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bstract

Bench scale transport and biotransformation experiments and mathematical model simulations were carried out to study the effectiveness of
io-barriers for the containment of hexavalent chromium in contaminated confined aquifers. Experimental results showed that a 10 cm thick bio-
arrier with an initial biomass concentration of 0.205 mg/g of soil was able to completely contain a Cr(VI) plume of 25 mg/L concentration. It
as also observed that pore water velocity and initial biomass concentration are the most significant parameters in the containment of Cr(VI).
he mathematical model developed is based on one-dimensional advection-dispersion reaction equations for Cr(VI) and molasses in saturated,
omogeneous porous medium. The transport of Cr(VI) and molasses is coupled with adsorption and Monod’s inhibition kinetics for immobile
acteria. It was found that, in general, the model was able to simulate the experimental results satisfactorily. However, there was disparity between the

umerically simulated and experimental breakthrough curves for Cr(VI) and molasses in cases where there was high clay content and high microbial
ctivity. The mathematical model could contribute towards improved designs of future bio-barriers for the remediation of Cr(VI) contaminated
quifers.

2006 Elsevier B.V. All rights reserved.
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. Introduction

As reported from several parts of the world, both anthro-
ogenic and natural processes may lead to hexavalent chromium
ontamination in soils and aquifers. Industrial activities such
s electroplating, leather tanning, and wood preservation, etc.
elease large quantities of liquid and solid waste containing
r(VI) [1]. Hexavalent Chromium is highly toxic, highly sol-
ble in water, and is likely to be transported over long distances
n the subsurface. Two alternatives are available for treating the
r(VI) contaminated groundwater: (i) pump and treat, and (ii) in

itu. These can be achieved either by physico-chemical or bio-
ogical processes. Latter method appears to be more economical
nd environmentally friendly. Several researchers have reported

hat many micro-organisms, under various environmental con-
itions, can reduce highly toxic and mobile Cr(VI) to less toxic
nd less mobile Cr(III) [2–4].
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Studies have been conducted in the past to evaluate the
otential of biotransformation for the remediation of Cr(VI) con-
aminated soil and wastewater. Most of these studies pertain to
x situ treatment option [5–7]. Experiments have also been con-
ucted to understand the combined transport and geo-chemical
rocesses pertaining to Cr(VI) in different soils through batch
nd continuous column studies [8–12]. Several batch studies
n biotransformation of Cr(VI) to Cr(III) under various envi-
onmental conditions [13–15] have been reported. Recently,
ombined transport and biotransformation studies have been
eported by Guha [16] and Shashidhar et al. [17]. Guha [16]
ocused on the transport of Cr(VI) through saturated column
ith manganese coated sand, under the influence of adsorp-

ion, competitive redox and biotransformation. However, he used
mall laboratory scale columns (10–30 cm long) for this pur-
ose. Experimental data was available only for the inlet and
utlet, which may not be sufficient to completely understand the

nterplay between geo-hydrology and chromium containment.
hashidhar et al. [17] conducted bench-scale column experi-
ents to evaluate the effectiveness of Cr(VI) containment in

quifers using bioremediation. Effects of ground water velocity,

mailto:ligy@iitm.ac.in
dx.doi.org/10.1016/j.jhazmat.2006.11.034
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Table 1
Soil characteristics

S. No. Properties Value

Soil C Sand Soil A

1 Clay content (%) 3.1 0 6.19
2 Silt content (%) 11.35 0 22.70
3 Sand content (%) 85.55 100 71.11
4 Specific gravity 2.6 2.63 2.543
5 Organic content (%) 0.1 0 0.92
6 Bulk density (g/cm3) 1.6 1.41 1.6
7 Porosity 0.37 0.45 0.375
8 Iron content (mg/g) 1.008 0.771 0.890
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nitial microbial concentration, and aquifer soil characteristics
n Cr(VI) containment were studied. Experiments were also
onducted to study only the transport and adsorption of Cr(VI)
n order to assess the role of bioremediation in Cr(VI) contain-

ent. Although there have been many studies which considered
he effectiveness of Cr(VI) containment in confined aquifers
sing bio-barriers, not many studies on validation of mathe-
atical models for such systems using systematic laboratory

xperimental data are reported.
The objective of the present study was to conduct, in continu-

tion of authors’ earlier study [17], further bench-scale column
tudies for evaluating the performance of bio-barriers for the
emediation of Cr(VI) contaminated confined aquifers. Also,
n attempt was made to develop and validate a mathematical
odel for predicting the containment of Cr(VI) in contaminated

onfined aquifers by in situ bioremediation.

. Materials and methods

.1. Soil

Soils used in this study were collected from the I.I.T. Madras
ampus, Chennai, India. The portion which passed through
.75 mm sieve opening was used for the experiment. River sand
hich passed through 0.6 mm and retained in 0.425 mm sieve
pening was washed thoroughly with distilled water and oven
ried at 103 ◦C over night before being used in sand column
xperiments. The soil and sand characteristics were analyzed as
er the standard methods [18] and are presented in Table 1.

.2. Chemicals
All the chemicals used in this study were of AR grade and
ere supplied by Ranbaxy Chemicals Ltd., Chennai, India.
lassware used for analysis were equilibrated with Cr(VI) and
ashed with acid solution followed by distilled water.

2

l

Fig. 1. Schematic of ex
Manganese content (mg/g) 0.106 0.053 0.080

.3. Nutrient medium

The medium (M2) for Cr(VI) reduction experiments
onsisted of K2HPO4 (0.03 g/L), KH2PO4 (0.05 g/L),
gSO4·7H2O (0.01 g/L), NH4Cl (0.03 g/L), NaCl (0.01 g/L),

arbon source (2 g/L), and 1 mL of trace element solution.
he carbon source used in the present study was molasses

measured as COD), which was prepared synthetically from
rude sugar, known as “jaggery”. Trace element solution
onsisted of FeCl2·4H2O (12.2 g/L), MnCl2·4H2O (4.09 g/L),
oCl2·6H2O (0.927 g/L), ZnCl2 (0.37 g/L), CuCl2 (0.61 g/L),
aMoO4·2H2O (0.579 g/L), H3BO3 (0.16 g/L), KI (0.148 g/L),
iCl·6H2O (0.067 g/L), and EDTA Na2·4H2O (6.5 g/L). The
H was maintained at 7 ± 0.2 by using HCl or NaOH. Molasses
as used as a carbon source. Sterilized medium was used for

ll the studies.
.4. Enrichment of Cr(VI) reducing bacterial strains

Bacterial strains were isolated from the soil samples col-
ected from the chromium contaminated site located at Ranipet,

perimental setup.
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Table 2
Transport and biotransformation studies

Soil type Initial pore
velocity (cm/h)

Bacterial conc.
added (mg/g)

Column length
(cm)

Soil C 7.32 0.0232 100
Sand 6.67 0.0205 100
Sand 1.16 0.0405 100
Soil A 5.833 0.0205 100

Bio-barrier study
Soil A 1.98 0.0205 10a
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amilnadu, India. Detailed methodology for the enrichment, cul-
ivation and harvesting of Cr(VI) reducing bacterial strains is
resented elsewhere [6,17].

.5. Experimental setup

Fig. 1a shows the schematic of the bench scale experimen-
al setup used in this study. The length of the column was 1 m
nd it had a 10 cm2 cross section, with an effective radius of
0 cm. This was fabricated in the laboratory using PVC (Per-
pex) sheets of 6 mm thickness. The column was filled with
horoughly washed pure river sand from 0 to 50 cm, and again
rom 60 to 100 cm. To simulate the bio-barrier conditions, the
ortion between 50 and 60 cm was filled with Soil-A augmented
ith Cr(VI) reducing microbes. An overhead tank with provi-

ion for an adjustable head served as the inlet to the column.
uniform entry of water into the soil was ensured by provid-

ng a porous plate at the inlet. The effluent was collected in
tank provided at the outlet. Saturated conditions in the col-

mn were achieved by maintaining the water level in the outlet
eservoir above the top of the soil column. Sampling ports were
rovided on the sides at five different cross sections at distances
0, 40, 49, 60, and 80 cm from the inlet, respectively. As shown
n Fig. 1b, four ports were provided at each cross-section. Ster-
lized disposal syringes (Dispovan, India) were used to collect
iquid samples from these ports at regular time intervals.

.6. Batch studies

Sorption equilibrium studies for Cr(VI), alone and in pres-
nce of molasses and lithium were conducted using Soils A, C,
nd sand, to estimate the adsorption coefficients. The details of
hese studies are presented elsewhere [17]. Similarly, biokinetic
tudies were conducted as per standard procedure to estimate
he kinetic parameters of Cr(VI) reducing microbial consortia
19].

.7. Transport and biotransformation studies

.7.1. Transport studies without biotransformation
The column was filled with prepared soil in 33 layers. In

rder to get a more or less uniform compaction, each layer was
ompacted with 25 blows of a 1.2 kg hammer falling from a
0 cm height. Bulk density was determined by measuring the
ry weight of the soil before adding the required moisture and
lling the column. The porosity was determined using the for-
ula relating the bulk density, and dry weight. Initially, steady
ow rate through the soil column was obtained by maintaining
onstant heads in the head and tail tanks for a long time. The
ow rate was monitored with respect to time by collecting the
ater at the outlet. Cr(VI) contaminated water was introduced

nto the system through the head tank after the steady state was
ttained. Liquid samples were taken from all the sampling ports

s well as the head tank at regular time intervals, and were ana-
yzed for Cr(VI) concentration. Experiment was continued until
he breakthrough occurred at the last sampling cross section.
hese experiments were conducted for Soil-A with a porosity

2

c
u

Soil A 2.66 0.205 10a

a Bio-barrier thickness (cm).

f 0.375, for three different velocities of 22.4, 11.2, and 5.6 cm/h,
espectively.

.7.2. Transport studies with biotransformation
Transport studies with biotransformation were conducted in

similar manner. However, in these tests, the soil was mixed
ith bacterial cells and mineral medium. The column was fed
ith mineral medium until a steady state velocity was attained.
he column was then fed with medium containing 25 mg/L
f Cr(VI), molasses (approximately 2000 mg/L of COD), and
ithium (50 mg/L) along with minerals. Samples were withdrawn
rom various sampling ports at regular intervals using syringes
nd were analyzed. Other details of the procedure are given else-
here [17]. These studies were conducted with two different

oils namely Soils A, and C and with sand as given in Table 1.

.7.3. Transport studies with bio-barriers
Transport studies with bio-barriers were conducted in a simi-

ar manner to those without bio-barriers, except that a bio-barrier
f 10 cm thickness was provided at a distance of 50 cm from
he inlet. The 10 cm bio-barrier was filled with Soil A, mixed
ith microbes, whereas the rest of the column was filled with

and without any microbes. Also, four more sampling ports
ere provided at 49 cm from the inlet, i.e. just at the starting
f the bio-barrier. Two vents were provided for release of gasses
enerated in the bio-barrier. As in the column studies without
io-barriers, concentrations of microbes, substrate Cr(VI), and
ithium in liquid phase were monitored continuously at all the
orts. Flow rate and microbial concentration were also mon-
tored at the outlet. After the completion of column run, soil
amples were taken from different ports and were analyzed for
dsorbed Cr(VI), total chromium, COD, lithium, and microbial
oncentration. These column studies with bio-barriers were con-
ucted for two different initial microbial concentrations in the
arrier. The experimental details for all the transport studies with
iotransformation are presented in Table 2.

.8. Analytical procedures
.8.1. Liquid phase chromium analysis
Diphenyl carbazide method was used to determine the Cr(VI)

oncentration [20]. Total chromium concentration was analyzed
sing atomic absorption spectrometer (Perkin Elmer, USA).
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.8.2. Extraction and analysis of Cr(VI) and total
hromium in soil

Alkaline digestion method and nitric acid/sulfuric acid diges-
ion method as per Standard Methods were used for the
xtraction of Cr(VI) and total chromium from soil, respectively.
iphenyl carbazide method was used to determine the Cr(VI)

oncentration [20]. Potassium permanganate was used to oxidize
r(III) to Cr(VI) in the case of Cr(III).

.8.3. Measurement of cell density in liquid phase
Cells were grown overnight, centrifuged, washed with phys-

ological saline water thrice, re-suspended in saline water,
omogenized, and used as stock solution. Different dilutions
ere made from the above stock solution. Dry weights of cells
ere measured by filtering a known volume of these solutions

hrough 0.45 �m filter paper (Millipore, USA). Corresponding
bsorbance was measured at 440 nm using a spectrophotome-
er. This information was used to prepare a calibration curve
etween dry weight and absorbance. For unknown samples, the
bsorbance was measured at 440 nm and was converted to dry
eight using absorbance versus dry weight calibration curve.

.8.4. Microbial quantification
The bacterial cell count (colony forming units) was carried

ut as per standard procedure [20]. The total protein of intact
ells was determined according to the method of Herbert et al.
21]. The cell suspension (0.5 mL) was mixed with 2 mL of 1.0 N
aOH and was kept in boiling water bath for 5 min. The contents
ere then cooled in cold water. To this, 5 mL of freshly pre-
ared alkaline copper reagent was added and allowed to stand for
0 min. 0.5 mL of Folin-Ciocalteu reagent was then added and
llowed to stand for 30 min for the color development. Reagent
lank containing 0.5 mL distilled water instead of bacterial sus-
ension was treated in a similar way. The optical density was
easured at 750 nm using a spectrometer against the reagent

lank. Known bacterial concentrations were used for preparing
he calibration curve.

.8.5. Chemical oxygen demand
COD of liquid and soil samples were estimated as per stan-

ard methods [20]. Closed reflex method was followed.

.8.6. Lithium
Lithium was analyzed using flame photometer (Elico, India)

ethod as described in standard methods [20].

. Mathematical model

Mathematical model for the transport accounts for the
dvective-dispersive-reactive transport of three aqueous species:
i, Cr(VI), and substrate (molasses). Lithium, a conservative
ollutant, was used as a tracer. Therefore, Li transport data was
sed to determine the dispersion coefficient. The column exper-

ments showed that Cr(III) formed due to biotransformation of
r(VI) did not remain in the liquid phase and it was either pre-
ipitated and retained or adsorbed onto the soil matrix almost
mmediately. Liquid samples, collected from all the 16 ports and

R

us Materials 145 (2007) 437–452

he outlet tank, did not contain any Cr(III). Therefore, Cr(III)
ransport is not included in the present mathematical model.

In the column experiments, there was washout of microbes
uring the initial stabilization. During this period, water with
nly mineral medium was allowed to pass through the column
ntil steady state flow conditions were achieved. The amount of
ashout depended upon the soil. There were more washouts of
icrobes in columns with sand as compared to those in columns
ith soil. It may be noted that although there was washout during

he stabilization period, the liquid samples taken from 16 ports
s well as the outlet tank did not contain significant amount of
icrobes once the stabilization was achieved. Therefore, it was

ssumed that the microbes were immobile and attached to the
oil matrix. Only the microbial growth equation was considered
nd the transport of microbes in the liquid phase was neglected.

It may be noted that in an earlier study on bio-geochemical
ransport of Cr(VI) through sand columns, Guha [16] used a
imilar approach to modeling the transport and transformation
f Cr(VI). However, in that model, it was assumed that some
acteria were mobile and some were immobile. Also, a dou-
le Monod’s kinetic equation was used for microbial growth, in
hich both Lactate (electron donor) and Cr(VI) (electron accep-

or) were treated as substrate. In this study, the Monod’s equation
ith inhibition was used to model the microbial growth. Batch

tudies indicated that molasses (substrate) concentration was
ot limiting, while Cr(VI) concentration used was much above
he inhibition concentration (3.05 mg/L). Also, the batch stud-
es indicated that not all the molasses present was available for

icrobial utilization. In the present study, the carbon source used
referred to as molasses) was crude sugar, known as ‘jaggery’.
t contains a mixture of sucrose, cellulose, etc. In this, sucrose
s the only easily biodegradable substrate available. After the
omplete utilization of sucrose, the microbes start utilizing cel-
ulose slowly, as it is not an easily biodegradable substrate. In
he present study, the time available was limited for degradation
f cellulose. Therefore, the concept of utilizable substrate [22]
as adapted in the model for microbial growth rate. Another
odification made to the usual microbial growth rate equation
as the introduction of a parameter, λ which is similar to the
icrobial metabolic potential factor used by other researchers

16,23].
The governing advection-dispersion reaction equations for

ne-dimensional transport of lithium, hexavalent chromium,
ubstrate, and microbes can be written as follows:

∂Li

∂t
+ u

∂Li

∂x
= D

∂2Li

∂x2 (1)

Cr6
∂Cr6

∂t
+ u

∂Cr6

∂x
= D

∂2Cr6

∂x2 − RsinkCr6 (2)

s
∂S

∂t
+ u

∂S

∂x
= D

∂2S

∂x2 − RsinkS (3)
sinkS = dS

dt
(4)

dS

dt
= λμM

Y
(5)
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Table 3
Isotherm constants for soil adsorption

Freundlich isotherm

Kf 1/n r2

Sand
Cr(VI) 0.006638 0.835 0.90
Cr(III) 0.06723 0.4582 0.88
Li 0.005643 0.829 0.96

Soil A
Cr(VI) 0.01798 0.9445 0.98
Cr(III) 2.9 0.339 0.96
Li 0.068061 0.5128 0.96

Cr(VI) in presence of molasses and lithium
Soil C 0.036694 0.7742 0.96
Sand 0.010325 1.0512 0.94
Soil A 0.012303 1.9135 0.96

Molasses in presence of Cr(VI) and lithium
Soil C 0.044545 0.7861 0.87
Sand 0.050687 0.7575 0.90
Soil A 0.055017 0.764 0.95

Cr(III) in presence of molasses and lithium (pH 7.0)
Soil C 0.1411 4.438 0.928
Sand 0.734 5.778 0.933
Soil A 0.1667 4.628 0.859

Cr(III) in presence of molasses and lithium (pH 4.0–5.0)

1

a
e
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d
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C
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=
(

μmaxSu

Ks + Su

) (
Ki

Ki + Cr6

)
(6.a)

= 0, if Su < 0 (6.b)

u = S − 0.63ST (7)

1

M

(
dM

dt

)
= λ(μ − kd) (8)

sinkCr6 = Mλημ

Y
(9)

here Li is the lithium concentration in the liquid medium
mg/L), Cr6 the hexavalent chromium concentration in the liq-
id medium (mg/L), S the molasses concentration in the liquid
edium (mg/L), M the bacterial concentration expressed as
g/L of liquid in the column, Su the utilizable concentration

f molasses (mg/L), ST the total inlet molasses concentration
mg/L), u the pore water velocity (cm/h), D the coefficient
f dispersion (cm2/h), RCr6 the retardation coefficient for hex-
valent chromium, Rs the retardation coefficient for substrate,
sink Cr6 the sink term for hexavalent chromium due to biotrans-

ormation (mg/L/h), Rsink S the sink term for substrate due to
icrobial utilization (mg/L/h), μ the specific growth rate (h−1),
max the maximum specific growth rate (h−1), kd the decay con-

tant (h−1), Y the observed yield coefficient, η the efficiency
actor for chromium reduction with respect to substrate uti-
ization, λ the proportionality constant which accounts for the
ifferences in the microbial activity in a suspended batch sys-
em and attached continuous system. It also implicitly accounts
or metabolic retardation due to starving in the stabilization and
cclimatization periods. In the present model, the pore velocity,
is obtained by dividing the Darcy velocity, U by the poros-

ty of the soil column, θ. The coefficient of dispersion, D is
btained by multiplying the pore velocity, u with the dispersivity,
L. Computation of the retardation coefficients for hexavalent
hromium and substrate is based on the equilibrium adsorp-
ion studies. Constant 0.63 in Eq. (7) was obtained from batch
tudies.

The basic assumptions made in deriving the model can be
ummarized as follows:

1. The flow in the column is one-dimensional.
2. The porous medium is homogeneous, and the porosity

remains constant through out the study period.
3. Adsorption is assumed to occur under equilibrium condi-

tions.
4. The model is based on the “macroscopic modeling” of

microbiological reactions. This is a single phase model
where all the microorganisms present in a given control
volume are equally exposed to the substrate concentration
prevailing in the bulk liquid volume [24].

5. The microbes are immobile.

6. The contaminant is toxic and has inhibitory effect on micro-

bial growth rate.
7. The Monod’s equation with inhibition describes the micro-

bial growth.
8. Only a fraction of substrate is available for Cr(VI) reduction.

p
c
fi
fi
c

Sand 0.0257 0.8443 0.983
Soil A 0.1979 0.704 0.855

9. Cr(III) generated due to biotransformation is either
adsorbed or precipitated and retained on the soil matrix.

0. The temperature is constant.

A direct numerical substitution approach with Picard iter-
tion was used to solve the non-linear partial differential
quations [25–27]. Advection-dispersion part was discretized
sing the implicit–explicit approach for time discretization
ecause of its better numerical stability and accuracy. The
patial discretization for advection term was based on an Essen-
ially Non-Oscillating scheme in which MINMOD limiter was
mployed for suppressing numerical oscillations. A central
ifference scheme was used for spatial discretization of the
ispersive term.

. Results and discussion

.1. Batch studies

Batch studies were conducted to determine the equilibrium
dsorption constants, and the biokinetic parameters for bacte-
ial growth. Adsorption equilibrium studies were conducted for
r(VI), Cr(III), Li, and COD (molasses) for all the three soils.
dsorption studies were also conducted for Cr(VI) and Cr(III) in
resence of COD and Li to understand the interference of these

omponents on adsorption. Freundlich isotherm was used for
tting the experimental data. Table 3 shows the Freundlich coef-
cient (Kf), exponent (1/n) and the corresponding correlation
oefficient for all the isotherms [17]. It can be seen that adsorp-
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ion of Cr(III) is much higher than Cr(VI). Adsorption of Li is
lmost negligible, indicating that it is a conservative pollutant,
hich serves as a tracer to determine dispersion characteristics.

.2. Studies to estimate biokinetic parameters

Biotransformation studies were conducted with initial chro-
ium concentrations of 0, 1, 5, 10, 20, 50, 100, 200, 300, and

00 mg/L. Bacterial cells (36 mg/L) were added to the media and
exavalent chromium, COD and bacterial concentrations were
easured at various time intervals. μmax and Ks were determined

sing the data from experiments conducted without chromium,
nd with an initial molasses concentration of 5000 mg/L as
OD. The bacterial growth in the exponential phase was fit-

ed to the equation M = M0eμmaxt , where M0 is the initial
iomass concentration. Using this μmax value, the Ks value was
etermined such that the simulated growth curve matched with
he experimental growth curve. Ki was then determined using
he experiments for microbial growth rate in the presence of
hromium, using Monod’s equation with inhibition. The bioki-
etic parameters obtained are: μmax = 0.3 h−1, Ks = 40.0 mg/L
as COD), Ki = 3.05 mg/L of Cr(VI), and Y = 0.263.

The efficiency factor, η, i.e. ratio between amount of Cr(VI)
iotransformed to the amount of molasses consumed, as well asλ

ere determined by back-fitting the Cr(VI) breakthrough curve
t port 20 cm using Genetic Algorithms. The same values were
sed in the mathematical simulations for breakthrough curves
f Cr(VI), and molasses at all other ports located at 40, 60, and
0 cm. λ-values were 0.1, 0.065, and 0.1 for Soils A, sand, and
oil C, respectively, whereas estimated value of � = 0.3, which
s almost the same as reported in the literature [16].

.3. Transport studies with no biotransformation

It is essential to understand the transport of Cr(VI) without
ny biotransformation in order to study the role of biotransfor-
ation in the containment of Cr(VI) in aquifers, considering

nly adsorption. These studies would help in validating the
umerical solution of the advection-dispersion-adsorption part
f the mathematical model. In this study, the model performance
as statistically evaluated using the dimensionless modified

oefficient of efficiency, E [28,29].

= 1 −
∑N

i=1[|E(ti) − O(ti)|]∑N
i=1|O(ti) − Ō| (10)

here E(ti) is the numerically simulated value of a variable at
ime ti, O(ti) the observed value of the same variable at time
i, and Ō is the mean value of the observed variable. E varies
etween −∞ and 1.0, the higher values indicating better model
rediction. As suggested by Köhne et al. [29] a positive value of
represents an “acceptable” simulation whereas E > 0.5 repre-

ents a “good” simulation. E equal to one indicates a “perfect”

imulation. Values of E for all the simulations carried out in this
tudy are presented in Table 4.

Numerically simulated results along with the experimental
ata for the breakthrough of Cr(VI) at 20, 40, 60, and 80 cm
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ig. 2. Experimental and numerical Cr(VI) breakthrough curves of Soil A column
oncentration 25 mg/L): (a) x = 20 cm, (b) x = 40 cm, (c) x = 60 cm), and (d) x = 80 cm

ig. 3. Experimental and numerical lithium breakthrough curves of Soil C column;
= 20cm, (b) x = 40 cm, (c) x = 60 cm, and (d) x = 80 cm.
for different pore velocities; no biotransformation (pH 6.7–7, inlet Cr(VI)
.

with biotransformation (pH 6.2–7.2, inlet Lithium concentration 46 mg/L): (a)
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ig. 4. Experimental and numerical substrate breakthrough curves of Soil C co
= 20cm, (b) x = 40 cm, (c) x = 60 cm, and (d) x = 80 cm.

orts, for three pore velocities in column with Soil A are pre-
ented in Fig. 2a–d. The measured breakthrough data at 20 cm
ort was used to back fit the dispersivity, αL, and the same

as used to simulate the breakthrough curves at other ports.
he dispersivity in these studies was equal to 4.46 cm, and

he dispersion coefficient varied linearly with pore velocity.

i
b
v

ig. 5. Experimental and numerical Cr(VI) breakthrough curves of soil C column;
= 20 cm, (b) x = 40 cm, (c) x = 60 cm, (d) x = 80 cm.
with biotransformation (pH 6.2–7.2, inlet COD concentration 2000 mg/L): (a)

imensionless modified coefficient of efficiency, E for these
imulations (Table 4) varied from 0.54 to 0.94 indicating that
he mathematical model simulates the experiments well, which

s also evident from Fig. 2a–d. However, there was disparity
etween the model and experimental results for the case of
= 5.6 cm/h at x = 60 cm (E = 0.54), although the matching was

with biotransformation (pH 6.2–7.2, inlet Cr(VI) concentration 25 mg/L): (a)



T. Shashidhar et al. / Journal of Hazardous Materials 145 (2007) 437–452 445

Fig. 6. Experimental and numerical lithium breakthrough curves of soil A column; with biotransformation (pH 6.2–7.2, inlet Li concentration 36 mg/L): (a) x = 20 cm,
(b) x = 40 cm, (c) x = 60 cm, (d) x = 80 cm.

Fig. 7. Experimental and numerical substrate breakthrough curves of Soil A column; with biotransformation (pH 6.2–7.2, inlet COD concentration 2000 mg/L): (a)
x = 20cm, (b) x = 40 cm, (c) x = 60 cm, and (d) x = 80 cm.
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ig. 8. Experimental and numerical Cr(VI) breakthrough curves of soil A col
= 20 cm, (b) x = 40 cm, (c) x = 60 cm, (d) x = 80 cm.
ood at x = 80 cm (E = 0.94). One would expect that the disparity
etween the simulated and observed data to increase in the direc-
ion of transport due to retardation. Here, it may be noted that a
ingle dispersion coefficient was used for the entire column. On

t
t
t
o

ig. 9. Experimental and numerical Cr(VI) breakthrough curves of sand column; w
elocity 6.67 cm/h): (a) x = 20cm, (b) x = 40 cm, (c) x = 60 cm, and (d) x = 80 cm.
with biotransformation (pH 6.2–7.2, inlet Cr(VI) concentration 25 mg/L): (a)
he other hand, the dispersion coefficient may be varying spa-
ially due to non-homogeneity in compaction. This is especially
rue in case of soil with high clay content (Soil A). It is also
bvious from these results that adsorption alone was not able to

ith biotransformation (pH 6.2–7.2, inlet Cr(VI) concentration 25 mg/L, pore



T. Shashidhar et al. / Journal of Hazardous Materials 145 (2007) 437–452 447

F mn; w
v .

c
t
i

4

a
s
f
s
v

c
l
w
w
v
p
c
d
u
l
w
i
o
c
t

4
s
o
f
w
t
s
E
c
l
p
d
t
f
a
w
b
t
t
i
s
f
l
6

ig. 10. Experimental and numerical Cr(VI) breakthrough curves of sand colu
elocity 1.16 cm/h): (a) x = 20 cm, (b) x = 40 cm, (c) x = 60 cm, and (d) x = 80 cm

ontain Cr(VI) in the aquifer. The maximum Cr(VI) concentra-
ion at 80 cm port was almost equal to the inlet concentration
rrespective of pore velocity.

.4. Transport studies with biotransformation

Bench scale experiments were conducted for transport
long with biotransformation in saturated, confined aquifer
ystems. As given in Table 2, experiments were conducted
or two different soils (Soils A and C), and for sand. For
and, experiments were conducted for two different pore
elocities.

Fig. 3a–d shows the comparison between the numeri-
ally simulated and experimentally measured breakthrough for
ithium tracer at x = 20, 40, 60, and 80 cm, for transport in column
ith Soil C. This figure also shows the pore velocity variation
ith time. Pore velocity was obtained from the measured Darcy
elocity by dividing it with porosity. It was assumed that the
orosity remained constant, though it might have changed. It
an be seen from Fig. 3 that the pore velocity was decreasing
rastically as the time progressed. Periodically the head in the
pstream tank was adjusted to increase the velocity to reasonable
evels. Similar trend in the reduction of pore velocity with time
as observed in all the other experiments also. The pore veloc-
ties reported here were used as velocity input for the solution
f transport equations in all simulations. Fig. 4a–d shows the
omparison between the numerically simulated and experimen-
ally measured breakthrough for substrate (molasses) at x = 20,

0
p
f
c

ith biotransformation (pH 6.2–7.2, inlet Cr(VI) concentration 25 mg/L, pore

0, 60, and 80 cm, for the same experiment. Fig. 5a–d shows the
ame for Cr(VI). In the numerical simulations for the transport
f Cr(VI) and molasses, the biokinetic parameters as determined
rom the batch experiments were used. The dispersivity value
as equal to 3.5 cm. This value was obtained by fitting the break-

hrough curves for lithium tracer at x = 20, 40, 60, and 80 cm,
ince the lithium transport gives the hydraulic characterization.

values for these simulations varied from 0.75 to 0.96, indi-
ating that the parameter estimation for dispersivity using the
ithium breakthrough data was good. As mentioned earlier, a
arameter λ has been introduced in the model to account for the
ifferences in the microbial growth in a suspended batch sys-
em and attached continuous system. It also implicitly accounts
or metabolic retardation due to starving in the stabilization and
cclimatization periods. It was assumed that this parameter λ

as constant through out the column. Therefore, the chromium
reakthrough curve at x = 20 cm was used to back fit the value of
his parameter (E = 0.4), and the same was used for simulating
he substrate and chromium breakthrough curves at the remain-
ng ports. This value was equal to 0.1. Fig. 4a–d shows that
imulation of molasses transport was satisfactory (E value varied
rom 0.24 to 0.56). It can also be seen that numerically simu-
ated breakthrough curves for hexavalent chromium at x = 40,
0, and 80 cm match well with the experimental data (E = 0.65,

.70, and 0.83). It can be inferred from these results that the
roposed model is able to explain the transport and biotrans-
ormation of hexavalent chromium in the confined aquifer. One
alibrating parameter, λ was able to implicitly include most of
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ig. 11. Experimental and numerical lithium breakthrough curves of BB1; (pH
= 49 cm, (c) x = 60 cm, and (d) x = 80 cm.

he uncertainties associated with biotransformation in a confined
ilty aquifer.

Experimental results for Cr(VI) breakthrough indicate that
here was a high concentration of Cr(VI) initially at all the
orts, which was due to dominance of advection as compared
o the biotransformation. Subsequently, the microbial activity
ncreased due to an increase in the microbial population, which
esulted in significant Cr(VI) reduction. This trend was well
imulated by the mathematical model.

Figs. 6–8 show the numerically simulated and experimen-
al breakthrough curves for lithium, molasses, and hexavalent
hromium, respectively, for Soil A with 6.19% clay content. The
ame value of λ as obtained for Soil C was used in this case also.
ispersivity in this experiment, as obtained from the lithium
reakthrough data, was equal to 4.46 cm. E values for these sim-
lations varied from −0.9 to −0.1, indicating that the parameter
stimation for dispersivity using the lithium breakthrough data
as not satisfactory. It is clear from these figures that as the
lay content increases, it becomes difficult to simulate even the
ransport of lithium, which is a conservative pollutant. The E val-
es for Cr(VI) simulations varied from −10.1 to −0.37, again
ndicating an unsatisfactory performance by the mathematical

b
i
e
n

7.2, inlet Li concentration 46 mg/L, pore velocity 1.6 cm/h): (a) x = 20 cm, (b)

odel. However, the simulation of molasses transport was sat-
sfactory (E values ranged from 0.44 to 0.62), may be because
f high concentrations. It may be noted that more than 80% of
olasses was left even after the complete biotransformation of
r(VI). The gas released due to microbial metabolic activity
ight have been trapped unevenly in the column and introduced

on-homogeneities. These non-homogeneities affected the dis-
ersivity with respect to time, which was not accounted in the
resent model. It may be noted here that, for the same soil with-
ut biotransformation, transport of both lithium and Cr(VI) were
imulated well by the proposed model. Thus, it may be con-
luded that for modeling the transport and biotransformation of
r(VI) in aquifers with high clay content, non-homogeneities

ntroduced by biotransformation process and the consequent
hanges in the hydro-geological conditions should be considered
or a better simulation.

Figs. 9a–d and 10a–d present the breakthrough for Cr(VI)
t 20, 40, 60, and 80 cm ports for the case of transport and

iotransformation experiments in sand, for two different veloc-
ties of 6.67 and 1.16 cm/h, respectively. Dispersivities in these
xperiments (as obtained using the lithium tracer data, results
ot presented) were 0.1 and 0.3 cm, respectively. The E values
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or lithium transport in the case of velocity of 6.67 cm/h var-
ed from 0.75 to 0.93. They varied from 0.67 to 0.93 when the
elocity was equal to 1.16 cm/h. The λ value (as obtained from
he Cr(VI) breakthrough data at x = 20 cm) was 0.065. It is very
lear that the effect of biotransformation on Cr(VI) containment
s very significant in the case of low pore velocity. In case of high
ore velocity, breakthrough of Cr(VI) occurred much earlier and
lso the maximum concentration was almost equal to the inlet
oncentration even after 150 h. These effects are well simulated
y the mathematical model as evident from the figures (E val-
es ranged from 0.71 to 0.95). Pore velocity had a significant
ffect on bacterial retention on the soil matrix. High pore veloc-
ty resulted in significant bacterial cell washout from 0.021 to
.005 mg/g, while the bacterial concentration reduced from 0.04
o 0.027 mg/g in the case of column with low pore velocity. It
an be seen from Fig. 10a–d that the rate of Cr(VI) containment
ncreased with respect to time because of corresponding increase
n biomass concentration in the system. Increased microbial
ctivity in the case of low pore velocity might have introduced
ome non-homogeneity and had affected the hydrogeology. As
result, the performance of the mathematical model was not as
ood as in the case of high pore velocity (E values ranged from
.78 to −0.32).

To summarize, comparison of the mathematical model and
xperimental data for Soils A, C, and sand shows that in case
f sand, the prediction of breakthrough curves was more accu-
ate. This may be due to more homogeneity in the case of sand,
ompared to that of Soils A and C, which contained various
evels of clay and silt. Uneven accumulation of gas generated
ue to biotransformation might have also introduced consider-
ble non-homogeneity in case of clayey soils. This effect was
ot considered in the simple mathematical model. The mathe-
atical model did not consider the change in the dispersivity

ue to microbial activity. It may be also noted that we used the
ame value of porosity to determine the pore velocity from the
easured Darcy velocity. Non-uniform entrapment of gas might

ave resulted in non-uniformity in pore velocity. This effect was
lso not considered in the present model.

.5. Transport and biotransformation studies with
io-barriers

As given in Table 2, two experiments were conducted with
bio-barrier in place from x = 50 to x = 60 cm. In these exper-

ments, Soil A was used for the bio-barrier, while sand was
sed in the rest of the column. Initial bacterial concentration
n Bio-barrier one (BB1) was 0.0205 mg/g of soil while it was
.205 mg/g in BB2. Breakthrough curves for lithium for BB1 at
0, 49, 60, and 80 cm are presented in Fig. 11a–d. The break-
hrough, curves for molasses and Cr(VI) for the same ports are
iven in Figs. 12 and 13, respectively. Breakthrough curves for
ithium, molasses and Cr(VI) at 20, 49, and 60 cm for BB2
re presented in Figs. 14–16. It can be seen from these figures

Figs. 13 and 16) that the 10 cm bio-barrier was able to con-
ain the hexavalent chromium, even when the inlet chromium
oncentration was as high as 25 mg/L. Also, the pore veloc-
ty (1.6 cm/h) in these experiments was quite high compared to

w
w
u
C

pH 6.2–7.2, inlet COD concentration 1000 mg/L, pore velocity 1.6 cm/h): (a)
= 20cm, (b) x = 49 cm, and (c) x = 60 cm.

ore velocities normally encountered in the field. The chromium
ontainment was almost complete in BB2, in which the initial
icrobial concentration was relatively high. From this, it can be

oncluded that bio-barrier using enriched microbes is a viable
ethod for the remediation of chromium contaminated aquifers.
Table 5 shows the input values for various parameters used

n the mathematical simulations for the bio-barrier experiments.
n these experiments, measurement of bacterial concentration
n the outlet reservoir showed that there was considerable bac-
erial washout during the stabilization period. Assuming that
ashout had occurred uniformly from the bio-barrier and there

as no retention of washed out biomass in the down stream col-
mn, the initial biomass concentration for biotransformation of
r(VI) in the bio-barrier was estimated as 0.0205 mg/g in BB1
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Fig. 13. Experimental and numerical Cr(VI) breakthrough curves of BB1;
(pH 6.2–7.2, inlet Cr(VI) concentration 25 mg/L, pore velocity 1.6 cm/h): (a)
x = 20 cm, (b) x = 49 cm, (c) x = 60 cm.

Table 5
Input values for mathematical simulations of bio-barrier experiments

S. No. Parameter Value

1 μmax (h−1) 0.3
2 Y 0.263
3 η 0.3
4 λ for sand 0.065
5 λ for Soil A 0.1
6 Ks (mg/L) 40.0
7 Ki (mg/L) 3.049
8 Kd (h−1) 0.0
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ig. 14. Experimental and numerical lithium breakthrough curves of BB2; (pH
.2–7.2, inlet Li concentration 46 mg/L, pore velocity 1.6 cm/h): (a) x = 20 cm,
b) x = 49 cm, (c) x = 60 cm.

nd 0.1805 mg/g in BB2. The column experiments also indicated
ome biotransformation on the upstream side of the bio-barrier.
his may be due to the presence of small amount of biomass

n the sand portion, which might have entered and accumulated
hrough the feed or due to the movement of bacteria from the bio-
arrier section of the column upstream into the sand sections. In
he mathematical simulations, this concentration was assumed
s 10 mg/L, which was almost negligible compared to the con-
entration of biomass in the barrier. As earlier, the dispersivity
alues for sand and barrier (Soil A) portions were estimated
sing the lithium breakthrough curves (0.01, 1.0). These values
atched closely with the values estimated earlier for sand and
oil A. Values of λ for sand and Soil A as determined from the
arlier experiments were used here also.
Figs. 11–13 show the comparison between numerically
imulated and experimental breakthrough curves for lithium,
olasses, and Cr(VI) for BB1. It can be seen from Fig. 11a–c

hat the parameter estimation for dispersivity for BB1 is good,
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containment of Cr(VI) are pore water velocity and the initial
ig. 15. Experimental and numerical substrate breakthrough curves of BB2;
pH 6.2–7.2, inlet COD concentration 1000 mg/L, pore velocity 1.6 cm/h): (a)
= 20 cm, (b) x = 49 cm, and (c) x = 60 cm.

value varied from 0.77 to 0.96. However, the matching
etween the numerically simulated and experimental break-
hrough curves was not good for molasses (E value varied from
.08 to 0.65). Similarly, the matching between the numerically
imulated and experimental breakthrough curves for Cr(VI) was
ot as satisfactory (E varied from −0.26 to +0.21). Although
he proposed mathematical model simulated the overall trend
f increasing biotransformation with distance and time, the
uantification by the mathematical model was not satisfactory.
omparison between the numerical model and experimental

esults for BB2 are presented in Figs. 14–16, for lithium,
olasses, and Cr(VI), respectively. It is evident from these
gures that the matching between the numerical model and
xperimental results for Cr(VI) breakthrough was not as good,
specially at the 60 cm port (downstream of barrier, E = −0.46).
hese results are in conformity with the earlier results that
iotransformation affects the hydrogeology of the aquifer and
ncreases the non-homogeneity. This affect was more significant
n cases where the biomass concentration was high, as expected.
emporal variation of head loss from x = 0 to x = 49 cm (sand

ortion), and from x = 49 cm to x = 60 cm (bio-barrier) showed
hat there was a considerable increase in head loss (0–6 cm in
0 h) with respect to time in the bio-barrier portion, whereas the

b
t
M

ig. 16. Experimental and numerical Cr(VI) breakthrough curves of BB2;
pH 6.2–7.2, inlet Cr(VI) concentration 25 mg/L, pore velocity 1.6 cm/h): (a)
= 20 cm, (b) x = 49 cm, (c) x = 60 cm.

hange in the head loss was almost negligible in the sand portion.
his clearly indicates that the biotransformation process has an
ffect on the hydrogeology. As discussed earlier, present mathe-
atical model does not consider the effect of biotransformation

n hydrogeology.
Breakthrough curves for molasses at x = 60 cm clearly show

hat significant amount of molasses was unutilized even after
he complete biotransformation of Cr(VI). This means more

olasses was introduced, than what was truly required. In order
o reduce the cost as well as associated contamination problems
n field applications, optimization is required to determine the
est combination of initial biomass concentration in the barrier,
ubstrate concentration, and the bio-barrier thickness.

. Conclusions

Bench scale transport and biotransformation studies showed
hat bio-barriers are an effective way of chromium containment
n contaminated aquifers. Most significant parameters in the
iomass concentration. A simple mathematical model for the
ransport of Cr(VI) and molasses, coupled with adsorption and

onod’s inhibition kinetics for immobile bacteria, was able to
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imulate the experimental results satisfactorily when the clay
ontent was less and the microbial activity was not very high.
lay content and increased heterogeneity in the system due to
igh bacterial activity altered the hydro-geological conditions.
n such cases, there was disparity between the numerically sim-
lated and experimental breakthrough curves for Cr(VI) and
olasses.
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