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A  heavy  metal  resistant  strain  of  Bacillus  sp.  (MTCC10650)  is  reported.  The  strain  exhibited  the  property
of  bioaccumulating  manganese,  simultaneous  to its remediation.  The  nanoparticles  thus  formed  were
characterized  and  identified  using  energy  dispersive  X-ray  analysis  (EDAX),  high resolution  transmis-
sion  electron  microscopy  (HRTEM),  X-ray  photoelectron  spectroscopy  (XPS),  powder  X-ray  diffraction
(PXRD)  and  atomic  force  microscopy  (AFM).  When  the  cells  were  challenged  with  manganese,  the  cells
effectively  synthesized  nanoparticles  of  average  size  4.62  ±  0.14  nm. These  were  mostly  spherical  and
monodispersed.  The  ex  situ enzymatically  synthesized  nanoparticles  exhibited  an  absorbance  maximum
anganese bioremediation
acillus sp.
anoparticle synthesis
rthorhombic manganese oxide

at  329  nm.  These  were  more  discrete,  small  and  uniform,  than  the  manganese  oxide  nanoparticles  recov-
ered  after  cell  sonication.  The  use of Bacillus  sp.  cells  seems  promising  and  advantageous  approach.  Since,
it serves  dual  purposes  of (i) remediation  and  (ii)  nanoparticle  synthesis.  Considering  the  increasing
demand  of  developing  environmental  friendly  and  cost  effective  technologies  for  nanoparticle  synthesis,
these  cells  can  be  exploited  for  the  remediation  of  manganese  from  the  environment  in conjunction  with

r  proc
development  of  a  greene

. Introduction

Synthesis of nanosize manganese oxide particles has attracted
pecial attention because of their unique physical and chemical
roperties. The manganese nanoparticles have copious industrial
pplications in supercapacitors, catalysis, biosensors, ion sieves,
olecular adsorption, high density magnetic storage media, batter-

es, drug delivery system and magnetic resonance imaging [1–6].
ince, the properties of nanoparticles are size and shape dependent,
he synthesis process having good control on monodispersity, size
nd shape is an important area of research [7].  Currently, differ-
nt chemical and physical methods are employed for the synthesis
f nanosize manganese oxide particles. Most of these techniques
equire stringent reaction conditions, viz very high temperature,
ressure and the use of toxic chemicals [8–10]. Also, a strong ten-
ency to precipitate or coagulate during the synthesis renders the
rocesses more difficult [11–14].

Biological systems have well organized and controlled physio-

ogical processes and thus, their use in the nanoparticle synthesis is
apidly gaining importance. Several strains of microorganisms are
nown for having metal resistance capability. They are endowed

∗ Corresponding author. Tel.: +91 11 26596533; fax: +91 11 26581102.
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ess  for the  controlled  synthesis  of  manganese  oxide  nanoparticles.
© 2011 Elsevier B.V. All rights reserved.

with various cellular mechanisms for metal detoxification. The
synthesis of nanosized metal is one such strategy/adaptive fea-
ture [15,16].  The use of microbial systems in nanobiosynthesis
have been successfully demonstrated for gold nanoparticles by
Bacillus subtilis,  Pseudomonas sp., Verticellum and Fusarium sp., sil-
ver nanoparticles by Bacillus sp., Fe3O4 magnetic nano crystals by
Magnetospirillum magnetotacticum, palladium nanoparticle by sul-
phate reducing bacteria [17] and CdS nano crystals by Rhodobacter
spheroids [18]. Microbes are therefore, amenable to be exploited,
for the synthesis of nanoparticles with controlled shape, size and
monodispersity [19].

In nature, the excess of Mn2+ is oxidized by both abiotic and
biotic processes. The formation of Mn3+ and Mn4+ is thermody-
namically favorable in the presence of oxygen and higher pH.
Nevertheless, these are mostly catalyzed by microorganisms due
to the higher activation energy [20]. Microbial systems, especially
bacterial like Pseudomonas putida strains MnB1, Bacillus sp. SG-1,
Leptothrix discophora SP-6 and Leptothrix discophora SS-1 have been
used as attractive model systems for the microbial manganese oxi-
dation [21]. However, these strains have rarely been exploited for
the synthesis of manganese oxide nanoparticles [22].

Manganese rich discharge is one of the major constituent of

industries involving steel and nonsteel alloy production, colorants,
pigments, battery manufacture, fuel additives, catalysts, and metal
coatings. Manganese at higher concentration is neurotoxic; causing
neurological syndrome like Parkinson’s disease [23,24].  Therefore

dx.doi.org/10.1016/j.jhazmat.2011.05.103
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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Fig. 1. Growth and manganese bioremediation by Bacillus sp. cells. The cells were
grown in culture medium as described in materials and methods Section 2.3;
[�],  bacterial growth (A660) in presence of 10 mg  L−1 manganese; [�],  bacterial
growth (A660) in presence of 100 mg L−1 manganese; [ ], residual manganese
A. Sinha et al. / Journal of Haza

icrobial systems having manganese bioaccumulating properties
ay  be advantageous to serve two purposes (i) remediation and

ii) nanoparticle synthesis.
Taking advantage of the manganese bioaccumulating potential

f the self isolated Bacillus sp. strain, the present work explores the
easibility of manganese remediation simultaneous to the synthesis
f manganese oxide nanoparticles as a model system.

. Materials and methods

.1. Materials

MnCl2.4H2O was a procured from Glaxo Laboratories Ltd.
Mumbai, India). The media components were procured from
i Media Laboratories (Mumbai, India). All other chemicals
sed were of analytical grade. A stock solution of 1000 mg  L−1

nCl2·4H2O was prepared in Milli Q water and 0.22 � filter steril-
zed MnCl2·4H2O solution equivalent to the respective manganese
oncentration was used in each experiment.

.2. Bacterial strain and culture conditions

A metal resistant Bacillus sp. strain, isolated from soil was
sed in the present study. The samples were obtained from oil
pilled soil near about IIT Delhi (India). The strain was isolated
nd purified by repeated streaking on nutrient agar plates. It was
dentified by morphological, biochemical and 16S rDNA analysis.
he 16S rDNA sequence was submitted to National Center for
iotechnology Information GenBank, NCBI, USA. The NCBI Gen-
ank accession number assigned is JF281096. The pure culture was
ubmitted to Microbial Type Culture Collection, IMTECH Chandi-
arh, India, with accession no. MTCC 10650. The culture was
aintained at 4 ◦C in agar slants and sub-cultured at monthly

ntervals. The purity of the laboratory culture was  checked at
egular time intervals by repeated streaking on nutrient agar
lates.

.2.1. Inoculum
A  loopful of inoculum from the slant was introduced into the

other culture medium containing (g L−1): yeast extract 3.0; pep-
one, 5.0; NaCl, 2.5; adjusted to pH 7.0 followed by incubation
t 30 ◦C and 120 rpm. The 24 h grown culture having OD ∼ 1.0
A660 nm)  was used as the mother culture.

.2.2. Culture conditions
50 mL  of culture medium containing (g L−1): yeast extract, 3.0;

eptone, 5.0; glucose, 5.0; NaCl, 2.5; MgSO4·7H2O, 0.5; pH 7.5
as taken in a 250 mL  Erlenmeyer flask. The culture medium was

noculated with 1% (v/v) mother culture and incubated at 30 ◦C
ith constant shaking at 120 rpm (Orbital Rotary Shaker, Orbitech,

ndia). The culture medium composition and conditions were kept
arallel in all the experiments otherwise stated. Growth of the cells
as recorded at 660 nm using double beam UV–visible spectropho-

ometer (Specord 200, Analytikjena, Germany).

.3. Biosynthesis of manganese oxide nanoparticles

Predetermined concentrations (as per the experimental condi-
ions) of filter sterilized MnCl2·4H2O was added into the culture

edium prior to inoculation. Rest of the culture conditions were
ept same as described in Section 2.2.2. The samples were with-

rawn periodically and processed accordingly for monitoring (i)
he cell growth (ii) manganese concentration (iii) nanoparticle syn-
hesis. Five millilitres of culture media was withdrawn aseptically
t regular time intervals and centrifuged at 14,000 × g for 10 min
concentration in culture media (10 mg  L−1 manganese); [ ], residual manganese
concentration in culture media (100 mg  L−1 manganese).

at 4 ◦C. The supernatant was  taken to estimate the residual man-
ganese by using atomic absorption spectrophotometer (AAnalyst
100, Perkin-Elmer, USA). A part of the culture was further processed
for the transmission electron microscopy. A control experiment
was  similarly run without inoculating with the cells to check for
any abiotic precipitation of the manganese during the operational
experimental conditions.

2.4. Effect of varying culture conditions on nanoparticle synthesis

Cells were cultivated as described in Section 2.3,  except that one
parameter was  varied at a time. For incubation time, the cells grown
in 100 mg  L−1 manganese were harvested at different time intervals
of 24, 48 and 72 h. The effect of manganese concentration was  mon-
itored at 100 mg  L−1, 150 mg  L−1 or 200 mg  L−1 manganese. The
cells were harvested after 72 h of incubation. The harvested cells
with different culture conditions were analyzed by transmission
electron microscopy.

2.5. Analytical methods used for identification and
characterization of synthesized nanoparticles

2.5.1. Transmission electron microscopy (TEM)
Cells grown in absence or presence of manganese were har-

vested by centrifugation at 8000 × g for 10 min at 4 ◦C. The pellets
were washed thrice with phosphate buffer (0.1 M, pH 7.4) and
fixed overnight in modified Karnovsky’s fluid at 4 ◦C. Post fixation
was  done with 1% OsO4 for 1 h at room temperature. Dehydra-
tion was carried out with acetone series (30, 50, 70, 90 and 100%
acetone). The samples were treated for 30 min  at each acetone con-
centrations and processed further as per the procedure of David
et al. [25]. Transmission electron micrographs were recorded with-
out regular double staining in TEM equipped with EDAX (HRTEM,
Technai G2; 200 kV, USA). High resolution transmission electron
microscopy (HRTEM) and energy dispersive X-ray analysis was
done on the same bacterial thin film used for taking TEM micro-
graphs in nanoprobe mode.
2.5.2. X-ray photoelectron spectroscopy (XPS)
In a 250-mL Erlenmeyer flask, 50 mL  of culture medium con-

taining 100 mg  L−1 manganese was  inoculated and incubated as
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Fig. 2. Transmission electron micrograph (TEM) of Bacillus sp. cells taken at different time of growth. The cells were grown in culture medium as described in Section 2.4;
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ell  grown in manganese for (a) 24 h; (b) 48 h; (c) 72 h; (d) control, cells grown in 

cale  100 nm.

escribed in Section 2.2.2. After 72 h of incubation, the cells
ere harvested by centrifugation at 14,000 × g for 10 min  at 4 ◦C.

he pellet was washed thrice with Milli Q water and finally
esuspended in 500 �L of Milli Q water. The resuspended cells
ere sonicated (A) at a frequency 24 kHz for 10 min  under ice

old conditions. The sonicated culture was spreaded uniformly
ver a glass cover slip coated with 0.5% gelatin and dried at
oom temperature. X-ray photoelectron spectroscopy (XPS) was
erformed on Specs (SPECS GmbH, Berlin, Germany). The photo-
lectrons were excited using an MgK  ̨ source of energy 1253.6 eV.
he accuracy in the binding energy determination was  0.05 eV.
he spectra obtained were calibrated to the binding energy
BE) of C1s at 284.6 eV to compensate the surface charging
ffect.

.5.3. Powder X-ray diffraction (PXRD)
A part of the sonicated cells (A) as obtained in Section 2.5.2 was

yophilized and crushed into fine powder and subjected to powder
RD (D2 Phaser, Bruker, Germany).
.5.4. Fourier transform infrared (FT-IR) characterization
The fine powder as obtained in Section 2.5.3 was also ana-

yzed by Fourier transform infrared spectroscopy. The spectra were
ecorded in range of 400–4000 cm−1 on Nicolet 6700 FT-IR (Thermo
cientific, USA) using KBr.
ce of manganese for 72 h. Arrow heads show manganese oxide accumulation. Bar

2.5.5. Possible recovery of manganese oxide and high resolution
transmission electron microscopy (HRTEM) of cell lysate

Cells grown for 72 h were pelleted and washed with Milli Q
water as described in Section 2.5.2. These were finally resuspended
in 1 mL  of Milli Q water and sonicated at a frequency 24 kHz for
10 minutes under ice cold condition followed by filtration through
a 0.45 � Millipore filter. One drop of filtered lysate was  loaded on
a carbon coated grid, dried at room temperature and subjected to
TEM/HRTEM analysis.

2.5.6. Atomic force microscopy (AFM)
The filtered (0.45 �) lysate as obtained in Section 2.5.2 was

spreaded uniformly on a thin glass plate and dried at room tem-
perature. The AFM images were recorded on the AFM system
(Nanoscope IIIa; Vecco Metrology Group, Santa Barbara, CA, USA)
with a scan rate of about 10.17 Hz.

2.6. Ex situ synthesis of manganese oxide nanoparticle by cell
extract of Bacillus sp. and their TEM, UV–visible characterization

In a 500-mL Erlenmeyer flask, 100 mL  of culture medium was
inoculated and incubated as described in Section 2.2.2. After 72 h of

incubation, cells were harvested by centrifugation at 14,000 × g for
10 min  at 4 ◦C. The pellets were washed thrice with 10 mM HEPES
buffer, pH 7.5 and finally resuspended in 2 mL  of 10 mM  HEPES
buffer. These were sonicated at a frequency 24 kHz for 10 min



A. Sinha et al. / Journal of Hazardous Materials 192 (2011) 620– 627 623

Fig. 3. Effect of manganese concentration in media on synthesis of manganese oxide nanoparticles by Bacillus sp. cells. The cells were grown in culture medium as described
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n  Section 2.4; (a) 100 mg  L−1; (b) 150 mg  L−1; (c) 200 mg  L−1; (d) control, cells grow
00  nm.

ollowed by centrifugation at 8000 × g for 10 min  at 4 ◦C. Two millil-
tres of the supernatant cell lysate was collected and incubated

ith 100 �M MnCl2 at 30 ◦C and 120 rpm in Orbitek shaker. The
anganese oxide synthesis was routinely monitored by recording

he UV–visible spectra. One drop of the 72 h incubated and filtered
0.45 �) lysate was loaded on a carbon coated grid, dried at room
emperature and examined under TEM.

All the experiments were performed in triplicate and variation
as within ± 5%.

. Results and discussion

.1. Manganese remediation and localization of nanoparticles

In order to evaluate the manganese bioremediation potential
f the Bacillus sp. cells, the residual manganese concentration
n the culture media was estimated at different time intervals.
ig. 1 shows the growth profile and residual manganese concen-
ration in the culture medium as a function of time. The initial
oad of 100 mg  L−1 manganese from the culture medium was  com-
letely remediated in 96 h whereas complete remediation of low
oncentration load (10 mg  L−1 manganese) was achieved in 72 h.
s per the growth curve and manganese remediation patterns,
t is evident that most of the manganese was remediated dur-
ng the late exponential phase of the cells growth. These results
re supported by previous studies on manganese oxidizing strains
hich oxidize manganese during their stationary phase [20]. In
sence of manganese. Arrow heads show manganese oxide accumulation. Bar scale

control experiment there was no significant decrease in man-
ganese concentration (data not shown). It is known that different
mechanisms of metal detoxification and uptake could operate
simultaneously or individually in a microbial system depend-
ing on the environmental conditions [26]. The microbial systems
according to their adaptive and physiological mechanisms can
detoxify the metal by (i) effluxing it out (ii) accumulating in the
cytoplasm or by (iii) converting it into less toxic form. Thus, it
is quite possible that during the late exponential phase of the
growth some cellular mechanism has been triggered, which might
have facilitated the entry of manganese inside the cells. Never-
theless, the exact mechanism of the manganese uptake by the
Bacillus sp. cells under investigation is yet to be fully under-
stood.

To comprehend the fate of the remediated manganese, whether
it was precipitated out or accumulated inside the cells, transmission
electron micrographs of the cells harvested at different time inter-
vals were recorded (Fig. 2). Cells grown for 24 h (Fig. 2(a)) showed
very few, small sized and randomly dispersed particles on the cell
wall only. Proliferation of accumulated manganese in the cyto-
plasm was seen in 48 h (Fig. 2(b)) and 72 h (Fig. 2(c)) grown cells.
The accumulated particles were spherical and uniformly dispersed
into the cytoplasm. The majority of the accumulated particles were

less than 6 nm in diameter. The corresponding control, cells grown
in absence of manganese for 72 h is shown in Fig. 2(d) for compar-
ison. Thus, it is logical to conclude from the bioremediation profile
and TEM micrographs that the process of manganese uptake from
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Fig. 4. A particle size distribution histogram and TEM micrograph at higher mag-
nification. (a) Particle size distribution histogram, as determined from the TEM
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Fig. 5. Energy dispersive X-ray (EDAX) profile and high resolution transmission
electron microscopy (HRTEM) image of Bacillus sp. cells grown in presence of
100 mg  L−1 manganese. (a) EDAX profile; (b) HRTEM image. EDAX and HRTEM were
icrograph; (b) TEM micrograph of cell grown in presence of 150 mg L−1 manganese.
rrow heads show manganese oxide accumulation. Bar scale 20 nm.

he medium and synthesis of nanoparticles took place during the
ate exponential growth phase of the cells.

Metal bioaccumulation is a well documented phenomenon
mong many microorganisms viz. Cr (IV), Pb (II), Cu (II) in Aspergillus
iger [27], Ni by Pseudomonas sp. [28], Ag by Bacillus sp. and several
thers [29]. The interesting observation was that the Bacillus sp.
train under investigation, formed manganese oxide nanoparticles
imultaneous to its remediation. This seems to be a doubly useful
pproach that a microorganism is synthesizing nanoparticles from
he metal being remediated by it. The synthesis of nanosize man-
anese oxide particles around the metal center inside the cells could
e mediated through some oxidase enzyme followed by aggrega-
ion with other cellular proteins.

.2. Effect of manganese concentration on the nature of
anoparticles

The cells were subjected to an increasing amount of manganese
n the culture medium. The representative TEM micrographs
Fig. 3) showed that the nanoparticles synthesized by the cells at,
00 mg  L−1 (Fig. 3(a)) and 150 mg  L−1 (Fig. 3(b)) manganese con-
entration were similar in morphology and distribution while the
ells treated with 200 mg  L−1 manganese (Fig. 3(c)) showed align-

ent of particles mostly near the cell wall. The TEM micrograph of

orresponding control is shown in Fig. 3(d).
The particle size distribution histogram (Fig. 4(a)) as determined

rom the transmission electron micrograph showed that the aver-
performed on the same bacterial thin films which were used for recording TEM
micrographs.

age size of the particles under investigation were 4.6 ± 0.14 nm,
with some particles, having 6–8 nm size and a very small percent-
age having diameter greater than 10 nm.  In general, the particles
were isotropic in nature and monodispersed without any agglom-
eration. This was  further confirmed by the TEM micrograph of the
cell taken at higher magnification (Fig. 4(b)). The Bacillus sp. system
thus proves to be a fairly good one for the synthesis of monodis-
persed nanoparticles.

3.3. Characterization and identification of accumulated
nanoparticles

The bio-accumulation of manganese evident in the transmission
electron micrographs of the cells was  further confirmed by EDAX
profiling of the manganese bioaccumulating cells (Fig. 5(a)). Signals
in EDAX at 5.89 keV and 6.49 keV can be attributed to manganese
(Mn) K� and the secondary (Mn) K� peaks respectively, which
prove that the accumulated particles were indeed manganese. The
high resolution transmission electron micrograph (HRTEM) image
provides further insight into the structure of the intracellularly

synthesized nanoparticles (Fig. 5(b)). The image exhibits lattice
fringes with d spacing of 0.32 nm,  which is consistent with the
0.32 nm separation between the 201 planes of manganese oxide
which was further confirmed by the powder XRD pattern (Fig. 6).
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ig. 6. The powder XRD patterns of Bacillus sp. cells grown in presence of 100 mg  L−1

anganese for 72 h.

nspite of a strong background scattering from the organic and
norganic components of the cells, weak diffraction peaks at d val-
es 0.407, 0.324, 0.243, 0.214, 0.165 and 0.147 can be recognized
nd can be assigned to the reflections (1 0 1), (2 0 1), (2 1 0), (2 1 1),
2 1 2) and (5 1 1) of MnO2 (JCPDS # 39-0375). Both the HRTEM and
he XRD profiles of the manganese oxide nanoparticles present in
ntact cytoplasm were consistent and confirmed the formation of
rthorhombic MnO2.

In order to probe the oxidation state, the intracellularly syn-
hesized nanoparticles were further characterized, by XPS. The

n 2p core level spectrum recorded on the sonicated cell lysate
s shown in Fig. 7. Because of heterogeneous nature of the cells,
trong background scattering from the other organic cell com-

onents takes place. This along with the smaller binding energy
ifference (∼2 eV) between the different oxidation states make

t difficult to speciate the particular oxidation state of the man-
anese on the cell lysate. However, the comparison of the measured

Fig. 8. FT-IR spectra of Bacillus sp. cells grown in presence of 1
Fig. 7. X-ray photoelectron spectral profile of Bacillus sp. cells grown in presence of
100 mg L−1 manganese for 72 h as described in Section 2.5.2.

binding energy for Mn(2p3/2) and Mn(2p1/2) transitions centered
at 641.65 and 653.45 eV respectively having spin energy separa-
tion of 11.80 eV in the present work with the values available
in the literature, indicated the presence of manganese as Mn4+

[30–32] which is consistent with the oxidation state of Mn  in
MnO2.

More characteristics of MnO2 were observed in its FTIR spec-
trum (Fig. 8). The bands around 1548, 1400 and 1030 cm−1 can
be attributed to O–H bending vibrations combined with Mn
atoms [33]. The intense band observed around 590 cm−1 could be
attributed to the Mn–O vibrations in MnO6 octahedra [34]. The
presence of a broad band at about 3302 cm−1 and 1651 cm−1 indi-
cate the presence of few bound water molecules in the MnO2
samples [35].
Thus, it can be concluded from the various analytical results that
the intracellularly synthesized nanoparticles were orthorhombic
MnO2.

00 mg L−1 manganese for 72 h described in Section 2.5.4.
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Fig. 9. UV–visible absorption spectra of ex situ synthesis of manganese oxide
nanoparticle by Bacillus sp. cell extract as a function of time. Two  millilitre of Bacil-
lus sp. cell extract as prepared in Section 2.6 was incubated with 100 �M MnCl2 at
30 ◦C and 120 rpm. UV–visible absorption spectrum was recorded for the samples
withdrawn at different time intervals.

Fig. 10. TEM, AFM analysis of (i) ex situ synthesized manganese oxide nanoparticle from
recovered after cell sonication. (a) TEM of cell extract treated with 100 �M MnCl2 at 30 ◦C
cell  sonication. Arrow head shows manganese oxide nanoparticles. Bar scale 50 nm.  (c) A
Materials 192 (2011) 620– 627

3.4. Ex situ synthesis and recovery of manganese oxide
nanoparticles by cell sonication

The ex situ synthesis of manganese dioxide was monitored
by using UV–visible absorption spectroscopy. A broad absorbance
band with a maximum at 329 nm can be observed (Fig. 9), which
progressively increases in intensity as the reaction/synthesis pro-
gresses from 0 h to 72 h. The absorbance occurred at a lower
wavelength than that observed for bulk manganese oxide which
is consistent with quantum confinement due to the small parti-
cle size [36]. The increase in intensity with no appreciable shift in
the absorption maxima with the progress of time was  observed.
This suggests that the size of the particles remained almost same,
while the number of particles increased. This also supplemented
the results obtained in the TEM micrographs.

To assess the feasibility of recovering the intracellularly synthe-
sized manganese oxide nanoparticles and to compare them with
those synthesized by cell extract, the cells containing intracellu-
lar nanoparticles were subjected to ultrasonication. Fig. 10(a) and
(b) shows the TEM micrographs of nanoparticles synthesized by

cell extract and those synthesized intracellularly by the cells. The
cell extract synthesized nanoparticles were more discrete, small
and uniform, than the recovered manganese oxide nanoparticles.

 the cell extract and (ii) Intracellular synthesized manganese oxide nanoparticles
 and 120 rpm for 72 h (b) TEM of cell lysate showing recovered nanoparticles after

FM roughness analysis of the recovered nanoparticles.
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ig. 10(c) shows the AFM analysis of the recovered nanoparticles.
he mean roughness as observed was found to be 5.47 nm.  The
ecovered nanoparticles were spherical and uniform in shape as
vident from the AFM profile. The possibility of recovering the
ntracellularly synthesized and the ex situ enzymatically synthe-
ized nanoparticles, further adjoin the usefulness and viability of
he Bacillus sp. cells for manganese oxide nanobiosynthetic process.

. Conclusions

The results demonstrate the feasibility of Bacillus sp. cells,
o synthesize intracellular manganese oxide nanoparticles, while
emediating manganese from the culture media, with good
onodispersity. The synthesized nanoparticles were characterized

s orthorhombic MnO2. The intracellularly synthesized manganese
xide nanoparticles were recoverable. These particles can also be
ynthesized ex situ by the Bacillus sp. cell lysate. The study seeks
o solve the environmental problem of manganese contamination,
iving an advantage of biosynthesis of the corresponding oxide
anoparticles. The simplicity and a greener approach would make
his process ideal for waste water treatment besides nanoparticle
ynthesis.
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