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Bioremediation studies were carried out for the treatment of Cr(VI) bearing sludge using indigenous
microorganisms isolated from a chromium contaminated site. Effects of moisture content, initial substrate
and biomass concentrations on the bioremediation process were studied by conducting batch and con-
tinuous experiments. The leachability of total chromium and Cr(VI) from remediated soil was evaluated
and compared with that of untreated soil. Experimental data was used to determine biokinetic parame-
ters and validate a mathematical model. Single objective and multi-objective management models were
ontaminated soil
exavalent chromium
iokinetic parameters
anagement model

developed by embedding the mathematical model describing the process in a simulation–optimization
framework. Single objective management models considered either cost minimization or minimization of
time for treatment. Genetic Algorithm, available in MATLAB tool box was used for solving the optimiza-
tion problems. Applicability of proposed management models was demonstrated for the remediation
of Cr(VI) bearing sludge in Ranipet, Tamilnadu, India. Multi-objective management model was used to
derive the Pareto-optimal front, which describes the trade off between the cost of treatment and the time
taken for treatment.
. Introduction

Chromium contaminated sites exist in India and other countries
1,2]. In the chromium contaminated site at Ranipet in Tamilnadu,
dentified as one of the most contaminated sites [3], approximately
20,000 tons of solid waste has been lying untreated. Due to high
orosity of the soil, leachate containing Cr(VI) has contaminated the
oil and aquifer in the nearby areas. Remediation of such contami-
ated hazardous waste sites poses a number of unique challenges
nd there is an urgent need to find cost-effective and environmen-
ally friendly techniques.

Various hazardous and industrial wastes are currently managed
sing physico-chemical processes which transfer the contaminants
rom one environmental compartment to another, and in addition
ncur high energy and chemical costs in their operations. Bioreme-
iation is one of the promising technologies which is expected to
lay an important role in a contaminated site clean up. Bioremedi-
tion strategy for remediation of Cr(VI) contaminated soil/aquifer

nvolves detoxification of Cr(VI) by reducing it to Cr(III). Cr(III)
orms insoluble Cr(OH)3 in the pH range of 6–9 (Ksp = 6.7 × 10−13),
everely restricting its ability to migrate through groundwater [4].

∗ Corresponding author. Tel.: +91 44 22574274; fax: +91 44 22574252.
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Many microbes were reported to reduce Cr(VI) under aero-
bic and anaerobic conditions [5–9]. Polti et al. [10] employed
Streptomyces sp. MC1 (an isolate from sugar cane plantation) for
remediation of chromium contaminated soil. Chai et al. [8] studied
Cr(VI) remediation by indigenous bacteria in soils contaminated by
chromium containing slag from a steel-alloy factory. Rama Krishna
and Philip [6] developed a novel ex situ treatment technology in
which the leached Cr(VI) from the contaminated soil was treated in
a bioreactor for Cr(VI) reduction, followed by a biosorption column
for Cr(III) removal. Jeyasingh and Philip [5] reported that a bacte-
rial concentration of 15 ± 1.0 mg/g of soil (wet weight) and 50 mg of
molasses/g of soil as carbon source were required for the maximum
Cr(VI) reduction. Desjardina et al. [11] showed that Streptomyces
thermocarboxydus could precipitate Cr(VI) as a chromium oxyhy-
droxide with a �CrOOH like local structure. Douglas et al. [12]
reported that addition of molasses and nutrients resulted up to 67%
reduction of Cr(VI) (initial concentration, 67 mg/L) in 35 days in an
unsaturated batch experiment. Tseng and Benefieldt [13] studied
in situ bioremediation of Cr(VI) contaminated soil by supplying var-
ious electron acceptors such as oxygen, nitrate, sulfate, and iron at
low temperatures of 10 ◦C and demonstrated that addition of sugar

enhanced chromium reduction. Quana et al. [14] studied the kinet-
ics of detoxification efficiency of B. megaterium for the treatment of
hexavalent chromium contaminated slag.

Though many studies have been reported on Cr(VI) contami-
nated soil remediation, most of them were confined to laboratory

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:ligy@iitm.ac.in
dx.doi.org/10.1016/j.cej.2010.03.067
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Table 1
Soil characteristics.

Parameter Concentration

Soil organic matter 6.7%
Cr(VI) 2.4–3.0 mg/g of soil
Total chromium 9.5–10.5 mg/g of soil
pH 9.8
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The effect of substrate (molasses) concentration on Cr(VI)
Sand 57%
Silt 37%
Clay 6%

cale systems. However, it is essential to conduct a pilot scale study
nd evolve an appropriate management strategy before starting
he field remediation. Parameters such as moisture content, ini-
ial biomass concentration and electron donor play a significant
ole in achieving the remediation in shortest possible time, with
east cost. Thus there is a need for developing a management model
ased on pilot scale experimental data. Several mathematical mod-
ls are available for performance evaluation and management
f Cr(VI) contaminated wastewaters and aquifers [15–18]. Shieh
nd Peralta [15] developed a model combining Genetic Algo-
ithms and simulated annealing with BIOPLUME II for the optimal
esign of bioremediation systems. Hu et al. [19] have developed a
ynamic predictive control system for in situ bioremediation pro-
ess. Although many generic simulation–optimization packages are
vailable for optimal design of aquifer remediation strategies, not
any studies have been carried out with particular reference to

arge scale soil remediation.
The objective of this work was to isolate and enrich Cr(VI) reduc-

ng microbes for the remediation of Cr(VI) bearing solid waste
nd evaluate the performance of the process in a pilot scale sys-
em. Also, an attempt was made to develop a mathematical model
or simulating the process. The simulation model was used in a
imulation–optimization framework for evolving optimal strategy
or cost-effective remediation of large scale Cr(VI) contaminated
ump sites.

. Materials and methods

.1. Soil and solid waste samples

To isolate Cr(VI) reducing microbes, soil samples (150 g each)
ere collected from seven different locations of the contaminated

ite at Ranipet, Tamilnadu, India in clean polyethylene bags and
reserved in a deep freezer (APNA Scientific Suppliers, Chennai).
omposite samples of the Cr(VI) bearing solid waste were taken at
depth of 0.5 m from the surface of the dump in Ranipet, Tamil-
adu, India. After air drying, the solid waste samples were crushed
nd sieved. Soil with an average particle size less than or equal to
00 �m was used for the characterization in the laboratory as per
tandard procedure [20]. The characteristics thus determined are
iven in Table 1. The solid waste samples collected from the site
ere crushed lightly and large boulders were removed before they
ere used in remediation studies.

.2. Nutrient and mineral media

The nutrient medium for microbial growth consisted of pep-
one 5 g, beef extract 1.5 g, yeast extract 1.5 g and sodium chloride
g in 1 L of distilled water and the mineral medium consisted

f K2HPO4—0.03 g, KH2PO4—0.05 g, NaCl—0.01 g, NH4Cl—0.03 g,
gSO4—0.01 g, molasses 5 g, and yeast extract 1 g in 1 L of distilled
ater. The pH was maintained at 7 ± 0.2 by using HCl or NaOH.

terilized media were used for all the studies.
ng Journal 160 (2010) 556–564 557

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 digestion
method were used, respectively, as per the Standard Methods [21].
Hexavalent chromium was measured colorimetrically at 540 nm
by reaction with diphenyl carbazide in acidic conditions [21].
Cr(III) was analyzed using Atomic Absorption Spectrometer (Perkin
Elmer, USA).

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

washed with saline water thrice, re-suspended in saline water,
homogenized and were used as stock solution. Known volumes
of these solutions were filtered through 0.45 �m filter paper
(Millipore, USA) to find out dry weights of cells. Corresponding
absorbance was measured at 600 nm using a UV spectrophotometer
(Techcomp, UK). This information was used to prepare a calibra-
tion curve. For unknown samples, the absorbance was measured at
600 nm and was converted to dry weight using absorbance versus
dry weight calibration curve [22].

2.4. Experimental methods

2.4.1. Enrichment of the Cr(VI) reducing bacterial strains
Bacterial strains were isolated from the soil samples collected

in and around the contaminated site. About 1 g of soil sample was
added to flask containing 100 mL of nutrient medium, closed using
Teflon stoppers, and incubated for 24 h in facultative condition.
Then, 1 mL of supernatant from this flask was transferred to 100 mL
nutrient broth containing 100 mg/L of Cr(VI). This procedure was
repeated by progressively increasing Cr(VI) in the nutrient medium
up to 500 mg/L. A loopful from the above mixture was streaked on
agar slants, incubated for 24 h and stored in a freezer at 4 ◦C for
further use.

2.4.2. Screening of the enriched cultures
The enriched cultures obtained from seven locations of the

contaminated site were evaluated for their Cr(VI) reduction poten-
tial. Further studies were conducted using the most promising
bacterial strain emerging from the screening test. For the screen-
ing test, seven conical flasks with 100 mL of autoclaved nutrient
medium, spiked with 50 mg/L of Cr(VI), were inoculated with an
equal quantity of pre-grown bacterial cultures isolated from dif-
ferent locations. A control (all conditions were same except that
the bacterial cells were not added) was employed to quantify the
abiotic reduction of Cr(VI) in all the experiments.

2.4.3. Optimum moisture content in soil reactors
The effect of moisture content on Cr(VI) reduction in soil reac-

tors was studied by varying the moisture content of the reaction
mixture. These experiments were conducted under aerobic con-
dition in four reactors containing 25 g of Cr(VI) contaminated soil
with initial Cr(VI), molasses and microbial concentration of 2.5, 50
and 15 mg/g of soil, respectively. The moisture content was varied
from 20% to 50%, respectively. One reactor with 50% moisture was
used as control.

2.4.4. Effect of concentration of substrate (molasses) on Cr(VI)
reduction in soil
reduction was evaluated using three plastic containers of 500 mL
capacity, each with 200 g of hexavalent chromium bearing soil. In
the first container, 10 g (50 mg/g of soil) of molasses and 50 mL
of mineral medium were added, and this container was used as



5 ineeri

c
b
t
(
t
r
c
p
a

2
i

e
e
(
a
s
w
m
s
t
t
p
u
p

2

T
o
m
c
t
b
i
w
m
w
p
s
o
b
r
f
t
r
l
C

2

l
fi
c
E
c
w
l
1

3

C

58 J. Jeyasingh et al. / Chemical Eng

ontrol. In the second and third containers, 3 g (15 mg/g of soil) of
acteria, and 50 mL of mineral medium were taken. The concen-
rations of molasses in the second and third containers were 5 g
25 mg/g of soil) and 10 g (50 mg/g of soil), respectively. The mois-
ure content was maintained at 40% by adding mineral medium at
egular intervals. All the reactors were operated under facultative
onditions, without any leachate collection system. The soil sam-
les were collected and analyzed for Cr(VI), total chromium, COD
nd protein.

.4.5. Effect of concentration of biomass (cell) on Cr(VI) reduction
n soil

The effect of biomass concentration on Cr(VI) reduction was
valuated by using four plastic containers of 500 mL capacity
ach with 200 g of hexavalent chromium bearing soil. Ten grams
50 mg/g of soil) of molasses and 50 mL of mineral medium were
dded to the first container, which was kept as control. In the
econd, third and fourth containers, the biomass concentrations
ere 15, 20 and 40 mg/g of soil, respectively. The concentrations of
olasses and the mineral medium in these three containers were

ame as that in the control reactor. The moisture content was main-
ained at 40% by adding mineral medium as and when needed. All
he reactors were operated under anaerobic conditions without any
rovision for leachate collection. Soil samples were collected at reg-
lar intervals and analyzed for Cr(VI), total chromium, COD and
rotein.

.4.6. Cr(VI) reduction in soil reactors
Two plastic containers of 5 L capacity were used for this study.

wo hundred grams of contaminated soil, 3 g (15 mg/g of soil)
f biomass (cell), 10 g (50 mg/g of soil) of molasses and 50 mL of
ineral medium were added to the first container. The second

ontainer was used as a control reactor in which all the condi-
ions were same as in the first reactor except that there was no
iomass. Sufficient quantity of mineral medium was added period-

cally to maintain the required moisture content. Both the reactors
ere operated under facultative anaerobic condition in composting
ode, without any provision for leachate collection. Soil samples
ere collected at regular intervals and analyzed for Cr(VI), COD,
rotein and total chromium. Once the Cr(VI) concentration in the
oil in the reactor reduced to non-detectable limit, equal amount
f contaminated soil was added, without any further addition of
iomass and the reactor was operated until the Cr(VI) concentration
educed to non-detectable limit again. This process was repeated
or a total of five cycles, with a geometric increase in soil mass at
he beginning of each cycle. Also, 10 g of molasses was added to the
eactor at the beginning of each cycle. The soil samples were col-
ected at regular intervals and analyzed for Cr(VI), total chromium,
OD and protein.

.4.7. Leaching study with remediate and unremediated soil
Soil sample was treated with 0.1N acetic acid (pH = 2.88) at a

iquid-to-solid ratio of 20:1 for a period of 18 h. The leachate was
ltered and analyzed for total chromium and Cr(VI) as per the toxi-
ity characteristic leaching procedure (TCLP) test prescribed by US
nvironmental Protection Agency [23]. Leaching studies were also
onducted with tap water and distilled water where 20 g of soil
as added to 400 mL of respective extraction fluids and the filtered

eachates were analyzed for total and hexavalent chromium after
8 h of contact time.
. Mathematical model

First, a mathematical model was developed for simulating the
r(VI) reduction, substrate utilization and microbial growth in the
ng Journal 160 (2010) 556–564

batch experiments. This model considers the effect of moisture con-
tent on the microbial growth. The governing equations, based on
the Monod’s model with inhibition [24,1], are presented below

dM

dt
= M

(
�maxS

Ks + S

)(
Ki

Ki + Cr6

)
(1)

dS

dt
= M

(
1
YT

)(
�maxS

Ks + S

)(
Ki

Ki + Cr6

)
(2)

dCr6

dt
= M(�)

(
1
YT

)(
�maxS

Ks + S

)(
Ki

Ki + Cr6

)
(3)

�max

�max,o
= a

[
�

�o

]b

for � ≤ �o (4)

�max

�max,o
= 1 for � > �o

where, M is the bacterial biomass concentration in mg/L, S is the
concentration of residual substrate (organic matter, OM) in mg/L,
Cr6 is the concentration of hexavalent chromium in mg/L, �max is
the maximum specific growth rate, �max,o is the maximum specific
growth rate for reference moisture conditions, Ki is the chromium
inhibition constant in mg/L, Ks is the half saturation constant in
mg/L, � is mg of Cr(VI) reduced/g of substrate utilized, YT is the
yield coefficient, � is the moisture content in the soil and �o is the
reference moisture content.

It may be noted that Eq. (1) is Monod’s equation with inhibi-
tion for microbial growth. Cr(VI) concentration used in the batch
studies was much above the inhibition concentration (5–7 mg/L).
Microbial activity in unsaturated soils strongly depends on the
moisture content. This is because the substrate/pollutant avail-
ability for microbes depends upon the moisture present in the
system. In this work, this dependency on moisture content is mod-
eled through Eq. (4), in which a and b are empirical parameters,
which need to be estimated from the experimental data. Reference
moisture content, �o in this study represents that value of moisture
content above which variation in moisture content does not have
significant effect on microbial activity. Eqs. (1)–(3) are numerically
solved using the classical fourth-order Runge-Kutta method.

4. Management model

To remediate a given amount of Cr(VI) contaminated soil/sludge,
first a certain quantity of the contaminated soil will be mixed with
a certain amount of biomass and molasses. Water will be added to
the contaminated soil as and when the moisture content of the soil
reduces below the specified limit of 40%. Once the Cr(VI) concen-
tration in the contaminated soil reduces to non-detectable level,
again an equal amount of contaminated soil as in the previous
cycle will be mixed with already remediated soil. There will not
be any addition of fresh biomass. Molasses will also be added in
such a way that the molasses concentration becomes equal to the
initial molasses concentration in the first cycle. It may be noted
here that molasses will also be added to the system whenever
molasses concentration reduces to below the detectable limit dur-
ing any cycle of operation. This process will be continued until all
the soil is treated. COD will be added at the beginning of the last
cycle (CODlast), in such a way that the residual COD in the treated
soil is not more than a specified value. The optimization has to be
carried out with respect to the time required for the entire soil to
be remediated and the total cost involved in the entire process.

This can be achieved by solving the optimization problem using
a Genetic Algorithm (GA). A simulation–optimization frame work
is utilized for this purpose. In the optimization problem, the deci-
sion vector comprises of (i) amount of soil taken initially in the
first cycle, Winitial; (ii) initial concentration of biomass in the first
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[5]. It was also observed that Cr(VI) reduction was high under aero-
bic conditions for higher Cr(VI) concentrations. However, provision
J. Jeyasingh et al. / Chemical Eng

ycle, Minitial; (iii) initial concentration of molasses in the first cycle,
initial; (iv) make up concentration of molasses added during any
ycle when it falls below detectable limit (as a fraction of initial
olasses concentration in the first cycle), finter; (v) concentration

f molasses added during the last cycle, CODlast. The objective func-
ion of the optimization problem could be either cost minimization
Management Model-I) or minimization of time taken for remedia-
ion of entire sludge/contaminated soil (Management Model-II) or
oth (Management Model-III). Details of only the multi-objective
anagement model (Management Model-III) are presented below

or the sake of brevity.

.1. Multi-objective management model

Management Model-III is a multi-objective management model
n which the two objectives are to (i) minimize the total cost
nvolved in the remediation of entire amount of the sludge, and
ii) minimize the total time taken for remediation. Optimization
roblem for this model can be formulated as given below.

.1.1. Objective functions

Minimize C = Cm · Winitial · Minitial + Cs · Winitial · Sinitial +
Nc−1∑
i=2

Cs ·

(i) · Sinter + Cs · Wlast · CODlast +
Nc∑
i=1

Cs · 2 · W(i) · finter · Sinitial · ı(i)

Minimize T = time taken for remediation
Subject to following constraints:

0 < Minitial < Mmax

0 < Sinitial < Smax

0 < Winitial < Wmax

Sfinal < Spermissible
T = f1(Minitial, Sinitial, Winitial, Wtotal, CODlast, bio-kinetic parameter
C = f3(Minitial, Sinitial, Winitial, Wtotal, Finter, CODlast, bio-kinetic para
Sfinal = f2(Minitial, Sinitial, Winitial, Wtotal, CODlast, bio-kinetic parame
Nc = f4(Winitial, Wtotal)

In the above equations, Sfinal = molasses concentration in the soil
t the end of remediation i.e. at the end of last cycle of operation;
= total time taken for the complete remediation i.e. time taken for
ompletion of all cycles of operation; Wtotal = total amount of con-
aminated soil to be remediated. Mmax gives upper bound for the
vailable biomass. Smax gives the upper bound for the concentration
f molasses at the start of the first cycle of remediation, and Wmax

ives upper bound for the amount of soil to be taken in the first
ycle. Spermissible = permissible molasses concentration in the soil.
his is the permissible COD concentration in the soil such that any
eachate from this remediated soil will not have a COD more than
0 mg/L (permissible COD in drinking water). This value may be
etermined based on the adsorption/desorption equilibrium stud-

es. In the present study, this value is fixed at 0.30 mg/g, based on
aboratory experiments. An upper bound on the Minitial is imposed
ecause there is a limitation on the availability of Cr(VI) in the aque-
us phase based on the desorption characteristics of the soil mass
nd any concentration of biomass in excess of what is really needed
ould not be useful as far as Cr(VI) reduction is concerned. Batch

xperiments with the soil from contaminated site in this study have
ndicated that this concentration is 25 mg/g. An upper bound is
mposed on the Winitial because the total amount of biomass avail-
ble to start the remediation process could be limited, based on the

vailable fermenter capacity. An upper bound is imposed on Sinitial
rom the requirements of implementing the Genetic Algorithms
or solving the optimization problem. It could be any value. f1 and
2 are the functions which give the total time taken for remedia-
ion and the final molasses concentration as related to (i) Minitial,
ystem)
rs of system)

of system)

Fig. 1. Kinetics of Cr(VI) reduction by different bacterial strains.

(ii) Sinitial, (iii) Winitial, (iv) Wtotal, (v) finter, (vi) CODlast, and (vii)
biokinetic parameters of the system. The simulation model pre-
sented in Section 3 is used for evaluating these functions. Sinter is
the concentration of molasses added to the soil at the beginning
of any intermediate cycle in such a way that the average molasses
concentration becomes equal to initial molasses concentration. In
the above equations, Cm = unit cost of the microbes, and Cs = unit
cost of the molasses. ı(i) = 1.0 in case the molasses concentration
goes below the detectable limit during the cycle i and it is equal to
zero otherwise. Nc = total number of cycles of operation involved
in the remediation, and W(i) = amount of soil during the ith cycle.
Wlast = amount of soil added during the last cycle.

5. Results and discussion

5.1. Screening of microbes for Cr(VI) reduction

Kinetics of Cr(VI) reduction was carried out under aerobic con-
dition with an initial Cr(VI) concentration of 50 mg/L for all the
seven isolated bacterial strains and the results are presented in
Fig. 1. Among the seven strains screened, the strain isolated from
a clay mat near the old effluent treatment plant, which had a high
Cr(VI) concentration (Sample E), showed highest Cr(VI) reduction
potential. This strain was used for further studies.

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

Earlier studies on Cr(VI) reduction potential under aerobic and
anaerobic conditions showed that 100% reduction of Cr(VI) was
possible when the concentration of Cr(VI) was lower than 20 mg/L
of aeration may not be economically feasible when large volumes
of contaminated soil have to be bio-remediated in the field. There-
fore, the facultative anaerobic reduction/bioremediation option
was adopted in all further studies though it is slightly less efficient
than the aerobic system.
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Table 2
E values for the model fitting of batch experiments with different moisture contents.

Parameters

Moisture content Biomass Substrate Cr(VI)

20% 0.733 0.898 0.863
30% 0.833 0.945 0.936
ig. 2. (a) Experimental and predicted results of Cr(VI) reduction for different mois-
ure contents. (b) Experimental and predicted results of COD reduction for different

oisture contents. (c) Experimental and predicted results of growth curve with
ifferent moisture content.

.3. Optimum moisture content for bioremediation

Studies were carried out to find out optimum moisture content
nder facultative anaerobic condition as described earlier. Exper-

mental and model fitted results are presented in Fig. 2(a–c). It
an be observed from these figures that chromium reduction rate
ncreased with increase in moisture content up to a value of 40%.
here was no significant improvement in the chromium reduc-
ion rate when the moisture content was increased beyond this
alue. Similar trend was observed in the case of substrate utiliza-
ion (Fig. 2(b)) as well as biomass growth (Fig. 2(c)). A minimum

oisture content is essential for availability of pollutant/substrate
n the liquid phase for the microbial utilization. Beyond this min-

mum moisture content, the adsorption/desorption process might
e the controlling process for the availability of pollutant/substrate.
rom the results of the present study, it may be inferred that
his minimum moisture content is 40%. Hence, 40% moisture con-
ent was used as the reference moisture content for developing
40% 0.952 0.751 0.980
50% 0.857 0.778 0.867

the model using Eq. (4). Biokinetic parameters were estimated
from experiments for 40% moisture content (�max,o = 0.030 (1/d);
Ks = 8.127 mg/g; Ki = 0.646 mg/g; � = 0.049 and Yt = 0.129) and �max

is calculated for all other moisture contents keeping other param-
eters constant. The values of a and b obtained were 0.983 and
0.759, respectively. It has been suggested by Kohne et al. [25]
that the performance of any mathematical model can be sta-
tistically evaluated using the dimensionless modified coefficient
of efficiency, E. Details of computation of E are given elsewhere
[17].

Values of E for the simulations in the above batch experiments
are presented in Table 2. The E value for chromium reduction ranges
from 0.86 to 0.98. It ranges from 0.75 to 0.94 for substrate utilization
and from 0.73 to 0.95 for microbial growth. E values for all the val-
idation studies are greater than 0.5, indicating a good performance
of the proposed mathematical model.

5.4. Effect of initial molasses and biomass concentrations

Effects of initial biomass and molasses concentrations on Cr(VI)
reduction are presented in Figs. 3 and 4. It was found from the
experimental results that a biomass concentration of 15 mg/g was
sufficient to achieve Cr(VI) reduction and there was no significant
increase in Cr(VI) reduction rate beyond this microbial concentra-
tion (Fig. 3a). It can be observed from Fig. 4 that an initial molasses
concentration of 50 mg/g resulted in significantly higher Cr(VI)
reduction rate as compared to that when the molasses concentra-
tion was only 25 mg/g. It may be noted here that optimization of
carbon source for bioremediation of Cr(VI) contaminated soils was
earlier reported by the same group [5,6]. The experimental data
obtained for different biomass and molasses concentrations was
also used to validate the proposed mathematical model. There is
a good agreement between experimental and predicted results as
observed form Figs. 3 and 4. E values in these validation runs were
greater than 0.5 indicating a good model performance. The dis-
agreement in Cr(VI) reduction curve, when 40 mg/g biomass was
used may be due to the fact that the rate of desorption of Cr(VI)
from the soil was much less than the possible Cr(VI) reduction rate
by the biomass present in the system. As a result, the model pre-
dicted a much higher rate of Cr(VI) reduction compared to that
observed in the experiments. It may be noted that the model pre-
sented in this study does not consider the adsorption–desorption
mechanism and the availability of Cr(VI) for microbial reduction.
As discussed earlier, the soil used in the experiments was already
contaminated with Cr(VI) where as molasses was added externally
to the contaminated soil. Hence, availability of molasses could be
much higher than that of Cr(VI). This is evident from Fig. 3(b and c)
for substrate utilization and microbial growth, where model pre-
dictions were closer to the observed values. It is also observed
(Fig. 3(b)) that as the time progresses, the deviation between the

predicted and observed values of residual COD increased. This may
be due to the fact that some part of the molasses was not easily
biodegradable and this was not considered in the present model
[17].
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Table 3
Concentrations of total chromium and Cr(VI) in eluents after the leaching.

Hexavalent chromium Total chromium

Treated (mg/L) Untreated (mg/L) Treated (mg/L) Untreated (mg/L)

Distilled water 5.69 89.48 Distilled water 8.15 94.13
5.12 91.24 7.23 91.69

Tap water 6.11 92.87 Tap water 8.56 94.62
6.25 91.41 9.25 92.21

TCLP 9.21 134.96 TCLP 10.26 171.92
9.56 142.94 11.35 174.35

5

m
r

F
b
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Acid digestion – –
– –

Alkali digestion 10.93 228.73
10.80 226.25

.5. Cr(VI) reduction in soil reactors
Chromium reduction studies were conducted in composting
ode as explained earlier. The experimental and model fitted

esults are presented in Fig. 5(a–c). It was observed in these exper-

ig. 3. (a) Experimental and predicted results of Cr(VI) reduction for different initial
iomass concentrations. (b) Experimental and predicted results of COD reduction
or different initial biomass concentrations. (c) Experimental and predicted results
f bacterial growth for different initial biomass concentrations.
Acid digestion 615.24 627.3
619.35 634.2

Alkali digestion 12.42 232.4
11.79 234.2

iments that the rate of chromium reduction increased with each
cycle of operation, indicating a better adoptability of the chromium
reducing bacteria to Cr(VI). It can be observed from Fig. 5 that the
model predicted results for Cr(VI) reduction (Fig. 5(a)) and biomass
growth (Fig. 5(c)) matched with the experimental results very well.
E values for the prediction of Cr(VI) reduction and biomass growth
were 0.86 and 0.93, respectively. However, in the case of residual
COD, the matching between the predicted and observed values is
not as good (E value = 0.70). As discussed earlier, this could be due
to the fact that the proposed model did not consider the effect of
non-degradable part of the substrate. As the time progresses, this
component might have accumulated in the system.

5.6. Leaching study with remediated and unremediated soil

Leaching studies were conducted using soil taken from the reac-
tor after approximately 92% of Cr(VI) reduction. Distilled water, tap
water, TCLP, acid and alkali solutions were used as eluents in these
studies. Results from these studies are presented in Table 3. Cr(VI)
concentrations in distilled water, tap water, TCLP and alkali solu-
tions after the leaching from the remediated soil was in the range
of 5–9% (considering an average concentration of 2.5 mg of Cr(VI)
per gram of untreated soil). In untreated soil, tap water could leach
approximately 71% of Cr(VI) where as TCLP could leach almost all
the Cr(VI) present in the soil. Cr(VI) concentration after alkali diges-
tion was significantly high. Though an average concentration of
2.5 mg of Cr(VI) per gram of soil was taken, the presence of small
lumps of chromate ore in the soil might have increased the Cr(VI)
concentration significantly. TCLP solution consists of dilute acetic
acid, which might have caused some Cr(VI) reduction, which in turn

reduced Cr(VI) concentration in the leachate. Total chromium con-
centrations in eluents of treated soil were similar to that of Cr(VI)
because Cr(VI) is significantly more mobile than Cr(III). Acid diges-
tion resulted in a total chromium concentration above 600 mg/L

Fig. 4. Experimental and predicted results of growth curve for different initial sub-
strate concentrations.
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Table 4
GA input parameters and initial condition for all the management models.

S. No. GA parameters Values

1 Initial population 1000
2 Scaling function Rank
3 Selection function Tournament of size five
4 Cross-over fraction 0.8 (two point cross-over)
5 Mutation 0.1 (uniform mutation)
6 Migration (forward) Fraction (0.2) and interval (20)
7 Elite count 2
8 Generations 500
9 Function tolerance 10−6

10 Distance measure function Distance crowding
11 Fraction of Pareto-optimal

front population
0.75

12 Total amount of soil to be
treated

2 × 108 kg

13 �max 0.030 (1/d)
14 Ks 8.13 mg/g
15 Ki 0.65 mg/g
16 � 0.049

to meet the requirement on residual COD in the treated soil (Fig. 7).
Application of Management Model-II for this problem consid-

ered minimization of the cost, and the time taken for treatment
was not an issue. Optimal results for all the decision variables, along
ig. 5. (a) Experimental and predicted results of chromium reduction during five
ycles of operation. (b) Experimental and predicted results of COD reduction during
ve cycles of operation. (c) Experimental and predicted results of biomass growth
uring five cycles of operation.

or both treated and untreated soils. This corresponds to an aver-
ge total chromium concentration of 12 mg/g of soil. It is evident
rom these results that chromium is highly immobile in remediated
oils even under highly adverse environmental conditions.

.7. Optimal operation of soil reactors

The cost of operation of soil reactors and time taken for reme-
iation depend upon the five design variables: Winitial, Minitial,
initial, finter and CODlast. In the present study, management mod-
ls were used for obtaining optimal solution for the treatment of
00,000 tons of chromium processing residue. The optimization
roblem was solved using the GA available in the MATLAB tool box.

he GA input parameters and the initial condition for all the three
anagement models are presented in Table 4.
Application of Management Model-I to the soil remediation

roblem minimized the time of treatment. Optimal results for all
he decision variables, along with their upper and lower bound val-
17 YT 0.129
18 Cost of 1 kg of COD (molasses) Rupees 20.0
19 Cost of 1 kg of biomass Rupees 120.0

ues, are presented in Table 5. Total time taken for treatment was 803
days (2.2 years), at a total treatment cost of Rupees 379.5 million
($7.6 million) and with a residual COD in the treated soil less than
0.1 mg/g of soil. The simulated results for chromium reduction
corresponding to the optimal solution are shown in Fig. 6. It can
be observed from these figures that the time taken for treatment
during a particular cycle increased as the cycle number increased
because the unit biomass concentration reduced as the number of
cycles increased. This was because the rate of increase in biomass
was much lower than the amount of soil added at the beginning
of each cycle. In the present study, the permissible residual COD
at the end of treatment was limited to 0.3 mg/g. This value was
chosen based on adsorption/desorption characteristics of the con-
taminated soil. At any time after the completion of remediation,
the COD desorbed from the soil should not exceed the permissible
level of 20 mg/L (BOD standard for effluent discharge to any water
body). The value of 0.3 mg/g was calculated based on the Freundlich
isotherm. It should be noted here that (results not shown) addition
of lesser amount of COD in the last cycle was very much essential
Fig. 6. Simulated results for Cr(VI) reduction corresponding to the optimal solution
obtained using Management Model-I.
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Table 5
Optimal results obtained using Management Model-I.

Initial amount of soil to be
treated (kg)

Initial biomass
(mg/g)

Initial COD
(mg/g)

Fraction of initial COD to be
added when COD becomes
less than 0.001 (f1)

COD to be added in the last
cycle (COD last) (mg/g)

Upper bound 5000 25 100 1 50
Lower bound 500 15 10 0.1 0.1
Optimum value 3189 25 69.5 0.87 2.7

Table 6
Optimal results obtained using Management Model-II.

Initial amount of soil to be
treated (kg)

Initial biomass
(mg/g)

Initial COD
(mg/g)

Fraction of initial COD to be
added when COD becomes
less than 0.001 (f1)

COD to be added in the last
cycle (CODlast) (mg/g)

00
10
10.4

w
W
w
c
M
w
m
r
m

F
o

Upper bound 5000 25 1
Lower bound 500 15
Optimum value 685 15.4

ith their upper and lower bound values, are presented in Table 6.
ith these decision variables, optimal cost for the total treatment
as Rupees 203.8 million ($4.1 million), which was almost half the

ost of treatment for the solution obtained using the Management
odel-I. However, the time for total treatment in the present case

as 28 years, which was significantly longer than the time for treat-
ent obtained using the Management Model-I. Time variation of

esidual concentrations of chromium corresponding to the opti-
al solution is presented in Fig. 7. It was observed from results

ig. 7. Simulated results for Cr(VI) reduction corresponding to the optimal solution
btained using Management Model-II.

Fig. 8. Pareto-optimal front obtained using the Management Model-III.
1 50
0.1 0.1
0.25 19.0

for time variation of molasses concentration (not shown here) that
minimization of cost was mainly achieved by adding just sufficient
amount of substrate when required. This kept the residual concen-
tration of substrate in the system very low most of the time, and
as a consequence, the total time for treatment was much longer
when compared to the time of treatment obtained using Manage-
ment Model-I. Thus it is obvious that there is a trade off between
the cost of treatment and the time taken for treatment.

Management Model-III considers both objectives of minimiza-
tion of cost and time taken for treatment. A trade off curve between
the two objectives i.e., the Pareto-optimal front was obtained by
applying this model to the present case of soil treatment. The
Pareto-optimal front is presented in Fig. 8. It can be seen from this
figure that the cost of treatment can be reduced if one is willing to
wait for a longer time for treatment of all the contaminated soil.
One can also conclude from Fig. 8 that probably the best trade off
between the cost and time of treatment is obtained when one is
willing to wait for 900–1000 days for complete treatment. It may
be also noted here that the solutions presented are specific to the
upper and lower bounds taken for decision variables. The bounds
for decision variables are site specific, and a different optimal solu-
tion will be obtained by changing them. The purpose of this study
is only to demonstrate the applicability of management models for
obtaining optimal solutions.

6. Conclusion

The present study focused on bioremediation of chromium con-
taminated soil using the indigenous microorganisms isolated from
a chromium contaminated site. The bacterial strain isolated from an
old ETP of the potassium dichromate manufacturing unit showed
high Cr(VI) reduction potential. Batch and continuous experiments
were carried out using this strain to determine the effects of mois-
ture content, initial substrate concentration and initial biomass
concentration. Leachability study was conducted to assess the sta-
bility of biotransformed Cr(VI) in the treated soil. Experimental data
was used to determine biokinetic parameters, and to develop and
validate a mathematical model. The mathematical model describ-
ing the process was embedded into a management model using
a simulation–optimization framework. The management models
included (i) cost minimization, (ii) time minimization, and (iii) mul-
tiple objectives. Optimization problem was solved using a Genetic

Algorithm, available in MATLAB tool box. Applicability of proposed
management models was demonstrated. It was also demonstrated
how the trade off between the cost of treatment and the time taken
for treatment can be obtained using the multi-objective manage-
ment model.
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