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A B S T R AC T

We assessed the potential of aerobic granular sludge consisting of mixed species of bacteria to 
remove and immobilize uranium (VI) and chromium (VI). Microbial granules were cultivated 
in a laboratory sequencing batch reactor (SBR) by feeding with acetate-containing synthetic 
media. Microbial granules formed in the SBR exhibited excellent settling characteristics and 
predominantly consisted of rod/cocci shaped bacteria. The microbial granules immobilized 
218 ± 2 mg of U(VI) g−1 dry granular biomass. X-ray photoelectron spectroscopy (XPS) showed 
the association of U(VI) with the microbial granules and transformation of U(VI) to U(IV). 
Microbial granules reduced Cr(VI) and immobilized to Cr(III) at 0.17 mmoles/d/g under 
anaerobic conditions. X-ray absorption near edge spectroscopy (XANES) of chromium associ-
ated with microbial granules revealed complete conversion of Cr(VI) to Cr(III). Extended X-ray 
absorption fi ne structure (EXAFS) analysis of the Cr-laden microbial granules showed similar-
ity to Cr(III)-phosphate. This study demonstrates the biotransformation and immobilization of 
U(VI) and Cr(VI) by mixed species microbial granules.
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1. Introduction

In natural and engineered settings, bacteria predom-
inantly grow as mixed microbial communities (biofi lms, 
biofl ocs and microbial granules). Bacteria growing in a 
community exhibit enhanced resistance and tolerance 
to toxic metals, compared with those which are grow-
ing in a single culture. Development of bioremediation/
biological treatment techniques based on transforma-
tion and immobilization of metals/radionuclides using 

bacteria growing in consortia might be advantageous 
because (i) the cells in a community can tolerate higher 
concentrations of metals/radionuclides compared to 
planktonic cells, and, (ii) they allow easy post-treatment 
separation of the biomass from the treated liquid either 
through fl occulation or granulation. Aerobic granu-
lar sludge (aerobic microbial granules) have attracted 
research interest due to its potential use in the develop-
ment of new generation wastewater treatment plants 
[1,2]. In these systems, microbial community is grown 
as compact and dense microbial granules without using 
carrier material [3]. Because of high settling velocities, 
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 aerobic microbial granules eliminate the use of large set-
tling tanks and allow relatively high biomass concentra-
tions in the reactor leading to higher conversion rates 
(i.e., carbon, nitrogen removal) [4]. Moreover, aerobic 
microbial granule based system requires only 20% of the 
surface area needed for a conventional activated sludge 
system and needs less investment and lower operational 
cost compared to activated sludge system [4]. Previous 
work showed that aerobic microbial granules possess 
tremendous ability for biosorption of heavy metals and 
uranium (VI) [5,6]. Bacterial transformation of metals/
radionuclides to less soluble forms is a promising biore-
mediation strategy for immobilization of contaminants 
[7–9]. Studies on the transformation and immobiliza-
tion of metals/radionuclides by mixed bacterial consor-
tia are limited [10]. The main aim of this work was to 
determine the biotransformation and immobilization of 
U(VI) and Cr(VI) by microbial consortia in aerobically 
grown microbial granules.

2. Materials and methods

2.1. Generation of aerobic microbial granules

Microbial granules were formed in a 3 l working vol-
ume column-type sequencing batch reactor (SBR). SBR 
setup and operation details have been described previ-
ously [11]. Briefl y, the SBR (diameter: 6.2 cm, height: 120 
cm) was inoculated with activated sludge fl ocs collected 
from an operating municipal wastewater treatment 
plant (Kalpakkam, India). The SBR was fed with syn-
thetic wastewater (SWW) prepared in deionized water 
and consisting of the following: CH3COONa (63 mM), 
MgSO4·7H20 (3.6 mM), KCl (4.7 mM), NH4Cl (35.4 mM), 
K2HPO4 (4.2 mM), KH2PO4 (2.1 mM) and 0.1 ml of trace 
elements mix [12]. Air was supplied at the bottom of the 
SBR using an oil-free air compressor and the superfi cial 
air velocity was maintained at 1.6 cm/sec by controlling 
aeration rate. The SBR was operated at room tempera-
ture (~30°C) with 66% volume exchange ratio and 6 h 
cycle period. Addition of the media at the bottom of the 
SBR and the withdrawal of the effl uent from a port situ-
ated at 34 cm height from the bottom were performed 
using peristaltic pumps operated using electronic tim-
ers. Microbial granules harvested after 2 mon of SBR 
operation were used in U(VI)/Cr(VI) immobilization 
experiments.

2.2. U(VI)-immobilization experiments

Experiments were carried out in 100 ml of mini-
mal medium containing U(VI) and aerobic microbial 
granules (wet weight: 5 g). The minimal medium con-
sisted of the following ingredients (g per l): NH4Cl, 1 g; 

MgSO4·7H2O, 0.2 g; CH3COONa, 3 g; yeast extract, 0.1 g; 
and 0.1 ml trace elements mix [12]. The pH of the media 
was adjusted to 5.5. The U(VI) stock was prepared by 
dissolving uranyl nitrate (UO2(NO3)2) (Merck, India) in 
distilled water. The fl asks were incubated in a rotary 
shaker set at 100 rpm and 30°C. Samples of 0.5 ml ali-
quots were collected at regular time intervals and anal-
ysed for U(VI). At the end of the experiment, microbial 
granules were lyophilized and analyzed for uranium 
association and speciation by XPS.

2.3. Cr(VI) immobilization experiments

Cr(VI) reduction experiments were performed under 
aerobic and anaerobic conditions in acetate minimal 
medium (AMM) consisting of the following ingredients 
(g/l): 1.0 NH4Cl, 0.2 MgSO4·7H2O, 3.02 CH3COONa, 
0.5 KH2PO4, and 0.5 yeast extract. The pH of medium 
was adjusted to 7.0 before autoclaving it. For the aero-
bic reduction of Cr(VI), 250 ml fl asks containing 100 
ml of AMM with chromate and the microbial granules 
were incubated on a rotary shaker at 100 rpm at 30°C. 
For anaerobic reduction, 100 ml glass bottles containing 
100 ml of AMM with chromate and microbial granules 
were bubbled with nitrogen gas and sealed with rubber 
stoppers incubated at 30°C. Cr(VI) (0.2 to 3 mM) was 
introduced prior to the experiment by adding a stock 
solution of potassium dichromate prepared in sterile fi l-
tered distilled water. Samples were collected at regular 
intervals, and solids were separated and analyzed for 
Cr(VI) in the supernatant by spectrophotometer. At the 
end of experiment, microbial granules were collected, 
lyophilized and analyzed for Cr oxidation state and its 
association with the biomass by XANES and EXAFS 
respectively, at the National Synchrotron Light Source 
(NSLS), Brookhaven National Laboratory, USA.

2.4. Microscopy

Morphology of the microbial granules was docu-
mented with a DP70 camera (Olympus, Japan) con-
nected to a SMZ1000 stereozoom microscope (Nikon, 
Japan). Particle size and circularity (Circularity values 
ranges from 0 (infi nitely elongated polygon) to 1 (per-
fect circle)) were determined by using the freeware 
ImageJ v1.43. Microstructure was determined using 
confocal laser scanning microscope (CLSM) and scan-
ning electron microscope (SEM). For CLSM imag-
ing, microbial granules were stained with BacLight™ 
bacterial viability kit (Molecular Probes, USA) and 
imaged using a confocal laser scanning microscope TCS 
SP2 AOBS (Leica Microsystems, Germany) equipped 
with an inverted microscope (Leica DMIRE2). A 63x 1.2 
NA water immersion objective was used for imaging. 
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 Argon laser (488 nm line) was used for excitation and 
emission was recorded between 500 and 520 nm for 
SYTO 9 and between 600 and 680 nm for propidium 
iodide (PI). For SEM imaging, the microbial granules 
were fi xed overnight with 2.5% glutaraldehyde and 
dehydrated in a series of ethanol solutions (50%, 70%, 
90% and 100%). The dehydrated microbial granules were 
sputter-coated with gold-palladium and imaged using a 
scanning electron microscope (Philips XL30 ESEM).

2.5. Analytical procedures

Volatile suspended solids (VSS), sludge volume 
index (SVI), biomass density and dry weight of biomass 
were determined according to standard methods [14]. 
Soluble uranium in the samples was analysed spectro-
photometrically using arsenazo III [15]. Uranium associ-
ated with the microbial granules was analysed by X-ray 
photoelectron spectroscopy (XPS). Cr (VI) concentra-
tion remaining in the medium was measured using Cr 
(VI)-specifi c colorimetric reagent S-diphenylcarbazide 
(DPC). A pink color was developed when Cr (VI) was 
present in the samples and the absorbance measured 
immediately at 540 nm using UV-vis spectrophotometer 
(Shimazdu, Japan). Microbial granules exposed to Cr(VI) 
were lyophilized and analysed using X-ray absorption 
near edge spectroscopy (XANES) and Extended X-ray 
absorption fi ne structure (EXAFS) as described else-
where [13].

3. Results and discussion

3.1. Characteristics of microbial granules

The morphology of microbial granules sampled 
from the SBR for U(VI) and Cr(VI) immobilization 
experiments is shown in Fig. 1. The average size of the 
granules was 1.8 mm, and average circularity was 0.9. 

Microbial granules exhibited excellent settling abilities 
with SVI10min of 30 ml/g and the biomass density was 
40 g VSS/l. Settling characteristics of the aerobic micro-
bial granules formed in the SBR were similar to those 
reported by others [16]. Filamentous microorganisms, 
predominant in the seed sludge, were not observed in 
the microbial granules. Staining with general nucleic 
acid binding fl uorophore revealed that the microbial 
granules consists of several cells clusters with extensive 
water channels (Fig. 2a). The majority of the cell clus-
ters consisted of closely organized bacterial cells. SEM 
showed the presence of rod and cocci shaped cells on the 
outer surface of the aerobic microbial granules (Fig. 2b).

3.2. U(VI) immobilization

Almost complete removal of U(VI) from 6 to 100 
mg/l U(VI) solution was observed within one hour of 
incubation (Fig. 3). The U(VI) remaining after biosorp-
tion was found to be less than 1 mg/l. In the case of 
140 mg/l U(VI) initial concentration, about 10 mg/l 

Fig. 1. Morphology of the aerobic microbial granules cul-
tivated in a 3 l sequencing batch reactor. A) Cultivated 
microbial granules transferred to a measuring cylinder B) 
stereozoom micrograph. Scale bar in B, 1 mm.

Fig. 2. Microstructure of aerobic microbial granule as shown 
by confocal microscopy (A) and scanning electron micros-
copy (B) Confocal image consisted of 28 xy-slices obtained 
at z-interval of 2 μm.

Fig. 3. U(VI) removal by aerobic microbial granules. The ini-
tial biomass content was constant (5 g wet weight).
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U(VI) was remaining in solution even after 24 h of incu-
bation. The maximum U(VI) removal was 0.93±0.01 
mmoles U(VI) g−1 granular biomass [6]. Maximum U(VI) 
removal observed in this study is less than the reported 
values for Pseudomonas strain [17]. However, the U(VI) 
removal capacity of the bacteria decreased signifi cantly 
when the bacterial cells were immobilized for practi-
cal use [17]. XPS confi rmed that U(VI) removed from 
the media was associated with the microbial granules 
(Fig. 4). Appearance of peak specifi c for U(IV) shows the 
reduction mediated by the microbial granules (Fig. 4).
U(VI) removal was primarily driven by the biosorp-
tion on to the microbial granules. Appearance of U(IV) 
indicates that the micro-anaerobic environments present 
within the macro-scale microbial granules might have 
facilitated the microbial transformation.

3.3. Cr(VI) immobilization

In order to determine the mechanism of Cr(VI) 
removal, experiments were performed (i) without the 
microbial granules (ii) with lyophilized microbial gran-
ules (iii) with microbial granules in the absence of elec-
tron donor (i.e., acetate) and (iv) with microbial granules 
with electron donor. No decrease in the concentration of 
Cr(VI) was observed in the cell-free control. Similarly, 
no signifi cant change in the Cr(VI) concentration in the 
media was observed in the absence of an electron donor 
or when the experiment was performed with lyophilized 
granular biomass. These results confi rm the role of bac-
terial cell metabolism in Cr(VI) removal process. The 
Cr(VI) reduction was evident by means of decolorization 
(yellow to colorless) of the media, and Cr(VI)-measure-
ments by DPC. Although Cr(VI) reduction occurred both 
under aerobic and anaerobic conditions, it was effi cient 

and complete under anaerobic conditions (Fig. 5). Time 
required for complete removal of Cr(VI) was dependant 
on the initial biomass content (Fig. 6).

Stable and sustainable reduction of 0.2 mM of Cr(VI) 
was confi rmed in fed-batch experiments performed 
using same biomass and replenishing the spent medium 
with fresh media containing U(VI). However, the expo-
sure to Cr(VI) resulted in an increase in the number of 
cells stained with propidium iodide, indicating mem-
brane damage. Although the number of cells stained by 
PI (red) increased markedly during the exposure to Cr 
(VI), many cell clusters were still stained by Syto9 (green) 

Fig. 4. XPS of uranium associated with the aerobic microbial 
granules. XPS showed the presence of U(VI) and U(IV).

Fig. 5. Cr(VI) reduction under aerobic and anaerobic condi-
tions. Initial biomass and Cr(VI) were 10 g granules and 0.21 
mM respectively.

Fig. 6. Cr(VI) removal by microbial granules under anaero-
bic conditions. Experiments were conducted in 100 ml vol-
ume containing 0.2 mM of Cr(VI).
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when the volume is not signifi cantly increased. Under 
such situations, microbial granules may allow design-
ing compact and high-rate biological treatment systems.
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