO2PO4, which has a lower
solubility than HUO2PO4 and NaUO2PO4 [31], promoting the pre-
cipitation of uranyl [26]. In addition, organic matters can also in-
fluence the behaviors of uranium by complexing with uranyl as
stable UO2

2þeorganic ligand complexes [30,32]. These effects on U
bio-uptake, biosorption and bioreduction have been investigated in
previous reports [33e36]. For example, uranyl uptaked by
R. arrhizus was appreciably inhibited by EDTA, not by glutamate
[33]. More recently, uranyl biosorption by R. oligosporus was found
to be increased by oxalate [34], and its reductionwas promoted by a
monodentate organic ligand whereas it was suppressed by multi-
dentate ligands [35]. The U(VI) is more accessible as an electron
acceptor via complexation with citric acid [36].

Microbial mineralization is one of the important interaction
mechanisms between microbe and uranium, while organic matter
is an important part of nature. Therefore, it is necessary to study the
mineralization and deposition of uranium by microorganisms in
the presence of organic ligands. However, the effects of organic
matter on the interaction between microorganisms and uranium
are mainly focused on bio-adsorption and bio-reduction reactions
so far. In this paper, the influence of organic ligands on UeP bio-
mineralization by a soil bacterial strain was investigated in the
presence of acetate, lactate, salicylate, citrate and oxalate. Addi-
tionally, the pH values as well as the coordination ability and
concentration of organic ligands were taken account. Our research
is helpful to better understand the natural U-phosphate biomin-
eralization behavior.

2. Materials and methods

2.1. Organisms and culture medium

The bacterial strain used in our study was collected and desig-
nated as Bacillus sp. dw-2 in our previous study [37e41]. The beef
extract peptone fluid medium employed to culture the Bacillus sp.
dw-2 consists of (L�1 pure water): 3.0 g beef extract, 10.0 g peptone
and 5.0 g NaCl. The uranyl nitrate and sodium glycerophosphate
(SGP) were dissolved separately in pure water, sterilized by mem-
brane filtration (0.22 mm pore diameter) and added to the auto-
claved beef extract peptone fluid medium (121 �C, 20 min) to give a
final concentration of 200 ppm for UO2

2þ and 20 mM for SGP. Then,
the calculated quantities of autoclaved acetate, lactate, salicylate,
citrate or oxalate was added to the culture mediumwith UO2

2þ and
SGP. Finally, the pH of the obtained culture was adjusted to the set
value (5.50 ± 0.05, 7.00 ± 0.05 and 8.50 ± 0.05) with as-prepared
sterile 1M NaOH solution.

2.2. Examination of biominerals

The microstructure and composition of the bacteria with
precipitated U(VI) were characterized with scan electron micro-
scopy (SEM, S-4800, Hitachi, Japan) and energy dispersive X-ray
spectroscopy (EDX), and the crystal structure was confirmed by X-
ray diffraction (XRD, Empyrean, PANalytical B.V, Netherlands).

The bacteria with U(VI) precipitates were harvested by centri-
fuging at 5000 rpm for 5 min, and then the bacterial pellet was
washed twice with 0.1 M NaCl. A small pieces of the bacterial pellet
was taken from the margin of the pellet and fixed overnight at

room temperature in 2.5% (v/v) glutaraldehyde in PIPES buffer (1,4-
piperazine N,N’ bis (2-ethane sulfonic acid), 5 mM, pH 6.5). Then,
the samples were washed twice in 5 mM PIPES buffer and dehy-
drated through a graded ethanol series (50%, 60%, 70%, 80%, 90%
and 100% (v/v)) for 30 min. Finally, the resultant samples were
dried using liquid CO2 at critical point.

The bacterial pellet was also freeze-dried (�50 �C, 20 Pa) for 2
days and ground into a fine powder in an agate mortar. The crystal
structure of the resulted powder was confirmed by XRD analysis
with Cu-Ka radiation operating at 2.2 kW. The step size was
0.02626�, and the diffraction pattern was recorded from 8 to 60�.

2.3. The quantification of uranyl

Uranium concentration was analyzed by UVeVis spectropho-
tometer with Arsenazo (III) as the complexing agent. In brief, the
method involved the addition of 1 mL of supernatant into volu-
metric flask of 25mL, then adding 5mL of chloroacetic acid-sodium
acetate (CH2ClCOOHeCH3COONa) buffer and 1 mL of 0.06%
Arsenazo (III). After 10 min, the absorbance at 651 nm was
measured by UVeVis spectrophotometer (UV-2450, SHIMADZU,
China).

2.4. Effect of enzyme inactivation on UeP biomineralization

Sodium Dodecyl Sulfonate (SDS) treatment: 1 g bacterial cells
were added to 20 mL 0.5% SDS, and reacted for 4 h. Then the cells
were washed with distilled water for 3 times.

Heat treatment: 1 g bacterial cells were treated in denatural-
ization at 100 �C for 10 min, and then washed with distilled water
for 3 times.

The SDS or heat treated bacterial cells (0.5 g) were added into
the culture solution with 0.75 mM U(VI) and 20 mM SGP for 48 h.
The residual U(VI) concentration in the solutionwasmeasured after
centrifugation.

2.5. Geochemical behavior of uranium simulation with PhreeqC

The distribution of U-species complexes in the system with
uranium, phosphorus and organic ligands was calculated with
geochemical software [Phreeqc, Ver. 3 [42]] to produce a
geochemical model for the biotransformation of uranyl phosphate.
The uranyl species plots on pH and the predominance diagrams of
uranyl species on pH-Eh were realized with Phreeplot (graphic
supporting software for Phreeqc) [43].

The available database was llnl. dat, being taken from ‘ther-
mo.com.V8. R6.230’ prepared by Jim Johnson at Lawrence Liver-
more National Laboratory. Critically selected stability constants for
uranyl-ligands complexes (listed in Table 1) were used in our
calculation process.

3. Results

3.1. The change of uranium concentration

The change of uranium concentration in the culture solution
was illustrated in Fig. 1. According to these results, the uranium
concentration showed no remarkable changes in the uninoculated
system, but it gradually decreased with the increase of incubation
time in the inoculated system, which suggested that the microbial
activities were essential during the biomineralization process.
Moreover, when the Bacillus cells were heated or SDS treated to
inactivate enzymes, the ability to precipitate the uranyl was
markedly reduced. These results indicated that enzymatic reaction
of Bacillus sp. played an important role during the
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biomineralization process.
After heat or SDS treatment, phosphatase was inactivated and

microbial cells lost the ability to decompose organic phosphorus.
The main mechanism to immobilize uranium was biosorption,
which was mainly affected by functional groups. That may explain
that despite the different methods of enzyme inactivation, the
changes of uranium concentration were similar for the culture so-
lution with heat or SDS treated Bacillus cell.

3.2. U-phosphate biomineralization under natural conditions

The Bacillus strains were harvested after being incubated in the
beef extract peptone fluid medium with 20 mM SGP, 200 ppm
(approximately 0.75 mM) UO2

2þ and 10 mM organic ligands at 37 �C
for 2 days. According to the SEM images (Fig. 2), there were
mineral-like phases on the Bacillus sp., which presented as a
schistose aggregated structure in the oxalate system (Fig. 2f) and
small particles in the other systems (Fig. 2aee).

The element composition of the mineral-like phase was
confirmed by SEM-EDS, as shown in Fig. 3. The selected area con-
sisted of amounts of carbon (56.41 at%) and oxygen (18.61 at%),
which were principally originated from organism, and the

considerable silicon came from the silicon substrate. In addition,
considerable amounts of uranium (1.96 at%) and phosphorus
(1.47 at%) were also detected. All of this indicated that the forma-
tion of the mineral-like phases might result from the uranium-
phosphate precipitation.

The samples were further characterized by XRD (presented in
Fig. 4), most of the diffraction peaks could be indexed with some U-
phosphate minerals with P4/ncc, including uramphite [50], uranyl
phosphate hydrate [51], uranyl hydrogen phosphate hydrate [52].
And a small amount of Na-autunite [53] with P4/nmm, such as
potassium uranyl phosphate hydrate [54] and synthetic cherniko-
vite [55], were also detected.

The crystallinity of the secondary minerals can be estimated
according to the shape of the diffraction peaks. In general, the
sharper the diffraction peaks, the larger the crystallinity [56]. In this
sense,10mMoxalate had obvious effect on the crystallization of the
U-phosphate byproducts, while less crystallinity was caused by the
other organic ligands.

3.3. U-phosphate biomineralization under acidic and alkaline
conditions

The U-phosphate biomineralizationwas also investigated under
acidic (initial pH ¼ 5.5) and alkaline (initial pH ¼ 8.5) conditions,
and then the samples were characterized by SEM, EDS and XRD for
initial pH ¼ 5.5 and 8.5, respectively.

Under the acidic environment, except the oxalate, other samples
had broad peaks located at approximately 18.1�, 25.9� and 41.2�

(Fig. 5). These results agreed with the (110), (200) and (311) peaks
of uranyl phosphate hydrate [(UO2)3(PO4)2$4H2O] or Na-autunite
[NaUO2PO4$3H2O] [51,53]. It suggested that uranium could be
precipitated as an amorphous state by biotic phosphate in these
systems (except the system with oxalate). These results are
consistent with those of SEM(Fig. 6aee) and EDS(Fig. S1 in Sup-
porting Information), in which there were many mineral-like de-
posits on the surface of microorganisms, and the contents of
uranium and phosphorus in mineral-like phase were obvious.
However, when the oxalate was introduced into the culture me-
dium, the broad diffraction peaks of UeP minerals disappeared and
were replaced by a dissemination peak approximately 20�,
revealing that the oxalate hindered the formation of UeP pre-
cipitates. Moreover, this inference was confirmed by its SEM image
(Fig. 6f) and EDS (Fig. S1b), in which no sediments were observed
on the surface of microorganisms and no uranium was detected in

Table 1
The critically selected stability constants for uranyl-ligands complexes.

Ligands Reaction log K References

Lactate Lactate� þ UO2
2þ ¼ UO2Lactateþ 2.68 [44]

2 Lactate� þ UO2
2þ ¼ UO2(Lactate)2 4.55

3 Lactate� þ UO2
2þ ¼ UO2(Lactate)3- 5.61

Salicylate HSalicylate� þ UO2
2þ ¼ UO2HSalicylateþ 1.42 [45]

Salicylate2� þ UO2
2þ ¼ UO2Salicylate 13.12

Oxalate Oxalate2� þ UO2
2þ ¼ UO2Oxalate 6.31 [46,47]

2 Oxalate2� þ UO2
2þ ¼ UO2(Oxalate)22- 11.21

3 Oxalate2� þ UO2
2þ ¼ UO2(Oxalate)34- 13.8

3 Oxalate2� þ 2 UO2
2þ ¼ (UO2)2(Oxalate)32- 18.5

5 Oxalate2� þ 2 UO2
2þ ¼ (UO2)2(Oxalate)56- 28.5

Oxalate2� þ UO2
2þ þ 3H2O ¼ UO2Oxalate:3H2O(s) 7.72

Acetate Acetate� þ UO2
2þ ¼ UO2Acetateþ 3.03 [48]

2 Acetate� þ UO2
2þ ¼ UO2(Acetate)2 5.57

3 Acetate� þ UO2
2þ ¼ UO2(Acetate)3- 7.25

Citrate Citrate3� þ UO22þ ¼ UO2Citrate- 7.4 [49]
2Citrate3� þ 2UO2

2þ ¼ (UO2)2(Citrate)22- 18.87
HCitrate2� þ UO2

2þ ¼ UO2HCitrate 5.0

Fig. 1. The change of uranium concentration in the uninoculated/inoculated culture
solution and in the systems with heat or SDS treated Bacillus cell.
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the samples.
According to the XRD patterns of samples cultivated in alkaline

conditions (Fig. 7), the uranyl could be bio-mineralized with or
without these ligands. 10 mM of acetate, lactate or salicylate had
small effect on the U-phosphate biomineralization, whereas the
addition of oxalate or citrate sharpened the diffraction peaks. It is
revealed that the oxalate or citrate could promote the growth of the
mineral grains in an alkaline condition.

The UeP precipitates were also observed via SEM (Fig. 8) and
EDS (Fig. S2), and the precipitates were schistose aggregated in the
presence of 10 mM oxalate or citrate. A particle-stacking charac-
teristic was observed when 10 mM of acetate, lactate or salicylate
was introduced.

3.4. The influence of the concentrations of organic ligands on the U-
phosphate biomineralization

For a further research, the uranyl was precipitated by the biotic
phosphate under variable concentrations of ligands, as shown in
Fig. 9. For the precipitates obtained from the systems with acetate,
lactate or salicylate, the intensification of their diffraction peaks
indicated that the U-phosphate biomineralization was promoted
with the increase of these ligands. Because the growth of bacteria
was inhibited when the citrate concentration reached to 100 mM
and above, the influence of citrate on U-phosphate biomineraliza-
tion could not be estimated at this level. Moveover, the U-phos-
phate biomineralization was promoted firstly and then suppressed
with the increase of oxalate.

Fig. 2. SEM images of the samples extracted from culture medium after the Bacillus sp. growth at 37 �C for 2 days (initial pH ¼ 7.0). (a). Without ligands; (b). 10 mM acetate; (c).
10 mM lactate; (d). 10 mM salicylate; (e).10 mM citrate; (f). 10 mM oxalate.

Fig. 3. SEM image and EDS pattern of the mineral-like structure extracted from culture medium without ligands after the Bacillus sp. growth at 37 �C for 2 days (initial pH ¼ 7.0).
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3.5. The species of uranyl simulated with phreeqc

The acetate could complex with uranyl as UO2(Acetate)þ,
UO2(Acetate)2 and UO-2(Acetate)3- , whose association constants are
log b11 ¼ 3.03, log b12 ¼ 5.57 and log b13 ¼ 7.25, respectively [48]. In
the present study, the concentration of uranyl was fixed at 200 ppm
(~0.75 mM UO2

2þ). When there was 10 mM acetate, the UO2
2þ was

mainly present in b-UO2(OH)2 colloid particles at pH ¼ 5e11. The
introduction of 10 mM acetate seemed to have no effect on the
species of UO2

2þ at pH¼ 5.5e8.5 comparedwith the systemwithout
ligands (Fig. 10b). Therefore, 10 mM acetate had less influence on
the U-phosphate biomineralization, both on the crystal structure
and on the morphology.

The reported complexation constants (log b1n) of the
UO2(Lactate)n2�n complexes are log b11 ¼ 2.68, log b12 ¼ 4.55 and log
b13 ¼ 5.61 [44]. The uranyl and salicylate could complex as
UO2HSalicylateþ and UO2Salicylate with complexation constants
are 1.42 and 13.12, respectively [45]. Similar to the acetate, 10 mM

salicylate or lactate had less effect on the species of uranyl in our
system (Fig. 10ced) and therefore had less impact on the U-phos-
phate biomineralization.

The citrate could complex with uranyl as UO2Citrate�,
(UO2)2(Citrate)2 2- and UO2HCitrate with association constants are
7.4, 18.87 and 5.0, respectively [49]. The simulated species showed
that the uranyl existed mainly as UO2Citrate� and (UO2)2(Citrate)22�

at pH ¼ 4e7.5 andb-UO2(OH)2 colloid particles at pH ¼ 7.5e11
(Fig. 10e).

Compared with acetate, lactate and salicylate, the oxalate has a
stronger complexation capacity with uranyl, and determined
complexation constants (log bpq) for the [(UO2)p(Oxalate)q]2p�2q

species are log b11 ¼ 6.319 ± 0.02, log b12 ¼ 11.219 ± 0.07, log
b13 ¼ 13.89 ± 0.04, log b23 ¼ 18.59 ± 0.2 and log b25 ¼ 28.59 ± 0.1
[46]. For the system with 10 mM oxalate and 200 ppm UO2

2þ

(~0.75 mM), the uranyl were presented as UO2(Oxalate)56�,
UO2(Oxalate)34� and UO2(Oxalate)22� (Fig. 10f), rather thanb-
UO2(OH)2 colloid particles in acidic, neutral or a low-concentration
alkaline solution.

4. Discussion

4.1. The formation and structure of UeP minerals

The UeP biomineralization has been proved to be an enzymi-
cally mediated process on some genetically altered bacterial strains
[18]. The sodium glycerophosphate (organic phosphorus source)
was decomposed into phosphate by phosphatase, and then the
uranyl was precipitated by the resultant biotic phosphate around
the Bacillus sp.

The uranyl phosphate precipitation is presented as
M(UO2PO4)n$xH2O, where M is a monovalent or divalent cation,
and the value of n depends on the uranium valence state and the
metal cations [12,57]. For example, the uranyl could be precipitated
as Hn(UO2)n(PO4)n$xH2O (n ¼ 1 or 2) by Citrobacter sp., Serratia sp.
[25], Rahnella strain [20], Pseudomonas sp [58]. and Escherichia coli
[59]. The potassium uranyl phosphate hydrate [K(UO2)(PO4)$3H2O]
could be obtained on the surface of the A. niger and P. javanicus [12].
The Citrobacter sp. could also bio-mineralize uranyl to NH4UO2PO4
[26].

The predominant phase diagram (Fig. S3) simulated by the
phreeqc program showed that the deposit should be Na-autunite,
and the XRD patterns also revealed that the precipitate had the
same crystal structure with Na-autunite. It seems more logical to
identify the precipitate as Na-autunite. However, the EDS results
indicated that there was no sodium detected in the sediment. In
fact, the sodium also could not be detected due to the limitation of
EDS techniques. And the same problem was presented in some
reported UePeNa systems [12,60,61]. The gap between the simu-
lative and experimental results came from setting of the threshold
value for the saturation index (SI, SI ¼ log(IAP/SP), where IAP is the
ion activity product and SP is the solubility product [42]); the
minerals will be formed when the SI is greater than or equal to the
user-defined threshold. In general, the threshold is fixed at 0; the
minerals will be formed when the SI � 0, meaning the ion activity
product is greater than or equal to the solubility product (super-
saturated or in equilibrium). However, many minerals could not be
precipitated even in the supersaturated solution [62]. One of the
reason is that we did not detect the Na-autunite even if the ion
activity product is greater than the solubility product.

In contrast, according to the experimental results, it is more
reasonable to identify the precipitates as uranyl hydrogen phos-
phate hydrate [UO2HPO4$4H2O], uranyl phosphate hydrate
[(UO2)3(PO4)2$4H2O] or both of them. The typical structure of the
U-phosphate minerals consists of negatively charged layers of

Fig. 4. XRD patents of the samples extracted from culture medium after the Bacillus sp.
growth at 37 �C for 2 days (initial pH ¼ 7.0).

Fig. 5. XRD patents of the samples extracted from culture medium after the Bacillus sp.
growth at 37 �C for 2 days (initial pH ¼ 5.5).
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(UO2PO4)nn�, which separated by a staggered layer of water mole-
cules and compensating cations [12,63,64]. Although both Hþ and
Naþ could compensate for the negative charge of the layers, the EDS
results suggested that the Hþ was more likely to be the compen-
sating cation after (UO2PO4)nn� layers were formed. It is difficult to
distinguish between UO2HPO4$4H2O and (UO2)3(PO4)2$4H2O due
to their similar crystal structures. Another fact is that

UO2HPO4$4H2O could transform into (UO2)3(PO4)2$4H2O under
certain conditions [65]. In this way, we believe that both of them
are coexisted in the precipitates.

It is worth noting that the influence of pH on the U-phosphate
bio-minerals was obvious. The precipitate trended to be amor-
phous in the acidic environment and kept crystalline under the
neutral and alkaline systems. Though thermodynamics predicts the
favorable precipitation of U-phosphate minerals at pH ¼ 4e8
[27,66,67], the decrease of pH will promote the dissolution of
uranium phosphate minerals in the acidic condition [66]. This
suggests that the stability of uranium phosphate minerals de-
creases with the rise of acidity. In addition, this agreeswell with the
amorphous tendency in our studies from neutral to acidic systems.

4.2. The influence of organic ligands on U-phosphate
biomineralization

The species of uranyl are always influenced by the surrounding
ligands, and the complexation of UO2

2þwith ligands has an effect on
the behaviors of uranyl in the environment [68e71]. After
analyzing the results, it was rather easy to find that the influence of
the organic ligands on U-phosphate biomineralization had clear-
cut correlations with their complexation abilities to uranyl. To
draw a short conclusion, the stronger the complexation ability of a
ligand is, the more obvious the effect will be. When the complex-
ation abilities of the ligands were relatively weak (acetate, lactate
and salicylate), the species of uranyl was not affected in the pres-
ence of 10mMof these ligands, and the UO2

2þwasmainly presented
as b-UO2(OH)2 colloidal particles at pH ¼ 5e11. However, for the
systems containing stronger ligands, such as oxalate, the uranyl will

Fig. 6. SEM images of the samples extracted from culture medium after the Bacillus sp. growth at 37 �C for 2 days (initial pH ¼ 5.5). (a). Without ligand; (b). 10 mM acetate; (c).
10 mM lactate; (d). 10 mM salicylate; (e). 10 mM citrate; (f). 10 mM oxalate.

Fig. 7. XRD patents of the samples extracted from culture medium after the Bacillus sp.
growth at 37 �C for 2 days (initial pH ¼ 8.5).
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be presented as UO2(Oxalate)56�, UO2(Oxalate)34� and
UO2(Oxalate)22� in acidic, neutral or a low-concentration alkaline
solution (Fig. 10f).

The difference in the uranyl species before precipitation might
be a reason for the gap in crystallinity and morphology. When the
uranyl was mainly presented as b-UO2(OH)2 colloid particles, the
phosphate was adsorbed on the surface of the colloidal particles
and then diffused into the spherical particles after the SGP was
decomposed into phosphate. The autunite was formed during this
process, which means that the autunite was produced by using the
b-UO2(OH)2 colloidal particles as a template (illustrated in Fig. 11a).
These results might explain why the autunite presented as the
accumulation of small particles in the systems without ligands and
10 mM of acetate, lactate, salicylate and citrate (Fig. 1aee).
Furthermore, if less free UO2

2þ presented in these culture solutions,
it is difficult for the autunite grains to grow further. Therefore, the
crystallinity of minerals was relatively low in these systems.

However, when the complexation abilities of the ligands with
uranyl were strong enough, the uranyl will be presented as free
UO2

2þ-ligands ions, such as UO2(Oxalate)56�, UO2(Oxalate)34� or
UO2(Oxalate)22�, rather than b-UO2(OH)2 colloidal particles. The
uranyl ions around the bacteria interacted with the biotic phos-
phate and precipitated as autunite. Then, the free UO2

2þ-ligands
ions in the solution could constantly diffuse towards cells, and the
uranyl source was supplied for the further growth of the grains
(Fig. 11b). Moreover, the autunite, which was formed by the

precipitation of the free UO2
2þ-ligand ions rather than by the re-

action in the b-UO2(OH)2 colloidal particles, presented as the
typical schistose aggregated structure [12,59].

It is worth noting that the influence of citrate on uranyl bio-
mineralization was found to not fit the law. The biomineralization
was less influenced when the initial pH was 5.5 and 7.0, but it was
enhanced at a higher pH by 10 mM citrate. The main reason of this
phenomenon might be that the UO2

2þ polymerized with citrate and
presented as [(UO2)6Cit6(OH)10]16� ions at higher pH values
[49,71,72].

It should be noted that species of uranyl had a relation with the
ligands concentration. Fig. S4 shows the uranyl species were
obviously influenced by these ligands. Although 10 mM of acetate,
lactate or salicylate had less influence on uranyl-phosphate pre-
cipitate, the biomineralization process could be promoted when
the ligands concentration was higher (Fig. 9).

Moreover, for the systems with strong ligands, the formation of
free UO2

2þ-ligands ions could facilitate the diffusion of uranyl and
then promote growth of U-phosphate minerals. However, because
of its strong complexation ability, these ligands also might compete
with the biotic phosphate for uranyl and inhibited the U-phosphate
biomineralization in some cases. For example, in the systems with
oxalate, the biomineralizationwas suppressedwhen the addition of
oxalate was more than 50 mM (Fig. 9e), or the process was carried
out under an acidic environment (initial pH ¼ 5.5). In the culture
solution with citrate and initial pH ¼ 8.5, the relatively high

Fig. 8. SEM images of the samples extracted from culture medium after the Bacillus sp. growth at 37 �C for 2 days (initial pH ¼ 8.5). (a). Without ligand; (b). 10 mM acetate; (c).
10 mM lactate; (d). 10 mM salicylate; (e). 10 mM citrate; (f). 10 mM oxalate.
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residual uranyl (Table S1) also revealed that the citrate could
compete with biotic phosphate for uranyl by forming a stable
[(UO2)6Cit6(OH)10]16� complex.

The above discussion showed that when the organic ligands
were uncompetitive with biotic PO4

3� for uranyl, the increase of
organic ligands in the system could promote the transformation of
uranyl species from b-UO2(OH)2 colloidal particles to free UO2

2þ-
ligands ions, and then facilitate the U-phosphate biomineralization.
However, when the organic ligands competed with biotic PO4

3� for

uranyl, the U-phosphate biomineralization were inhibited.

5. Conclusion

This study was aimed to explore the influence of organic ligands
on uranium-phosphate biomineralization induced by Bacillus sp.
The results revealed that uranium could be biomineralized on
bacteria as UO2HPO4$4H2O or (UO2)3(PO4)2$4H2O. The influence of
organic ligands on the biomineralization had clear-cut correlations

Fig. 9. XRD patterns of the samples extracted from the culture medium with different ligands after the Bacillus sp. growth at 37 �C for 2 days (initial pH ¼ 7.0).
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with its complexation abilities to uranyl. The U-phosphate bio-
mineralization was affected noticeably by the strong ligands (oxa-
late and citrate), while impact of acetate, lactate or salicylate on U-
phosphate biomineralization was less obvious. When the organic
ligands were uncompetitive with biotic PO4

3� for uranyl, the
transformation of uranyl species from b-UO2(OH)2 colloid particles
to free UO2

2þ-ligands ions could facilitate the U-phosphate bio-
mineralization. However, when the organic ligands competed with
biotic PO4

3� for uranyl, the U-phosphate biomineralization were
inhibited. In most aquatic systems, organic matter constitutes an

important pool of ligands for complexing metals, and uranyl ion, in
particular, displaying a strong affinity for organic ligands. Our re-
sults indicate that the influence of organic ligands, especially the
strong organic ligands, on U-phosphate precipitation should draw
enough attention in the natural condition.
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Fig. 10. The uranyl species in the solutions with 0.75 mM UO2
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Fig. 11. U-phosphate biomineralization mechanisms when uranyl is presented as b-UO2(OH)2 colloid particles (a) or UO2
2þ-ligands (b).
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