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The biosorption mechanisms of uranium on an aerobic bacterial strain Streptomyces

sporoverrucosus dwc-3, isolated from a potential disposal site for (ultra-)low uraniferous

radioactive waste in Southwest China, were evaluated by using transmission electron

microscopy (TEM), energy dispersive X-ray (EDX) analysis, Fourier transform infrared

spectroscopy (FT-IR), X-ray photoelectron spectroscopy (XPS), proton induced X-ray

emission (PIXE) and enhanced proton backscattering spectrometry (EPBS). Approximately

60% of total uranium at an initial concentration of 10 mg/L uranium nitrate solution could

be absorbed on 100 mg S. sporoverrucosus dwc-3 with an adsorption capacity of more than

3.0 mg/g (wet weight) after 12 hr at room temperature at pH 3.0. The dynamic biosorption

process of S. sporoverrucosus dwc-3 for uranyl ions was well described by a pseudo

second-order model. S. sporoverrucosus dwc-3 could accumulate uranium on cell walls and

within the cell, as revealed by SEM and TEM analysis as well as EDX spectra. XPS and FT-IR

analysis further suggested that the absorbed uranium was bound to amino, phosphate and

carboxyl groups of the cells. Additionally, PIXE and EPBS results confirmed that ion

exchange also contributed to the adsorption process of uranium.
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Introduction

Environmental contamination by uranium has increased due
to anthropogenic activities, such as mining, manufacture of
nuclear weapons, nuclear energy production and storage of
radioactive wastes (Gadd and Fomina, 2011; Li et al., 2014;
Pang et al., 2011). Release of uranium is of major public
concern because of its severe threat to the health of human
beings and to the diversity, structure and function of affected
ecosystems (Gorman-Lewis et al., 2005; Williams et al., 2013).

Moreover, its biologically dynamic toxicity, metabolic toxicity
and chemical toxicity could lead to potential long-term harm
to mammalian reproduction and reduce biological fertility,
and lead to abnormal and slow embryonic development (Bai
et al., 2010; Donat, 2009; Schmeide et al., 2003; Xie et al., 2009;
Vogel et al., 2010; Wang et al., 2010). The World Health
Organization has determined that uranium is a human
carcinogen and its concentration in water should not exceed
50 μg/L (Han et al., 2007; Shin et al., 2002). Therefore, the fate
and mobility of uranium should be given more attention
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when uraniferous radioactive wastes find their way into the
environment.

Precipitation, filtration, coagulation, evaporation, ion ex-
change, membrane separation and solvent extraction are

conventional physicochemical methods used for uranium
remediation. However, application of thesemethods is always
expensive, not environmentally friendly and usually depen-
dent on the concentration of the waste (Zhang et al., 2014).
More specifically, the traditional methods are sometimes
restricted at low metal concentrations of 1–100 mg/L (Lin
et al., 2012; Mao et al., 2011; Pagnanelli et al., 2000;
Vijayaraghavan and Yun, 2008). Therefore, there is a great
need for an alternative technique that is both economical and
efficient. Of possible options, biosorption is becoming one of
the most attractive alternative methods and has distinct

advantages over conventional methods (Li et al., 2010; Wang
and Chen, 2009; Wang et al., 2010). Compared with traditional
methods, the major advantages of biosorption include low
cost, high efficiency, minimization of chemical and biological
sludge and regeneration of the biosorbent. Moreover, given
these promising results, biosorption is now being considered
for the recycling of waste materials.

Over the last two decades, many researchers have reported
the removal of uranium using variousmicroorganisms, such as
bacteria (Li et al., 2011; Mohamed and Sonja, 2008;
Selenska-Pobell et al., 2001; Suzuki and Banfield, 2004), actino-

mycetes (Golab et al., 1991; Schmidt et al., 2009), fungi (Ding et
al., 2014b; Gadd and Fomina, 2011) and yeasts (Lu et al., 2013;
Ohnuki et al., 2005; Wang and Chen, 2006). However, heavy
metal adsorption appears to be stronger using Gram-positive
cell walls than using Gram-negative cell walls. Gram-positive
bacteria such as Streptomyces have a large heavy metal binding
capacity resulting from numerous functional groups, such as
carboxyl and phosphoryl groups, on the cell wall (carboxyl
groups present on peptidoglycan and phosphoryl groups
primarily on teichoic acid of Gram-positive bacteria cell walls)
(Rho and Kim, 2002). Besides, some Streptomyces species exhibit

tolerance to different metals and have relatively high
biosorption capacities (Chergui et al., 2007; Schmidt et al.,
2009; Yuan et al., 2009). In the recent literature, more and more
Streptomyces strains have been employed as biosorbents in the
removal of metal ions such as Cu2+, Zn2+, Cr6+, Pb2+, Cd2+ and
UO2

2+ (Chergui et al., 2007; Friis and Myers, 1986; Golab et al.,
1991). However, knowledge on the bioaccumulation character-
istics of metals, especially uranium, by Streptomyces, as well as
their intracellular and extracellular distribution, is still limited.

In the present study, Streptomyces sporoverrucosus dwc-3,
one of the dominant actinomycic species, was isolated from a

potential disposal site of (ultra-)low uraniferous radioactive
waste in Southwest China. Then, the biosorption characteris-
tics of uranium by living cells of S. sporoverrucosus dwc-3 were
investigated using transmission electron microscopy (TEM),
energy dispersive X-ray (EDX) analysis, Fourier transform
infrared spectroscopy (FT-IR), X-ray photoelectron spectros-
copy (XPS), proton induced X-ray emission (PIXE) and en-
hanced proton backscattering spectrometry (EPBS). These
results could contribute to a better understanding of
biosorption mechanisms and be helpful in the development
of potential biosorbents for uranium uptake from aqueous

environments.

1. Materials and methods

1.1. Chemical reagents

Unless stated otherwise, all the chemical reagents used were
analytical grade. Uranium stock solution of 1 g/L was pre-
pared by dissolving uranyl nitrate hexahydrate (UO2(NO3)2·6-
H2O) (Aladdin Chemistry Co., Ltd., Shanghai, China) in
distilled water. The stock solution was kept in an acidic
condition, and working solutions with U(VI) concentration
equaling to 1–100 mg/L were prepared by appropriate dilution
of the stock solution immediately before experiments.

1.2. Strain isolation and cultivation

The actinomycic strain used in the present work was isolated
from the aerated zone soil, collected from a potential site for
radioactive waste disposal at a depth of 3.5 m below the land
surface, located in Sichuan province (China). The microbial
communities of the soil sampleswere analyzed using the spread

plate method with three kinds of general medium (bacteria,
fungi, and actinomycete). Then the colony with the largest
number on actinomycetic agar was selected and purified. The
isolate was identified as S. sporoverrucosus dwc-3 via 16S rRNA.
The actinomycetewas incubated in Gause'smedium (Ding et al.,
2014a) (medium composition: 20 g solute starch; 0.5 g NaCl; 1 g
KNO3; 0.5 g K2HPO3·3H2O; 0.5 g MgSO4·7H2O; 0.01 g FeSO4·7H2O;
1000 mL H2O; pH 7.4–7.6). All the chemical reagents used in this
medium were purchased from Chengdu Kelong Chemical
Reagent Co., Ltd. (Chengdu Kelong Chemical Reagent Co., Ltd.,
Chengdu, China). Streptomyces cells used for experiment were

harvested from a 6 day culture suspension at 30°C by centrifu-
gation (4000 r/min) for 5 min andwashed three times in distilled
water.

1.3. Biosorption experiments

All the biosorption experiments were carried out under

ambient conditions, except as otherwise described. The
batch experimental method was performed in triplicate and
the process was as follows: the desired pH values of uranium
stock solution were first adjusted using dilute HNO3 and
NaOH solution. Then 100 mg of S. sporoverrucosus dwc-3 cells
(wet weight) was added and allowed to contact with 20 mL of
the uranium solution at a fixed temperature until the reaction
reached equilibrium. After 12 hr, the suspension was centri-
fuged (5000 r/min, 20 min) and the uranium concentration
was analyzed by ultraviolet–visible (UV–Vis) spectrophotom-
eter (UV-2450, SHIMADZU Corporation, Japan) with arsenazo

(III) as the complexing agent.
The sorption ratio R (%) and adsorption capacity Q (mg/g)

were calculated from the following equations:

R ¼
C0−C

C0
� 100% ð1Þ

Q ¼
C0−Cð Þ � V

W
ð2Þ

where C0 and C (mg/L) are the concentrations of the uranium
in the initial and final solutions, respectively, V (L) is the
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volume of the solution and W (g) is the weight of the bacterial
cells.

1.4. FT-IR analysis

FTIR spectroscopic analysis was performed to determine the
potential functional groups and possible binding sites involved
in uranium biosorption. For the U-loaded sample, the S.

sporoverrucosus dwc-3 cells were exposed in U(VI) solution with
a concentration of U(VI) of 10 mg/L and pH 3.0. After 12 hr, the
suspension was centrifuged (5000 r/min, 20 min), the superna-
tant was removed and the U-loaded cells were washed in
distilled water to remove the remaining uranium solution.
Finally, the control cells and U-loaded S. sporoverrucosus dwc-3
cells were lyophilized and blended with KBr. The infrared

spectra were recorded within the range 400–4000 cm−1 using a
FTIR spectrometer (Nicolet 6700, Thermo Electron Corporation,
USA).

1.5. XPS analysis

The XPS spectroscopy technique was used to identify the
interactionmechanismbetweenuraniumand S. sporoverrucosus

dwc-3. The original cells and the uranium-loaded S.

sporoverrucosus dwc-3 cells were lyophilized before XPS analysis
using the Al Kα line in an Axis-Ultra instrument (XSAM800,

Kratos, UK). The XPS analysis chamber was operated at
10−9 Torr, the experimental resolution was estimated to be
0.5 eV, and the analyzer was set at 20 eV pass energy.

1.6. SEM-EDS and TEM-EDX analyses

SEM-EDS (energy dispersive spectrometer) and TEM-EDX
analyses were applied to establish the cellular localization of
the adsorbed uranyl ions and the elemental characterization
of the metal precipitates.

Samples of original cells (control) and uranium-loaded

cells were prepared for electron microscopy analyses by
fixation for 4 hr at 4°C in 2.5% glutaraldehyde in sodium
phosphate buffer (0.1 mol/L, pH 7.2) and then washed three
times with the same sodium phosphate buffer. For SEM-EDS
analysis (S4800, Hitachi, Japan), the dehydrated samples were
dried using the critical point drying method, sputter-coated
with gold, and then mounted on stubs for viewing in the SEM.
For TEM-EDX analysis (Tecnai G2 F20 S-TWIN, FEI, USA), the
cell pellets were fixed for 60 min at 4°C in OsO4 in phosphate
buffer before being dehydrated through a graded ethanol
series. The dehydrated samples were embedded in epoxy

resins and sectioned into ultra-thin specimens. Thin sections
were supported on copper grids for morphological study after
staining with lead citrate.

1.7. EPBS and PIXE analyses

For EPBS and PIXE analyses, the original cells and the uranium
(U)-loaded S. sporoverrucosus dwc-3 cells were lyophilized and
pressed to form a pellet. EPBS and PIXE were carried out on a
Van de Graaff accelerator (J-2.5, Xianfeng Electrical Machinery
Factory, China) in the Institute of the Nuclear Science and

Technology at Sichuan University, China. The EPBS spectra

were recorded at a scattering angle of 165° by an Au (Si)
detector with depletion depth of 100 μm. The PIXE spectra
were detected at an angle of 135° by a Si (Li) detector. The
EPBS and PIXE spectra were analyzed using computer code

SIMNRA (Max-Planck-Institut für Plasmaphysik, Garching,
Germany) and GUPIXWIN (University of Guelph, Guelph,
Ontario, Canada), respectively.

2. Results and discussion

2.1. Kinetic studies

The effect of contact time on uranium biosorption by S.

sporoverrucosus dwc-3 is shown in Fig. 1. It is clear that the
biosorption of uranium occurred rapidly over a period of 0–
5 hr, then reached equilibrium after 12 hr. The maximum
value of sorption rate was about 60%. In the subsequent
experiments, a 12 hr reaction time was selected to ensure the

achievement of biosorption equilibrium.
In order to describe the dynamic biosorption process of U(VI)

by S. sporoverrucosus dwc-3, the kinetic data were described
using pseudo-first-order and pseudo-second-order rate equa-
tions. The linear forms of the pseudo-first-order model and
pseudo-second-order are given in Eqs. (3) and (4) (Largergren,
1898; Ho, 2006), respectively:

ln qe−qtð Þ ¼ lnqe−k f � t ð3Þ

t

qt
¼

1
ksq2e

þ
t

qe
ð4Þ

where qe and qt (mg/g) are the concentration of U(VI) adsorbed
on the biosorbent at equilibrium and at time t, respectively, kf
(min−1) and ks (mg/(g·min)) are the pseudo-first-order and
pseudo-second-order kinetic rate constants, respectively. As
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Fig. 1 – Biosorption kinetics of U(VI) on S. sporoverrucosus

dwc-3. Adsorption conditions: initial concentration of U(VI)

(C0) = 10.0 mg/L, pH = 3.0, the concentration of

S. sporoverrucosus dwc-3 cells (M/V) = 5.0 g/L, and sorption

temperature (T) = 30°C. Inset curve shows the fitting of the

pseudo-second-order kinetic model. R: sorption ratio;

t: sorption time; qt: concentration of U(VI) adsorbed at time t.
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shown in Fig. 1, the adsorption of U(VI) on S. sporoverrucosus

dwc-3 is better simulated by a pseudo-second-order kinetic
model (R2 > 0.99) compared to the pseudo-first-order model
(data not shown). The biosorption kinetics indicates that the

chemisorption of U(VI) on S. sporoverrucosus dwc-3 is the
rate-limiting step. Lin et al. (2012) also found that the
biosorption of divalent metal ions like Zn2+ and Cd2+ on
Streptomyces zinciresistens CCNWNQ 0016T could be well fitted
by a pseudo-second order kinetic model (R2 > 0.99).

2.2. Effect of pH

The effect of pH on U(VI) biosorption on S. sporoverrucosus

dwc-3 was investigated by the batch technique (Fig. 2). In
order to avoid uranyl ion complexation caused by high pH, the

pH range from 1.0 to 7.0 was chosen in the pH experiments. As
illustrated in Fig. 2a, U(VI) biosorption increased from pH 1.0
to 4.0, and then maintained this level at pH 4.0–7.0, with
nearly 100% of U(VI) adsorbed by 100 mg of S. sporoverrucosus
dwc-3. The pH value was the most significant environmental
factor affecting the U(VI) biosorption. It can not only influence
protonation or deprotonation of functional groups on the cell
surface, but also determine the U(VI) speciation in aqueous
solution (Lu et al., 2013; Vogel et al., 2010). The electrostatic
interaction between the S. sporoverrucosus dwc-3 surface and
uranyl ions, therefore, was remarkably influenced.

Additionally, the speciation of U(VI) depends on the
concentration of uranium, pH values, ionic strength, and
addition of CO2. According to the distribution of uranium
species shown in Fig. 2b, computed by Visual MINTEQ 3.0,
soluble uranium species like UO2

2+ predominate in the
solution below pH 4.0. As the pH of the solution increased
(pH > 4.0), hydrolysis of uranium increased and formed
various hydroxy complexes of U(VI). At pH ~7.0, the dominant
species are (UO2)2(OH)5

+ (~73.4%), UO2(OH)2(aq) (~12.4%),
UO2OH+ (~9.9%), and (UO2)4(OH)7

+ (~2.8%). Above pH 9.0–10.0,
UO2(OH)3

− dominates, and other species are negligible. Thus,

the biosorption experiments for uranium in this study were
carried out at a low pH value (pH 3.0), where the uranium
solution speciation is dominated by highlymobile uranyl ions.

2.3. Biosorption isotherms

Biosorption isotherms of U(VI) on S. sporoverrucosus dwc-3 are
displayed in Fig. 3. As shown in the figure, the biosorption of

U(VI) on S. sporoverrucosus dwc-3 increased with the increasing
solution concentration. Meanwhile, Fig. 3 also shows that
the sorption ratio was affected by temperature over a range
of 10–40°C, which revealed that uranium biosorption by
S. sporoverrucosus dwc-3 was dependent on temperature.
Over the temperature range tested (10–40°C), the biosorption
capacity of uranium increased from 2.4 to 3.9 mg/g (wet
weight) at initial U(VI) concentration of 100 mg/L. The
increase of biosorption capacity might result from enhance-
ment of the surface activity of the cells and kinetic energy of
the solution by the higher temperature. Finally, a temperature

of 30°C was selected for the subsequent batch experiments.
Furthermore, the Langmuir and Freundlich models were

applied in the equilibrium analysis to understand the
biosorption mechanisms. The Langmuir model assumes
monolayer type adsorption and supposes that all the active
sites on the sorbent surface have the same affinity with the
adsorbate, while the Freundlich isothermmodel, an empirical
expression, depicts heterogeneous adsorption with exponen-
tial distribution of the sites and their energies (Stumm, 1992).
The linear forms of the Langmuir and Freundlich equations
can be expressed as Eqs. (5) and (6) (Langmuir, 1918;

Freundlich, 1906), respectively:

Ce

qe
¼

Ce

qmax

þ
1

qmaxKL
ð5Þ

log qe ¼ log K F− 1=nð Þ log Ce ð6Þ

where qe (mg/g) is the adsorbed amount at equilibrium, Ce

(mg/L) is the equilibrium concentration of the adsorbate in
solution, qmax (mg/g) is the Langmuir monolayer sorption
capacity, KL (L/mg) is the Langmuir equilibrium constant, 1/n
is the heterogeneity of the adsorption sites, and KF represents
the equilibrium coefficient, which describes the partitioning
of the adsorbate between the solid and liquid phases over the
concentration range studied.
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Fig. 2 – Effect of pH on (a) U(VI) biosorption by S. sporoverrucosus dwc-3 and (b) speciation of U(VI) in solution. Adsorption

conditions: C0 = 10.0 mg/L, M/V = 5.0 g/L, and T = 30°C. Calculation made with Visual MINTEQ 3.0.
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The biosorption isotherms of U(VI) by S. sporoverrucosus

dwc-3 at 30°C were fitted by Langmuir and Freundlich models,
and their relative parameters calculated from the two models
are listed in Table 1. As tabulated in Table 1, one can see that
the biosorption of U(V) by S. sporoverrucosus dwc-3 can be
better fitted by the Freundlich model (R2 = 0.996) than the
Langmuir model (R2 = 0.934) at 30°C, suggesting that the
biosorption of U(VI) by S. sporoverrucosus dwc-3 may follow a
heterogeneous model, and other mechanisms such as intra-
cellular bioaccumulation would contribute to the uptake of
UO2

2+ in addition to surface binding (Kaduková and Virčíková,

2005; Li et al., 2010). The maximum U(VI) biosorption capacity
of S. sporoverrucosus dwc-3 calculated from the Langmuir
model at pH 3.0 and T = 30°C was 2.07 mg/g. In addition, in
the case of Freundlich isotherm model, the n value is 2.44,
between 1 and 10, indicating that the biosorption for U(VI) was
favorable under the studied conditions.

2.4. FT-IR spectroscopy

FT-IR spectra were examined for control (metal-free) and
uranium-loaded cells between 4000 and 400 cm−1 in order to

elucidate the functional groups involved in uranium binding.
Assignments of characteristic peaks in the present study were
based on known data from the literature (Choudhary and Sar,
2011; Kazy et al., 2009; Kushwaha et al., 2012; Ojeda et al.,
2008).

The FT-IR spectra of control cells and uranium loaded cells
are shown in Fig. 4. It can be seen that a broad band between
3500 and 3200 cm−1 with a maximum around 3300 cm−1,
which was due to the stretching of the N–H bond of amino

groups and also due to the presence of out-plane flexural
vibration of the hydroxyl groups (γO–H), usually appeared in
the region between 3800 and 3200 cm−1.

Two FT-IR spectra showed the presence of two peaks
between 3000 and 2900 cm−1, which could be assigned to the
asymmetric stretching of C–H bond of the –CH2 groups
combined with that of the –CH3 groups, indicating the
presence of protein-related bonds.

The broad band between 1700 and 1470 cm−1 could be
attributed to amide groups. The typical amide I band, from the
C_O stretching vibration of amide, appeared strongly at

1655.4 cm−1. The peak at 1540.6 cm−1, known as amide II,
was contributed by a motion combining both the –NH bending
and the –CN stretching vibration. The spectrum of
uranium-loaded cells showed minor shifts of these two
bands to 1658.4 and 1538.3 cm−1, respectively.

The small absorbance peak at 1456.1 cm−1 was character-
istic of the –CH2 scissoring motion or –CH3 antisymmetrical
bending vibration. A minor shift of the peak at 1378.3 to
1384.1 cm−1 due to the symmetric stretching vibration of
COO− indicated the role of carboxyl groups in metal binding.
In the control spectrum, absorption peaks at 1237.7

and 1080.3 cm−1 were observed due to vibrations of carboxyl
(–COOH) and phosphate groups (P_O and P–O of the C–PO3

2−

moiety), and a shift of these peaks to 1235.0 and 1079.7 cm−1

after cell exposure to uranium suggested the interaction of
bound metals with carboxyl and phosphate groups. Changes
in peak position and intensity in the 800 to 400 cm−1 region
could be assigned to the in-plane flexural vibration of intense
M–O (δ(M–O)) and O–M–O (δ(O–M–O)) bonds (M = metal ion). In
the uranium-loaded sample, the appearance of a new peak at
922.6 cm−1 and changes in peak positions and intensity
around 550–1000 cm−1 region could be assigned to asymmet-

ric stretching vibration of ν3(UO2
2+) and stretching vibrations of
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Table 1 – Parameters of models for U(VI) biosorption on
Streptomyces sporoverrucosus dwc-3.

Metal Langmuir model Freundlich model

KL (mg−1) qmax (mg/g) R2 1/n KF (g
−1) R2

U(VI) 1.81 2.07 0.934 0.41 0.57 0.996

KL: the Langmuir equilibrium constant; qmax: the Langmuir
monolayer sorption capacity; 1/n: the heterogeneity of the
adsorption sites; KF: the equilibrium coefficient.
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oxygen ligands weekly bonded with uranium (ν(U–Oligand))
(Choudhary and Sar, 2011; Kazy et al., 2009).

In conclusion, theoverall IR spectra analysis implied that the
carboxyl, amide and phosphate groups of S. sporoverrucosus

dwc-3 cells played a primary role in the bacteria–uranium
interaction.

2.5. XPS analyses

To further evaluate the mechanism for biosorption of
uranium by S. sporoverrucosus dwc-3, the control and
uranium-loaded S. sporoverrucosus dwc-3 cells were analyzed
by XPS. The XPS survey spectrum consisted of carbon, oxygen,
nitrogen, phosphorus and uranium peaks. The elemental
composition of these samples under study as obtained from

XPS analysis is listed in Table 2. It must be noted that the N 1s,
P 2p and U 4f peaks were very weak due to their low
concentration. The most intense peaks of U 4f (Fig. 5d)
appeared at about 381.9 and 392.8 eV and corresponded to
the spin–orbit (L–S) split U 4f7/2 and U 4f5/2 states, respec-
tively (Kushwaha et al., 2012).

The C 1s spectra (Fig. 5b) could be decomposed into four
components, which are assigned as follows: carbon bound
only to carbon and hydrogen (peak 1, C–C, C–H, at 284.6 eV),
carbon making a single bond with oxygen or nitrogen (peak 2,
C–O, C–N, at 285.9 eV, attributed to alcohol, amine, or amide),

carbon making two single bonds or one double bond with
oxygen (peak 3, O–C–O, C_O, at 287.3 eV, attributed to amide,
and carboxylate), and carbon making one double bond and
one single bond with oxygen (peak 4, O_C–OH, O_C–OR, at
288.8 eV, due to carboxyl or ester functions) (Ahimou et al.,
2007; Pereira et al., 2013). However, in the case of the
uranium-loaded sample, the relative intensity of peaks 2, 3
and 4 greatly changed and the positions of these three peaks
were slightly shifted, demonstrating that the uranium mainly
interacted with functional groups like amide and carboxylate.

The O1s peaks indicated three different chemical states of

oxygen (Fig. 5c) for both the original cells and uranium-loaded
cells. The three peaks of the original cells appeared at 531.3,
532.3 and 533.1 eV, which could be attributed to carbonyl
oxygen in amide and carboxyl, oxygen atoms in hydroxyls or
ethers and oxygen atoms in esters, respectively, which was
consistent with the carbon groups (Ahimou et al., 2007; Leone
et al., 2006). However, the relative intensity of peak 2
decreased and an increase in the relative intensity in peak 3
was observed in the O 1s XPS spectra of uranium-loaded cells.

Meanwhile, a minor shift of the peaks at 531.3 and 532.3 eV to
531.4 and 533.4 eV indicated the role of amide or carboxyl
groups in metal binding.

2.6. SEM-EDS and TEM-EDX analyses

In order to understand the mechanism of complex
metal-microorganism interactions, the location of uranium
on/in S. sporoverrucosus dwc-3 was determined via SEM and
TEM, combined with energy dispersive X-ray spectroscopy. As
shown in Fig. 6, granular aggregate deposits can be clearly
observed on the SEM images of the U-adsorbed samples as
compared with the control samples. The SEM micrographs
also revealed that U-loaded S. sporoverrucosus dwc-3 cells
changed their cellular morphology. Furthermore, EDS spectra

(Fig. 6c) originating from those precipitates exhibited the
characteristic peak of uranium, which proved the accumula-
tion of uranium on the external surface of S. sporoverrucosus
dwc-3. In addition, carbon, oxygen and phosphorus were also
observed, as revealed by the EDS spectra.

TEM was employed to verify the distribution and intracel-
lular localization of uranium deposits in S. sporoverrucosus

dwc-3 cells (Fig. 7). It could be seen that the uranium-free
S. sporoverrucosus dwc-3 cells showed relatively complete
boundaries and homogenous cytoplasm, and no electron-
dense granules (Fig. 7a). However, compared to the original

S. sporoverrucosus dwc-3 cells, S. sporoverrucosus dwc-3 exposed
to uranium for 12 hr at pH 3.0 displayed the presence of dark
electron-dense acicular shapes in the cell interior (Fig. 7b).
S. sporoverrucosus dwc-3 cells were also analyzed by energy
dispersive X-ray (EDX) coupled to TEM, allowing the verifica-
tion of uranium presence in the dense deposits. The EDX
spectra derived from these deposits indicated that they
consisted of carbon, oxygen, phosphorus, and uranium
(Fig. 7c). The copper peak is from the grid used to support
the sections. The lead peak originated from the Pb(CH3COO)2
used the cell pellet staining. Therefore, the presence of

specific peaks for uranium in the uranium-loaded sample
confirmed the presence of the absorbed radionuclide.

The distribution of uranium in both cell wall and cyto-
plasm of the S. sporoverrucosus dwc-3 suggested that uranyl
ions initially adsorbed on the cell wall and then accumulated
in the cytoplasm. Moreover, S. sporoverrucosus dwc-3 was
identified as a Gram-positive isolate using Gram's staining,
which demonstrated that the cell surface consists of abun-
dant carboxyl, amide and especially phosphate functional
groups (primarily on the wall teichoic acids and lipoteichoic
acids of Gram-positive cell wall). The EDS spectra measured

during SEM and TEM indicated the presence of precipitates
consisting of carbon and phosphorus, further confirming the
interaction of uranyl ions with carboxyl and phosphate
groups. The results are consistent with our FT-IR and XPS
results. The size of the needlelike granules typically ranged
from 50 to 100 nm in length. Our finding was in accordance
with other reports (Choudhary and Sar, 2011; Merroun et al.,
2006), which also suggested that the intracellular granules
in the microorganisms correspond to the polyphosphate
bodies studied by TEM. Since electron-dense granules were
formed on the cell wall as well as within the cytoplasm of

the S. sporoverrucosus dwc-3, the process involving the binding

Table 2 – Elemental composition determined by X-ray
photoelectron spectroscopy.

Control Uranium-loaded sample

C 76.72 73.93
O 20.70 23.28
N 1.72 2.13
P 0.86 0.53
U N.A. 0.13

N.A.: not available since the elemental content is below the
minimum detectable limit of the instrument.
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of uranyl ions on the surface of the cells could occur by
electrostatic interaction with the negatively charged func-
tional groups, for which uranium has a very strong affinity.
The uranium was subsequently transported into the cyto-
plasm through different layers (peptidoglycan, teichoic acids)
of the cell wall and cytoplasmic membrane, and gradually
formed complexes.

2.7. PIXE and EPBS analyses

Considering that PIXE cannot determine the light elements
(atomic number Z < 12), we combined EPBS and PIXE analyses
to better understand the full-range elemental composition.
The PIXE and EPBS spectra of control cells and uranium-
adsorbed cells are shown in Fig. 8. It can be observed that new

peaks appear for uranium in the PIXE spectra of uranium
loaded samples, but no peaks are observed for Mg, K and Ca.
Meanwhile, the distinct peak for uranium was also observed
in the EPBS spectra of the uranium-loaded sample (Fig. 8b).
The elemental components of S. sporoverrucosus dwc-3
and the uranium-adsorbed S. sporoverrucosus dwc-3 were
calculated from the EPBS and PIXE spectra. As listed in
Table 3, the uranium mass percentage was 0.1234 and the
content was 0.0036, calculated from the PIXE and EPBS
spectra, respectively.

After uranium biosorption, the reduction of the amounts of
Mg2+, K+ and Ca2+ calculated by PIXE might occur because
uranium replaced these metal ions in uranium-loaded cells
via ion exchange. Accompanying metal biosorption, ion (Mg2+,
K+ or Ca2+) release from the cells was frequently observed,
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(c) corresponding typical EDS (energy dispersive spectrometer) spectra of U-loaded cells.
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which suggested that ion exchange could be a relevant
mechanism for the binding of metal ions onto the cells.
Since the overall charge of the cell must be neutral, any
binding of one cation must be accompanied by either
stoichiometric release of other cations or by the binding of
anions. Several previous reports have demonstrated exten-

sive K release from cells following metal uptake, suggesting K
release to maintain ionic balance across the membrane
(Choudhary and Sar, 2011; Kazy et al., 2009). Therefore, the

above analyses indicated the possibility of uranium binding
with the bacteria by displacing cellular potassium through an
ion-exchange mechanism.

3. Conclusions

In the present work, we have investigated the uranium
biosorption and the mechanisms involved between uranium
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and S. sporoverrucosus dwc-3, isolated from a potential
disposal site of (ultra-)low uraniferous radioactive waste in
Southwest China. We found that 12 hr was sufficient to reach
sorption equilibrium, and the uranium adsorption capacity
was more than 3.0 mg/g S. sporoverrucosus dwc-3 (wet weight).
The pseudo-second-order kinetic model was applicable to
describe the biosorption kinetics. We found that uranium
was accumulated as needlelike granules on the cell wall
and within the cytoplasm. The possible functional groups of
S. sporoverrucosus dwc-3 for uranium binding were phosphate,

carboxyl and amide groups. PIXE combined with EPBS
analyses indicated that ion-exchange was a potential mech-
anism involved in uranium biosorption by S. sporoverrucosus

dwc-3.
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