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a b s t r a c t

Chromium–soil adsorption system exhibited both Langmuir and Freundlich isotherm models fit to the
sorption data in the studied range of concentration. However the model fit was much better for Freundlich
isotherm, this was primarily due to low adsorptive capacity of the soil, 1/n is equal to about 1.08 which
is quite close to 1.0, indicating low adsorptive capacity of the soil for chromium(VI) system and the Qmax

was observed very low in range of 0.196–0.220 mg Cr(VI)/g of soil. The initial concentration of Cr(VI) in
the solution remarkably influenced the equilibrium Cr(VI) uptake on soil sorption process. The model
eywords:
oil contamination
hromium
oil remediation
odeling

simulated results for the natural redemption of the soil show the periodic movement of the chromium
concentration front ultimately reaching quite low concentration at the end of the cycles. In the case
of inorganic chemicals, the absence of chemical decay makes the adsorption phenomena as the major
contaminant removal mechanism where as for biodegradation the chemical depletion becomes a major
factor in the transport of pollutant. Consequently, the concentration of contaminants reaching the ground

e low
n situ flushing water table becomes quit

. Introduction

Industrial disposal of liquid and solid wastes resulted soil and
ater pollution at many part of the industrial zones with various
azardous chemicals and metals. However, due to regulations, this
as been controlled to a little extent nowadays. Recently, general
eople have started paying attention to disposal of liquid and solid
astes into soil. Remediation of soil or ground water is become an

mportant issues in most part of the disposed sites. Remedial mea-
ures to be applied appropriately and efficiently as per the nature of
ontaminant, transport and its adsorption and desorption charac-
eristics [1]. The random disposal of wastes on land and subsequent
eaching of toxic pollutants results in soil contamination, which
as the potential to affect the sub-surface water in the aquifer.
here are several instances of such uncontrolled disposal causing
evere problem for sub-surface water quality and became polluted,
hich resulted restricted use of underground water in many places.

he distillery waste disposal on land and toxic organic and inor-
anic chemicals from dye, metal finishing and other manufacturing
ndustries are some of the most visible example of such contam-
nation [2,3]. In most cases after the initial dumping even though

he further disposals are stopped the rainfall causes their move-

ent through the system relentlessly. It causes extensive damage
n soil and subsurface water present at various aquifers and it has
een seen in several areas. The transport of leachate from dumping
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sites to soils is subjected to various physical, chemical and biolog-
ical processes that affect the eventual concentration of pollutants
in soil and groundwater [4–7].

The common methods of soil remediation are viz. soil vapor
extraction, land farming, soil flushing, solidification/stabilization,
biopiles, phytoremediation, etc. [8–10]. In situ biological remedi-
ation in addition to solvent washing is one of the more preferred
remediation techniques wherever feasible.

Rainwater infiltration through soil, landfills and other waste
sites containing chromium results in the continuous release of
chromium leachate into the underground environment. Due to the
highly mobile and high solubility nature of hexavalent chromium, it
poses direct threat to the quality of groundwater and consequently
to the human health using ground water resources. Chromium
migrates through the soil through physical and biological processes
viz. advection, dispersion, sorption and decay [11–13]. Due to con-
tinuous adsorption/desorption of chromium, soils are adsorbed and
desorbed (cleaned) progressively by the movement of rainwater
and the solute contaminant concentration diminishes with time
once the dumping of chromium waste is stopped. It is important to
be able to predict the time period for such cleaning as well as that
required for the ground water contamination to be developed.

Adsorption and desorption characteristic integrated with math-
ematical models may serve as important tools to evaluate the

effects of infiltrating leachate and design remedial options. In the
present study, the adsorption of Cr(VI) from aqueous solution by
soil was investigated in both batch and continuous mode of oper-
ations. An attempt has been made to model the transport of Cr(VI)
through soil and estimate the time required for the contaminant

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:envanwar@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2009.09.073
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Nomenclature

Greek symbols
ε porosity (%)
εg air filled porosity (%)
� viscosity (kg/m s)
�m maximum utilization rate
� Density (kg/m3)
�b bulk density of porous media (gm/cm3)
�x, �t small increment in distance (x) and time (t)
�P pressure difference (bar)

A area (m2)
b Langmuir constant (l mg−1)
C concentration (mg/l)
C0 initial sorbate concentration (mg/l)
Cb bulk feed concentration (mg/l)
Ce equilibrium chromium concentration in solution

(mg/l)
ci sorbed phase conc. of species i (mol/g)
Ci Aq. phase conc. of species i (mol/l)
Ct chromium concentration in solution at time t (mg/l)
D diffusion coefficient (m2/s)
D′ diffusion coefficient of oxygen in soil
D0 diffusivity coefficient through air
Dd diffusion coefficient (m2/s)
De effective diffusion coefficient (cm2/s)
DL axial dispersion coefficient (m2/s)
DP fick pore diffusivity (m2/s)
Dx dispersion coefficient in the flow direction (m2/s)
dx differential element in the x-direction
Dy transverse dispersion coefficient (m2/s)
dy differential element in the y-direction
fx one-dimensional mass flux (mg/m2 s)
h depth of soil (m)
h height of column (cm)
i, j dimensional matrix indices corresponding to dis-

tance (x) and time (t)
K hydraulic conductivity (m/s)
k decay coefficient (1/s)
K0 equilibrium constant
ka coefficient in mass transfer correlation
Kd distribution coefficient
Kp intraparitical diffusion coefficient (mg kg−1 h−1/2)
Ks half saturated constant
L length of column/soil bed (cm)
M mass of the adsorbent per unit volume of particle

free adsorbate solution (kg)
m mass of the adsorbent (kg)
n Freundlich constant
N0 adsorption capacity as in BDST model (mg solute/kg)
P pressure (Pa)
Pe Peclet number
q weight of Cr(VI) adsorbed per unit wt. of soil

(mg/gm)
Q flow rate (m3/s)
qe amount of solute uptake per unit mass of adsorbent

at equilibrium (mg/kg)
qt uptake capacity at any time t (mg/kg)
r radius (m)
R retardation coefficient
RL separation factor
S mass of chemical constituent adsorbed per unit

mass of the solid aquifer

SCi source-sink for the species i due to aq. phase
Sr degree of saturation of soil
T temperature (◦C)
t time (h)
U pore velocity (m/s)
v Darcy velocity (m/s)
v′ seepage velocity (m/s)
vx average seepage velocity in x-direction (m/s)

x distance (m)
Qs a sink or source of contaminant

to reach various layers of the aquifers. The approach considers the
advective and dispersive transport of solutes dissolved in water,
which may undergo linear sorption and consequent retardation
and simple first-order decay due to chemical/biochemical reaction
taking into account spatial variations of the contaminants.

2. Materials and methods

2.1. Method of analysis

Concentration of Cr(VI) in the sample was determined by using
UV–vis spectrophotometer (Varian, Carry 50 Conc.) at 540 nm wave
length by using 1,5-diphenylcarbazide as a color complexing agent.
The adjustment of pH was made by using NaOH and HCl. The
chemicals which were used in these studies (K2Cr2O7, NaOH, HCl
and 1,5-diphenylcarbazide) were of A.R. grade from Merck. The
chromium solutions were prepared using distilled water.

A 10 kg quantity of virgin soil sample was collected and physical
characterization of soil sample was conducted, same soil was used
for all the experiments in this investigation. Samples of the soil
were separated by means of quartering technique. The soil samples
were first used to determine its physical characteristics in terms
of in situ bulk density, natural moisture content, permeability and
grain size distribution. The property of the soil and size distribution
is shown in Table 1.

2.2. Experimentation
The experiments were carried out using synthetically prepared
chromium solution with a known concentration of the solute. It was
prepared by dissolving required quantity of potassium dichromate
in distilled water to make stock solution of 1000 mg/l conc. This

Table 1
Properties of the soil and size distribution.

Parameter Value

Percentage gravel 09%
Percentage sand 23%
Percentage silt 58%
Percentage clay 10%

Particle size distribution
Diameter at 10% finer 4.57 �m
Diameter at 50% finer 39.18 �m
Diameter at 90%finer 91.16 �m
Mean diameter 44.14 �m

Porosity 0.45
Specific gravity 2.6
Bulk density (g/ml) 2.21 g/cm3

Moisture content 4.56%
Soil pH 7.90
Hydraulic conductivity 6 × 10−4 cm/s
Organic content 0.92%
Infiltration rate 25.40 mm/l
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Table 2
The operating condition for the batch study (synthetic chromium).

Parameters Values

Table 4 along with the correlation coefficient (R ). The high R val-
ues (>0.99) obtained for adsorption of Cr(VI)–soil system indicates
that equilibrium data fitted well to Freundlich isotherm. Higher
values of 1/n means the adsorption bonds are weak because the
value of x/m experiences a large change for small changes in Ce. As

Table 3
The operating condition for the adsorption/desorption column study.

Parameters Values

Adsorption condition Desorption condition

Temperature Room temperature (∼29 ◦C) Room temperature
Solute and solvent Cr6+ synthetic solution Water
Fig. 1. Schematic of packed soil adsorption study column.

as subsequently diluted to make the contaminated stream with
esired chromium concentration. The experiments were carried
ut in two distinct phases. One was to determine the adsorption
haracteristics of the soil (batch study) and the second one was
olumn study to establish the model parameters for transfer of
olute and was carried out in a glass column of packed bed with
oil shown in Fig. 1. The conditions of batch and column study are
iven in Tables 2 and 3 respectively.

To study the adsorption characteristics experiments were car-
ied out using a shaker-flask unit with flasks filled with dried soil
ample and aqueous solution of K2Cr2O7 for various initial concen-
rations ranging from 10 to 100 mg/l. The flasks were shaken at a
onstant speed of 120 rpm for a period of 8 h. The liquid to solid
atio taken in most of the experiments was 100 ml:5 mg of soil,
.e. (L/S = 20). Total volume of the dichromate solution was kept
onstant at 100 ml for all the studies. Variation in L/S ratio was
btained by changing the quantity of solids. Samples were with-
rawn at regular time intervals. These samples were centrifuged to
eparate the solids from the liquid. The filtrates were analyzed for
esidual chromium concentration by UV spectrophotometer. The
oncentration of chromium in the soil adsorbent was calculated
rom the mass balance.

In the case of column study synthetic chromium (Cr(VI)) solu-
ion was allowed to flow through the soil filled column at the
esired flow rate of chromium solution by controlling the stock

hromium tank valve shown in Fig. 1. The samples were col-
ected at regular time intervals. All the samples collected from
he experimental run were analyzed for chromium content by UV
pectrometric technique. Then pure distilled water was allowed
Temperature Room temperature (∼29 ◦C)
pH 4 (Cr6+)
L/S ratio (liquid to solid ratio) 10, 15, 20, 50

to flow through the column to study the desorption behavior of
the chromium contaminated soil. Chromium solution was passed
in the soil packed column to saturate with chromium solution;
the column saturation was monitored by analyzing the chromium
inlet and outlet concentration in the column. In the case of
saturated column the inlet and outlet concentration would be
equal. Different flow rates of 0.8, 1.0 and 1.2 ml/min of chromium
solution were studied. In all the cases the bed was allowed
to get saturated before starting the remediation/desorption pro-
cess.

3. Results and discussion

3.1. Adsorption isotherm of soil and Cr(VI) system

Results of batch equilibrium studies provide information about
the retention capacity and the mechanism by which the chromium
ions are held onto the soil. The amount of chromium retained on the
soil depends on the nature of bondage between the chromium–soil
as well as on the number of layer of adsorbate on the pore struc-
tures of the soil. The most commonly used isotherms viz. Langmuir
and Freundlich isotherms were used for the determination of the
applicability of the specific isotherm for chromium–soil adsorption
system in the present investigation.

3.1.1. Freundlich adsorption isotherm
Freundlich isotherm states that the adsorption process may be

multilayered due to the heterogeneity of the surface charges. The
Freundlich equation is based on the adsorption on a heterogeneous
surface and is expressed as

qe = KdC1/n
e (1)

The above equation was linearised in the following form:

log
(

x

m

)
= log(Kd) +

(
1
n

)
log(Ce) (2)

where x is the amount of solute adsorbed (mg), m is the mass
of adsorbent used (g), Ce is the equilibrium solute concentration
in solution (mg/l) and Kd and n are constants representing the
adsorption capacity (mg/g) and intensity of the adsorbent respec-
tively. Studied experimental Freundlich parameters are reported in

2 2
Soil bed height 20 cm 20 cm
Feed flow rate 0.8, 1.0, 1.2 ml/min 0.8, 1.0, 1.2 ml/min
Concentration Cr6+ 25, 50,100,200 mg/l 25, 50, 100, 200 mg/l

Note: L/S = volume of chromium solution (ml)/soil (gm)
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Table 4
Isotherm parameters for Cr(VI) sorption on soil.

L/S ratio Langmuir constant Freundlich constant

Qmax (mg/g) b (l/mg) R2 Kd n R2

n
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10 0.196 0.00098 0.9918 0.0115 0.915 0.982
15 0.202 0.00080 0.9721 0.0087 1.018 0.993
20 0.220 0.00078 0.9818 0.0063 1.062 0.986

becomes very small (n < 1), the isotherm plot approaches hori-
ontal and isotherm is termed as irreversible. In the present case
he values of n obtained is 0.92 which is less than unity. Usually, 1/n
adsorption intensity) less than unity indicates a favorable isotherm
or solute on the soil [14]. In the present case 1/n is equal to about
.08 which is quite close to 1.0, indicating low adsorptive capac-

ty of the soil for chromium(VI). The distribution coefficient (Kd)
as been calculated from Freundlich isotherm, shown in Table 4.
his Kd value has been used in all aspects of the study including
he advection–dispersion model for the investigation of washing
f contaminant from soil and calculation of retardation factor (R)
hich has the effect of retarding the adsorbed species relative to

he advection velocity of ground water.
The value of retardation coefficient has been found equal to 9

rom following:

=
(

1 + �bKd

ε

)
(3)

here �b is bulk density of soil (g/cm3), ε is porosity of soil.
Analyzing the values of Kd and n from Table 4, it can be concluded

hat adsorption of Cr(VI) is significantly low. Higher values of n for
r(VI) indicate that adsorption bond is quite weak [15].

.1.2. Langmuir adsorption isotherm
According to Langmuir theory the adsorbate forms a monolayer

ver the adsorbate surface. In the present case adsorption takes
lace due to physical forces only and no chemical energy is involved
s in the case of Freundlich isotherm. The main assumption of the
angmuir model is that adsorption occurs uniformly on the active
ites of the adsorbent surface, and when a molecule is adsorbed
n a site, the latter does not have any effect upon other incident
olecule.
Mathematically Langmuir equation is expressed as

e = bqmCe

1 + bCe
(4)

here qm is the maximum amount of sorbate adsorbed per unit
eight of the adsorbent to form a complete monolayer on the sur-

ace. Ce and qe are equilibrium solute concentration (mg/l) and
quilibrium adsorption capacity (mg/g) respectively, b is a constant
elated to the affinity of the binding sites (bond energy). Eq. (4)
ndicates that qe approaches qm asymptotically as Ce approaches
nfinity. Eq. (4) may be rewritten as

1
qe

=
(

1
bqmCe

)
+ 1

qm
(5)

hus a graph of 1/qe vs. 1/Ce will give a straight line plot. The values
f qm and b were calculated from the slope and intercept of the
inear plot of 1/qe vs. 1/Ce. The Langmuir isotherm parameters are
eported in Table 5.

The adsorption of Cr(VI) onto soil follows Langmuir isotherm

nd an adsorption capacity of the soil is very low in range of
.196–0.220 mg/g. The value of b, which is a measure of heat of
dsorption ranges from 0.00078 to 0.00098. In order to predict
he adsorption efficiency of the process at different initial solute
oncentration values, the dimensionless separation factor (RL) was
Fig. 2. Effect of contaminant flow on different depths of soil column.

determined by the following equation:

RL =
(

1
1 + bC0

)
(6)

where C0 is the initial Cr(VI) concentration (mg/l) and b is the Lang-
muir isotherm constant. The value of RL < 1 represents the favorable
adsorption and value greater than 1 represents unfavorable adsorp-
tion [16]. The value of RL for Cr(VI)–soil adsorption system was
found to vary in the range of 0.91–0.93. The parameter values less
than one indicate that in the range of temperature and concentra-
tions studied for adsorption of Cr(VI) onto the soil, the adsorption
is favorable, although the adsorption capacity is quite low as men-
tioned earlier.

The results show that the experimental results match with Fre-
undlich isotherm better compared to that of Langmuir, although
both the experimental results conform to both the isotherm mod-
els to a certain extent. This is quite expected since the adsorption
capacity is quite low and the solute concentration is quite low. At
low concentration both the isotherm equations are transformed to
the following equation:

qe ≈ KdCe (7)

Since n ≈ 1.0.
Thus in the following studies Freundlich isotherm has been used

in the form of Eq. (7).

3.2. Continuous flow column study

Studies with different flow rates of chromium solution were
conducted to find the effect of contaminant flux on the solute trans-
port through the soil column. Three flow rates considered for the
study were 0.8, 1.0 and 1.2 ml/min, while initial concentration of
Cr(VI) was kept constant at 25 mg/l and pH at 2. The soil bed height
for these studies was kept constant at 20 cm.

The estimated dispersion parameter changes 1.6–5.3 × 10−3 for
the flow rate of 0.8–1.2 ml/min. However, the difference is not very
significant indicating the general applicability of the model equa-
tions.

It is thus desirable that a higher flow rate of solvent water
is maintained through the bed of contaminated soil to achieve
the best overall results in terms of high efficiency within short-
est period of operation with lower amount of total solvent flow
required. This reduces the treatment requirement for the recycled
and/or disposal of contaminated solvent for proper disposal. Com-

parative chart has been made with different solvent flow rates for
bed redemption in terms of extent of recovery, time period needed
and the various dispersion parameters involved. The data for the
same is presented in Table 5.
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Table 5
Effect of flow rate on recovery and dispersion coefficient on soil column.

Flow rate (ml/min) Recovery (%) K (cm2/s) vx (cm/s) Dx (cm2/s) Time of operation (min)

1.46E−03 4.75E−03 120
1.46E−03 7.32E−03 170
1.46E−03 7.68E−03 250
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contaminant flow showing a much prolonged high concentration
discharges from the column.

Similar experiments were carried out for different idle periods
to find the effect of chromium adsorption and its migration. Fig. 4
1.2 99.30 6.00E−04
1.0 94.23 6.00E−04
0.8 90.47 6.00E−04

Since the soil is a heterogeneous mixture of several components,
iffusion and surface adsorption may contribute simultaneously
owards metal immobilization and/or sorption. The behavior of
r(VI) transport through soil was studied at various inlet initial
r(VI) concentrations. The other parameters, i.e. flow rate, soil bed
eight and solution pH were kept constant. Three levels of Cr(VI)
oncentration were studied. These are 25, 100 and 200 mg/l. After
aturating the soil bed with Cr(VI) solution, the desorption of Cr(VI)
rom the soil was also carried out by solvent extraction with dis-
illed water. The water was passed through soil bed after draining
ut all the liquid solution over a period of 2 h. A change in inlet
r(VI) concentration affected the operating characteristics of the
oil column during adsorption and desorption operation. Effect of
oncentration on recovery and dispersion coefficient on soil column
s presented in Table 6.

The results indicate that percent recovery of Cr(VI) is maximum,
.e. 99% at 25 mg/l Cr(VI) in soil in comparison to very less recovery
f Cr(VI), i.e. 90% at higher Cr(VI) concentration, i.e. 200 mg/l. The
eason behind in this phenomenon is that at higher concentration
ore Cr(VI) ions are presented in the soil and some of them would

equire longer time to desorb. Therefore, within the time period the
xtent of recovery is less at lower concentration compared to that
t higher concentration.

Experiments were carried out to find the effect of the contami-
ant movement with discontinuous discharge of contaminant flow

n a packed soil column. Intermittent flow of solvent was consid-
red to study the contaminant movement within the bed. These
xperiments were carried out to study the three different con-
itions of flow viz. continuous flow of contaminant for specific
uration, nonflow of solution (idle condition) and continuous flow
f solvent (water) for the specific time span. Normally the contami-
ant movement is governed by advection, dispersion and sorption,
hich also in turn reflect soil-contaminant washing process. These

xperimental results show the effect of seasonal changes and con-
aminated flow on soil.

Effect of contaminant flow was investigated with three different
ime periods viz. 30, 60 and 90 min of flow condition. The column
sed was designed with a provision of collecting samples at three
ifferent depths. Experiments were conducted with different peri-
ds of sequence of contaminant flow, idle phase and solvent flow
hrough the bed. One such sequence consisted of the following flow
onditions.

Chromium was allowed to pass through the packed soil col-
mn for 30 min and kept on idle situation for 30 min and water
as applied on the packed soil column for the rest of the period to
ash the chromium present in contaminant soil column. The result
f contaminant concentration at different depths and time is shown
n Fig. 2. Fig. 2 shows that the contaminant transport behavior for
ingle contamination followed with continuous idle and washing
eriod simultaneously for 30 min up to 300 min of total operation.

able 6
ffect of concentration on recovery and dispersion coefficient on soil column.

Concentration (mg/l) Recovery (%) K (cm2/s) vx (cm/s) Dx (cm2/s)

25 99.26 6.00E−04 1.46E−03 4.75E−03
100 93.18 6.00E−04 1.46E−03 6.59E−03
200 90.38 6.00E−04 1.46E−03 5.43E−02
Fig. 3. Effect of contaminant flow duration on contaminant transport.

The figure shows that the contamination flows from top of the soil
column to the final depth (30 cm). It can be observed that the con-
taminant appears the first depth (10 cm) at about 15 min. The inlet
chromium concentration in the liquid was 50 ml/l and constant
flow rate of 1.2 ml/min was maintained throughout the experiment.

It can be observed from Fig. 2 that the concentration reached
initial level in relatively short period and indicates the effect of
dispersion. Further the peak concentration level was lower than the
feed concentration. This is due to the sorption of the solute within
the bed. The concentration starts going down due to the effect of
flow of solvent water. At a depth of 20 and 30 cm also similar results
were observed. However, at 30 cm (end of the column) the peak
concentration is much lower than the feed concentration, showing
the effect of adsorption. Other than the adsorption phenomena on
the soil surface, the chromium ions are also retained within the
porous space of the soil bed. Similar results are shown for the case
of longer period of contaminant discharge. The concentration of
chromium solution collected at 10 cm depth is plotted for three
time spans (30, 60 and 90 min), as shown in Fig. 3. Larger period of
Fig. 4. Effect of idle (no flow) period on contaminant transport.
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A.A. Khan et al. / Journal of Haza

hows the effect of idle period on chromium transport through the
acked soil column for the 10 cm depth. Three different idle periods
ere taken in this study viz. 30, 60 and 90 min. In idle conditions the
ow of chromium solution and water was stopped and the columns
ere only kept idle for the contaminant and solvent migration. The
igration of contaminant solution was observed for some duration,

ven in idle condition. This is due to the seepage of solution present
n the column voids and pores of the soil particles. In this case it

as observed that the seepage rate from the void space controls
he contaminant migration during idle condition.

A major feature of the plot is that the prolonged idle condition
f more than 60 min showed its effect as no flow condition and
he concentration level was same when the solvent flow started.
owever, at lower idle flow condition the liquid retained within

he porous space flowed continuously, with the rapid dilution by
olvent flow. This is quite important from the practical remediation
ituation. It appears that idle period has a stabilization effect of
onsolidation of the chromium solute on the soil surface, which
akes it more difficult to wash out.
The contaminant sources and its release to environment may be

escribed by two extreme cases: continuous release and instanta-
eous release. Continuous release implies a continuous influx of the
ontaminant as in the case of a landfill for relatively long periods
f time, whereas instantaneous release implies a pulse or sudden
nflux of contaminant for a very short period of time. In most cases,
urther disposals are stopped after the initial dumping. But at con-
aminated field areas the periodic rainfall causes further movement
f the contaminant through the system. The rainwater washes the
ontaminant from the first few layers of soil to subsequent layers.
s a result, there is a cyclic movement of contaminant, whereby

he concentration of contaminant decreases in the top layers but
radually increases as we move down the soil column.

The mathematical analysis cyclic washing of soil column
imulated with rainfall was done with the help of same advec-
ion–dispersion–sorption model. In the case of inorganic chemicals,
he absence of chemical decay makes adsorption as the major con-
aminant removal mechanism. But gradual washout due to rainfall
ltimately carries the contaminant to the underground water table.

n the case of organic contaminants, biodegradation plays a major
ole in the transport. The concentration of contaminant reaching
he ground water table becomes quite low and this can be further
educed when cycles were repeated for many years. The rainwater
ashes the contaminant from the first few layers of soil to subse-

uent depths. As a result, there is a cyclic movement of contaminant
hereby the concentration of contaminant decreases in the top

ayers but gradually increases in bottom layers.

.3. Theoretical modeling

The contaminant transport is mostly dependent on advection,
iffusion, dispersion, sorption and decay of solution during the
ow of contaminant and that of washing medium for the case of
emediation [17,18]. Thus it is essential to study the adsorption
nd desorption characteristics of solute on the soil material. In the
resent investigation modeling and simulation of organic and inor-
anic contaminant has been considered and its movement through
he soil together with adsorption and desorption characteristics as
ell as chemical degradation has been studied through modeling.

An effort has been made to model the contaminant transport at
uniform rate presuming the availability of sources to be continu-
us. Further it has also been considered to model this transport due

o periodic rainfall in the case where further disposals are stopped
fter the initial dumping. The rainwater washes the contaminant
rom the first few layers of soil to subsequent depths. As a result,
here is a cyclic movement of contaminant whereby the concen-
ration of contaminant decreases in the top layers but gradually
Fig. 5. Schematic of the soil column.

increases as one move down the soil column. Theoretical modeling
has been done to predict the contaminant transport during washing
by rainwater, which has the potential to enhance the remediation
process. Appropriate differential equations have also been devel-
oped to model the flow of contaminants through the soil matrix
and predict their transport behavior in a variety of situations. These
have been solved numerically by the finite difference method using
computer simulations in MATLAB software.

3.3.1. Advection–dispersion equation for solute transport through
porous media

This kind of transport has been considered for two extreme
cases: continuous release and instantaneous release. Continuous
release implies a continuous influx of the contaminant as in the
case of a landfill for relatively long periods of time, whereas instan-
taneous release implies a pulse or sudden influx of contaminant
for a very short period of time as in the case of accidental spills.
The governing set of equations describing the transport of water
through soil is a statement of the law of conservation of mass. It is
assumed that the porous medium is homogeneous, isotropic, and
saturated in nature. It is further assumed that the flow is steady-
state and the Darcy’s law applies. The flow is described by the
average linear velocity or seepage velocity which transports the
dissolved substance by advection [19].

In a homogeneous medium in which the velocity is steady and
uniform (i.e., it does not vary through time or space), and disper-
sion coefficients Dx, Dy, and Dz do not vary through space, (but
Dx /= Dy /= Dz, in general) a material balance equation may be
formulated to mathematically define the process. A schematic rep-
resentation of the soil system with contaminant source at top and
ground water table at a certain depth, to which the transport equa-
tion is applied, is shown in Fig. 5.

The governing equation of transport of water through the soil
bed can be written (considering advection and hydrodynamic dis-
persion factors controlling the mode of transport) as

∂C

∂t
=

[
Dx

∂2C

∂x2
+Dy

∂2C

∂y2
+Dz

∂2C

∂z2

]
−

[
vx

∂C

∂x
+vy

∂C

∂y
+vz

∂C

∂z

]
+Qs(t)

(8)

One-dimensional form of Eq. (8), with the following assumptions:
(i) transport is one-dimensional and water moves in x-direction
only, i.e. along the depth of the packed column, (ii) the porous
medium is homogenous and isotropic so that transport in any one
direction describes in the other two directions as well, is considered

for this case. Hence, �b, Kd, Dx and � are constants and Dx = Dy = Dz,
(iii) the density and viscosity of the liquid stream remain constant
and (iv) saturated flow is considered with constant seepage velocity
vx.



4 rdous

L
s

C

w
t
(

3
t

t
t
s
A
c
o
s
i
s

a

t
U

S

c
e

S

∂

A

A(
o

w

R

R
t
w
r

50 A.A. Khan et al. / Journal of Haza

Eq. (2) can be expressed as

∂C

∂t
=

[
Dx

∂2C

∂x2

]
−

[
vx

∂C

∂x

]
+ Qs(t) (9)

Using finite difference approximations to further solve in MAT-
AB software, Eq. (9) may be reduced to the following set of
imultaneous ordinary differential equations.

i,j+1 =
(

Dx�t

�x2
− vx�t

�x

)
Ci+1,j +

(
Dx�t

�x2

)
Ci−1,j

+
(

1
�t

− 2
Dx

�x2
+ vx

�x

)
Ci,j + Qs(t) (10)

here i, j are two-dimensional matrix indices corresponding to dis-
ance (x) and time (t). �x and �t are small increments in distance
x) and time (t).

.3.2. Advection–dispersion–sorption equation for solute
ransport through porous media

While there exist many process conditions that can alter con-
aminant concentration, adsorption into the soil matrix appears
o be one of the most dominant mechanisms. Solutes that sorbs
trongly onto soil materials are retarded in their movement.
dsorption into the soil matrix is thus the most important pro-
ess for physical removal of many contaminants, either inorganic
r organic. The adsorption of the solute retards its movement and
lows down its transport to aquifer. The mass balance equation (1)
n this case would incorporate the mass of solute adsorbed on the
oil bed.

Advection, dispersion and sorption phenomena can be written
s

∂C

∂t
= Dx

∂2C

∂x2
− vx

∂C

∂x
+

(
�b

ε

)
∂S

∂t
+ Qs(t) (11)

The concept of isotherm is used to relate the amount of con-
aminant adsorbed by the solids S to the concentration in solution.
sing Freundlich’s isotherm

= KdC1/n
e (12)

If 1/n = 1, the isotherm is linear and the following transformation
an be made to incorporate this isotherm into the mass balance
quation:

= KdCe (13)

Partial derivative of Eq. (13) we get

S = Kd∂C ⇒ ∂S

∂C
= Kd (14)

lso

∂S

∂t
= ∂S

∂t

∂C

∂C
= ∂S

∂C

∂C

∂t
= Kd

∂C

∂t
(15)

nd hence Eq. (11) will become

1 − �b

ε
Kd

)
∂C

∂t
= Qs(t) + Dx

∂2C

∂x2
− vx

∂C

∂x
(16)

r

∂C

∂t
= Qs(t)

R
− Dx∂2C

R∂x2
− vx∂C

R∂x
(17)

here

= 1 + �b Kd (18)

ε

is known as retardation factor, which has the effect of retarding
he adsorbed species relative to the advective velocity of ground
ater and is a useful tool in the case of linear isotherms with fast,

eversible adsorption [20,21].
Materials 174 (2010) 444–454

The finite difference form of Eq. (10) may be written as

Ci,j+1 − Ci,j

�t
= Dx

R

(
Ci+1,j − 2Ci,j + Ci−1,j

�x2

)

− vx

R

(
Ci+1,j − Ci,j

�x

)
+ Qs(t)

R
(19)

3.3.3. Advection–dispersion–sorption–decay equation for solute
transport through porous media

There are several contaminants where significant changes
occur due to the decay by chemical reaction (hydrolysis, oxi-
dation/reduction) with soil matrix or among the different
contaminants or more importantly get biologically degraded due
to the presence of microorganisms. The latter is especially valid for
organic contaminants which may happen by simple decomposition
or by biological oxidation process with the oxygen diffusing into
the soil or produced locally by a secondary reaction. In the case of
chemical decay, the rate expression may follow simple zero-order
or first-order kinetics whereas in the case of biodegradation the
rate may be described by Monod kinetics.

For the case of first-order decay, in addition to adsorption, dis-
persion and sorption, the final mass balance equation becomes

∂C

∂t
= Qs(t)

R
− Dx∂2C

R∂x2
− vx∂C

R∂x
− k

R
C (20)

The finite difference form of the equation is given below

Ci,j+1 − Ci,j

�t
= Dx

R

(
Ci+1,j − 2Ci,j + Ci−1.j

�x2

)
− vx

R

(
Ci+1,j − Ci,j

�x

)

− k

R
Ci,j − Qs(t)

R
(21)

or

Ci,j+1 =
(

Dx.�t

�x2
− vx�t

�x

) Ci+1,j

R
+

(
Dx�t

�x2

) Ci−1,j

R

+
(

1
�t

− 2Dx

�x2
+ vx

�x
− k

) �tCi,j

R
+ Qs(t)

R
(22)

For Monod kinetics, the rate equation is given by

r = �mCX

Ks + C
(23)

where �m = maximum utilization rate, Ks = half saturation constant.
As a result, the mass balance equation takes the form:

Qs(t)
R

− Dx∂2C

R∂x2
− vx∂C

R∂x
− �mCX

Ks + C
= ∂C

∂t
(24)

The boundary conditions were used to predict the plume behav-
ior in soil column by a continuous release of contaminant on the
soil bed, e.g. continuous input of hazardous waste from a land-
fill (leachate), at x = 0, the concentration is set to C(0, t) = C0 for
t > 0. The concentration at other boundary, x = ∞ is set to zero, C(∞,
t) = 0 for t = 0. In this case the feed contaminant concentration was
taken as 20 mg/l for different background concentrations in the soil
bed. Plot 1 shown in Fig. 6 shows the outlet concentration pro-
file for advection–dispersion transport with Dx = 1.15 × 10−7 m2/s,
v = 3.19 × 10−5 m/s and background concentration zero. It is a typ-
ical S-shaped breakthrough curve.

If the background concentration, i.e. concentration of contami-

nant initially present in the soil column is assumed to be uniform
and equal to 10 mg/l, one gets Plot 2 as the result. However if the
background concentration is greater than the source concentra-
tion, as in the case of Plot 3, relative washouts occur removing
contaminant and giving a desorption type breakthrough curve.
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The figure shows that with the increase in the velocity the top
ig. 6. Concentration profile for advection–dispersion transport for continuous
nput.

In Plot 4, the dispersion coefficient Dx has been increased with
he same velocity. Here due to increase in Dx, there is more spread-
ng of the contaminant and as a result the contaminant starts to
ppear at the outlet earlier. For the same reason, it takes more time
or the contaminant to attain saturation value. Initial boundary con-
itions are similar to Plot 1 as is the case for all the other plots (Plots
–7) mentioned below.

In Plot 5, the seepage velocity v has been decreased, keeping
x the same. The contaminant front appears later and advection
echanism is seen to be less dominating than before.
The effects of adsorption can be seen in curves 6 and 7, where

olution of Eq. (18) has been plotted for the two values of retarda-
ion factors of 2 and 3. Curve 6 shows the results of concentration
rofile where the retardation factor R is taken to be as 2. The retar-
ation factor reduces the effect of both Dx and v by a factor R. Due
o this, the contaminant starts to appear after a very long time as
ompared to Plot 1. This implies that the species has been retarded
y the corresponding time period. This also indicates that the con-
aminant was retained by the soil, slowing down its transport. This
as significant importance in terms of the contamination follow-

ng the discharge of contaminant laden waste water, whereby the
ime required for the contamination of the soil is increased to a
reat extent. This also has strong implication for the remediation of
he contaminated soil, by requiring much longer period and larger
mount of solvent flow for the cleanup of the soil. Retardation is
ntensified as R increases to 3 in Plot 7.

.3.4. Discontinuous contaminant discharge
This kind of transport is seen more commonly. Even though

urther disposals are stopped after the initial dumping, rainwater
arries the contaminant into further depths in the soil from the
op layers. The transport differs from the earlier ones, depending
n the nature of contaminant—whether it is inorganic or organic,
s the fate processes vary. In the case of inorganics, adsorption is
he most important contaminant removing mechanism. However,
n the case of organics, biodegradation also affects the transport,
ometime even preventing the contaminant from reaching sub-soil
ater.

The results of simulation of advection–dispersion–sorption
yclic transport are shown in Fig. 7 in terms of concentration pro-
le with time at different depths of the soil for different durations
f idle period and rainfall events. The results show a continuous

ise in the concentration of contaminant at top level of the bed, for
long time after the contaminants flow stopped and then a very

harp drop in concentration followed by a static level during idle
nd rainfall events.
Fig. 7. Advection–dispersion–sorption cycle transport of inorganic in soil for dis-
continuous source.

The results show that, at the end of each cycle there is a sig-
nificant drop in concentration of contaminants for the top layers.
In this case soil bed up to 15 m shows a continuous drop at the
end of 1-year cycle. However the similar results at depth 20 m and
below show further increase during each cycle resulting in increase
in concentration even at a depth of 30 and 40 m. It is of utmost
importance, since the buildup of this contaminant over the years is
indicative of the potential for the development of potential danger
in the underground water system.

3.3.5. Effect of model parameters on contaminant transport
mechanism in soil bed

The effect of various parameters affecting contaminant trans-
port has been analyzed with respect to variation in one parameter
and keeping others transport parameters constant through advec-
tion–dispersion–sorption–decay model under different boundary
conditions. Contaminant concentration of 20 mg/l is added once
and on a landmass for a period of 1 month followed by a rainfall
period of 15 days. This is followed by 5.5 months of stable period
when there is no rainfall or any contaminant discharge. This is fol-
lowed by another rainfall for a period of 1 month and then again
a stable period of 4.5 months for a complete 1-year cycle. This
resembles a situation in northern India, where the rainfall is mostly
concentrated in two period’s viz. in winter for January to February
for a short spell and in July to August for a large period. The results
are presented for 15 m depth of soil layer for different time pro-
files, concentration of contaminant in Figs. 8–11. The effect of each
parameter is presented in the following paragraphs.

3.3.6. Effect of seepage velocity (vx) on contaminant transport
It is important to realize that seepage velocity variation provides

an estimate of contaminant arrival time at groundwater table. From
Fig. 8 it can be understood that as the seepage velocity is increased,
the contaminant front will appear faster and advection process will
be the dominating mechanism. The contaminant will reach the bot-
tom of the bed sooner and would need lesser number of cycles of
washing in comparison to that would have required for the case
with lower velocity.
layers of the soil bed get washed much faster. Highest advective
velocity shows that the top layer reaches a very low concentration,
even in the first washing cycle itself. However, the concentration
buildup in the intermediate layers is much higher compared to
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Fig. 8. Effect of seepage velocity (vx) on contaminant transport.

Fig. 9. Effect of dispersion coefficient (Dx) on contaminant transport.

Fig. 10. Effect of retardation factor (R) on contaminant transport.
Fig. 11. Effect of decay coefficient (k) on contaminant transport.

other case. Thus it is evident that with porous solid bed with per-
meation velocity, the contaminant would move much faster and
accumulate near the bottom of the bed, washing the top layers free
of the contaminants.

3.3.7. Effect of dispersion coefficient (Dx) on contaminant
transport

Dispersion coefficient is a measure of spread of the concentra-
tion front and deviation from ideal condition. Its impact on the
contaminant transport is quite important for one to be predict
the concentration profile. This specially happens when the soil
bed shows extensive heterogeneous characteristic. Model compu-
tations were carried out at different values of Dx. The typical results
are shown in Fig. 9, where contaminant concentration at 15 m is
shown for different Dx values. The results show that at lower Dx

value the concentration profile moves further down, although the
effect is relatively marginal even for 10-fold increase in the value
of Dx.

3.3.8. Effect of retardation factor (R) on contaminant transport
The retardation coefficient depicts the extent of the influence of

adsorption mechanism on concentration profile of the contaminant
during its transport through the soil bed, while washing process for
the contaminated bed. The results are shown in Fig. 10, where the
concentration profiles for different retardation factors varying from
1 to 6 are shown. It may be mentioned here that the retardation fac-
tor is proportional to adsorption coefficient. Retardation factor has
the effect of retarding the adsorbed species relative to the advective
velocity of the groundwater. The retardation factor is equivalent to
the ratio of velocity of the sorbing contaminant and groundwater.

The higher retardation factor also indicates higher amount of
solute being retained within the bed. The concentration profile
shows that concentration value at 15 m depth during the initial
provided shows a much higher value for higher R value. Same is
the case at the end of long period. However, during the interme-
diate stable period also transpired that the large value of R tends
to slow the velocity of transport and reduces the effective value of
Dx and vx by factor 1/R and due to this the contaminant starts to
appear after a long time as compared to that have been with out

R. As a result more washing cycles would be required to clan the
contaminated soil bed.

The results show that with the increase of retardation from 1 to 6
the concentration profile undergoes significant change. Retardation
factor of 1 indicates no adsorption of solute within the soil bed.
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Gradual increases of retardation factor shift the concentration
rofile for upper layers to northward, with higher component con-
entration being retained for longer period of time. However, the
oncentration at lower depth remains at low level for a longer
eriod. Two significant observations can be made from these pro-
les. First the low retardation factor showed faster movement of
he solute indicating rapid desorption of adsorbed component.

On the other hand at higher retardation factor the movement
lows down, consequently the build up component concentration
t the deeper layers of soil will be quite low. The relevance of this
henomenon is most evident for remediation of the soil layer. The
emediation will be faster with lower retardation factor compared
o that for higher retardation factor values, when longer remedia-
ion period will be needed.

The second observation is the amount of solutes retained by
oil layer increases with the increase of retardation factor. This
ill delay the possible contamination of groundwater aquifer. The

etained contaminant within the soil bed will need much greater
fforts to clean the same. However, its retention within the top lay-
rs of the soil for a longer has the potential for larger damage to the
tmosphere.

.3.9. Effect of decay coefficient (k) on contaminant transport
The significant changes may occur due to decay by chemi-

al reactions (hydrolysis, oxidation/reduction) with soil matrix or
iodegradation due to the presence of microorganisms. This aspect
as been taken into consideration to know the effect of decay on
ransport in case if the chromium undergoes decay by biological
eduction/adsorption and stabilization or any of the other mech-
nisms and the results are presented in Fig. 11, where the decay
oefficient has been varied from 0 to 1 × 10−6. Due to the increase in
ecay coefficient long term concentration at 15 m depth of column
ill be lower and after washing final concentration will diminish

radually. The results show that the decay coefficient increases the
oncentration drops much faster. In fact with high decay coefficient
oncentration rapidly reduces to zero with a short period of time,
aking the remediation process that much easier.
All the above results show the cases when the decay constant

s zero. This is indicative of the fact that there is no consump-
ion or depletion of the contaminant by any mechanism other than
dsorption. However, the reactive decay is an important feature of
ny transport system. This could be due to biodegradation for the
rganic components or chemical reaction and stabilization with soil
aterials as in the case of inorganic components. This decay process

ignificantly changes the concentration profiles of the chemicals.
A significant feature of these plots is that the concentration level

ontinuously decreases at all depths of the bed after the initial rise
ue to contaminant discharge, particularly at higher values of decay
onstant. Even at low values of the decay constant the rise in con-
entration is limited to a very marginal values for a short period,
fter that there is continuous drop in concentration. These results
lso show an important feature of such scenario, whereby there is
igh potential that all the components are consumed, before the
ontamination level reaches the bottom of the soil bed and dis-
urbs the underground aquifer. This is particularly important for the
rganic component, which have good potential for biodegradation
r chemical degradation.

.3.10. Variation of periods of contaminant discharge, idle period
nd rainfall/washing cycle

The results of variation of the stable or idle period when there

s no flow of contaminant or rainfall takes place is shown in Fig. 12.
t shows the effect of number of cycles. The individual periods of
ycles are similar in all the cases excepting in the stable period for
he last part of cycle. The washings in the figure are due to rainfall
ver the area. The increase in the number of cycles show a gradual
Fig. 12. Effect of contaminant transport for four times rainfall period.

decrease in the concentration of the contaminant at the top level
of the soil bed up to 30 m.

However, the contaminant concentration in the soil layer
beyond 30 m shows gradual increase over the 1-year cycle of oper-
ation. This is quite expected due to the fact that the rainfall washes
the top layers and carries the solute towards the bottom of the
bed, thus accumulating the same in that zone. In the absence of
any removal technique other than the sorption, with the limitation
of equilibrium concentration, the contaminant remains within the
zone.

The top layer getting washed is quite important in that the
concentration goes down to a very low value, similar to the back-
ground concentration. This is beneficial from the environmental
point of view as it prevents any surface exposure of contaminant
to human life and other living bodies. A major danger from this
sequence of events is accumulation of the components at lowest
levels, which may contaminate the groundwater aquifer. It also
allows the removal of contaminants by proper design of removing
the water and treating the same before disposal.

4. Conclusion

Detailed experimentation program was undertaken to deter-
mine the adsorption parameters as well as to simulate the flow
condition through the soil bed. It was noted that for all the Cr-soil
system both Langmuir and Freundlich isotherms models exhibited
good fit to the sorption data of Cr(VI) in the studied range of con-
centration. However the model fit was much better for Freundlich
isotherm, which was considered for further application. The value
of n indicates a positive adsorption of hexavalent chromium in soil.
Over all adsorption capacity was found to be quite low and indicate
that Cr(VI) is mobile and less adsorbed in studied silt-sand soil.

The initial concentration of Cr(VI) in the solution remarkably
influenced the equilibrium Cr(VI) uptake. It was noted that as the
initial concentration increased the loading on soil mass increased.
The increase of loading of soil with increase of Cr(VI) ion concen-
tration is due to increased availability of Cr(VI) ions in the solution
for the sorption.

The results of simulation for the natural redemption of the soil

show the periodic movement of the inorganic contaminant con-
centration front ultimately reaching quite low concentration at the
end of the cycles. In the case of inorganic solute (Cr(VI)) the absence
of chemical decay makes the adsorption phenomena as the major
contaminant removal mechanism. In the case of biodegradation,
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he solute depletion becomes a major factor in the transport of pol-
utant. Consequently, the concentration of contaminants reaching
he subsurface layers becomes quite low.

The application of the model under different operating condi-
ions viz. change in seepage velocity, retardation factor, dispersion
oefficient, decay coefficient and variation in rainfall and idle
ondition (no rain) provides unique results in terms of solute con-
entration profile along the depth of the soil bed. Particularly
ntegrating results were obtained for periodic rainfall condition

hen the subsequent rainfall washes the top layers of soil and
arries the pollutant downward, ultimately accumulating in the
ubsurface layers. However for organic pollutants with biodegra-
ation, it was found that under some condition contaminant does
ot reach the higher depth of the subsurface layers or aquifer, but
et degraded before that. This result will help in determining the
ossibility and extent of the discharge of solute containing effluent
n land for irrigation, as is carried out under controlled condition.
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