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of uranium in the extracellular
polymeric substances of anaerobic granular sludge
used to treat uranium-contaminated groundwater
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Shicheng Li,a Wei Guo,a Yongpeng Wang *a and Hexiang Huang*ab

Anaerobic granular sludge (AnGS) has been proven to be long-term effective for U(VI) removal and can be

used as an inoculum for permeable reactive barriers, which is an innovative technology for remediation of

uranium-contaminated groundwater. Considering their great ability in biosorption and bioreduction to

common metal ions, extracellular polymeric substances (EPS) should play an important role in U(VI)

removal and also in maintaining bioactivity of the AnGS due to toxicity accompanied with uranium.

However, the roles of the EPS of AnGS in the uranium immobilization process are not clear. In this study,

batch experiments were carried out by treating synthetic uranium-contaminated groundwater with

AnGS, and uranium in EPS was extracted using four different methods. Moreover, speciation of uranium

in EPS by filtration and inductively coupled plasma with mass spectroscopy and the reaction between

isolated EPS and uranyl sulphate solution in a NaHCO3 medium were investigated. The results showed

that about 12–16% of the total uranium immobilized by AnGS (extracted by the cation exchange resin

(CER) method at 600 rpm for 1 h) was found to be present in EPS in its soluble ionic and particulate

forms. For EPS-associated uranium obtained by the CER method, particulate uranium was proven to be

the main form with sizes ranging from 24.7 nm to 171.3 nm. In the process of uranium immobilization

using EPS isolated from non-reacted AnGS, both biosorption and bioreduction were involved. The

findings of this study imply the important roles of EPS in the immobilization of uranium in groundwater

using AnGS.
1. Introduction

Uranium mining and mine tailings cause uranium contami-
nation to adjacent groundwater, where uranium levels have
been reported to be as high as 50 mg L�1.1 Signicant concerns
regarding uranium behavior and remediation have been raised
due to the hazardous nature of uranium related to its
synchronous chemical toxicity and radiotoxicity. Uranium is
mainly present as soluble hexavalent uranium (U(VI)) and
insoluble tetravalent uranium (U(IV)) in the environment. In
groundwater, U(VI) migrates mostly in the form of uranyl ion
(UO2

2+) or uranyl carbonate complexes (e.g. UO2(CO3)2
2�).2 The

transformation of U(VI) can be accomplished by some micro-
organisms. A number of cases of the reduction of soluble U(VI)
to insoluble U(IV) (e.g. UO2) catalyzed by microorganisms, such
as sulfate- or metal-reducing bacteria, have been reported.
Indeed, microbial reduction has been widely proven as a cost-
effective and promising bioremediation strategy for the
ngineering Physics, Jiangyou, Mianyang,
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treatment of uranium-contaminated groundwater.3–5 Besides
the abovementioned pure cultures, mixed cultures, such as
anaerobic granular sludge (AnGS), have also been proven long-
term effective for the reduction of U(VI), which have been inoc-
ulated to sand column reactors.6,7 Hence, a permeable reactive
barrier inoculated with AnGS will be very benecial for future in
situ remediation of uranium-contaminated groundwater due to
its convenient maintenance and cost. Moreover, AnGS will also
act as an inhabitant in groundwater systems, affecting the U(VI)
migration behavior.

Extracellular polymeric substances (EPS), located in the
interspaces of bacteria inside the anaerobic granular sludge,
have been proven to be important for maintaining the structural
and functional integrity of AnGS aggregates. EPS are considered
to have a strong inuence on the migration and fate of many
substances. First, EPS possess abundant functional groups and
can immobilize large substances through biosorption or
chelation. Many kinds of substances, including phosphorus,8

sulfanilamide,9 carbon nanotubes,10 and some minerals,11,12

have been detected in EPS. Moreover, because of their excellent
chelation ability, EPS can also act as a template for mineral
nucleation and induce the formation of minerals such as
calcite13 and struvite.14 Furthermore, EPS produced by some
This journal is © The Royal Society of Chemistry 2017
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metal-reducing bacteria have been demonstrated to contribute
to the reduction of ferrous iron,15 silver ions,16,17 and U(VI).18

As a typical pollutant, uranium has been found to be
immobilized by EPS of some anaerobic microbes through
biosorption, biomineralization or bioreduction. For example,
the EPS of Citrobacter sp. is thought to be involved in the
biomineralization process of U(VI).19 The high biosorption
capacity of EPS extracted from the anaerobic-activated sludge
towards U(VI) has been proven by Yuan et al.20 Cao et al.
(2011)18 rst reported the signicant contribution of bio-
reduction of the EPS of Shewanella sp. in HRCR-1 to U(VI)
immobilization, and it was considered that the extracellular
U(VI) reduction was most probably caused by the redox active c-
cytochromes present in the EPS.21 Microbe species in AnGS are
abundant, and several U(VI)-reducing bacteria have been
identied to be inhabited in it.22,23 U(VI)-reduction was
accomplished through an extracellular electron transfer by
these functional microbes. Hence, the EPS matrix contains
some electrochemically active substances and probably U(VI)-
reducing active enzymes released by cell autolysis. Then, in
the remediation process of uranium-containing groundwater
using AnGS, the contributory factors of EPS for uranium
immobilization may be numerous and complicated, and bio-
sorption, biomineralization, and bioreduction are likely to be
involved. Hence, uranium present in EPS was predicted to be
complex such as soluble U(VI) ions (e.g. UO2

2+, UO2(CO3)2
2�

etc.), U(VI)-phosphate precipitates (the product of adsorbed
phosphate and UO2

2+), or also U(IV) precipitates. However, the
chemical forms of extracellular uranium and their contents in
EPS are still unclear. Therefore, a deeper insight into the
characteristics, such as actual forms and contents, of uranium
in EPS is desirable.

Regarding the two most probable states of the extracellular
uranium, the soluble and particulate forms, different charac-
terization methods are needed. To quantify the extracellular
uranium content, a traditional extraction method has to be
used. While for the accurate content of extracellular uranium,
besides the previously reported inuencing factors (e.g. the
extraction efficiency of extracellular uranium, the leakage of
intracellular uranium, etc), it is also necessary to evaluate the re-
dissolution of insoluble U(IV) during the extraction process. For
the extracellular uranium in the particulate form, little infor-
mation (such as the chemical composition of the minerals, the
mineral fraction, and the valence states of uranium inside the
minerals) is available.

The main objective of this study was to characterize uranium
in the EPS of AnGS, which was applied for the immobilization of
uranium in groundwater. The extracellular uranium content
and mineral fraction and the re-dissolution of insoluble U(IV)
during various EPS extraction processes were investigated.
Considering the probable roles of EPS in uranium bioreduction,
the reduction of U(VI) to U(IV) minerals by single EPS extracted
from AnGS was also explored. The present study will provide
great reference value for better understanding the mechanism
of uranium removal from groundwater in microbial remedia-
tion systems and will be benecial for guiding related uranium
remediation practices.
This journal is © The Royal Society of Chemistry 2017
2. Materials and methods
2.1. Batch experiments for remediation using AnGS

The remediation of uranium-contaminated groundwater using
AnGS was carried out in the batch mode to investigate the
immobilization of uranium by microbial cells and EPS. The
experiments were conducted in 160 mL serum bottles using
100 mL of synthetic uranium-contaminated groundwater
(minerals solution, NaHCO3, and U(VI)) and 60 mL headspace.
The mineral solution contained (mg L�1)23 NH4HCO3, 5;
K2HPO4, 2; MgCl2, 2.1; Ca(OH)2, 1; yeast extract, 0.33 and a trace
element solution (mg L�1): H3BO3, 0.5; FeSO4$7H2O, 28;
ZnSO4$7H2O, 1.1; CuSO4$5H2O, 1.6; MnSO4$H2O, 2.5; (NH4)6-
Mo7O24$4H2O, 2.0; KAl(SO4)2$12H2O, 1.75; CoSO4$7H2O, 23.6;
NiSO4$6H2O, 1.13; Na2SeO3$5H2O, 1; Na2WO4$2H2O, 5.2; and
EDTA, 10. The minerals solution was boiled for 10 min and
sparged with N2 to remove the dissolved oxygen. Aer cooling
down to room temperature, 1 g L�1 NaHCO3 was dosed to adjust
the pH to 7.0. Then, a 10 mM stock solution of uranyl sulfate
(99.99% UO2SO4$3H2O obtained from Hubei Chushengwei
Chemical Co., Ltd, China) and AnGS were successively added to
the medium to a nal U(VI) mass concentration of 100 mg L�1

and VSS concentration of 2000 mg L�1 (VSS: volatile suspended
solids). The bottles were sparged with N2 to further remove the
remaining oxygen and then sealed with butyl rubber stoppers
and aluminum tear-off seals. The temperature was controlled at
25 � 1 �C. In the time course of 13 days, a 1 mL mixed solution
was taken at certain intervals and centrifuged at 8000 rpm for
5 min to determine U(VI) in the supernatant. Aer the reactions,
10 mL of the mixed solution was used for EPS extraction and
2mL for the sequential extraction of uranium in the sludge. The
batch test was repeated three times.

The AnGS was stored anaerobically at 4 �C prior to the
experiments, which was obtained from a full-scale up-ow
anaerobic sludge blanket (UASB) reactor (Hefei, Anhui, China)
treating starch wastewater and with a VSS content of 65%,
moisture content of 94.9%, and specic acetoclastic methano-
genic activity of 350 mg COD per g VSS per day. Prior to its
addition, the sludge granules were washed with de-ionized
water.
2.2. EPS extraction

Herein, four methods (sonication, EDTA, heating, cation
exchange resin (CER), and a control method (centrifugation))
were used to extract the EPS from AnGS with immobilized
uranium. As all the EPS extraction processes were carried out in
an anaerobic glove box (99.9% N2), the centrifugation, sonica-
tion, EDTA, and CER methods were conducted at room
temperature. To adequately extract the EPS, the sludge granules
were rst crushed and ground to ocs and suspended with
a 100 mM anaerobic NaCl solution (previously boiled and
sparged with N2) to the original volume. Aer this, 10 mL of the
sludge solution was harvested and centrifuged at 8000 rpm for
5 min. Then, the sludge pellets were washed twice with the
100 mM anaerobic NaCl solution to remove any residual soluble
substances in the media. Subsequently, the pellets were re-
RSC Adv., 2017, 7, 54188–54195 | 54189
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suspended with 10 mL of a 100 mM anaerobic NaCl solution (or
2% anaerobic EDTA solution during EDTA extraction). The
control method was performed using a two-step centrifugation
process: at rst, centrifugation was carried out at 10 000 rpm for
10 min, and subsequently, the supernatant was centrifuged at
14 510 rpm (equivalent to 20 000 g) for 20 min.11,12 Sonication
extraction was performed for 5 min or 10 min at 150 W. For the
EDTA extraction method, the sludge pellets re-suspended in an
EDTA solution were kept for 2 h to extract the EPS. For the
heating extraction process, the sludge mixture was heated at
60 �C for 20 min or at 80 �C for 10 min in a water bath. For the
CER procedure, the extraction process was conducted in
a 50 mL beaker with 70 g resin per g VSS of CER (DOWEX
MARATHON C, Na+-form, 20–50 mesh, Sigma-Aldrich) with the
extraction times of 1 h or 2 h at 600 rpm.24 Thereaer, the
suspensions were centrifuged at 10 000 rpm for 10 min and
subsequently at 14 510 rpm for 20 min, and the supernatant
was obtained without further treatment, withholding the
uranium precipitates.

In addition, to explore the re-dissolution of insoluble U(IV)
during the EPS extraction, some amount of biologically reduced
uranium, instead of the sludge, was used to repeat the EPS
extraction procedure. The biologically reduced uranium was
prepared according to the literature with a slight modication.25

The washed and crushed AnGS (the VSS concentration of
2000 mg L�1) was suspended in 100 mL of the mineral solution
(the same as used in the batch tests) in a 160 mL serum bottle,
amended with 2 g L�1 NaHCO3, 400 mg L�1 uranyl sulfate, and
20 mM acetate, and incubated at 30 �C under anaerobic
conditions. At day 4, the sludge ocs were obtained and washed
twice with 100 mM NaHCO3 buffer to remove any loosely
absorbed U(VI). Then, the pellet was incubated in 1 M NaOH for
1 h to dissolve the cell membranes and proteins. The suspen-
sion was then centrifuged and washed four times with 1 M
NaHCO3 to remove the remaining NaOH and any complexed
U(VI). Finally, the pellet was sufficiently rinsed with deionized
water until no U(VI) could be detected; this resulted in the
formation of a puried U(IV) solid. Then, the U(IV) solid was re-
suspended with a 100 mM anaerobic NaCl solution and divided
into several aliquots to repeat the EPS extraction procedure.
Aer centrifugation, the uranium concentration in the extracts
was detected. The re-dissolution extent of insoluble U(IV) was
evaluated as the ratio of uranium in the extracts to total
uranium in the solution.
2.3. Chemical analysis

All chemicals used in this study were of analytical grade. The
concentrations of total uranium (TU) in the supernatant, EPS
(TUEPS) or sludge (TUSludge) were analyzed by inductively
coupled plasma with mass spectroscopy (NEXION 350, Perkin
Elmer), and all the samples were acidied using 5% HNO3 as
previously described. The VSS of the AnGS was measured
according to a standard method.26 The extraction efficiency was
analyzed by the total concentration of carbohydrates, proteins,
humic substances, and nucleic acids in the EPS extracts, which
was determined as previously described.24
54190 | RSC Adv., 2017, 7, 54188–54195
The fractionation of uranium in the AnGS before and aer
uranium immobilization reaction was performed according to
the literature,6,7 with successive extractions of anaerobic MilliQ
water (overnight), anaerobic NaHCO3 (1 M, overnight), and
HNO3 (10%, 4 h), representing the water soluble U(VI),
adsorbed/complexed U(VI), and insoluble U(IV), respectively.

2.4. Quantication of the mineral fraction of uranium in the
EPS extracts

Herein, two methods were used to quantify the mineral fraction
of uranium in the EPS extracts. For the relatively large EPS-
associated uranium particles (micron-size), a microporous
membrane with a pore size of 0.22 mm was used to differentiate
the soluble and particulate uranium in the EPS extracts as this
pore size was proven to be efficient to intercept minerals with
sizes ranging from several microns to tens of microns.11,12,27 To
accurately quantify the EPS-associated uranium in its particu-
late form (>0.22 mm), both sonication (10 min at 150 W) and
CER (1 h at 600 rpm), which have been proven to cause a low
extent of U(IV) re-dissolution in the subsequent manuscript,
have been chosen to perform the EPS extraction as above-
mentioned. Aer the extraction, about 30 mL of the EPS
samples were ltered through 0.22 mm cellulose nitrate
membranes, and the initial ltrate was discarded. The
membranes were previously saturated by uranyl ions by soaking
in a sufficient 50 mg L�1 uranyl sulfate solution and then rinsed
with large amounts of MilliQ water. The difference between the
uranium content in the EPS solution before and aer ltration
was evaluated to be the mineral fraction of uranium in the EPS
(>0.22 mm). Moreover, six experiments for sonication and CER
extraction were performed.

As some nano-sized colloidal uranium may not be inter-
cepted by the membrane, the EPS extracts aer 0.22 mm ltra-
tion were analyzed using ICP-MS (NEXION 350, Perkin Elmer) in
the single particle mode. In the single particle mode, the signal
of the soluble uranyl ions was obviously different from the
signal of the uranium-containing particles. The mineral frac-
tion of the EPS-associated uranium within the EPS extracts aer
0.22 mm ltration was evaluated by the difference between the
total uranium concentration in EPS (acidied in 5% HNO3) and
the concentration of soluble uranium ions. Herein, six experi-
ments for sonication and CER extraction were performed.

On the other hand, for the characterization of the size
distribution of the nano-sized uranium particles, a series of
silver nanoparticles with known diameters and particle
concentrations (Citrate NanoXact™ Silver, nanoComposix Inc.)
were used as the standard particles. Moreover, one colloidal
particle could be ionized in a plasma torch to be a ash of ions
and was displayed as a transient signal to be detected by MS.
The signal intensity presents the particle size, and the ash
frequency accounts for the particle concentration.

2.5. U(VI) immobilization using EPS in a NaHCO3 medium

The EPS, used to determine the U(VI) immobilization, were
isolated from the original AnGS (without reaction with U(VI))
using CER extraction (600 rpm for 1 h in an ice bath). Then, the
This journal is © The Royal Society of Chemistry 2017
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crude EPS ltered through the 0.22 mmmembrane was puried
by dialysis (1000 MWCO, 24 h, anaerobic water).16,18 Aer
removing the ions and small molecules, the EPS was divided
into two aliquots and separately placed in dialysis tubing (1000
MWCO) against a UO2SO4 solution (25 mg U L�1, 1 g L�1

NaHCO3) for 24 h. To estimate the respective contribution of
adsorption and reduction to U(VI) immobilization, the reaction
process was conducted under two different conditions: anaer-
obic and aerobic. The anaerobic reaction was carried out in an
anaerobic glove box (99.9% N2), whereas the aerobic reaction
was performed under feeble and intermittent aeration condi-
tions. The U(VI) concentrations in the bulk in the beginning (the
dialysis tubing was previously immerged in the bulk and satu-
rated with uranyl ions, and then, the EPS was injected), at 12 h,
and at 24 h were measured. The decrease in the aqueous U(VI)
concentration in the anaerobic reaction was attributed to both
U(VI) adsorption and U(VI) reduction by EPS, whereas the
aqueous U(VI) removed aer the whole aerobic reaction was
mainly caused by adsorption. Under aerobic conditions,
uranium reduction could also inevitably occur. However, the
apparent reduction amount of uranium under aerobic condi-
tions should be rather low. Subsequently, the U(VI) reduction
was determined by the difference between the abovementioned
two reactions. The U(VI) immobilization process was repeated in
triplicate.
3. Results and discussion
3.1. Uranium immobilization using AnGS

The time course of U(VI) immobilization by AnGS without
external electron donors is shown in Fig. 1. The results indi-
cated that the concentration of U(VI) in the supernatant
decreased constantly and became stable aer day 10, and
a removal efficiency of above 97% was achieved.

The uranium fraction in the AnGS, before and aer the
reaction, extracted by water, NaHCO3 and HNO3 are shown in
Table 1. The high uranium recovery indicates the effectiveness
of this method. Since natural uranium exists in starch waste-
water, a little uranium is already present in the original AnGS,
Fig. 1 The time course of uranium removal using AnGS without an
external electron donor.

This journal is © The Royal Society of Chemistry 2017
with a content of 0.06 � 0.01 mg U per g SS. Aer the uranium
immobilization reaction, the content of uranium in the sludge
increased to 29.6 � 2.8 mg U per g SS. At the start point of the
reaction and at day 13, the absorbedU(VI) (e.g.U(VI) ions andU(VI)-
phosphate minerals), extracted by both water and NaHCO3,
accounted for about 62.5% and 44.6%, respectively. While HNO3

can extract about 37.5% and 55.4% uranium for the two reaction-
point sludge, which represent the reduced uranium-U(IV)
compounds.6 The results illustrate that the microorganisms
capable of reducing U(VI), located in the AnGS, can effectively
reduce U(VI) with an endogenous substrate. Furthermore,
a higher U(IV) fraction implies that the activity of U(VI) reduction
in the microorganisms was increased when they faced a high
U(VI) content. In addition to biosorption, the bioreduction of U(VI)
by AnGS occurred in the U(VI) removal process.
3.2. Uranium content in the EPS

The total uranium contents of the EPS solutions extracted from
AnGS using different methods were found to be largely depen-
dent on the EPS extraction efficiency and the re-dissolution
extent of insoluble U(IV) during the extraction process, as
shown in Table 2 and Fig. 2 and 3. The TU contents in the EPS
obtained from the control and sonication methods were low,
which was consistent with their low EPS extraction efficiencies.
Noticeably, the values of TUEPS/TUsludge (TUsludge ¼ 29.5 mg U
per g SS) obtained by both heating methods (60 �C for 20 min
and 80 �C for 10 min) were low (2.06% and 1.20%, respectively)
although a relatively high EPS content (Table 2) was extracted
from the sludge. D'Abzac et al. (2010)11 and Bourven et al.
(2011)12 have reported low mineral contents in heat-treated EPS
extracted from AnGS and activated sludge. Therefore, the low
TU content may also be attributed to the precipitation of the
trapped inorganic ions (including uranyl ion) released from the
disrupted EPS by heating. A signicant amount of uranium was
detected in the EPS solutions extracted using the EDTAmethod,
which accounted for about 42.1% TU in the sludge (Fig. 2). This
incredible uranium content should be caused by high re-
dissolution extent of insoluble U(IV) during the EPS extraction
process (Fig. 3). As a strong complexation agent, EDTA can
dissolve the U(IV) minerals by forming U(IV)-EDTA complexes.28

For the CER extraction method, the TUEPS contents depend
largely on the extraction time at the same stirring intensity. The
ratio of TUEPS/TUsludge increased with the extraction time, but
the re-dissolution of insoluble U(IV) also became severe when
the extraction time was prolonged from 1 h to 2 h at 600 rpm.
Comparatively, the extent of U(IV) re-dissolution was acceptable
when the extraction time was 1 h at 600 rpm (Fig. 3).

Fig. 1 shows the uranium contents in the EPS (expressed as
TUEPS/TotalEPS) extracted using different methods. The results
indicate that the control, sonication (5 min or 10 min at 150 W),
and CER (1 h at 600 rpm) methods provided similar values for
TUEPS/TotalEPS, which ranged from 100.1 to 144.0 mg U per g
EPS. Contrary to other extraction methods, this value range may
be closer to the real uranium content in EPS.

Based on the comprehensive consideration of the uranium
and EPS extraction efficiency and U(IV) re-dissolution extent
RSC Adv., 2017, 7, 54188–54195 | 54191
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Table 1 The uranium fractions and their contents and fraction in the AnGS at the beginning and day 13

Time

Anaerobic water Anaerobic NaHCO3 HNO3

Recovery /%
Content /mg
U per g SS Fraction /%

Content /mg
U per g SS Fraction /%

Content /mg
U per g SS Fraction /%

0 0.01 � 0.001 14.3 � 3.0 0.03 � 0.00 48.2 � 2.5 0.02 � 0.004 37.5 � 5.4 96.2 � 5.4
Day 13 0.80 � 0.41 2.7 � 1.4 12.4 � 1.0 41.9 � 3.5 16.4 � 1.4 55.4 � 4.8 92.3 � 6.4
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(Table 2 and Fig. 2 and 3), the sonication, heating, and EDTA
methods were not suitable for EPS extraction to determine the
species and contents of uranium in EPS because of their low
uranium extraction efficiency or severe U(IV) re-dissolution.
However, when the CER method was used for EPS extraction,
the content of uranium in EPS (14.1 � 2.0% TUsludge) obtained
under the well controlled extraction conditions (70 g CER/g VSS,
600 rpm, 1 h) was more reasonable and reliable due to the low
U(IV) re-dissolution extent, high uranium extraction efficiency,
and low cell lysis extent, as proven previously.8,24 Moreover, the
value of TUEPS/TotalEPS for CER (1 h at 600 rpm) (Fig. 2)
conrmed the abovementioned conclusion. Then, for the 97%
U(VI) removal at day 13 using AnGS (Fig. 1), the contributions
were 13.7% and 83.3% for the EPS and AnGS's bulk, respec-
tively. Actually, a higher fraction of uranium was found in the
EPS of the original AnGS, extracted using the CERmethod of 1 h
at 600 rpm, accounting for 62.0 � 7.9% (data not shown).
Comparatively, the EPS can reserve a higher fraction of uranium
in the lower U(VI)-level system. The non-negligible uranium
content in EPS indicated a strong uranium-accumulating ability
of EPS when the AnGS immobilized uranium from
groundwater.
Fig. 2 The TU content, TUEPS /TUSludge, and TUEPS/TotalEPS ratio of the
EPS solution extracted from the AnGS.
3.3. Particulate uranium in the EPS

As shown in Table 3, some mineral uranium (>0.22 mm) in the
EPS extracts was intercepted by the membrane lters, with
a fraction of 2.4 � 0.7% and 3.7 � 0.9% for the sonication and
CER methods, respectively. However, for the EPS extracts aer
0.22 mm ltration, the particulate uranium was dominant as
measured by ICP-MS, accounting for 80.9 � 1.8% and 85.1 �
2.2% for the sonication and CER methods, respectively. Upon
combining the results of the two parts, it was observed that
particulate uranium was the main form of uranium in the EPS.
More particulate uranium in the tightly bound EPS was released
Table 2 The EPS contents and compositions (mg per g SS) in the EPS s

Method Carbohydrates Proteins

Control 2.27 � 0.06 2.04 � 0.09
Sonication-5 min 2.26 � 0.17 3.29 � 0.11
Sonication-10 min 2.38 � 0.25 4.23 � 0.23
Heating-60 �c 7.27 � 0.24 13.5 � 0.43
Heating-80 �c 10.9 � 0.30 18.7 � 0.21
CER-600 rpm-1 h 8.5 � 0.42 5.00 � 0.40
CER-600 rpm-2 h 13.5 � 0.84 9.33 � 0.19
EDTA 18.8 � 0.91 9.61 � 1.10

54192 | RSC Adv., 2017, 7, 54188–54195
using the CERmethod due to higher extraction efficiency of this
method towards uranium.

Single particle ICP-MS analysis has been successfully used in
the size distribution tests of TiO2, ThO2, and UO2 colloids.29,30

As shown in Fig. 4, large amounts of nano-sized uranium
particles were detected using ICP-MS. For the EPS extracts ob-
tained using the sonication method, the size of the uranium
particles was in the range from 44.3 to 211.1 nm (Fig. 4a),
whereas for those obtained using the CER method, it ranged
from 24.7 to 171.3 nm (Fig. 4b). The size of the uranium-
containing particles in the EPS extracts obtained using the
CERmethod (mean size of 46.0 nm) wasmuch smaller than that
obtained using the sonication method (mean size of 79.5 nm);
this indicated that smaller uranium colloids occupied the
tightly bound EPS. As reported by William et al. (2008), about
3.0 nm uraninite was formed by Shewanella oneidensisMR-1 and
associated with EPS, as revealed by scanning electron
olutions extracted from the AnGS-immobilized uranium

Humic substances Nucleic acids Total EPS

0.59 � 0.08 3.02 � 0.05 7.92 � 0.29
1.59 � 0.13 2.86 � 0.05 10.0 � 0.46
0.93 � 0.03 3.48 � 0.06 11.0 � 0.57
13.2 � 0.44 8.33 � 0.08 42.3 � 1.19
10.6 � 0.18 12.7 � 0.25 52.9 � 0.94
14.4 � 0.08 8.45 � 0.46 36.4 � 1.34
9.12 � 0.49 11.4 � 0.66 43.4 � 2.14
10.4 � 1.20 8.11 � 0.62 46.9 � 3.82

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 The size distribution of nano-sized uranium particles in the EPS
extracted using the sonication method (A: diluted 100 times, particle
concentration of 193 756 parts per mL, mean size of 79.5 nm) and CER
method (B: diluted 1000 times, particle concentration of 169 185 parts
per mL, mean size of 46.0 nm) from AnGS at day 13 (each frequency
equals to particle concentration of about 21.2 parts per mL).

Fig. 3 The dissolution extent of the biologically reduced U(IV) during
the extraction process.
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microscopy (SEM).31 The much larger EPS-associated uranium
colloids observed in this study may be due to the accumulation
or growth of uranium nuclei with time. Moreover, even solids
larger than 0.22 mm were present in the EPS.

It should be noted that the particle size obtained by ICP-MS
was based on the detection of the signals of elemental uranium
and not those of the real uranium-containing solids. While
uranium is extremely larger than other element atoms (e.g.
oxygen, phosphorus, etc.), its particle size could be very close to
the real value.

The abovementioned results suggested that uranium parti-
cles were present in the EPS in the form of both micron-size and
nano-size particles, which included U(VI) minerals or U(IV)
minerals, or the both. Although difficult, analysis of the
uranium valence states in minerals using SEM coupled with
energy dispersive X-ray spectroscopy11,12 or other technologies in
future investigations is necessary.
3.4. EPS-induced U(IV) mineral formation in a NaHCO3

medium

Aer 24 h reaction under anaerobic and aerobic conditions, the
EPS extracted from the original AnGS can immobilize 21.9 �
0.69% and 18.4 � 0.26% U(VI) (Table 4), respectively. Hence,
bioreduction also contributed to the U(VI) immobilization,
accounting for 15.8� 1.49% of the U(VI) totally removed using the
AnGS's EPS. The ratio of U(VI) removal via bioreduction in our
study was lower than that observed for Shewanella sp. HRCR-1;18

this may be attributed to the difference in the active reducing
enzyme contents in each EPS due to the excellent ability of
dissimilatory metal reduction by Shewanella or the difference in
the experimental operations (such as the pre-reduction of EPS by
Table 3 The uranium fractions and their fraction in the EPS solutions ex

Filtration (>0.22 mm) ICP

Soluble (%) Particle (%) Solu

Sonication-10 min 97.6 � 0.74 2.4 � 0.74 19.1
CER-600 rpm-1 h 96.3 � 0.88 3.7 � 0.88 14.9

This journal is © The Royal Society of Chemistry 2017
sodium dithionite in their tests). In addition, since bioreduction
is inevitable even under aerobic conditions, bioreduction may be
undervalued. Regardless of the different contributions from
bioreduction in the uranium immobilization by EPS, two roles
including biosorption and bioreduction were conrmed for
microbial EPS in uranium remediation.

As indicated by previous studies, cytochrome C and avins in
EPS obtained from electroactive bacteria, such as Shewanella
sp., have shown redox abilities towards metal ions.16,32,33 For the
EPS of AnGS, UV/visible absorption spectroscopy was used to
identify the presence of riboavin or cytochromes C. The results
indicated that cytochrome C was not detected in the EPS of
AnGS. On the other hand, the two peaks at about 225 and
258 nm (data not shown) may be the characteristic peaks of
riboavin,32 implying the presence of extracellular riboavin in
tracted using the sonication and CER methods from AnGS at day 13

-MS (<0.22 mm) Total uranium in EPS

ble (%) Particle (%) Soluble (%) Particle (%)

� 1.8 80.9 � 1.8 18.6 � 2.6 81.4 � 2.6
� 2.2 85.1 � 2.2 14.3 � 3.1 85.7 � 3.1

RSC Adv., 2017, 7, 54188–54195 | 54193
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Table 4 U(VI) removal by the EPS extracts in a NaHCO3 medium

Time
Anaerobic
removal (%)

Aerobic
removal (%)

Adsorption
contribution
(%)

Reduction
contribution
(%)

12 h 8.12 � 0.29 7.05 � 0.28 86.8 � 0.46 13.2 � 0.46
24 h 21.9 � 0.69 18.4 � 0.26 84.2 � 1.49 15.8 � 1.49
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the U(VI) reduction process. As indicated by Tapia-Rodriguez et al.
(2010), Desulfovibrio and Clostridium spp., known as U(VI)-reducing
bacteria, were identied in the AnGS cultured in brewery or
related effluents. However, these bacteria could be rare in AnGS,
even aer stimulation by a high concentration of U(VI). Therefore,
the extracellular cytochromes C may be too low to be detected or
even not present. Interestingly, riboavin may act as an electron
mediator for U(VI) reduction by EPS. Moreover, humic substances
may play roles in the U(VI) reduction process by the EPS of AnGS.33

The important roles of EPS in affecting the mobility of
uranium in groundwater should deservemore attention. Notably,
to simulate real groundwater environments, 1 g L�1 NaHCO3 was
used as a buffer and complexed with uranyl ions to form uranyl–
carbonate complexes. Therefore, as compared to the report on
the reaction between EPS obtained from Shewanella sp. HRCR-1
and a pure uranyl solution,18 this study was closer to the reality
occurring in uranium-contaminated groundwater.
3.5. The implications of this study

As a permeable hydrogel layer around cells, EPS are the inevi-
table pathway for mass transfer between microorganisms and
the environment.34,35 Considering its great ability in uranium
accumulation, in situ transformation of soluble U(VI) to insol-
uble U(IV) via bioreduction should be facilitated, which is
favorable towards preventing the migration of uranium with
groundwater and maintaining the bioactivity of AnGS.

The results of uranium immobilization by AnGS without
external electron donors proved the availability of the endogenous
substrate, serving as electron donors for uranium bioreduction,
which was in accordance with a previous study.23 Actually,
a considerable part of the endogenous substrate was provided by
EPS itself (especially the carbohydrates in EPS) or its degradation.
Hence, EPS may also provide electron donors for the U(VI) bio-
reduction process; this has been observed in H2 production using
AnGS when the substrate is in short supply.36 To clarify this,
monitoring the variation of the contents of carbohydrates,
proteins, and humic substances in the EPS during the entire
process of uranium immobilization by AnGS is necessary.

Since a strong uranium-accumulating ability was found in
the EPS of AnGS (this work) and Shewanella sp. HRCR-1,18 the
interaction between the EPS and uranium needs further
investigation.
4. Conclusions

Signicant amount of uranium was found in the EPS of AnGS-
treated uranium-containing groundwater, accounting for 12–
54194 | RSC Adv., 2017, 7, 54188–54195
16% TUsludge (extracted using the CER method with 70 g CER/g
VSS at 600 rpm for 1 h). The results showed that uranium
associated with EPS could be present in two forms: the soluble
and particulate form. In addition to biosorption, bioreduction
also contributed to uranium immobilization by the AnGS's EPS.
The signicant amount of uranium in the EPS matrix offers
a new insight into the characteristics of extracellular uranium in
the process of uranium immobilization for groundwater reme-
diation using AnGS.
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