
T
b

C
a

b

c

d

h

•
•
•
•

a

A
R
R
A
A

K
I
U
B
C
T

1

l
p
w

N
f

(

0
h

Journal of Hazardous Materials 264 (2014) 246– 253

Contents lists available at ScienceDirect

Journal  of  Hazardous  Materials

jou rn al hom epage: www.elsev ier .com/ locate / jhazmat

oxicity  of  ionic  liquids  to  Clostridium  sp.  and  effects  on  uranium
iosorption

.  Zhanga,b,∗,  S.V.  Malhotrab,1, A.J.  Francisc,d

College of Environmental Science and Engineering, Nankai University, Tianjin, China 300071
Department of Chemistry and Environmental Science, New Jersey Institute of Technology, Newark, NJ 07104 USA
Environmental Sciences Department, Brookhaven National Laboratory, Upton, NY 11973 USA
Division of Advanced Nuclear Engineering, Pohang University of Science and Technology, Pohang, 790-784 South Korea

 i g  h  l  i  g  h  t  s

Three  ILs showed  varying  degrees  of toxicity  to  Clostridium  sp.
In  the  presence  of ILs uranium  biosorption  by the  bacteria  decreased.
The  decreased  biosorption  was  due  to  membrane  damage  induced  by ILs.
Intracellular  accumulation  of  uranium  was  also  impacted.
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a  b  s  t  r  a  c  t

As  green  solvents  ionic  liquids  (ILs)  show  high  potential  in  nuclear  industry  for extraction  and  purification
of  actinides.  However,  to date  relatively  little  information  has  been  gained  on  ILs application  in  microbial
processes,  for  example  biosorption  of radionuclides.  We  investigated  the  effects  of three  ILs,  1-butyl-3-
methylimidazolium  hexafluorophosphate  (BMIMPF6),  N-ethylpyridinium  trifluoroacetate  (EtPyCF3COO)
and N-ethylpyridinium  tetrafluoroborate  (EtPyBF4) on the  growth  and  biosorption  of uranium  by  Clostrid-
ium  sp. The  ILs affected  the  growth  of the  bacterium  as  evidenced  by decreases  in  optical  density,  total  gas
production,  and  organic  acids  production  from  glucose  metabolism.  The  IC50-48 h of  three  ILs  decreased
in  the  order  of  BMIMPF6 (8.26  mM)  > EtPyBF4 (7.04  mM)  >  EtPyCF3COO (4.05  mM).  Uranium  biosorption
by  the  bacterial  cells  decreased  by 75%  in  the  presence  of  1% (v/v)  BMIMPF6 and  by about  90%  with  1%
(v/v)  EtPyBF4 or  EtPyCF3COO,  in  comparison  to the  control  without  ILs.  The  diminished  biosorption  may
oxicity be  attributed  to the  membrane  damages  induced  by  EtPyBF4 and  EtPyCF3COO,  which  can  be visualized
by  Transmission  Electron  Microscope  (TEM)  analysis.  Energy-dispersive  X-ray  spectroscopy  (EDS)  anal-
ysis revealed  the  accumulation  of  uranium  inside  peripheral  membrane  of the  cells exposed  to  uranium
alone  or  with  BMIMPF6, while  little  or no  accumulation  was  observed  in the  presence  of  EtPyBF4 and
EtPyCF3COO.  These  results  imply  that  potential  toxicity  of  ILs towards  microorganisms  is a  particularly

g  its 
important  issue  in limitin

. Introduction

Ionic liquids (ILs) are a class of organic salts with relatively

ow melting points and unique combinations of solubility-related
roperties dependent upon the constituent cations or anions
hich could be separately modified [1,2]. ILs have attracted great
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interest as an environmentally-benign source for alternative sol-
vents. In comparison with many studies about ILs applications in
organic synthesis, fewer studies have been performed about their
applications in biotechnology. Among them whole-cell biocatalysis
in the presence of ILs draws much attention [3,4].

The use of ILs in whole-cell processes has been mainly
focused on “extractive fermentation”, which is based on the
addition of a second liquid phase (for example, immiscible
ILs phase) for the in situ removal of toxic metabolic prod-
ucts in order to avoid cell inhibition [5]. Sendovski et al.

[6] reported that the addition of 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide increased 2-phenylethanol pro-
duction by Saccharomyces cerevisiae up to five times relative to
controls without IL. However, up to now very few studies have
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To determine the effect of ILs on the growth of Clostridium sp.
we dispensed the following concentrations of each ionic liquid, i.e.,
0.1%, 0.25%, 0.5% and 1% (v/v), into the serum bottles of the auto-
claved medium in the anaerobic glove box. Two  parallel samples
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nvestigated the effect of ILs on other whole-cell processes, such
s biosorption and bioreduction [7]. Meanwhile, most of whole-cell
rocess involved the use of hydrophobic ILs while little information
as been gained on the application of hydrophilic ILs in bioprocess.
evertheless, the toxicity of ILs is so far the major drawback for

urther application of ILs in whole-cell process. Toxic effects of ILs
owards yeasts and bacteria have been reported in some studies
8,9]. Thus, careful studies to reveal the toxic mechanism and novel
trategies to improve IL biocompatibility are necessary to expand
heir potential applications in extractive fermentation and other
hole-cell processes.

Uranium is one of the most toxic naturally occurring radioactive
eavy elements. Its widespread contamination from the front- and
ack-end of the nuclear fuel cycle is a major environmental con-
ern. Uranium contamination of soils, sediments, and groundwater
s primarily due to milling, nuclear fuel and weapons production,
nd nuclear waste processing and disposal [10]. Potential appli-
ation of ILs in nuclear industry due to their solvent stability as
eans of extraction and concentration of radionuclides from waste

tream has been pursued [11,12]. Allen et al. [13] demonstrated
hat ILs were significantly more stable than mixtures of tri-n-
utylphosphate and kerosene which is widely used solvent systems

n the PUREX process for the separations of actinides from spent
uclear fuel. Recently, we demonstrated the potential application
f ILs in the bioreduction of uranium under anaerobic condition [7].
evertheless, there is paucity of information on microbial adsorp-

ion of uranium in the presence of various ILs. Biosorption show
any advantages in the bioremediation of uranium waste stream,

uch as efficiency, simplicity, analogous operation to conventional
on exchange technology, and availability of biomass [14,15].

Here we report the effects of ILs on growth and biosorption
f uranium by Clostridium sp. (ATCC No. 53464). The bacterium
as isolated in our laboratory from coal-cleaning waste. The

rganism is a strict anaerobic, Gram positive, spore-forming, fer-
entative bacterium, known to reduce Tc(VII) to Tc(IV), U(VI)

o U(IV), and Pu(IV) to Pu (III) under anaerobic condition
16,17]. Three ILs we chose, 1-butyl-3-methylimidazolium hex-
fluorophosphate (BMIMPF6), N-ethylpyridinium trifluoroacetate
EtPyCF3COO) and N-ethylpyridinium tetrafluoroborate (EtPyBF4),
re commonly used in chemical synthesis and catalysis [18].
MIMPF6 is hydrophobic (with the solubility of 2.2% (wt) in water
19]) and two pyridinium-based ILs are hydrophilic. This investi-
ation helps to lay the foundation for elucidating the interaction
etween ILs and bacteria; how it affects biosorption process; and
hus it would aid the design of biocompatible ILs for application in
iotreatment of waste stream.

. Materials and Methods

.1. Chemicals

BMIMPF6, EtPyCF3COO and EtPyBF4 were synthesized and puri-
ed according to Zhao and Malhotra [20]. The ILs were >98% pure
s tested by NMR  and FTIR. Uranyl nitrate (UO2(NO3)2·6H2O) was
btained from BDH Chemicals, Analar, Poole, England.

.2. Bacterial culture and growth medium

Clostridium sp. was grown in a mineral salts medium com-
osed of glucose (5.0 g), glycerol phosphate (0.3 g), MgSO4·7H2O
0.2 g), FeSO4·7H2O (2.8 mg), CaCl2 (0.5 g), peptone (0.1 g), and

east extract (0.1 g) in one liter distilled water. The pH was  adjusted
o 6.5. The medium was pre-reduced by boiling and purging with N2
as for 15 min  to remove dissolved oxygen. The medium was then
llowed to cool and transferred to an anaerobic glove box filled with
aterials 264 (2014) 246– 253 247

95% N2 and 5% H2. Forty milliliters of the medium was  dispensed
into a 60 mL  serum bottle. The bottle was then fitted with a butyl
rubber stopper, sealed with an aluminum cap and autoclaved.

2.3. Toxicity of ILs
Hours

Fig. 1. Effects of various ionic liquids on the growth of Clostridium sp. (A) BMIMPF6;
(B)  EtPyBF4; (C) EtPyCF3COO.
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ere prepared for each concentration: One was used for a kinetic
tudy; the other was kept intact to measure the gas produced by
he bacterium.

We  transferred, by a syringe needle, 2 mL  of an 18 h-old logarith-
ic  growth phase of a Clostridium sp. culture grown in the mineral

alts medium (without ILs) into each of the serum bottles. The sam-
les were incubated at 28 ◦C. Periodically, aliquots of the culture

ample were withdrawn to determine the growth of the bacterium
nd changes in the pH of the medium. Growth was  measured at
00 nm by UV-vis spectrometer (Hewlett Packard Model 8453 UV-
is spectrometer). pH was determined by Mettler Toledo MP  220

ig. 2. Effects of various ionic liquids on the gas production (left panel) and pH change
tPyBF4; (C) EtPyCF3COO.
aterials 264 (2014) 246– 253

pH meter. Total gas production in the headspace was determined
via a pressure transducer with a needle (Model 665-D/030,Wallace
and Tiernan). All experiments were performed in triplicates.

2.4. Preparation of IL-U mixture

We  mixed 0.25 mM uranium and 1% (v/v) of each ionic liq-

uid (48 mM for BMIMPF6, 45 mM for EtPyBF4 and 54 mM for
EtPyCF3COO) in 50 ml  sterilized de-ionized water, ionic strength
was adjusted to 20 mM by KCl. After equilibrium overnight, the
solutions were adjusted to pH 3.5 by adding HCl or KOH.

 (right panel) during Clostridium sp. growth in the presence of (A) BMIMPF6; (B)
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.5. Biosorption experiment

Cells were grown in mineral salts medium for 18 h at 28 ◦C. Cells
ere then harvested at early stationary growth, pelleted by cen-

rifugation at 5000 g for 25 min. After measuring the wet weight,
 mL  of sterilized KCl solution (pH 3.5, 20 mM)  was  added to the
entrifuge tube and the cells were resuspended. The bacterial cell
uspension was mixed with U-ILs mixture (50 mL). Two  milliliters
f the samples were withdrawn every 10 min  for up to 30 min, after
hich sample was taken every 30 min  up to 2 h. Control experi-
ent was performed in the same manner, except in the absence

f bacteria, to test for a loss of uranium due to precipitation or
dsorption onto the reaction vessel. The biosorption experiment
as performed under aerobic condition, to avoid reductive pre-

ipitation of uranium due to bioreduction during incubation. All
xperiments were carried out in triplicates.

.6. Uranium analysis

Each sample was filtered by 0.45 �m syringe filter, and then
iluted with filtered de-ionized water. After acidifying each with
.5 M sulfuric acid, samples were analyzed by kinetic phospho-
escence analyzer (Chemcheck, WA)  for uranium concentration in
olution.

.7. Transmission Electronic Microscopy (TEM) and Energy
ispersive X-ray Spectroscopy (EDS) study

The cells after incubation with uranium and ionic liquids for 2 h,
ere collected by centrifugation at 5000 g for 25 min. They were
ashed twice with 0.05 M Hepes buffer (pH 6.8) and suspended

vernight in 2% Glutaraldehyde (EM grade). The samples were then
ashed three times with Hepes buffer. Each sample was enrobed

n 2% Noble agar and dehydrated through a graded ethanol series
25, 50, 75, 95 and 2 × 100% ethanol) for 15 min. The samples were
hen suspended in 50/50 ethanol/LR White resin for 1 h, and then in
ure LR White resin for 1 h. Afterwards they were put into gelatin
apsules containing pure LR White and polymerized at 60 ◦C for 1 h.
ections (of approximate 80 nm thickness) were cut on a Reichert
ung Ultracut E and mounted on copper TEM supports. For imaging

e used the LEO 912 AB TEM, which has a 1 K ProScan CCD camera
nd a SIS EsiVision software package. This is an energy filtered TEM
EFTEM) instrument that operates at 120 kV. Images were taken
t 0 eV. EDS was performed in spot mode (approximate 200 nm
iameters) on a Philips 400 T at 100 kV with an EDAX, Sapphire
etector using the Phoenix software.

. Results and Discussion

.1. Toxicity of ILs

Figure 1 shows the effect of three ILs on the growth of Clostridium
p. All three ILs affected bacterial growth and at higher concen-
rations growth was almost completely inhibited. The extent of
nhibition depended on the type of IL; with the addition of 0.1%
MIMPF6, the optical density (OD) decreased from 0.54 (control,
ithout IL) to 0.30 while the OD values reached 0.40 and 0.28 in

he presence of 0.1% EtPyBF4 and EtPyCF3COO, respectively. Growth
as completely inhibited at 0.5% of BMIMPF6 and EtPyCF3COO.

The total gas (consisting of CO2 and H2) production from fer-
entation of glucose by Clostridium sp. is another indicator that

emonstrates the effect of ILs on bacterial metabolism. Fig. 2 (left

anel) shows the total volume of gas produced by Clostridium sp.
fter 48 h of incubation. It followed a similar trend to the OD. All
hree ILs showed inhibitory effects and that the higher the con-
entration of ILs, the lower was the growth and production of gas.
Fig. 3. Effects of various ionic liquids (1% v/v) on the biosorption of uranium by
Clostridium sp. (A) BMIMPF6; (B) EtPyBF4; (C) EtPyCF3COO.

For instance, the gas production significantly declined with the
increase in concentration of EtPyBF4. Compared with about 44 mL
of gas generated by the control, 36 mL  gas was produced at the 0.1%
level, 22 mL  at the 0.25% level, 17 mL  at the 0.5% level, 12 mL  at the
1% level and only 4 mL at the 2% level (Fig. 2B).

Figure 2 (right panel) also shows the change in pH during
growth of Clostridium sp. The fermentation of glucose generated

acetic and butyric acid [21], causing decrease in pH. It was noticed
that the pH decrease at both 0.5% and 1% level of BMIMPF6 while
no growth was observed (Fig. 1A). And pH change was  larger at
1% level of EtPyCF3COO than that at 0.5% level even though no
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Fig. 4. TEM images of Clostridium sp. in the presence of various ionic liquids (1%, v/v) and uranium (0.25 mM): (A) uranium nitrate alone; (B) BMIMPF6; (C) EtPyBF4; (D)
E ike ur
t ide a

g
b
[
c
f
o
y
[

h
5

tPyCF3COO; (E) thin-sectioned bacteria of (A) in small scale showing the needle l
reatments. The narrow arrows indicated the presence of U intracellularly and the w

rowth was found at both levels (Fig. 1C). This may  be caused
y hydrolysis of BMIMPF6 and EtPyCF3COO resulting in pH drop
9,22,23]. The higher vulnerability to hydrolysis (i.e. low chemi-
al stability) and forming of corrosive acid could be responsible
or the higher cytotoxicity of some ILs [24]. Although we  didn’t
bserve obvious pH drop due to hydrolysis of EtPyBF4, the hydrol-
sis of BF4

− to [BF3OH]− and HF has been reported elsewhere

23,25].

We quantified the toxicity of each IL by determining the IC50-48
; this notation represents the concentration of ILs that induces
0% of the maximum inhibitory response after 48 h exposure. These
anium inside cell. The insert pictures show thin-sectioned bacteria under various
rrows showed the changes of surface structure.

results show that the IC50-48 h of three ILs decreased in the order of
BMIMPF6 (8.26 mM)  > EtPyBF4 (7.04 mM)  > EtPyCF3COO (4.05 mM).
The results were in agreement with other studies that the high
viscosities and densities of some ILs (such as BMIMPF6 used in
this study) may  restrict their bioavailability to bacteria, thereby
showing less toxicity. With the same cation of EtPy+, the anion
may  contribute substantially to the overall toxicity. While in asso-

ciation with H+, CF3COO could hydrolyze protein and interact
with cell membrane significantly [26]. Previously we showed that
EtPyCF3COO exhibited higher toxicity to Pseudomonas fluorescens
in comparison with EtPyBF4 [27].
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Fig. 5. EDS of Clostridium sp. after 2 h incubation with various ionic liquids (1% v/v) and uranium (0.25 mM):  (A) uranyl nitrate; (B) BMIMPF6; (C) EtPyBF4; (D) EtPyCF3COO.
T
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he  arrows highlighted the presence of U inside cell.

.2. Effects of ILs on uranium biosorption

The biosorption of uranium by Clostridium sp. is shown in Fig. 3.
n the absence of ILs, uranium absorption in 0.02 M KCl reached the

aximum in 20 min  and remained associated with the cells. The
nitial rapid biosorption is due to the existence of several binding
ites on the surface of bacterium that are capable of forming extra-
ellular uranium complexation [28,29]. The rapid kinetics observed
ith Clostridium sp. has an important advantage for its application

o uranium contaminated-water treatment systems.
However, the uranium absorption in 0.2 M KCl solution contain-

ng 1% (v/v) of BMIMPF6 reached equilibrium within 20 min, but the
mount of absorption was 75% less than that of without IL (Fig. 3A).
n the presence of 1% (v/v) of EtPyBF4 (Fig. 3B) and EtPyCF3COO
Fig. 3C), the absorption reached maximum in 10 min, and then
ecreased drastically in the next 30 min. At the end of incubation
he amount absorbed decreased by 90% in comparison with that of
ranium alone.

.3. TEM and EDS analysis

TEM analysis revealed changes in the morphology of bacterial
ell surface, while the EDS spectra showed the elements associated
ith the cells. Comparison of morphology of cells exposed to ura-

ium (Fig. 4A), no obvious membrane damage was observed with
ells in the presence of 1% (v/v) BMIMPF6 (Fig. 4B). However in solu-
ion containing 1% (v/v) EtPyBF4 many tiny pores were noticed on
he membrane (Fig. 4C). In particular with the incubation of 1% (v/v)
EtPyCF3COO the structure of the cellular membrane was severely
damaged (Fig. 4D). The extent of membrane damage increased in
the order of BMIMPF6 < EtPyBF4 < EtPyCF3COO and these observa-
tions were in agreement with above toxicity results. Gal et al. [30]
suggested that interactions of ILs with the cellular membrane con-
stituted a primary culprit for toxicity. They proposed that BMIM+

showed membrane toxicity due to the short alkyl chains in the
cationic structure and overall small dimension of the molecule
which might account for its deeper insertion of the compound into
the lipid bilayer. They also suggested that membrane interactions
of ILs were most likely universal phenomena, even for ILs that were
patently hydrophilic. The more serious membrane damage caused
by EtPyBF4 and EtPyCF3COO may  be attributed to the release of
corrosive acid, for instance HF and trifloroacetic acid, during anion
hydrolysis [27].

Figure 4A also shows uranium was  accumulated by Clostridium
both extracelluarly and intracellularly. The thin-sectioned image
shows uranium to be accumulated intracellularly as needle-like
fibrils, having a size of around 50 nm (Fig. 4E). Extracellular accu-
mulation of uranium with bacterial cell surfaces is likely due to
physical and chemical interactions involving adsorption and ion
exchange [31]. However, intracellular precipitation is suggested as
a result of enzymatic reduction or interaction with intracellular
phosphate [28]. Similar precipitations of uranium inside bacteria

were also reported in Halomonas sp.  which accumulated uranium
as fine-grained crystals in the periplasm along its plasma and
outer membranes [31].The precipitation of uranium inside cell
was also confirmed by EDS analysis. Fig. 5A shows the presence
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f Oxygen(O), Nitrogen(N), Carbon(C), Phosphorus(P), Sulfur(S),
hlorine(Cl), Potassium (K) and Uranium (U) inside cell. The high
opper (Cu) peak was from the EM grid used to support the
pecimen.

The deposition of uranium inside cell was also impacted in
he presence of various ILs. Due to the relatively less membrane
amage both intracellular and extracellular deposition of uranium
ere detected with the incubation with BMIMPF6 (Fig. 4B and

ig. 5B). Nevertheless, only extra-cellular accumulation of uranium
as observed in the presence of EtPyBF4 (Fig. 4C and Fig. 5C) and

tPyCF3COO (Fig. 4D and Fig. 5D). The absence of uranium accu-
ulation inside cell may  be due to following reasons. First, the
embrane has an important function in maintaining the optimal

nternal conditions for metabolism and energy transduction. Many
embrane proteins facilitate and regulate membrane ion trans-

ort, for example, the gated ion-selected channels, ionic pumps,
r other hydrophilic transport pathways [32]. Therefore, any effect
n the integrity of the membrane will influence the ion transfer
rocess significantly. Second, intracellular accumulation by living
ells is carried out through a variety of specific and non-specific
etabolism-dependent transport systems. The inhibition of fer-
entation metabolism (evidenced by decrease of cell growth, gas

nd acid production) would influence the ion transport, and con-
equently bioaccumulation and bioreduction by cells. Third, as
escribed by Bashford et al. [33] that leakage was likely to be
hrough those smaller, different distortions or “leaky patches” of
he plasma membrane structure. Progressively greater damage can
ead to the leakage of larger molecules, such as phosphorylated

etabolites and (eventually) cytoplasmic proteins. As mentioned
efore, the intracellular uranium precipitations mostly exist as
omplex with phosphate. Herein, the decrease of intracellular
hosphorylated metabolites would diminish the deposition of ura-
ium inside cell. For bacteria incubated with EtPyCF3COO, EDS
pectrum also showed that almost no K and/or Cl were detected
nside cell. A high intracellular K+ concentration is necessary for the
rowth of living cells. The K leakage usually is an early indicator
f membrane damage [34]. Meanwhile, the change of EDS spec-
rum on Figure 5C might suggest the alteration of cellular chemistry
nder the treatment of EtPyBF4.

Herein, all above results demonstrated that cell membrane was
amaged to various degrees in the presence of different ILs, which
ay  be primarily responsible for the decreased biosorption of ura-

ium. Meanwhile, the complex formation between uranium and
L may  also impact the biosorption greatly. Bacterial cell walls,
xopolymers, and lipids contain carboxyl, hydroxyl, amino, sulfhy-
ral and phosphate functional groups which can complex metal

ons, resulting in immobilization. The competition for metal bind-
ng between the functional groups of the cell biomass and ionic
iquid may  affect the biosorption. Previously we  [7] showed that
ranium formed a monodentate complex with the anion BF4

−

nd PF6
− of EtPyBF4 and BMIMPF6, respectively; and a bidentate

omplex with carboxylate of EtPyCF3COO. The binding strength
ecreased in the order of EtPyCF3COO > EtPyBF4 > BMIMPF6, which
orresponded with the decrease in trend of biosorption.

. Conclusion

In summary, this study revealed membrane interactions of
hree ILs exhibiting diverse structural and biologically inhibitory
roperties. Hydrophobic IL may  affect membrane integrity to less
xtent due to limited bioavailability, while hydrophilic ILs shows

igher toxicity due to anion hydrolysis. Future investigation about
he relationship between the extent of membrane disruption and
Ls structure properties will provide more useful information in
esigning biocompatible ionic liquids. And a rational tuning of

[

[

aterials 264 (2014) 246– 253

ILs would improve and expand the current applications of ILs in
biotechnology.

Acknowledgments

We thank R. Harris, University of Guelph, for SEM and TEM
analysis, and J.B. Gillow, for assistance. This work was supported
by Brookhaven National Laboratory, Laboratory Directed Research
and Development (LDRD), U.S. Department of Energy under con-
tract No. DE-AC02-98CH10886; and in part by the BK21+ program
through the National Research Foundation of Korea funded by the
Ministry of Education, Science and Technology. The authors have
no conflict of interest to declare.

References

[1] J.P. Hallett, T. Welton, Room-temperature ionic liquids: solvents for synthesis
and catalysis. 2, Chem. Rev. 111 (2011) 3508–3576.

[2] F. van Rantwijk, R.A. Sheldon, Biocatalysis in ionic liquids, Chem. Rev. 107
(2007) 2757–2785.

[3] S. Bräutigam, D. Dennewald, M.  Schürmann, J. Lutje-Spelberg, W.-R. Pitner, D.
Weuster-Botz, Whole-cell biocatalysis: Evaluation of new hydrophobic ionic
liquids for efficient asymmetric reduction of prochiral ketones, Enzyme Microb
Tech 45 (2009) 310–316.

[4] H. Pfruender, R. Jones, D. Weuster-Botz, Water immiscible ionic liquids as sol-
vents for whole cell biocatalysis, J Biotechnol 124 (2006) 182–190.

[5] G. Quijano, A. Couvert, A. Amrane, Ionic liquids: Applications and future trends
in bioreactor technology, Bioresource Technol. 101 (2010) 8923–8930.

[6] M.  Sendovski, N. Nir, A. Fishman, Bioproduction of 2-phenylethanol in a
biphasic ionic liquid aqueous system, J. Agr Food Chem 58 (2010) 2260–2265.

[7] C. Zhang, C.J. Dodge, S.V. Malhotra, A.J. Francis, Bioreduction and precipita-
tion of uranium in ionic liquid aqueous solution by Clostridium sp, Bioresource
Technol. 136 (2013) 752–756.

[8] T.P. Thuy Pham, C.-W. Cho, Y.-S. Yun, Environmental fate and toxicity of ionic
liquids: a review, Water Res. 44 (2010) 352–372.

[9] M.  Petkovic, K.R. Seddon, L.P.N. Rebelo, C. Silva Pereira, Ionic liquids: a pathway
to  environmental acceptability, Chem. Soc. Rev. 40 (2011) 1383.

10] M.  Gavrilescu, L.V. Pavel, I. Cretescu, Characterization and remediation of soils
contaminated with uranium, J. Hazard. Mater. 163 (2009) 475–510.

11] K. Binnemans, Lanthanides and actinides in ionic liquids, Chem. Rev. 107 (2007)
2592–2614.

12] A. Rout, K.A. Venkatesan, T.G. Srinivasan, P.R. Vasudeva Rao, Extraction behavior
of actinides and fission products in amide functionalized ionic liquid, Sep. Purif.
Technol. 97 (2012) 164–171.

13] D. Allen, G. Baston, A.E. Bradley, T. Gorman, A. Haile, I. Hamblett, J.E. Hatter,
M.J.F. Healey, B. Hodgson, R. Lewin, K.V. Lovell, B. Newton, W.R. Pitner, D.W.
Rooney, D. Sanders, K.R. Seddon, H.E. Sims, R.C. Thied, An investigation of the
radiochemical stability of ionic liquids, Green Chem 4 (2002) 152–158.

14] N. Das, Remediation of radionuclide pollutants through biosorption-an
overview, Clean-Soil Air Water 40 (2012) 16–23.

15] K. Vijayaraghavan, Y.-S. Yun, Bacterial biosorbents and biosorption, Biotech-
nology Advances 26 (2008) 266–291.

16] A.J. Francis, C.J. Dodge, F. Lu, G.P. Halada, C.R. Clayton, XPS and XANES studies of
uranium reduction by Clostridium sp, Environ. Sci. Technol. 28 (1994) 636–639.

17] A.J. Francis, C.J. Dodge, Bioreduction of uranium(VI) complexed with citric acid
by Clostridia affects its structure and solubility, Environ. Sci. Technol. 42 (2008)
8277–8282.

18] J.P. Hallett, T. Welton, Room-Temperature Ionic Liquids: Solvents for Synthesis
and Catalysis. 2, Chemical Reviews 111 (2007) 3508–3576.

19] K.K.L. Yung, J.M. Perera, C.D. Smith, G.W. Stevens, The partitioning behav-
ior of Tyramine and 2-Methoxyphenethylamine in a room temperature ionic
liquid–water system compared to traditional organic–water system, Separat.
Sci. Technol. 40 (2005) 1555–1566.

20] H. Zhao, S.V. Malhotra, R.G. Luo, Preparation and characterization of three
room-temperature ionic liquids, Phys Chem Liq 41 (2003) 487–492.

21] W.  Gao, A.J. Francis, Fermentation and hydrogen metabolism affect uranium
reduction by Clostridia, ISRN Biotechnol. 2013 (2013) 1–11.

22] R.P. Swatloski, J.D. Holbrey, R.D. Rogers, Ionic liquids are not always
green: hydrolysis of 1-butyl-3-methylimidazolium hexafluorophosphate,
Green Chem 5 (2003) 361.

23] H. Wang, S.V. Malhotra, A.J. Francis, Toxicity of various anions associated
with methoxyethyl methyl imidazolium-based ionic liquids on Clostridium sp,
Chemosphere 82 (2011) 1597–1603.

24] C.-W. Cho, T. Phuong Thuy Pham, Y.-C. Jeon, Y.-S. Yun, Influence of anions on
the toxic effects of ionic liquids to a phytoplankton Selenastrum capricornutum,
Green Chem 10 (2008) 67–72.
25] C.A. Wamser, Hydrolysis of fluoboric acid in aqueous solution, J. Am. Chem. Soc.
70  (1948) 1209–1215.

26] A. Tsugita, J.-J. Scheffler, A rapid method for acid hydrolysis of protein with
a  mixture of trifluoroacetic acid and hydrochloric acid, Eur. J. Biochem. 124
(1982) 585–588.

http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0005
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0010
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0015
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0020
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0025
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0030
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0035
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0040
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0045
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0045
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0045
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0045
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0045
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0045
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0045
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0045
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0045
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0045
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0045
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0045
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0045
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0045
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0045
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0045
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0045
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0045
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0045
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0045
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0045
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0045
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0050
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0055
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0060
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0065
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0070
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0075
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0080
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0085
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0090
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0095
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0100
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0105
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0110
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0115
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0120
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0125
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0130
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0130


dous M

[

[

[

[

[

[

[

C. Zhang et al. / Journal of Hazar

27] C. Zhang, S.V. Malhotra, A.J. Francis, Toxicity of imidazolium- and pyridinium-
based ionic liquids and the co-metabolic degradation of N-ethylpyridinium
tetrafluoroborate, Chemosphere 82 (2011) 1690–1695.

28] V. Sivaswamy, M.I. Boyanov, B.M. Peyton, S. Viamajala, R. Gerlach, W.A. Apel,
R.K. Sani, A. Dohnalkova, K.M. Kemner, T. Borch, Multiple mechanisms of ura-
nium immobilization by Cellulomonas sp. strain ES6, Biotechnol. Bioeng. 108
(2011) 264–276.
29] D.A. Fowle, J.B. Fein, A.M. Martin, Experimental study of uranyl adsorption onto
Bacillus subtilis, Environ. Sci. Technol. 34 (2000) 3737–3741.

30] N. Gal, D. Malferarri, S. Kolusheva, P. Galletti, E. Tagliavini, R. Jelinek, Membrane
interactions of ionic liquids: Possible determinants for biological activity and
toxicity, Biochim. Biophys. Acta 1818 (2012) 2967–2974.

[

aterials 264 (2014) 246– 253 253

31] A.J. Francis, J.B. Gillow, C.J. Dodge, R. Harris, T.J. Beveridge, H.W. Papenguth,
Uranium association with halophilic and non-halophilic bacteria and archaea,
Radiochimica Acta 92 (2004) 481–488.

32] W.N. Konings, S.V. Albers, S. Koning, A.J. Driessen, The cell membrane plays a
crucial role in survival of bacteria and archaea in extreme environments, Anton.
Van. Leeuw. 81 (2002) 61–72.

33] C.L. Bashford, G.M. Alder, G. Menestrina, K.J. Micklem, J.J. Murphy, C.A. Paster-

nak, Membrane damage by hemolytic viruses, toxins, complement, and other
cytotoxic agents. A common mechanism blocked by divalent cations, J Biol
Chem 261 (1986) 9300–9308.

34] P.A. Lambert, S.M. Hammond, Potassium fluxes, first indications of membrane
damage in micro-organisms, Biochem. Biophys. Res. Comm. 54 (1973) 796–799.

http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0135
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0140
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0145
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0150
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0155
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0160
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0165
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0170
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0170
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0170
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0170
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0170
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0170
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0170
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0170
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0170
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0170
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0170
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0170
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0170
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0170
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0170
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0170
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0170
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0170
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0170
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0170
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0170
http://refhub.elsevier.com/S0304-3894(13)00839-X/sbref0170

	Toxicity of ionic liquids to Clostridium sp. and effects on uranium biosorption
	1 Introduction
	2 Materials and Methods
	2.1 Chemicals
	2.2 Bacterial culture and growth medium
	2.3 Toxicity of ILs
	2.4 Preparation of IL-U mixture
	2.5 Biosorption experiment
	2.6 Uranium analysis
	2.7 Transmission Electronic Microscopy (TEM) and Energy Dispersive X-ray Spectroscopy (EDS) study

	3 Results and Discussion
	3.1 Toxicity of ILs
	3.2 Effects of ILs on uranium biosorption
	3.3 TEM and EDS analysis

	4 Conclusion
	Acknowledgments
	References




