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Abstract: Environmental contamination by toxic hexavalent chromium [Cr(VI)] due to diverse
anthropogenic activities has increased extensively in the recent past, which demands the development of eco-
friendly technologies to remediate contaminated sites. Since remediation of toxic chromium by physico-chemical
techniques are quite expensive and generates large quantities of solid waste for disposal, bioremediation by
chromate reducing bacteria has been recognized as the most cost-effective green technology. Microbial reduction
of Cr(VI) not only mitigate toxic hexavalent chromium, but also leads to the physical separation of nontoxic
trivalent chromium [Cr(III)] at neutral pH following precipitation. Reductions of chromate during bacterial
growth, by whole cells and by cell-free extracts have been reported by a variety of bacterial strains. They have
also been exploited under immobilized conditions using several different matrices and also in the form of
biofilms. The possible applications of immobilized cells, cell-free extracts, and biofilms in Cr(VI) removal
from contaminated effluents using different bioreactor systems have also been assessed successfully under
laboratory as well as in in situ conditions. The main aim of this review is to provide a thorough overview of the
existing systems of Cr(VI) reduction utilizing immobilized cells, crude enzymes, and biofilms in different
types of bioreactors and their effectiveness in environmental Cr(VI) bioremediation.

Key words: Hexavalent chromium, bioremediation, chromate reducing bacteria, cell-free extract,
chromate reductase, immobilization, biofilms, bioreactor.

Abbreviations
AC = Activated carbon
Ba-alginate = Barium alginate
Ca-alginate = Calcium alginate
CFE = Cell-free extract
CR = Chromate reductase
Cr(VI) = Hexavalent chromium
Cr(III) = Trivalent chromium
CRB = Chromate reducing bacteria
CRM = Chromate reducing microorganisms
CPB = Column packed bioreactors
EDTA = Ethylene diamine tetraacetic acid
MBfR = Membrane biofilm reactor

PU = Polyurethane
PVA = Polyvinyl alcohol
PVC = Polyvinyl chloride
SBR = Sequencing batch reactors
SRB= Sulphate reducing bacteria

Introduction
Management of hexavalent chromium [Cr(VI)]

contamination in sites polluted due to mining
operations, paint, leather tanning, textile
production, electroplating, metallurgy, and
petroleum refinery is of major concern because
of its carcinogenic properties along with several
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other health hazards. Hexavalent chromium is
highly toxic as well as mutagenic in nature and
has been reported to cause nasal and skin irritation,
ulceration, and lung carcinoma 40,41. Such toxic
effects are mainly attributed to the transformation
of hexavalent Cr to different lower unstable as
well as stable oxidation states, which eventually
leads to the production of free radicals generating
oxidative stress, causing DNA damage and
ultimately leading to an alteration in gene
expression.

Methods used for removal of Cr(VI) from the
environment involve chemical reduction followed
by precipitation, ion exchange, and adsorption.
These methods often generate large quantities of
solid wastes for disposal and the procedures are
expensive and nonspecific. On the other hand,
bioreduction of Cr(VI) is an economical as well
as an eco-friendly alternative for such treatment.
Microbial reduction of Cr(VI) to trivalent
chromium [Cr(III)] is of special interest, as it not
only detoxifies chromium, but also leads to the
precipitation and separation of Cr(III) at neutral
pH.

Romnenko and Karenkov 84 were the pioneer
researchers who reported for the first time in 1977
about microbes being capable of reducing Cr(VI)
and since its discovery, the continuous search for
chromate reducing microorganisms (CRM) has
lead to the isolation of a huge number of chromate
reducing bacteria (CRB) from natural and
anthropogenic environments. Pure cultures 4,12 as
well as consortium 64 of bacterial strains were
reported to be effective in reducing Cr(VI) under
both aerobic 63-93 and anaerobic conditions 13. Such
Cr(VI) reducing microbes from diverse extreme
ecological niches 2,,49,100 including chromite
mining environments have the potential for
application in biological mitigation of Cr(VI)
polluted wastewater 27,28. The reducing ability of
these microorganisms have been well documented
during growth 1,26,32, by use of viable whole cells
31,32,44,74,75,98, cell-free extracts 25,29,86 and cell-free
culture filtrates 22.

The use of bacterial whole cells and cell-free
extracts (CFE) for chromate reduction has certain
disadvantages such as low mechanical strength,
difficulties in separation of biomass from effluent,

and damage of cells due to toxicity. On the
contrary, the immobilized cells and enzymes
thereof have higher metabolic activity as well as
metabolite production and resistance against
toxicants present in the effluent. Moreover, it is
easier to regenerate immobilized cells, separate
solid wastes, and reuse the immobilized cells with
the least possible choking of pipes in continuous
systems. Increased plasmid stability compared to
free cells is also an added advantage in this process
75,79,97.

Several reviews have described the
characteristics of chromate reduction by bacteria
obtained from various contaminated sources 53 and
elaborated in details the mechanism involved in
Cr(VI) reduction by different groups of
microorganisms 70 as well as on the future
potential of the enzyme chromate reductases in
bioremediation of Cr(VI) 95. This review is an
attempt to explore the potential and possible
applications of immobilized whole cells, cell-free
extracts as well as biofilms of chromium-resistant
microorganisms in detoxification and removal of
Cr(VI) from contaminated effluents.

Immobilization of chromate reducing bacteria
Since the initial studies of hexavalent chromium

reduction by immobilized whole cells of
Desulfovibrio desulfuricans by Tucker et. al., 97,
several natural (agar-agar, agarose, alginate,
carrageenan, and chitosan) and synthetic polymers
(polyacrylamide, polystyrene, polyvinyl alcohol
and polyurethane) have been used for microbial
encapsulation.

Alginates were found effective and
advantageous in encapsulating chromate reducing
microorganisms 11,23,24,37. Permeability, null
toxicity, transparency of matrix, and providing
gentle environment to immobilized cells were the
major advantages of alginate gel entrapment 3.
Both Ba and Ca-alginate beads were effective in
chromate reduction forming tough and durable gel
beads with greater cell metabolic activities 11,24,37.
Alginate immobilized beads, however, were
sensitive to a wide range of chemicals such as
phosphates, citrate, and EDTA. The presence of
excess sodium and magnesium ions and in
solution also results in ion replacement leading
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to osmotic swelling 96, an increase in pore size,
destabilization, and finally rupture of the gel
beads. Alginate immobilized microbes can not be
maintained for a longer period as they are
susceptible to environmental degradation and
being made up of natural polymers are
biodegradable 62.

Carrageenan was the choice of immobilization
matrix for entrapping cells of Arthrobacter sp.
SUK 1201 24, Desulfovibrio vulgaris NCIMB
8303 and Microbacterium sp. NCIMB 13776 47

and reduction of chromate. Loss of bead integrity,
large pore size, leaching of cells from the matrix,
and loss of metabolic activity of cells are the main
disadvantages of the carrageenan encapsulation
system 24.

Attempts of Humphries et. al.,47, to immobilize
Desulfovibrio vulgaris NCIMB 8303 and
Microbacterium sp. NCIMB 13776 in chitosan
and their subsequent use in the removal of toxic
Cr(VI) were not successful. This was attributed
to the loss of cellular activity and limitations in
the diffusion phenomenon. On the contrary, viable
cells of Cellulosimicrobium cellulans KUCr3 14

entrapped in agarose were successfully used for
chromate reduction. Agarose is a matrix that was
advantageous mainly because of its hydrophilic
character, ease of derivatization, absence of
charged groups, etc.

Apart from natural polymers, several synthetic
materials including polyvinyl alcohol (PVA) have
been extensively used as immobilization matrix
for Microbacterium sp., Streptomyces griseus and
Bacillus sphaericus AND 303 cells for chromate
reduction 73,75,79. Recently Hora and Shetty 45 have
immobilized Ochrobactrum sp. Cr-B4 in PVA-
alginate and developed an industrially feasible and
economically viable strategy for Cr(VI)
bioremediation. Reduced cell leakage and
resistance to microbial attack are the main
advantages of this synthetic polymer and
therefore, could be effectively used in bioreactors
for large scale applications. However, as a result
of polymerization cell integrity and activity are
often impaired leading to restricted diffusion of
chromate and electron donor into the beads 75.

Polyacrylamide is non-toxic in the cross-linked
form but, cell integrity and activity are often

affected during polymerization 39 due to
generation of heat and free radicals. Despite this,
Tucker et. al.97 and Philip et. al .77 have
immobilized intact cells of Desulfovibrio
desulfuricans and Bacillus coagulans respectively
in polyacrylamide gel to remove Cr from aqueous
solution

The use of both natural as well as synthetic
carrier materials in combinations are not
exceptional for chromate reduction. Yang et. al.,
103 immobilized Intrasporangium sp. Q5-1 cells
in a matrix containing 4.0 % PVA, 3.0 % sodium
alginate, 1.5 % active carbon, and 3.0 % diatomite
and found promising results. Similarly,
Pannonibacter phragmitetus LSSE-09 cells
encapsulated in liquid-core alginate-carboxy-
methyl cellulose capsules under alkaline
conditions 102 also showed potential for efficient
chromate reduction.

Chromate reduction by immobilized whole
cells

Attempt to use polyacrylamide immobilized
cells of Desulfovibrio desulfuricans for removal
of Cr from multi-metal solutions including Mo,
Se, and U was for the first time made by Tucker
et. al.97. The enzyme-mediated chromate reduction
was facilitated by lactate or H

2 
which were used

as electron donors and the metal removal
efficiencies of 86-96 % were achieved for initial
concentrations of 0.5 mM Cr(VI) and 1 mM Mo,
Se, and U.

Pattanapipitpaisal et. al.75 and Hora and Shetty
45 immobilized Microbacterium liquifaciens MP3
and Ochrobactrum sp. Cr-B4 respectively in PVA-
alginate beads and used for reduction of
hexavalent chromium. However, cells of
Desulfovibrio vulgaris NCIMB 8303 and
Microbacterium sp. NCIMB 13776 immobilized
in PVA-borate were found to be unstable and
dissolved after 24 h, but were capable of reducing
some Cr(VI). However, agar, agarose, and k-
carrageenan immobilized cells of D. vulgaris
NCIMB 8303 reduced Cr(VI) in the presence of
formate at approximately equal initial rates with
those of free cells, which suggested no diffusion
constraints. The reduction rates were much lower
in Microbacterium sp. NCIMB 13776 and the

Satarupa Dey et al. / JAM 4(2) 2020 pp 106 - 121 108



highest rate was evident in agar immobilized cells.
Similarly, Streptomyces griseus immobilized in
PVA-alginate showed 100 % Cr(VI) removal
within 24 h showing reduction rates comparable
to the free cells 48. Immobilized mycelial mass
completely reduced 25 mg Cr(VI)/l in 24 h and
were recycled for four times without any reduction
in efficiency 78. Likewise, cells of Bacillus
sphaericus AND 303 entrapped in PVA-alginate
beads effectively reduced 87.5% of 20 M Cr(VI)
in 24 h under batch culture and beads were
recycled three times without apparent cell leakage
and disintegration 73.

A complex matrix containing PVA (4.0 %),
sodium alginate (3.0 %), active carbon (1.5 %),
and diatomite (3.0 %) when used to immobilize
intact cells of Intrasporangium sp. Q5-1 103 was
found to be most effective, as it was capable of
reducing initial 0.5 mM Cr(VI) to 0.01 mM within
17 h of incubation (97.5 % removal). This Cr(VI)
removal efficiency was similar to the free
Intrasporangium sp. Q5-1 cells.

Viable whole cells of Cellulosimicrobium
cellulans KUCr3 entrapped in agarose were used
in batch culture for Cr(VI) reduction 14. At 0.5
mM and 2 mM Cr(VI) in peptone-yeast extract-
glucose medium, 75 and 52 % of Cr(VI) reduction
was evident in 96 h. It could also reduce the Cr(VI)
content to 40 % in tannery effluent.

Hexavalent chromium was reduced efficiently
to relatively non-toxic Cr(III) by Pannonibacter
phragmitetus LSSE-09 immobilized in liquid-core
alginate-carboxymethyl cellulose capsules under
alkaline conditions 102 showing a reduction rate
of 4.20 mg/g dry wt/min. Murugavelh and
Mohanty 66 tested Ca alginate, acrylamide, and
agar as the matrices for immobilization of whole
cells of Halomonas sp. among which Ca alginate
was identified as most suitable.

Dey and Paul 23,24 reported effective Cr(VI)
reduction by immobilized whole cells of a potent
chromate resistant and reducing actinomycetes,
Arthrobacter sp. SUK 1201 and SUK 1205,
obtained from mine overburden of Sukinda valley
chromite mines of Odisha, India. Ba and Ca-
alginate immobilized whole cells were most
effective as it showed more than 95 % reduction
of 100 M Cr(VI) in 24 h in both the cases without

any apparent leakage of immobilized cells and
visible disintegration of beads.

Chromate reduction studies so far conducted by
immobilized whole cells of different groups of
organisms in batch culture have been highlighted
in Table 1.

Bacterial biofilms and their application in
chromate reduction

It is apparent that more than 99 % of all
microorganisms on Earth live as biofilms and are
often described as natural metal-immobilizing
matrices in aqueous environments 33. Biofilms
tolerate high concentrations of metals in
contaminated wastewater 43 and can be effectively
used for easy separation of the treated liquid from
the contaminants trapped in the biomass. The
granular biofilms in particular can settle extremely
well and is used for effluent treatment and
separation of contaminants by sedimentation.
Therefore, biofilm-based reduction of Cr(VI) and
its subsequent immobilization appears to be a
better option for remediation of chromium
pollutants. Biofilms are generally composed of
microbial cells and their products, the extracellular
polymeric substances (EPS), which are very
porous in nature and contain a high amount of
water (95 %) 91. The vital criterion that triggers
the process of biofilm formation include i)
production of EPS by the bacterial isolate(s) and
ii) the presence of suitable substrate for attachment
35.

Role of EPS in biofilm production
Production of EPS is an essential step towards

biofilm formation. It not only helps in adhesion
of cells to the inert surface but also in the
accumulation of nutrients from the environment
and provides a protective barrier against toxic
metal contaminants. Compositionally the bacterial
EPS is complex and consists mainly of
polysaccharides, proteins, lipids, humic
substances, and nucleic acids 34,35. They contain
ionisable carboxyl, phosphoric, amine, and
hydroxyl groups, which enable them to absorb
minerals, nutrients, and toxic metals 46,92. The EPS
also assists in the bio-mineralization of metal ions
by concentrating and precipitating fine-grained
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minerals within the biofilm mat.
Production of EPS in Cr(VI) resistant and

reducing bacteria is well documented in
Methylobacterium mesophilium MU141 72

Enterobacter cloaceae 51, Bacillus coagulans
(CECT12), Streptococcus euisimilis (CECT926),
Escherichia coli (CECT 515) 82 and Pseudomonas
aeruginosa Rb-1 6, which ranged from 0.059 to
0.063 mg/ml 90. However, EPS produced by some
strains is inefficient for adhesion of cells, and
therefore requires the formation of an artificial
biofilm by immobilizing the cells. Pseudomonas
aeruginosa A2Chr, for example, produced EPS
but was not sufficient for adhesion and formation
of biofilms. Cells carried out chromate reduction
when immobilized in agar-agar and agarose
matrices 37.

Use of different support material
Inert materials used as support for biofilm

formation include polyurethane (PU) foam cubes,
coconut coir, glass beads, glass slides, wood husk,
granulated activated carbon (AC), and zeolite.
Enzymatic reduction of Cr(VI) by different
species of Pseudomonas has been accomplished
by using biofilms formed on membranes layed
over iron-deficient solid media 80, films formed
on cellulose acetate membrane 56, nylon matrix
37, etc. Biofilms of sulphate-reducing bacteria,
have been developed on plastikard sheet 89 and
Pozzolana 8 to reduce toxic Cr(VI) to insoluble
Cr(III). Use of AC 65, AC and zeolite 59, celite and
amberlite 11, along with gravel 20, pumice particles
36, sand, PVC, stone, and rubber tubing 68 as solid
supports in the formation of stable biofilm and
their evaluation in chromium reduction by variety
of chromium-resistant and reducing bacteria are
not uncommon. An account of biofilms produced
by different bacterial isolates on a variety of
support materials and their use in evaluating
Cr(VI) reducing efficiency are summarised in
Table 2.

Free and immobilized cell-free extracts in
chromate reduction

Chromate reductase (CR) was initially isolated
and partially purified from Pseudomonas putida
PRS2000 50. Cytoplasmic fractions of Pannoni-
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bacter phragmitetus LSSE-09 102 and Thermus
scotoductus 71 reduced Cr(VI) in both aerobic as
well as in anaerobic conditions. Membrane-bound
CR activity was reported in Enterobacter cloacae
HOl 99, Bacillus megaterium, Shewanella
putrefaciens MR-1 67 and Paracoccus denitri-
ficans 85. Periplasmic fractions of Pseudomonas
aeruginosa A2Chr 38 and Arthrobacter
crystallopoietes ES 32 10 also reduced Cr(VI)
efficiently.

Despite the advantages of enzyme immobili-
zation such as i) cost-effectiveness, ii) easy
separation of reaction mixture, iii) possibility of
getting higher activity of enzyme per unit volume
in the reactor, and iv) increased activity compared
to soluble enzymes 29, very few reports are
available regarding usage of an immobilized cell-
free extract of CRB in Cr(VI) reduction. The main
constrains of CR immobilization are the stability
of the enzymes outside the cellular environment,
thermolabile nature 94, binding low salt conditions,
hydrophobicity of the matrix leading to partial
denaturation and low activity yield.

The prerequisite for enzymatic remediation of
Cr(VI) is to make the enzyme preparation cheap,
production of the enzyme in large quantities, and
availability of cost-effective electron donors. Most
of the efficient Cr(VI) transforming enzymes
reported so far are flavoproteins 42,57,71 and require
NAD(P)H as cofactors, which is highly expensive
and therefore reduces the economical viability of
the process for large scale applications.

Immobilized CFE of Bacillus sp. ES 29 was
successful in substantial Cr(VI) reduction 11

showing maximum reduction of chromate (k=
0.689 at 3 ml/h) with Ca-alginate immobilized
CFE. The flow rate of 3 ml/h and 6 ml/h showed
a nearly identical pattern of reduction and nearly
all added Cr(VI) was reduced. Likewise,
Elangovan et. al.29 immobilized CFE of Arthro-
bacter rhombi RE in Ca-alginate beads and found
it to be capable of reducing Cr(VI), but the
performance was not very encouraging for a
continuous mode of operation.

Chromate bioremediation in in situ and
bioreactor systems

Common effluent treatment technologies for
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removal of toxic hexavalent chromium from
industrial waste include ion-exchange,
electrodeposition, and chemical reduction with
zerovalent iron, ferrous iron 60,101, dissolved
sulphides 55, sulphur containing solutions,
followed by precipitation at a high pH 5. Though
these methods are effective, but are quite
expensive, require high energy input, large
quantities of chemical reagents, and generate
secondary wastes which could be detrimental to
the environment. In situ bioremediation process
is cost-effective and less environmentally
intrusive than the currently employed pump-and-
treat method at the polluted sites. The use of
indigenous bacterial populations can be
advantageous as it is more promising for ensuring
durability under various operating conditions.
Apart from in situ bioremediation, bioreactors
with immobilized microorganisms at higher cell
densities are being used for wastewater treatment
to achieve not only high performance as well as
stability along. These bioreactor systems ensure
extended biochemical or biotransformation
reaction time without any cell washout.

Shen and Wang 87 used a two-stage bioreactor
system in which aerobically grown Escherichia
coli cells were pumped into an anaerobic plug-
flow reactor to reduce Cr(VI). Under this
bioreactor system, almost complete removal of
Cr(VI) was achieved under specific operating
conditions. The efficiency of the reactor, however,
was affected by Cr(VI) concentration and
incubation period.

The use of biofilm packed bed reactors for the
bioreduction of Cr(VI) has been reported by
Chirwa and Wang 17,18. Bacillus sp. was used in a
fixed-film bioreactor which was operated in a
continuous mode with a high recycle ratio. After
24 days from inoculation, the bioreactor
efficiently removed nearly 50 mg/l within a
detention time of 24 h with an average reduction
rate of approximately 2 mg/l/h.

A fixed-film co-culture bioreactor with glass
beads was used for simultaneous Cr(VI) reduction
and phenol degradation 16. Pseudomonas sp. was
used in the bioreactor system for bioremediation
of toxic Cr(VI) contaminated effluent. Pseudo-
monas mendocina reduced 99.7 % of 50 mg

Cr(VI)/l from chrome plating effluent of the
automobile industry 83, while Ganguli and Tripathi
37 reported 75 % chromate removal from chrome-
plating effluent (10 mg Cr(VI)/l) by Pseudomonas
aeruginosa A2Chr in a dialysis bioreactor. Later
Konovalova et. al.56 studied chromate reduction
in a membrane bioreactor with bacteria
immobilized in agar-agar films on the surface of
cellulose acetate membrane which showed an
improved cell activity compared with free cells.
This study was conducted in a two-chambered
reactor separated by a membrane with immo-
bilized bacteria and the membrane bioreactor
showed high efficiency by completely reducing
40 mg/l Cr(VI) in 80 h.

Cells of Bacillus sp. ES 29 immobilized in
celite, amberlite, and calcium alginate and celite
showed the highest rate (3 ml/h) of Cr(VI)
reduction after 15 h 11 in column packed
bioreactors (CPB). PVA immobilized Micro-
bacterium cells 75 in a similar CPB completely
reduced 50 M Cr(VI) within 20 days. Later
Humphries et. al.47 also used Microbacterium sp.
NCIMB 13776 immobilized in agar and agarose
in cell packed-bed bioreactors and observed 60
% Cr(VI) removal with agar-immobilized
Microbacterium sp. Columns containing agarose-
immobilized Microbacterium sp. lost activity after
40 h due to loss of matrix stability and bead
integrity. Likewise, agar-immobilized cells of
Desulfovibrio vulgaris NCIMB 8303 removed 95
% of Cr(VI) in packed-bed bioreactors at a flow
rate of 2.4 ml/h, although the reducing activities
were lost after 159 h 47.

Acinetobacter sp. has been immobilized by both
Dermou et. al.21 and Zakaria et. al.105 and their
chromate reduction efficiency was evaluated in a
bioreactor. In a pilot-scale aerobic trickling filter
bioreactor inoculated with a consortium
containing Acinetobacter sp. Dermou et. al.21

reported the reduction of 30 mg/l Cr(VI) in the
presence of sodium acetate as a carbon source.
Under sequencing batch reactors (SBR) mode,
trickling filter reached operating cycles as short
as 40 min after 50 days of inoculation. Around
97 % of the Cr(VI) in electroplating wastewater
[containing 15 mg/l of Cr(VI)] was reduced at a
flow rate of 8.0 ml/min in 3 days when Acineto-
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bacter haemolyticus immobilized on wood husk
was used in a packed bed column bioreactor 105.

Chromium reducing actinomycetes, such as
Streptomyces griseus 79, Arthrobacter viscosus
76,81, and Arthrobacter rhombi-RE (MTCC7048)
30 are the ideal candidates for chromate reduction.
S. griseus immobilized in PVA-alginate beads in
a glass reactor removed 100 % of 2 mg/l of Cr(VI)
in 55 h 79. A. viscosus biofilm on granular AC 81,
and in Zeolite packed reactor 76 were evaluated in
pilot-scale and an almost 100 % Cr(VI) removal
was achieved. The efficacy of A. rhombi-RE
(MTCC7048) was evaluated in different types of
bioreactors under variable operating conditions.
Complete reduction of Cr(VI) was achieved under
aerobic and anoxic batch 30 experiments.

Sulphate reducing bacteria (SRB) are known
to reduce Cr(VI) indirectly by hydrogen sulphide
or by using Cr(VI) as a terminal electron acceptor.
When Desulfomicrobium sp. was used in an
anaerobic fixed film bioreactors with a feed
containing 40 mg/l Cr(VI), 600 mg/l sulphate, and
H

2, 
a reduction rate of 1 mg/l/h was achieved 7.

Similarly, mixed cultures of SRB have been used
in the sulfidogenic fixed-film batch reactor 89 and
two-stage packed-bed reactor 15 with high efficacy.

The ability of bacterial consortium immobilized
in a bioreactor to reduce toxic Cr(VI) have also
been tested by several workers 52,60,64,69. Jeyasingh
and Philip 52 operated the bioreactor at a bacterial
concentration of 15 ±1.0 mg/g of soil (wet
weight), 50 mg of molasses/g of soil as carbon
source, and could reduce entire 5.6 mg Cr(VI)/g
of soil in 20 days. Molokwane et. al.,64 set up a
microcosm reactor and operated as a packed-bed
reactor, which achieved significant removal of
Cr(VI) (66.26 %) in 45 days. However, the
effectiveness of the bioreactor increased with the
addition of sawdust as a carbon source and showed
a reduction of a maximum of 93% at a flow rate
of 0.304 cm3/day. Lee et. al.60 and Nancharaiah
et. al.69 also evaluated the potential of mixed
microbial consortia to reduce chromate in sand
column reactor system and granular biofilms
respectively under batch mode.

Conclusion
Large-scale Cr contamination of land and water

resources due to anthropogenic activities has
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demanded for bioremediation of highly toxic and
carcinogenic Cr(VI) in an eco-friendly manner.
Bioremediation approaches have utilized the
Cr(VI)-reducing ability of introduced as well as
indigenous microorganisms and found to be more
effective for remediation of chromium
contaminated water and soils. Immobilization of
whole cells and the cell-free extracts as a source
of chromate reductase enzymes are useful tools
to meet the cost targets and to achieve
technological advantages. Immobilization enables
the repetitive use of both whole cells and crude
enzymes and hence is beneficial and cost-efficient.
From the technological viewpoints, immobilized
whole cells and enzymes can easily be separated

from the reaction liquid and make laborious
separation steps unnecessary. Additional benefits
arise from stabilization against harsh reaction
conditions, which are deleterious to different
microorganisms and soluble enzyme preparations.
As Cr(VI) poses a threat to humans and the
environment, it is also relevant to study a biofilm-
based chromium remediation strategy. A
simplified flow-through system has been designed
for biofilm development on economically feasible
substrates for Cr(VI) removal. The use of biofilms
developed from indigenous chromate reducing
microorganisms and its use as a tool for removal
of Cr(VI) gives a perceptiveness into in situ
remediation of chromium.
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