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Bioremediation of chromium contaminated soil: optimization of
operating parameters under laboratory conditions
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Abstract

Bacterial strains were isolated and enriched from the contaminated site of Tamil Nadu Chromates and Chemicals Limited (TCCL) premises,
Ranipet, Tamil Nadu, India. The strain which was isolated from the highly contaminated location had shown high Cr(VI) reduction potential.
Cr(VI) reduction was evaluated both in aerobic and anaerobic conditions. Though the aerobic system performed better than the anaerobic one,
further study were carried out in the anaerobic condition due to its economic viability. At higher initial concentration, Cr(VI) reduction was
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not complete even after 108 h, however, specific Cr(VI) reduction, unit weight of Cr reduced/unit weight of biomass was greate
concentration. It was found that a bacterial concentration of 15± 1.0 mg/g of soil (wet weight) 50 mg of molasses/g of soil as carbon s
were required for the maximum Cr(VI) reduction. The bioreactor operated at these conditions could reduce entire Cr(VI) (5.6 m
of soil) in 20 days. The Cr(III) thus formed was found to be strongly attached to the soil matrix and the mobility of Cr(III) was ne
as evident from the low concentration of Cr(III) in the leachate. This study showed that bioremediation is a viable, environment
technology for cleaning-up the chromium contaminated site at TCCL, Ranipet, Tamil Nadu, India, and optimal operating conditi
laboratory conditions were evaluated.
© 2004 Published by Elsevier B.V.
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1. Introduction

Hexavalent chromium is widely used in many industrial
processes such as electroplating, wood preservation, etc.
Commercially available forms of hexavalent chromium
(Cr(VI)) are potassium chromate and potassium dichromate.
The chromium manufacturing industry produces a large
quantity of solid and liquid waste containing hexavalent
chromium. The treatment of these wastes is essential before
discharging them to the environment. Cr(VI) compounds are
highly water soluble, toxic and carcinogenic in mammals.
In contrast, trivalent chromium is considered to be nontoxic
as it precipitates at pH higher than 5.5 with the formation of
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insoluble oxides and hydroxides in soil and water sys
[1].

The remediation of chromium contaminated sites p
a number of unique challenges. Many technologies are
rently used to clean up heavy metal contaminated soils
most commonly used ones are soil removal and land fi
stabilization/solidification, physico-chemical extraction,
washing, flushing and phytoremediation. None of these
niques are completely accepted as best treatment opti[2]
because either they offer a temporary solution, or simpl
mobilize the contaminant or costly when applied to l
areas.

Bioremediation is one of the promising technologies
is expected to play an important role in waste site c
up. The bioremediation strategy is to detoxify Cr(VI) in
soil to reduce it to Cr(III), so that it gets immobilized
the soil matrix. Besides eliminating the toxicity of Cr(

0304-3894/$ – see front matter © 2004 Published by Elsevier B.V.
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by its reduction to Cr(III) the latter forms a particularly in-
soluble Cr(OH)3 in the pH range of 6–9 (Ksp, 6.7× 10−31)
[3] severely restricting its ability to migrate to ground
water.

Many microbes were reported to reduce Cr(VI) under aer-
obic and anaerobic conditions[4–9]. Bader et al.[8] studied
the potential of aerobic reduction of Cr(VI) by an indige-
nous soil microbial community and found that Cr(VI) in the
soil was reduced by 33% within 21 days and suggested that
Cr(VI) reducing microbial populations is widespread in soil.
Studies have shown that certain bacterial species on surfaces
of geologic materials can detoxify the compounds by reduc-
ing them to relatively insoluble and hence significantly less
harmful trivalent chromium compounds[10]. Thus, treat-
ment of Cr(VI) containing wastes consists primarily of re-
ducing toxic and mobile Cr(VI) to nontoxic and immobile
Cr(III). However, the potential of this bioremediation strat-
egy for the clean up of Cr(VI) contaminated soil is to be still
engineered.

The objective of this paper is to isolate and enrich Cr(VI)
reducing microbes to bioaugment a soil bioreactor and to
study its performance under optimal conditions.

2. Materials and methods
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Table 1
Soil characteristics

Parameter Value

Soil organic matter 6.9± 0.5%
Cr(VI) 2.5–5.5 mg/g of soil
Total chromium 9± 12 mg/g of soil
Coefficient of curvature 1.067
Uniformity coefficient 6.67
pH 9.5–10.5
Sand 56± 1.5%
Silt 38± 1%
Clay 6± 0.3%

HCl or NaOH. Molasses was used as a carbon source. Ster-
ilized media were used for all the studies.

2.3. Analytical procedures

2.3.1. Extraction and analysis of Cr(VI) and total
chromium

For the extraction of Cr(VI) and total chromium from soil,
an alkaline digestion method and nitric acid/sulfuric acid di-
gestion method as per Standard Methods[12] were used,
respectively. The hexavalent chromium was measured col-
orimetrically at 540 nm by reaction with diphenyl carbazide
in acidic conditions. In the case of Cr(III), potassium per-
manganate was used to oxidize Cr(III) to Cr(VI).

2.3.2. Measurement of cell density
Overnight cultures were centrifuged, and the cell pellets

was washed with physiological saline water thrice, resus-
pended in saline water, homogenized and was used as stock
solution. Different dilutions were made from the stock solu-
tion. A known volume of these solutions were filtered through
0.45�m filter paper (Millipore, USA) to find out the dry
weight of cells. Corresponding absorbance was measured
at 440 nm using a spectrophotometer. This information was
used to prepare a calibration curve, dry weight versus ab-
s mea-
s ab-
s
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.1. Soil sample

The soil samples were collected from seven differen
ations of the contaminated site located at Ranipet, T
adu, India in clean polyethylene bags and preserved
eep freezer (APNA Scientific Supplies, Chennai). The

ure of the soil/deposited sludge was not uniform through
he area. The samples were collected from representati
ions, i.e.: (1) open well inside the factory premises, (2) g
oot sample outside the premises (eastern side), (3) gras
ample outside the premises (southern side), (4) gras
ample in the SIPCOT drain, (5) sample from mat forma
ear ETP, (6) sample from waste dump site (eastern side
ample from waste dump site (western side). All these
ere highly contaminated with Cr(VI). An amount of 15
f soil from each site is taken, mixed well and dried in
ven at 60◦C for 24 h, crushed the sample using a cru
o remove the boulders. A representative sample of the
as characterized in the laboratory as per standard p
ure[11]. The soil characteristics thus determined are g

n Table 1.

.2. Nutrient media

The nutrient medium (N1) for bacterial growth consis
f peptone 10 g, beef extract 2 g, yeast extract 1 g, and so
hloride 5 g in 1 l of distilled water and the mineral medi
M1) consisted of K2HPO4-2.12 g, KH2PO4-2.12 g, NaCl
g, MgSO4·7H2O-1 g, CaCl2-0.1 g, and KNO3-4 g in 1 l of
istilled water. The pH was maintained at 7± 0.2 by using
orbance. For unknown samples, the absorbance was
ured at 440 nm and was converted to dry weight using
orbance versus dry weight calibration curve.

.4. Experimental methods

.4.1. Enrichment of the Cr(VI) reducing bacterial
trains

Bacterial strains were isolated from the soil samples
ected in and around the contaminated site. About 1 g o
ample was added to 100 ml of growth medium (N1)
ncubated for 24 h in facultative condition. The shake fl
ultures were closed using Teflon stoppers. Then, 1 m
his was transferred to 100 ml nutrient broth (N1) cont
ng 100 ppm Cr(VI). This procedure was repeated by
ressively increasing Cr(VI) in the nutrient medium up
00 mg/l. A loopful from the above mixture was streaked
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Table 2
Bacterial strains employed for the present study

Sl. no. Sample location Strain identification
name

1 Open well inside the factory premises B2
2 Grass root sample outside the premises

(eastern side)
C2

3 Grass root sample outside the premises
(southern side)

D2

4 Grass root sample in the SIPCOT drain F1
5 Sample from mat formation near ETP H1
6 Sample from waste dump site (eastern

side)
I2

7 Sample from waste dump site (western
side)

J2

agar slants, incubated for 24 h and stored in the freezer at 4◦C
for further use.

2.4.2. Screening of the enriched cultures
The enriched bacterial strains were named based on the

locations at which they were collected. The details are given
in Table 2. These cultures were used for the Cr(VI) reduc-
tion studies. This study was carried out in shake flasks with
nutrient medium (N1) spiked with a Cr(VI) concentration of
50 mg/l.

The enriched cultures obtained from seven locations of
the contaminated site were evaluated for their chromium(VI)
reduction potential based on the kinetics of Cr(VI) reduc-
tion and their specific Cr(VI) reduction potential. Specific
Cr(VI) reduction potential was calculated as Cr(VI) reduc-
tion by unit biomass in unit time. Further studies were con-
ducted using the most promising bacterial strain emerging in
the screening test. For the screening test, eight conical flasks
with 100 ml of autoclaved nutrient medium (N1) spiked with
50 mg/l Cr(VI) were inoculated with same quantity (mea-
sured as optical density) of previously grown bacterial cul-
tures isolated from seven locations. The residual Cr(VI) con-
centration in the liquid phase was measured with respect to
time. Further studies to evaluate the effect of initial Cr(VI)
concentration, Cr(VI) inhibitions, etc. were conducted using
t with
1 ted
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ments were carried out with an initial Cr(VI) concentration
of 50 mg/l.

2.4.4. Cr(VI) reduction in aerobic and anaerobic
conditions

Cr(VI) reduction potential was studied under aerobic and
anaerobic conditions with an initial Cr(VI) concentration of
50 mg/l in nutrient medium (N1). Two conical flasks were
filled with 100 ml of nutrient medium (N1), autoclaved, and
1 ml of previously grown H1 bacterial strains were added in
each conical flasks, and incubated at 35◦C for 24 h. Then
potassium dichromate solution (stock solution) was added
so that the Cr(VI) concentration in each conical flask was
50 mg/l. To achieve anaerobic condition one of the conical
flasks with the reaction mixture was flushed with N2 through
a filter for 5 min. Air tight caps were employed. The samples
were withdrawn from this flask using syringes.

2.4.5. Evaluation of optimum conditions using miniature
reactors

To evaluate the optimum conditions for bioremediation,
miniature reactors were employed. Soil employed for all the
biotransformation studies were sterilized in a hot air oven
by keeping it at 150◦C for 2 h. The miniature reactors were
of 500 ml capacity glass beakers containing 25 g of contam-
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l ance
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d or is
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he selected bacterial isolate. For this, six conical flasks
00 ml autoclaved nutrient medium (N1), were inocula
ith the previously grown bacterial culture in log grow
hase and incubated at 35◦C for 24 h. Then stock potassiu
ichromate solution (stock solution) was added to the

ure so that the Cr(VI) concentration in conical flasks was
00, 150, 200, 300 and 400 mg/l, respectively. Initial bact
oncentration was also measured. The Cr(VI) concentra
OD and bacterial concentrations were determined at

ar intervals. A control (all conditions were same except t
as no bacterial addition) was always employed to qua

he abiotic reduction of Cr(VI).

.4.3. Effect of pH
The effect of pH on Cr(VI) reduction was studied

arying the reaction mixture pH from 4 to 10. The exp
nated soil. These received different concentrations of
asses and were inoculated with bacteria. The perform
f the reactors was monitored regularly under anaerobic
itions. The schematic diagram of the miniature react
hown inFig. 1.

.4.6. Soil reactors for Cr(VI) reduction
In order to study the effectiveness of bioremediatio

r(VI) contaminated soils, experiments were carried ou
wo laboratory scale soil reactors. A schematic diagra
he reactor is shown inFig. 2. The reactors were made up
mm thick acrylic transparent sheet. The top compartm
as of 10 cm diameter and 25 cm height with four sam
ollection ports located at 5, 10, 15, 20 cm from the top.
ottom compartment was 12 cm in diameter and 10 c
eight which was used as leachate collector. Filter m
onsisting of gravel, glass beads, and sand were pack
height of 4.5 cm from the bottom of the top compartm

ver which 3 kg of the contaminated soil was loosely pac

Fig. 1. Schematic diagram of miniature soil bioreactor.
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Fig. 2. Schematics diagram of the soil bioreactor.

to a height of 18 cm. Soil employed for all the biotransfor-
mation studies were sterilized in a hot air oven by keeping
it at 150◦C for 2 h. One of such reactors was supplemented
with molasses, mineral medium (M1), enriched microorgan-
isms along with contaminated soil whereas the second reac-
tor contained all except enriched microorganisms. Operating
conditions of both the reactors were identical. Cr(VI) concen-
trations in the solid phase and liquid phase (leachate) were
analyzed regularly in both the reactors. A mass balance of
Cr(VI) and total Cr for the system was also made. The top
of the reactor was covered with wet cotton to maintain the
moisture content in the range of 50–52%. The reactors were
fitted with air tight caps.

2.4.7. Performance evaluation of soil reactor based on
optimum conditions

Two reactors of 2 l capacity were used for the present
study. In one reactor a mixture of 1600 g of contaminated
soil, 24 g (dry weight) of bacteria which was grown sepa-
rately in mineral medium (M1), 80 g of molasses and 390 ml
of mineral medium were added. In the other reactor, a mixture
of 1600 g of contaminated soil, 80 g of molasses and 390 ml
of mineral medium were added which was kept as control
reactor. Fifty milliliter of mineral medium (M1) was added
in both the reactors daily and the leachate from both the re-
a ples
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f
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Fig. 3. Kinetics of Cr(VI) reduction by different bacterial strains.

capacity. Kinetics of Cr(VI) reduction was carried out un-
der aerobic conditions with an initial Cr(VI) concentration of
50 mg/l for all the seven strains and the results are presented
in Figs. 3 and 4. Among the seven strains screened, H1, the
strain isolated from a clay mat near the old effluent treatment
plant (ETP) showed highest Cr(VI) reduction potential. This
strain was used for further studies.

The strain which had a history of exposure to high Cr(VI)
concentration has exhibited an excellent Cr(VI) reduction po-
tential. The environmental stress might have forced the strain
to develop an effective detoxification mechanism to survive
in the adverse condition. It was also reported that many mi-
croorganisms isolated from the contaminated sites showed
high resilience to a toxicant and hence, better pollution re-
mediation potential[13–16]. The specific Cr(VI) reduction
potential was also higher for bacterial strain H1 (Fig. 4). Bac-
terial strains B1 and C2 also showed high specific chromium
reduction.

3.2. Effect of initial Cr(VI) concentration on Cr(VI)
reduction

In order to determine the effect of initial Cr(VI) concen-
tration on microbial Cr(VI) reduction, studies were carried
using H1 bacterial strain with different initial Cr(VI) con-
c the
r te
w nted
i

ctors were collected and analyzed for Cr(VI). Soil sam
rom the reactors were collected from various sampling p
sing an auger and analyzed for Cr(VI). An equal amou

resh soil was added to the system at each time.

. Results and discussion

.1. Screening of microbes for chromium(VI) reduction

Bacterial cultures isolated from seven locations of the
aminated site were screened based on their Cr(VI) redu
entrations (50–400 mg/l) under aerobic condition and
esults are presented inFig. 5(a). The specific growth ra
ith respect to different Cr(VI) concentrations are prese

n Fig. 5(b).

Fig. 4. Specific Cr(VI) reduction rate for different bacterial strains.
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Fig. 5. (a) Effect of initial Cr(VI) concentration on Cr(VI) reduction. (b)
Effect of initial Cr(VI) concentration on maximum specific growth rate.

The initial bacterial cell concentration was 670 mg/l. The
time required for complete reduction of Cr(VI) increased
with the initial Cr(VI) concentrations. Complete Cr(VI) re-
duction was achieved in 3 h for initial Cr(VI) concentration
of 50 mg/l. For a high Cr(VI) concentration of 200 mg/l, it
took 108 h. Beyond this Cr(VI) concentration, the complete
Cr(VI) reduction was not observed. The specific Cr(VI) re-
duction rate for various concentrations of Cr(VI) is given in
Fig. 6.

The specific Cr(VI) reduction rate increased with the ini-
tial Cr(VI) concentration. Even at high initial Cr(VI) concen-
tration of 400 mg/l, Cr(VI) was still reduced at a high specific
rate (0.062 mg/mg cell h). These results also showed that iso-
lated microbial consortium was able to sustain a Cr(VI) con-
centration in the range of 400 mg/l without much adverse ef-
fect. This is an important observation especially when in situ

F ra-
t

Fig. 7. Effect of pH on Cr(VI) reduction.

bioremediation is contemplated. The microbes are able to re-
duce/remediate Cr(VI) even at higher concentrations though
it takes a long time. The cell yield was very low at high Cr(VI)
concentrations due to the inhibition effect (Fig. 5b). This may
be the reason for high specific Cr(VI) reduction rate at higher
initial Cr(VI) concentrations.

3.3. Effect of pH

pH plays an important role in most of the biological sys-
tems. The preferable pH range in such systems is 6–8. The
effect of pH on Cr(VI) reduction was studied for a wide range
of pH 4–10 under aerobic conditions. The results are shown
in Fig. 7. At neutral pH, the Cr(VI) reduction was found to
be 100% within 3 h when an initial Cr(VI) concentration of
50 mg/l was exposed to a bacterial concentration of 670 mg/l.
The reduction decreased with either increase or decrease of
pH from neutral. Here, entire Cr(VI) was in liquid phase and
when bioremediation of Cr(VI) for clean up of contaminated
soils is opted, then, adsorption and desorption characteristics
of Cr(VI) as influenced by pH may determine the perfor-
mance of the system. It was reported that Cr(VI) could be
desorbed from soil at a faster rate at elevated pH values[17].

3.4. Cr(VI) reduction in aerobic and anaerobic
c

and
a of
5 d
ig. 6. Specific Cr(VI) reduction rate for different initial Cr(VI) concent
ions.
onditions

Bioremediation of Cr(VI) was studied under aerobic
naerobic conditions with an initial Cr(VI) concentration
0 mg/l and the results are shown inFig. 8. It was observe

Fig. 8. Cr(VI) reduction in aerobic and anaerobic conditions.
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Fig. 9. Percentage reduction of Cr(VI) with different initial bacterial con-
centration.

that under aerobic conditions, Cr(VI) reduction was high.
However, as large areas have to be bioremediated under field
condition, provision of aeration may not be economically
feasible. Therefore, the anaerobic reduction/bioremediation
option is evaluated further though it is slightly less efficient
(90%) than the aerobic system.

3.5. Evaluation of optimum conditions

Before evaluating anaerobic bioremediation technology
both at bench scale and field scale, it is essential to determine
the optimum conditions in terms of microbial concentration,
pH, carbon source requirement, etc.

3.6. Optimum concentration of bacteria

A set of six small reactors (500 ml capacity) were charged
with 25 g of contaminated soil and 10 ml of mineral medium
(M1) which contained 20 g/l of molasses. The bacterial cells
which were preacclimatized to 100 mg/l of Cr(VI) were
added to first five reactors and thoroughly mixed to result
in the initial bacterial concentration of 4.8± 0.5, 15± 1.0,
24± 1.3, 33± 1.5, and 47± 1.2 mg bacteria/g of soil, respec-
tively and mixed well. The sixth reactor served as control
without addition of microbial culture. All the reactors were
o osses
w M1.
T (VI)
r rial
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o /g of
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c 33
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Fig. 10. Cr(VI) reductions with different molasses concentration.

of mineral medium (M1) containing 10, 15, 20, 30, 40 mg/l
of molasses was added to each reactors, respectively. To the
other set of five reactors, only the mineral medium contain-
ing the same concentrations of molasses was added as abi-
otic controls. All the reactors were operated under anaerobic
conditions. The evaporation losses were made up by adding
appropriate volume (2 ml on daily basis) of M1. The Cr(VI)
reduction profile is shown inFig. 10. Cr(VI) reduction rate
increased with increase in molasses concentration. But the
optimum molasses concentration was 34 mg/g of soil as the
slope of the line is maximum. However, there was no appre-
ciable abiotic reduction of Cr(VI) in control reactors.

3.8. Performance evaluation of soil reactor under
optimum conditions

In one the two reactors a mixture of 1600 g of contami-
nated soil, 24 g (15 mg (wet weight)/g of soil dry weight) of
bacteria was grown in mineral medium under anaerobic con-
ditions with 100 ppm Cr(VI) concentration, 53 g (33.3 mg/g
of soil) of molasses and 390 ml of mineral medium (M1).
The second reactor was constituted as control reactor with
all components except microbes. Both the reactors received
50 ml of mineral medium (M1) on a daily basis and the
leachate was collected and analyzed for Cr(VI). Soil samples
f nce
o a
l d in
t ation
w the

F ncen-
t

perated under anaerobic conditions. The evaporation l
ere made up by adding appropriate volume (2 ml) of
here was no provision for leachate collection. The Cr
eduction profile as a function of initial anaerobic bacte
ensity is shown inFig. 9. Even though the Cr(VI) reductio
ate increased with an increase in bacterial concentratio
ptimum bacterial concentration was observed as 15 mg
oil as there was 100% reduction of Cr(VI) in 33 days.
ontrol reactor exhibited only 10% abiotic reduction in
ays.

.7. Optimum concentration of molasses

A set of 10 small reactors were operated with 25 g of
aminated soil and 15 mg bacteria/g of soil to determine
ffect of carbon source on Cr(VI) reduction. Ten millili
rom the reactors were analyzed for Cr(VI). The performa
f these reactors is presented inFig. 11. In the bioreactor,

eachate Cr(VI) concentration of 1318 mg/l was observe
he second day and on the ninth day the Cr(VI) concentr
as found to be nil, whereas in the control reactor initially

ig. 11. Cr(VI) in leachate of the reactor under optimum molasses co
rations.
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Fig. 12. Cr(VI) reductions in the soil with respect to depth in the control
reactor.

Cr(VI) concentration was low and it increased with respect
to time.

Similarly the soil samples at different depths were taken
from the bioreactor and the control reactor and analyzed for
Cr(VI). The results are presented inFigs. 12 and 13. The
Cr(VI) reduction rate decreased with increase of depth. The
soil samples collected from the bioreactor revealed that there
was no Cr(VI) presence at different depths after 20 days.
There was slight reduction of Cr(VI) observed in the control
reactor. This might be due to abiotic reduction. The mass
balance of Cr(VI) and total Cr is presented inTable 3. It was
observed that 97± 1.2% reduction of Cr(VI) occurred in the
bioreactor.

The initial mass of Cr(VI) present in the bioreactor was
4320 mg (2.7 mg/g) of soil in 1600 g of contaminated soil
and the total Cr was 18 400 g (11.5 mg/g of soil). The amount
of Cr(VI) and total Cr leached out along with the mineral
medium was 123± 1.5 and 127± 1.7 mg, respectively. After
20 days the Cr(VI) present in the bioreactor was nil and total
Cr was found to be 18 272 mg (average). It revealed that the
Cr(VI) had converted to Cr(III). Hence percentage reduction
of Cr(VI) to Cr(III) was observed as 97± 1.2%. Similarly, the
amount of Cr(VI) and total Cr present in the control reactor
were observed and the reduction of Cr(VI) to Cr(III) was
12± 0.8%.
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4. Conclusions

The present study focuses on the ability of a mixed popula-
tion of microbial culture isolated from hexavalent chromium
contaminated site to biotransform Cr(VI). Batch and con-
tinuous experiments were carried out to study the biotrans-
formation pattern of Cr(VI) with molasses as the electron
donor. Among the bacterial strains isolated from seven dif-
ferent locations of the contaminated site, the bacterial strain
(H1) which was isolated from a clay mat near the effluent
treatment plant (ETP) showed high Cr(VI) reduction poten-
tial. Optimum concentration of bacteria and molasses for the
reduction of Cr(VI) to Cr(III) was observed as 15 and 34 mg/g
of soil, respectively. The 97± 1.2% reduction of Cr(VI) was
achieved within 20 days under optimum concentration of mo-
lasses and bacteria in anaerobic conditions. The results of
the present study suggest that indigenous microorganisms
are capable of anaerobic reduction of high concentration of
Cr(VI) in contaminated soil. Reduction of Cr(VI) to Cr(III)
is a microbialy mediated process, and provision of a suitable
electron donor to contaminated soils shall greatly speed up
this reaction, thereby decreasing Cr(VI) toxicity and mobility.
The biotransformed Cr(VI) remained in the soil as Cr(III).
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