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a  b  s  t  r  a  c  t

Arsenic  is  a highly  toxic  metalloid  and  has  posed  high  risk  to the environment.  As(III) is  highly  mobile
in  soil  and  leached  easily  into  groundwater.  The  current  remediation  techniques  are  not  sufficient  to
immobilize  this  toxic  element.  In  the  present  study,  an  As(III)  tolerant  bacterium  Sporosarcina  ginsen-
gisoli  CR5  was  isolated  from  As  contaminated  soil  of  Urumqi,  China.  We  investigated  the  role  of  microbial
calcite  precipitated  by  this  bacterium  to remediate  soil  contaminated  with  As(III).  The  bacterium  was
able to  grow at  high  As(III)  concentration  of  50 mM.  In  order  to  obtain  arsenic  distribution  pattern,  five
stage  soil  sequential  extraction  was  carried  out.  Arsenic  mobility  was  found  to  significantly  decrease  in
the exchangeable  fraction  of soil  and  subsequently  the  arsenic  concentration  was  markedly  increased
porosarcina ginsengisoli
icrobial calcite

ioremediation

in  carbonated  fraction  after  bioremediation.  Microbially  induced  calcite  precipitation  (MICP)  process  in
bioremediation  was  further  confirmed  by  ATR-FTIR  and XRD  analyses.  XRD  spectra  showed  presence  of
various  biomineralization  products  such  as  calcite,  gwihabaite,  aragonite  and  vaterite  in bioremediated
soil  samples.  The  results  from  this  study  have  implications  that  MICP  based  bioremediation  by  S.  ginsen-
gisoli  is  a  viable,  environmental  friendly  technology  for  remediation  of  the  arsenic  contaminated  sites.
. Introduction

Arsenic (As) is a highly toxic semi-metallic element and of global
oncern. The most common and toxic arsenic species observed in
he environment is the trivalent form arsenite [As(III)]. Common
ources of arsenic in nature include volcanic activity, rock weath-
ring, marine sedimentary rocks and fossil fuels, including coal and
etroleum, application of pesticides and wood preservatives [1,2].
he deleterious effects of arsenic to human health resulting from
nvironmental contamination have been reported worldwide [3,4].
rsenic is a human carcinogen and its concentration at high levels
as been found to increase the risk of skin cancer and tumors of the
ladder, kidneys, liver and lungs [5].

Elevated levels of arsenic have been reported in soils and
roundwater worldwide especially in Bangladesh, India, Vietnam
nd Argentina [6].  Urban enterprises and development of min-
ng, smelting and processing of heavy metals or metalloid such as
rsenic, has caused serious contamination of soils in China [7].  High

oncentrations of As are frequently found in area around mining
ailings in many parts of China such as Guizhou, Chenzhou, Xi’an
nd Xinjiang ranging from 11 to 1217 mg  kg−1 As in contaminated

∗ Corresponding author. Tel.: +86 991 7885446; fax: +86 991 7885446.
E-mail addresses: panxl@ms.xjb.ac.cn, xiangliangpan@163.com (X. Pan).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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soil [8–10]. Especially during the rainy season, drainages of such
mining industries often flooded into nearby farmlands and aquatic
systems that lead to huge amount of arsenic deposited in the sur-
rounding areas. In 1983, first endemic arsenic area was  found in
Kuitun reclamation area of Xinjiang, China. Up to now, the popu-
lation exposed to arsenic has exceeded 2 million in China. Owing
to the rapid industrial growth in the past two  decades, serious soil
contamination has been found in Urumqi, Xinjiang, China. This city
was  ranked as fourth heavily polluted cities over the world by the
Word Health Organization in 1998 [11].

The released arsenic from different sources can be immobilized
in tailings or soil and also it can be easily spread into other regions
through the transport of arsenic-contaminated solids and arsenic
dissolution occurred by changes in the geo-chemical environment
to a reductive condition. Therefore, before arsenic reaches a water-
body or groundwater, remediation of arsenic contaminated soils is
highly desired. Arsenic is, therefore, a common pollutant of con-
cern in environmental cleanup, and there is an urgent need to
find biological based cost-effective and environmentally friendly
techniques.

Biological treatment especially phytoremediation utilizing

Pteris vittata (Chinese brake fern) is widely used as a cost effective
method for removal of arsenic from soils [12,13]. Phytoremedia-
tion has limitation that it cannot be used successfully in arid area
such as north-western China where climate is harsh and dry. It is

dx.doi.org/10.1016/j.jhazmat.2011.11.067
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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ependant on the growing conditions required by the plant such
s climate, geology, altitude and temperature. Beside phytoreme-
iation, a variety of bacteria including sulfate reducing bacteria
nd other species such as Paenibacillus, Pseudomonas,  Haemophilus,
icrococcus, and Bacillus may  be involved to remediate arsenic from

ontaminated environments [14–16].  The basic principle govern-
ng bioremediation is a change in redox reactions, increasing or
ecreasing the solubility using different complexation reactions,
hanging pH, and adsorption or uptake of a substance from the
nvironment [17]. Still, the current method of bioremediation is
ot so effective, as heavy metal ions immobilized or adsorbed are
eing released again. Arsenic readily changes valence state and
eacts to form species with varying toxicity and mobility, its effec-
ive treatment is difficult. The redox potential of soil varies greatly
hat affects the bioremediation process. Due to the sensitivity to
edox potential change microbes such as sulfate-reducing bacteria
sed in immobilization, are not highly effective in the stabilization
f heavy or trace metals in contaminated soil. Also, there is still con-
iderable interest in the metabolic capacity of bacteria to remove
rsenic within indigenous microbial consortia in various ecosys-
ems. Briefly, the current bioremediation techniques fail mainly
ecause of limitation of phytoremediation in arid area, re-release of

mmobilized or adsorbed heavy metals by some bacteria in environ-
ent, microbial sensitivity to redox potential change and changes

nto the valence state of particular toxic metal. So, the drawbacks
f even current bioremediation technologies have made necessary
o seek economic, effective and green technology for in situ reme-
iation of contaminated soil.

Biomineralization based microbially induced calcite precipita-
ion (MICP) seems to be a promising technique to remediate arsenic
rom contaminated environments with additional advantages on
urrent bioremediation techniques [18,19]. This process is active
n almost every environment on earth. The microorganisms secrete
ne or more metabolic products that react with ions or compounds
n the environment resulting in the subsequent deposition of min-
ral particles. Calcite, a biomineralization product, can strongly
dsorb on its surfaces and incorporate this metalloid ion into its
rystal structure [20]. Considerable research on bio-calcite precip-
tation has been performed using ureolytic bacteria [21,22]. These
acteria are able to influence the precipitation of calcium carbon-
te by the production of an enzyme, urease. Calcium carbonate
recipitation occurs as a consequence of bacterial metabolic activ-

ty. Omnipresence of MICP and the ability of its products to trap
oxic elements may  provide a new in situ remediation method for
ontaminated soil. Most of the studies to remediate heavy metals
uch as Sr and Pb by MICP have been performed in groundwater
23]. To our knowledge no study has been performed in past for
ioremediation of arsenic contaminated soil based on MICP.

In the present study the ability of a novel indigenous bacterium
porosarcina ginsengisoli has been investigated in the remediation
f As(III) contaminated soil. A five-step Tessier sequential extrac-
ion procedure to analyze the geochemical speciation of As and
nvestigate the bioremediation efficiency by bacterial isolate was
dopted. To measure the efficiency of microbially induced calcite
recipitation, the biomineralization products were characterized
y Attenuated Total Reflectance Fourier Transform-Infra Red (ATR-
TIR) spectroscopy and X-Ray Diffraction (XRD) analyses. For the
rst time MICP based remediation of As contaminated soil has been
tudied applying S. ginsengisoli.

. Materials and methods
.1. Isolation of As(III) resistant bacteria

Calcifying arsenic resistant bacteria were isolated from soil col-
ected in screw capped sterilized bottles from As contaminated
terials 201– 202 (2012) 178– 184 179

site near Urumqi, China. One gram of soil was inoculated in 50 mL
Nutrient Broth (NB) (pH 8.0) containing 100 mg L−1 arsenic solution
(As2O3) and incubated at 30 ◦C for 48 h under shaking condition
(130 rpm). The composition of NB (in g L−1) was  peptone, 10; beef
extract, 1.5; yeast extract, 1.5; and NaCl, 5. Bacteria were enumer-
ated using serial dilution technique by total plate count method on
arsenic containing nutrient agar plates. Arsenic oxide (As2O3) was
filter sterilized and added to the medium for the initial concentra-
tion of 5, 10, 25 and 50 mM.  The plates were incubated at 30 ◦C
overnight. Bacterial isolates that could tolerate the highest arsen-
ite concentration were selected. Subsequently, the colonies were
transferred onto urea agar base, urease selective medium, to check
the production of urease (as urease is key indicator for microor-
ganisms precipitating calcite). One isolate designated as CR5 was
finally selected for further studies based on their ability to produce
higher urease qualitatively.

2.2. Identification based on molecular characterization

Genomic DNA was extracted from overnight grown bacterial
cells by alkaline lysis. The 16S rRNA gene from the genomic DNA
was  amplified by PCR using the following primers: 5′-AGA GTT
TGA TCC TGG CTC AG-3′ and 5′-AAG GAG GTG ATC CAG CCG CA-
3′ corresponding to the forward and reverse primers of 16S rDNA,
respectively. PCR amplification was performed using a thermocy-
cler as described by Achal and Pan [24]. 16S rRNA amplicon was gel
eluted and ligated into the pTZ57R/T vector as per manufacturer’s
instruction (Fermentas, USA). The sequences were generated by
chain termination method using an Applied Biosystem automated
sequencer. A BLAST search was performed to find the possible sis-
ter groups of the newly sequenced taxa. Sequences retrieved from
GenBank were added to the alignments. The sequences were edited
with BioEdit 5.0.6 and aligned using MAFFT v 6.240 with other
sequences obtained from GenBank.

Bayesian phylogenetic analysis was done in MrBayes v. 3.1.2.
Bayesian analyses utilized the Metropolis-coupled Markov Chains
Monte Carlo search algorithm as implemented in the program
MrBayes v 3.1.2. Two simultaneous independent replicates of five
were run for 5 million generations with sampling at every 100th
generation, and the convergence of the runs visualized using Tracer
ver. 1.4.

2.3. Effect of As(III) on bacterial growth and urease activity

The selected bacterial strain CR5 was inoculated into NB (nutri-
ent broth) media containing 2% urea and 25 mM CaCl2 (hereafter
name is used as NBU media) supplemented with 50 mM As2O3 and
then incubated at 30 ◦C, 130 rpm for 7 days. The final pH of NBU
media was  adjusted to 8.0. Growth was  determined by record-
ing the cfu (colony forming unit) count at regular time interval.
Determination of arsenic concentration in culture medium was per-
formed at regular time interval by atomic florescence spectroscopy
(AFS) (Jitian AFS-820, Beijing, China).

The urease activity was also determined at regular time interval
by measuring the amount of ammonia released from urea according
to the phenol-hypochlorite assay method at different time intervals
as described in Achal et al. [22]. One unit of urease is defined as the
amount of enzyme hydrolyzing 1 �mol urea min−1. The effect of
urease activity was shown by extrapolating urease production and
arsenic concentration data together.

2.4. Arsenic bioremediation from soil
The soil was  collected from nearby farmland, Urumqi, China. The
arsenic remediation studies were performed at 30 ◦C in a beaker
containing 100 g of arsenic contaminated soil supplemented with
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luxuriously in NBU media although the growth was  relatively slow
when grown in the same media amended with 50 mM As(III). This
was  probably due to the effect of arsenite which retarded bacterial
growth [26]. The growth pattern was  found to be similar in both
80 V. Achal et al. / Journal of Hazard

00 mg  kg−1 As(III) (As2O3) and 200 mL  of over night grown S. gin-
engisoli CR5 (equivalent to 107 cfu ml−1) in NBU media. Control
emediation studies were also simulated in similar way without
ddition of bacterial cells. As(III) was mixed thoroughly into the
oil in solution form. The experiment was terminated in 10 days
nd soil samples were analyzed for arsenic concentration.

.5. Arsenic sequential extraction procedure

The five-stage Tessier sequential extraction method was  used
or arsenic fractionation in soil samples treated with bacteria
nd results were compared with control samples. The follow-
ng arsenic fractionation was obtained: exchangeable, carbonate
ound, Fe–Mn oxides bound, organic matter bound and residual
ractions [25].

.6. Arsenic analysis

Arsenic was analyzed from different fractions using the hydride
eneration atomic florescence spectroscopy (AFS) (Jitian AFS-820,
eijing, China). The AFS utilizes a continuous flow hydride gen-
ration system for the detection of arsenic. Briefly, an aliquot of

 mL  sample was transferred into sample bottles, to which 1 mL  of
ltrapure HCl (37%) and 1 mL  of preliminary reductant (10% mV−1

I + 2% mV−1 ascorbic acid) was added. The samples were made up
o 10 mL  volume with Milli-Q water and left for 30 min  at room
emperature prior to analysis using the Jitian AFS-820 (Beijing,
hina) spectrometer. The optimized AFS instrumental parameters

or As determination were as follows: lamp current (50 mA), neg-
tive high voltage of photomultiplier (280 V), carrier argon flow
400 mL  min−1), atomizer height (10 mm).  The As calibration curve
emonstrated good linearity (r > 0.999). All the reagents used were
nalytical grade or higher purity. The results were expressed in
g kg−1 dry weight.

.7. ATR-FTIR spectroscopy

ATR-FTIR experiments were performed for direct monitoring of
he effect of bacterial cells used in treatment of arsenic contami-
ated soil on As(III) reaction to calcite. To confirm calcite products

n bioremediation process based on biomineralization, ATR-FTIR
pectral measurements were performed using a Bruker Tensor
7 spectrometer equipped with a single reflection diamond ATR
rystal with an incidence angle of 45◦. Transmission spectra were
btained using KRS-5 windows. For each spectrum, the average of
00 successive scans, over the range of 400–4000 cm−1 with a res-
lution of 2 cm−1 was recorded for soils samples treated with S.
insengisoli CR5 and spectra were also compared with control.

.8. XRD analysis

The bioremediated soil samples treated with S. ginsengisoli CR5
ere also analyzed by XRD to confirm biomineralization. XRD spec-

ra were obtained using Bruker D8 diffractometer with a Cu anode
40 kV and 30 mA)  and scanning from 5 to 80◦ 2�. After natural
rying, the samples were crushed and grinded using motor pestle
efore mounting on to a glass fiber filter using a tubular aerosol sus-
ension chamber. The components of the samples were identified
y comparing them with standards established by the International
enter for Diffraction data.
.9. Statistical analysis

All the experiments were performed in triplicates. Error bars on
raphs show the standard deviation. The data were analyzed by
aterials 201– 202 (2012) 178– 184

analysis of variance (ANOVA) and the means were compared by
Tukey’s test (p < 0.05) using GraphPad Prism software (version 5.0).

3. Results and discussion

3.1. Isolation and identification of As(III) resistant bacteria

Indigenous bacteria from arsenic contaminated soils were firstly
enriched in nutrient broth with increased As2O3 concentrations of
5, 10, 25 and 50 mM.  Among the different bacteria isolated, one
bacterial strain designated as CR5 was  selected based on higher ure-
ase production and ability to grow luxuriously in media amended
with higher concentrations of arsenic. This result suggested that
the isolate CR5 may  have developed metal resistance systems in an
attempt to protect sensitive cellular components. In general, micro-
bial ability to grow at high metal concentration is found coupled
with a variety of specific mechanisms of resistance and environ-
mental factors [26].

The nucleotide BLAST and RDP-II analysis showed that the
isolate CR5 belongs to the phylum Firmicutes and the family
Planococcaceae. Phylogenetic analyses of the 16S rDNA region
showed a reasonable degree of correlation with the morpholog-
ical classification schemes of species within the genus. Seven
sequences were included in the dataset, Sporolactobacillus inuli-
nus was used as outgroup taxon for rooting purposes. Phylogenetic
analysis revealed that CR5 showed 100% similarity with S. ginsen-
gisoli (Fig. 1). The 16S rRNA gene sequence for CR5 determined in
this study, identified as S. ginsengisoli, was deposited in GenBank of
NCBI under the accession number HQ331532.

3.2. Effect of As(III) on bacterial growth

Growth comparisons of the bacterial cells grown in arsenite-
free media and arsenite-containing media revealed a decrease
in growth following arsenite treatment as compared to the cells
grown in arsenite-free media. S. ginsengisoli CR5 was able to grow
Fig. 1. Phylogeny of CR5 generated from Bayesian analysis of 16S rDNA sequences
rooted with Sporolactobacillus inulinus. Bayesian posterior probability (PP) values,
>50%, are given at the internodes (BS/PP).
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Fig. 2. (a) Time course of growth of isolate CR5 in NBU and NBU media supplemented
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by S. ginsengisoli CR5.
The residual fraction of As did not changed significantly in con-

trol and bioremediated soil samples. Arsenic concentration in the
residual fraction was  62% in control while 66% in bacterial treated
ith 50 mM As(III), and (b) urease productions and As removal by CR5 in NBU media
upplemented with 50 mM As(III). Error bars represent the standard deviation.

onditions where long exponential phase was observed (Fig. 2a).
he decrease in the bacterial cell growth in the presence of arsen-
te also may  be due to the association of this ion with the membrane
raction, resulting in an expanded membrane, which may  increase
he number of binding sites and make it less effective at transport-
ng materials needed for growth [27]. Several bacteria belonging
o the genera Acidithiobacillus, Bacillus, Deinococcus, Desulfitobac-
erium and Pseudomonas have also been reported to be resistant to
igh concentrations of As(III) and other arsenic species [28–30].  S.
insengisoli CR5 of present study was found to resist higher con-
entrations of As(III) compared to other reports [31–34].

S. ginsengisoli CR5 produced significant amount of urease in NBU
edia amended with 50 mM As(III). The urease production profile
as recorded for 7 days. Maximum urease activity was measured

t 120 h where S. ginsengisoli CR5 produced 412 U mL−1 urease.
fter 120 h, urease productions were relatively low and S. ginsen-
isoli CR5 produced 378 and 373 U mL−1 urease at 144 and 168 h,
espectively (Fig. 2b). The results were supported by previous stud-
es [22,24]. Urease is a key enzyme that leads to calcite precipitation
nd has been reported to produce significantly in the media con-
aining urea and calcium source [22,35,36].  Ureolytic bacteria such
s Sporosarcina pasteurii and Bacillus megaterium couple calcifica-
ion to their metabolic assimilation processes to scavenge protons
37]. The presence of ammonium ions and the additional release of
O2 into the surrounding medium increase the pH that accelerate
he rate of the urease induced calcite precipitation.

The ability of S. ginsengisoli CR5 to remediate arsenic was first
nvestigated at flask level in NBU media containing 50 mM As(III).
he data showed that the isolate of present study was able to reme-

iate 96.3% of arsenic at the end of 7 days (Fig. 2b). Xanthomonas
p. B13 has been reported to remediate 96.9% of arsenic in aqueous
edia containing 40 mM of As(III) [26]. Nagvenkar and Ramaiah
terials 201– 202 (2012) 178– 184 181

reported 92% removal of arsenic by Enterobacteriaceae at the end
of 5 days [38].

The results of present study were in the correlation with ure-
ase productions, as maximum amount of arsenic was  remediated
with increased urease productions. Further it may  suggest that
calcite precipitation by ureolytic bacteria like S. ginsengisoli CR5
does sequester dissolved arsenic. Remediation studies by Rouff and
Reeder observed significant removal of a Pb(II) from aqueous solu-
tion by sorption onto calcite [39]. It confirms the importance of
MICP in the process of heavy metal or metalloid bioremediation.

3.3. Arsenic bioremediation studies in soil

The bioremediation efficiency of S. ginsengisoli CR5 was  also
tested in soil supplemented with additional 500 mg  kg−1 As(III).
A growth curve of S. ginsengisoli CR5 in bioremediated soil for
different time intervals has been shown in Supplementary Fig.
1. The measured concentration of total arsenic can be used as a
general index for soil pollution, but it does not provide enough
information about the bioavailability, mobility and the exposed
risk by this metalloid in contaminated soils. To provide a com-
prehensive picture of arsenic bioavailability and other potential
risks, the arsenic concentration in different soil fractions was
determined by sequential extraction. Soil arsenic distributions pat-
tern in five fractions of exchangeable, carbonate bound, Fe–Mn
oxides bound, organic matter bound, and residual were obtained.
The fractionation results of control contaminated soil other than
residual fraction showed the following arsenic distribution: Resid-
ual > Exchangeable > Carbonated > Fe–Mn oxides > Organic matter,
while in bioremediated soil the distribution was as follow: Resid-
ual > Carbonated > Fe–Mn oxides > Organic matter > Exchangeable.

The results indicate that S. ginsengisoli CR5 can reduce the
exchangeable fraction of As significantly. The arsenic concentra-
tion in the exchangeable fraction of bioremediated soil samples
was  only 0.88 mg  kg−1. When bacterial cells were not added into
the soil, the exchangeable fraction of soil contained 25.85 mg  kg−1

arsenic which was significantly higher than bioremediated samples
(Fig. 3). The exchangeable fraction is most likely to cause a release
into the soil solution due to ion exchange. When exchanged with
other cations, it goes into solution. Thus arsenic can be bioavailable
and mobile in the soil, so it is very important to reduce its content
[40]. Our results demonstrated excellent bioremediation efficiency
Fig. 3. Arsenic concentration in soil fractions for the control and bioremediated As
contaminated soil samples.
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oil. The heavy or trace metals in the residual fraction are tightly
ound and would not be expected to be released under natural
onditions [41,42].

The species of As associated with organic matter was found to be
nly 1.6 mg  kg−1 in control soil samples while bioremediated soils
amples contained slightly higher content i.e.,  2.2 mg  kg−1 (Fig. 3).
rsenic species associated with organic matter are either complex
r adsorbed. Thus they are tightly held and their release into the soil
olution is slow. Organic acids such as humic acid and fluvic acid
ay  compete strongly with As(III) for active adsorption sites on
ineral surfaces influencing the mobility of As. The competition for

ctive binding sites on mineral surfaces between organic acids and
s species may  result in lowering the levels of As retention [2].The
oncentrations of the carbonate fraction of As increased signifi-
antly in bioremediated soil samples compared to control (Fig. 3).
ioremediated samples enhanced the As content in carbonate frac-
ion from 14.7% to 22.3%. The carbonate bound fraction results
mplicate the possibility of calcite precipitation based on ureolytic
ctivity by bacteria. The strong arsenic–calcite complex precipita-
ion leads to obstruction in As release in to the soil. The uptake
f arsenic in solid phases can remove this metalloid from solu-
ion, thus retarding its transport and decreasing its bio-availability
43–45]. Recently, Román-Ross et al. have demonstrated that it is
ossible, under laboratory conditions, to synthesize calcite in the
resence of high As(III) concentrations [46]. The metalloid is incor-
orated in calcite by a solid solution mechanism, with CO3

2− ions
eing replaced by HAsO3

2− ions, offering a more stable trap than
uperficial adsorption. The possible role of calcite in sequestering
s has been considered in a number of studies [46–48].  The conse-
uences of As uptake by calcite formed due to ureolytic bacteria
ction could be of considerable relevance because of its stabil-
ty in a variety of geologic environments; therefore, calcite could
epresent an effective agent for As immobilization. The feasibility
f the CO3

2− ⇔ AsO3
2− replacement mechanism by calcite further

upport the As bioremediation in soil [20].

.4. FTIR analysis

FTIR spectra of biomineralization products based on treatment

f soils by S. ginsengisoli CR5 and control are presented in Fig. 4. The
pectra based on the bacterial cells and As binding revealed that
he presence of calcium carbonate located at 1550 cm−1 as strong
ntense band which was confirmed by pure calcium carbonate

ig. 4. FTIR analysis for the bioremediated As contaminated soil samples by S. gin-
engisoli CR5 and comparison with control.
Fig. 5. XRD spectra conforming biomineralization products in soil samples induced
by S. ginsengisoli CR5 and comparison with control (C, calcite; A, aragonite; C-As,
calcite–arsenite precipitate; V, vaterite; G, gwihabaite; Q, quartz; H, halite).

spectra (data not shown). The three peaks located from 1250 to
1550 cm−1 can be attributed to the C–O bonding of CaCO3 [49].
The functional groups present on the surfaces of microorganisms
act as binding sites for a variety of chemical species, particularly
trace metals [50]. These groups also mediate adhesion between
microbial cells and mineral surfaces [51]. The microorganisms
secrete one or more metabolic products that react with ions
or compounds in the environment resulting in the subsequent
deposition of mineral particles [52].

3.5. XRD analysis

FTIR analysis was  not sufficient enough to confirm the role of cal-
cite products in all As bioremediated soil samples, so detailed XRD
patterns were investigated. XRD analysis confirmed the presence
of various minerals such as gwihabaite, calcite, vaterite and arago-
nite crystals in bioremediated As contaminated soil samples (Fig. 5).
Quartz and halite dominate the mineralogy in the control soil sam-
ples. An important identified mineral in bioremediated soil samples
was  gwihabaite [(NH4,K)NO3]. Gwihabaite has been reported pre-
viously formed due to bacterial action [53]. During urease activity
the released ammonia might form a precipitate as gwihabaite that
could be helpful in co-precipitation of As.

XRD analysis showed the majority of carbonate deposits were
present as calcite crystals in bioremediated soil samples (Fig. 5).
Beside calcite, aragonite and vaterite crystals were also observed
in XRD spectra. These are one of the less abundant crystalline poly-
morphs of calcium carbonate. It was reported that As oxyanions
may  substitute for the carbonate group in the calcite structure
[46,47]. This replacement should be possible in spite of the remark-
able size and geometry difference between the carbonate group
(C–O distance ∼1.3 Å, planar shape) and As oxyanion (As–O ∼1.8 Å
in arsenite, pyramidal shape), because of the known flexibility of
the calcite structure [54].

XRD spectra also showed the presence of As(III)–calcite co-
precipitated products in bioremediated soil sample formed due to
possible indirect action of urease. During coprecipitation, arsenic

species are incorporated sparingly into calcite without discernible
change in its tetrahedral geometry or oxidation state [47]. Cheng
et al. examined As(III) interaction with the calcite surface, show-
ing that arsenite groups exchange dominantly at surface carbonate
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ites [48]. The presence of As(III)–calcite co-precipitated products
urther confirms the role of calcite as an effective scavenger of a
ariety of trace elements, and is capable of retaining such trace
lements via adsorption (surface) reactions as well as through
oprecipitation reactions [55].

Natural calcite has received little attention as a mineralogical
rap for arsenic, despite its abundance and widespread distribu-
ion on the Earth’s surface [48]. Thus, microbially induced calcite
s an alternative option to trap arsenic from soil. Calcite has been
mplicated as playing a possible role in the retention and solubility
f arsenic in soils and various other environments in the presence
f carbonates.

. Conclusion

The results of present study clearly demonstrated the versatility
f S. ginsengisoli CR5 as it was capable of tolerating even very high
oncentrations of As(III). The bacterial isolate produced significant
mount of urease, a calcite precipitating enzyme. Further effective-
ess of microbially induced calcite precipitation was demonstrated

or successful bioremediation of arsenic. Bacterial treatment sig-
ificantly reduced the exchangeable arsenic fraction in soil but
ignificantly increased the carbonate bound fraction. FTIR and XRD
nalyses confirmed the presence of MICP products such as calcite,
aterite, gwihabaite and aragonite and their role in overall biore-
ediation process. Calcite is known to be more stable at alkaline

H so that it can trap arsenic that cannot be leached again from the
arbonate bound complex. Urease hydrolyzing bacteria have addi-
ional advantage of accelerating calcite precipitation by increasing
H and alkalinity along with insensitivity of MICP to soil redox
otential change. The results determined S. ginsengisoli as a good
andidate for the bioremediation of As contaminated soil.

cknowledgments

This work was supported by Knowledge Innovation Program
f Chinese Academy of Sciences (KZCX2-YW-335), Program of
00 Distinguished Young Scientists of the Chinese Academy
f Sciences, National Natural Science Foundation of China
U1120302, 41150110154, 40673070 and 40872169) and Chinese
cademy of Sciences Fellowships for Young International Scientists

2010Y2ZB04).

ppendix A. Supplementary data

Supplementary data associated with this article can be found, in
he online version, at doi:10.1016/j.jhazmat.2011.11.067.

eferences

[1] P.L. Smedley, D.G. Kinniburgh, A review of the source, behaviour and distribu-
tion of arsenic in natural waters, Appl. Geochem. 217 (2002) 517–568.

[2] S. Wang, C.N. Mulligan, Natural attenuation processes for arsenic contaminated
soils and groundwater, J. Hazard. Mater. 138 (2006) 459–470.

[3]  I. Katsoyiannis, A. Zouboulis, H. Althoff, H. Bartel, As(III) removal from ground-
waters using fixed bed upflow bioreactors, Chemosphere 47 (2002) 325–332.

[4] B.K. Mandal, K.T. Suzuki, Arsenic round the world: a review, Talanta 58 (2002)
201–235.

[5]  NRC, Arsenic in Drinking Water, National Academy of Sciences, Washington,
DC, 1999.

[6] S. Wang, X. Zhao, On the potential of biological treatment for arsenic contami-
nated soils and groundwater, J. Environ. Manage. 90 (2009) 2367–2376.

[7]  H.M. Chen, C.R. Zheng, C. Tu, Y.G. Zhu, Heavy metal pollution in soils in China:
status and countermeasures, Ambio 28 (1999) 130–134.

[8]  X.Y. Liao, T.B. Chen, H. Xie, Y.R. Liu, Soil As contamination and its risk assessment

in areas near the industrial districts of Chenzhou City, Southern China, Environ.
Int.  31 (2005) 791–798.

[9] C. Liu, C. Luo, Y. Gao, F. Li, L. Lin, C. Wu,  X. Li, Arsenic contamination and poten-
tial health risk implications at an abandoned tungsten mine, southern China,
Environ. Pollut. 158 (2010) 820–826.

[

terials 201– 202 (2012) 178– 184 183

10] Y. Lu, W.  Yin, L. Huang, G. Zhang, Y. Zhao, Assessment of bioaccessibility and
exposure risk of arsenic and lead in urban soils of Guangzhou City, China,
Environ. Geochem. Health 33 (2011) 93–102.

11] J. Li, G.S. Zhuang, K. Huang, Y. Lin, C. Xu, S.L. Yu, Characteristics and sources of
air-borne particulate in Urumqi, China, the upstream area of Asia dust, Atmos.
Environ. 42 (2008) 776–787.

12] M.M. Lasat, Phytoextraction of toxic metals: a review of biological mechanisms,
J.  Environ. Qual. 31 (2002) 109–120.

13] A.O. Fayiga, L.Q. Ma,  X. Cao, B. Rathinasabapathi, Effects of heavy metals on
growth and arsenic accumulation in the arsenic hyperaccumulator Pteris vittata
L.,  Environ. Pollut. 132 (2004) 289–296.

14] S. Yamamura, M. Ike, M.  Fujita, Dissimilatory arsenate reduction by a facultative
anaerobe, Bacillus sp. strain SF-1, J. Biosci. Bioeng. 96 (2003) 454–460.

15] M.F. Kirk, T.R. Holm, J. Park, Q. Jin, R.A. Sanford, B.W. Fouke, C.M. Bethke, Bac-
terial sulfate reduction limits natural arsenic contamination in groundwater,
Geology 32 (2004) 953–956.

16] M. Ike, T. Miyazaki, N. Yamamoto, K. Sei, S. Soda, Removal of arsenic from
groundwater by arsenite-oxidizing bacteria, Water Sci. Technol. 58 (2008)
1095–1100.

17] L.A. Smith, B.C. Alleman, L. Copley-Graves, Biological treatment options, in: J.L.
Means, R.E. Hinchee (Eds.), Emerging Technology for Bioremediation of Metals,
Lewis Publishers, Boca Raton, 1994, pp. 1–12.

18] C.J. Webb, C. Campbell, A.D. Davis, S. Dawadi, D. Dixon, J. Sorensen, Arsenic
remediation of drinking water using limestone-based material, in: The 231st
ACS National Meeting, Atlanta, GA, 2006.

19] X.L. Pan, Micrologically induced carbonate precipitation as a promising way to
in  situ immobilize heavy metals in groundwater and sediment, Res. J. Chem.
Environ. 13 (2009) 3–4.

20] F. Di Benedetto, P. Costagliola, M.  Benvenuti, P. Lattanzi, M.  Romanelli, G. Tanelli,
Arsenic incorporation in natural calcite lattice: evidence from electron spin
echo spectroscopy, Earth Planet. Sci. Lett. 246 (2006) 458–465.

21] W. De Muynck, N. Belie, W.  Verstraete, Microbial carbonate precipitation in
construction materials: a review, Ecol. Eng. 36 (2010) 118–136.

22] V. Achal, A. Mukherjee, P.C. Basu, M.S. Reddy, Strain improvement of
Sporosarcina pasteurii for enhanced urease and calcite production, J. Ind. Micro-
biol. Biotechnol. 36 (2009) 981–988.

23] Y. Fujita, G.D. Redden, J.C. Ingram, M.M.  Cortez, G.F. Ferris, R.W. Smith, Stron-
tium incorporation into calcite generated by bacterial ureolysis, Geochim.
Cosmochim. Acta 68 (2004) 3261–3270.

24] V. Achal, X. Pan, Characterization of urease and carbonic anhydrase produc-
ing bacteria and their role in calcite precipitation, Curr. Microbiol. 62 (2011)
894–902.

25] A. Tessier, P.G.C. Campbell, M.  Bisson, Sequential extraction procedures for the
speciation of particulate trace metals, Anal. Chem. 51 (1979) 844–851.

26] P. Aksornchu, P. Prasertsan, V. Sobhon, Isolation of arsenic-tolerant bacte-
ria  from arsenic-contaminated soil, Songklanakarin J. Sci. Technol. 30 (2008)
95–102.

27] Z. Liu, J.M. Carbrey, P. Agre, B.P. Rosen, Arsenic trioxide uptake by human and rat
aquaglyceroporins, Biochem. Biophys. Res. Commun. 316 (2004) 1178–1185.

28] M. Dopson, E.B. Lindstrom, K.B. Hallberg, Chromosomally encoded arsenical
resistance of the moderately thermophilic acidophile Acidithiobacillus caldus,
Extremophiles 5 (2001) 247–255.

29] K. Suresh, G.S.N. Reddy, S. Sengupta, S. Shivaji, Deinococcus indicus sp. nov., an
arsenic-resistant bacterium from an aquifer in West Bengal, India, Int. J. Syst.
Evol. Microbiol. 54 (2004) 457–461.

30] A. Rehman, S.A. Butt, S. Hasnain, Isolation and characterization of arsenite
oxidizing Pseudomonas lubricans and its potential use in bioremediation of
wastewater, Afr. J. Biotechnol. 9 (2010) 1493–1498.

31] C.R. Anderson, G.M. Cook, Isolation and characterization of arsenate-reducing
bacteria from arsenic contaminated sites in New Zealand, Curr. Microbiol. 48
(2004) 341–347.

32] J-S. Chang, I-H. Yoon, K-W. Kim, Isolation and ars detoxification of arsenite-
oxidizing bacteria from abandoned arsenic-contaminated mines, J. Microbiol.
Biotechnol. 17 (2007) 812–821.

33] K. Duquesne, A. Lieutaud, J. Ratouchniak, D. Muller, M-C. Lett, V. Bonnefoy,
Arsenic oxidation by a chemoautotrophic moderately acidophilic Thiomonas
sp.:  from the strain isolation to the gene study, Environ. Microbiol. 10 (2008)
228–237.

34] C. Valenzuela, V.L. Campos, J. Yanez, C.A. Zaror, M.A. Mondaca, Isolation of
arsenite-oxidizing bacteria from arsenic-enriched sediments from Camarones
River, Northern Chile, Bull. Environ. Contam. Toxicol. 82 (2009) 593–596.

35] S. Stocks-Fischer, J.K. Galinat, S.S. Bang, Microbiological precipitation of CaCO3,
Soil  Biol. Biochem. 31 (1999) 1563–1571.

36] V. Achal, A. Mukherjee, M.S. Reddy, Biocalcification by Sporosarcina pasteurii
using corn steep liquor as nutrient source, Ind. Biotechnol. 6 (2010) 170–
174.

37] T.A. McConnaughey, F.F. Whelan, Calcification generates protons for nutrient
and  bicarbonate uptake, Earth Sci. Rev. 42 (1997) 95–117.

38] G.S. Nagvenkar, N. Ramaiah, Arsenite tolerance and biotransformation poten-
tial in estuarine bacteria, Ecotoxicology 19 (2010) 604–613.

39] A.A. Rouff, R.J. Reeder, N.S. Fisher, Pb(II) sorption with calcite: a radiotracer

study, Aquat. Geochem. 8 (2002) 203–228.

40] S.O.P. Urunmatsoma, E.U. Ikhuoria, F.E. Okieimen, Chemical fractionation and
heavy metal accumulation in maize (Zea mays) grown on chromated cop-
per arsenate (CCA) contaminated soil amended with cow dung manure, Int.
J.  Biotechnol. Mol. Biol. Res. 1 (2010) 65–73.

http://dx.doi.org/10.1016/j.jhazmat.2011.11.067


1 ous M

[

[

[

[

[

[

[

[

[

[

[

[

[

[

mochim. Acta 71 (2007) 1480–1493.
[55] A.A. Rouff, E.J. Elzinga, R.J. Reeder, N.S. Fisher, X-ray absorption spectroscopic
84 V. Achal et al. / Journal of Hazard

41]  T.E. Clevenger, W.  Mullins, The Toxic Extraction Procemental Health XVI, Univ.
of  Missouri, Columbia, MO,  1982.

42] X. Xian, Effect of chemical forms of cadmium, zinc, and lead in polluted soils
on  their uptake by cabbage plants, Plant Soil 113 (1989) 257–264.

43] G. Sposito, The Surface Chemistry of Soils, Oxford University Press, Oxford,
1984, 234 pp.

44] W.  Stumm, J.J. Morgan, Aquatic Chemistry, Wiley-Interscience Publication, John
Wiley & Sons, Inc., 1996.

45] D. Langmuir, Aqueous Environmental Geochemistry, Prentice-Hall, Upper Sad-
dle River, 1997, 600 pp.

46] G. Román-Ross, G.J. Cuello, X. Turrillas, A. Fernández-Martínez, L. Charlet,
Arsenite sorption and co-precipitation with calcite, Chem. Geol. 233 (2006)
328–336.

47] V.G. Alexandratos, E.J. Elzinga, R.J. Reeder, Arsenate uptake by calcite: macro-
scopic and spectroscopic characterization of adsorption and incorporation
mechanisms, Geochim. Cosmochim. Acta 71 (2007) 4172–4187.

48] L.W. Cheng, P. Fenter, N.C. Sturchio, Z. Zhong, M.J. Bedzyk, X-ray standing wave

study of arsenite incorporation at the calcite surface, Geochim. Cosmochim.
Acta 63 (1999) 3153–3157.

49] A. Chen, Z. Luo, M.  Akbulut, Ionic liquid mediated auto-templating assembly of
CaCO3-chitosan hybrid nanoboxes and nanoframes, Chem. Commun. (Camb.)
47 (2011) 2312–2314.
aterials 201– 202 (2012) 178– 184

50] J.B. Fein, A.M. Martin, P.G. Wightman, Metal adsorption onto bacterial surfaces:
development of a predictive approach, Geochim. Cosmochim. Acta 65 (2001)
4267–4273.

51] J.L. Burns, B.R. Ginn, D.J. Bates, S.N. Dublin, J.V. Taylor, R.P. Apkarian, S. Amaro-
Garcia, A.L. Neal, T.J. Dichristina, Outer membrane-associated serine protease
involved in adhesion of Shewanella oneidensis to Fe(III) oxides, Environ. Sci.
Technol. 44 (2010) 68–73.

52] J-H. Huang, E.J. Elzinga, Y. Brechbuehl, A. Voegelin, R. Kretzschmar, Impacts
of Shewanella putrefaciens strain CN-32 cells and extracellular polymeric sub-
stances on the sorption of As(V) and As(III) on Fe(III)-(Hydr)oxides, Environ.
Sci. Technol. 45 (2011) 2804–2810.

53] J.E.J. Martini, Gwihabaite-(NH4,K)NO3, orthorhombic, a new mineral from
Gcwihaba Cave, Botswana, Bull. S. Afr. Speleol. Assoc. 36 (1996) 19–21.

54] Y. Tang, E.J. Elzinga, Y.J. Lee, R.J. Reeder, Coprecipitation of chromate with
calcite: batch experiments and X-ray absorption spectroscopy, Geochim. Cos-
evidence for the formation of Pb(II) inner-sphere adsorption complexes and
precipitates at the calcite–water interface, Environ. Sci. Technol. 38 (2004)
1700–1707.


	Biomineralization based remediation of As(III) contaminated soil by Sporosarcina ginsengisoli
	1 Introduction
	2 Materials and methods
	2.1 Isolation of As(III) resistant bacteria
	2.2 Identification based on molecular characterization
	2.3 Effect of As(III) on bacterial growth and urease activity
	2.4 Arsenic bioremediation from soil
	2.5 Arsenic sequential extraction procedure
	2.6 Arsenic analysis
	2.7 ATR-FTIR spectroscopy
	2.8 XRD analysis
	2.9 Statistical analysis

	3 Results and discussion
	3.1 Isolation and identification of As(III) resistant bacteria
	3.2 Effect of As(III) on bacterial growth
	3.3 Arsenic bioremediation studies in soil
	3.4 FTIR analysis
	3.5 XRD analysis

	4 Conclusion
	Acknowledgments
	Appendix A Supplementary data
	Appendix A Supplementary data


