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a b s t r a c t

A comprehensive laboratory-scale investigation was carried out to explore the toxic metal attenuation
capacity of a field clay sample collected from adjoining areas of an ash pond site of a Super Thermal Power
Plant in West Bengal, India. The existence of two major elements viz., Cr6+and Ni2+ in excess to permissible
limit was observed in soil and water samples collected from the site. Batch kinetic performance results
vailable online 27 May 2009
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exhibited reasonable Cr6+and Ni2+ uptake capacity of soil in equilibrium condition. The experimental
data also fitted well in Freundlich isotherm model. The adsorption behaviour of above pollutants in both
vertical and horizontal directions through soil was explored. The results showed that more than 80% of
Ni and 72% of Cr were found to be sorbed by the soil. Breakthrough adsorption study also showed a good
metal adsorption capacity of soil.
reundlich
eachate

. Introduction

Uncontrolled and improper disposal of solid wastes poses a
rave geo-environmental problem along with sub-surface and
round water pollution. In order to protect soil and ground water
rom leachable toxic waste emanating from such confined source
or protecting lithospheric environment, soil–metal adsorption and
nteractive phenomenon should be unveiled in details. In ash slurry
isposal pond of thermal power plants, Ni and Cr are found as leach-
ble constituents along with others that attribute ground water
ollution during course of its movement through soil and sub-
urface strata. The mobility of leachable Ni2+ and Cr3+ ions depend
n transport mechanism and adsorption–diffusion phenomena
or soil–solute interaction. Hence, it is important to evaluate the

igration mechanism of these heavy metals in soil and ground
ater and also to explore the adsorptive uptake potential of such

oil.
A few literatures are available where metal adsorption behaviour

f different kinds of soil is described. An investigation was carried
ut to study the different aspects of arsenic sorption on soil surfaces
1]. Batch adsorption tests were performed to study arsenic reten-
ion by soil. Two different soils namely clayey and silty in nature

ollected from Northern India were studied. The sorption experi-
ents were conducted by varying arsenic concentrations and time

ntervals for both the soils. In all the experiments, it was observed
hat arsenic concentrations decreased rapidly up to 2 h, followed
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by a minor reduction up to 8 h and thereafter equilibrium condi-
tion was obtained in all the cases. The total adsorption was found
to be increased with an increase in initial concentration of arsenic
for a particular soil.

In this context, sorption tests were conducted on three kinds
of soils for Cd, Ni and Pb having different physicochemical prop-
erties [6]. The heavy metal adsorption by these soils was studied
by isotherms and distribution co-efficient obtained for each metal.
The sorption capacity of these soils was found to be decreased with
the order like Pb � Ni > Cd. The distribution co-efficient (Kd) values
were small and higher percentage of metals was extracted in the
exchangeable fraction corresponding to that soil–metal system. Kd
value was higher for Pb for neutral and alkaline soils. The predomi-
nance of metals was associated with the exchangeable fraction. The
low Kd values indicated higher mobility of metals entrained in the
acidic soil compared with the others. Therefore, concentration of
Cd and Ni in the soil was found in their relatively less mobile form
while Pb distribution varied with the soil type.

The objective of the present study was to assess Ni and Cr
attenuation capacity of soil collected around an ash pond site
through laboratory studies. An understanding of contaminant (Ni
and Cr)–soil interaction phenomena for unraveling the transport
mechanism was also observed through soil and ground water with
an attempt to validate two-dimensional mathematical modeling
using the experimental results.
2. Materials and methods

The ash pond area of Kolaghat Thermal Power Plant, located on
the bank of Rupnarayan River near Mecheda Railway Station in the

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:s_kumar@neeri.res.in
mailto:sunil_neeri@yahoo.co.in
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Fig. 1. Experimental set-up for vertical column test.

istrict of Purba Medinipur, West Bengal, India was chosen as an
nvestigating site.

.1. Leachate characteristics
Fly ash sample was collected from the ash pond and mixed with
istilled water in a leaching column and the water emerging from
he bottom was collected and analyzed for chemical parameters.
he test results showed Ni and Cr concentration of 4.68 mg/L and

Fig. 2. Experimental set-up for
aterials 170 (2009) 1192–1196 1193

0.325 mg/L, respectively which are well above the permissible limit
of 0.2 mg/L and 0.05 mg/L, respectively. However, physicochemi-
cal tests of tube-water samples from the above locations showed
that the concentration of other heavy metals is within the permis-
sible limit. Soil samples were also collected from the site at 4 m
depth for determining soil moisture content, bulk density, particle
size distribution, atterberg limits, optimum moisture content and
permeability (falling head).

2.2. Analytical methods

Nickel and Cr were measured analytically by atomic adsorp-
tion spectrophotometer (Perkin-Elmer, USA make) using respective
cathode lamps following the procedure as delineated in ‘Standard
Methods’ [2].

2.3. Batch adsorption studies

Batch adsorption tests were carried out in a thermostatically
controlled horizontal shaker fitted with water bath to maintain con-
stant temperature. Several high-grade PVC bottles (100 ml capacity)
were taken for carrying out the batch test. In this test, a 100 ml water
sample containing 1 mg/L of Ni and 10 g field soil was placed in each
of seven polythene bottles of 200 ml capacity and kept in a ther-
mostatically controlled shaker. After every 30 min, one bottle was
taken from a shaker and the supernatant was analyzed for residual
Ni concentration. The same procedure was followed with Cr of con-
centrations 0.4 mg/L and 0.76 mg/L with field soils of 5 g and 10 g,
respectively. The test was repeated with similar time intervals with
different Ni and Cr concentrations and different amounts of soil.
2.4. Vertical column test

The vertical column test was performed in a laboratory-scale
experimental set-up comprising of a cylindrical column made of

horizontal migration test.
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Table 1
Physical properties of soil.

Bulk density
(g/cm3)

Optimum moisture
content (%)

Maximum dry
density (g/cm3)

Water content
(%)

Liquid limit
(%)

Plastic limit
(%)

Co-efficient of
permeability (cm/s)

Grain size distribution

Sand (%) Silt (%) Clay (%)

1.88 18.79 1.50 26 47 20 1.40 × 10−8 2 61 37
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Fig. 3. Per cent removal of Ni and Cr with time (batch study).

teel of height 45 cm and diameter 4 cm as shown in Fig. 1. Field
oil brought from the site was placed inside the column and com-
acted in layers up to a height of 15 cm with relative compaction of
5% with respect to field density and subsequently saturated with
ater. A sand layer of 5 cm height was placed on the top and bottom

f the sample. Nickel sulfate (NiSO4) solution was used as test sam-
le and allowed to pass through soil with a steady flow (vertical)
ith an initial concentration of 4 mg/L. The samples were collected

t different time intervals at the outlet point of soil column and
nalyzed for residual concentration of Ni. Similar procedure was
dopted with spiked solution of potassium di-chromate (K2Cr2O7)
aving Cr6+ concentration of 0.4 mg/L as influent solution.

.5. Horizontal migration test

The horizontal migration test was conducted in laboratory to
alidate the existing two-dimensional mathematical model and to
race the hydraulic migration behaviour of Ni and Cr. In this test, a

ank of 107 cm length, 60 cm height and 52 cm width (Fig. 2) was
lled with field soil up to 50 cm depth with relative compaction of
5% with respect to field density. There were three perforated wells
t three different locations as shown in Fig. 2. The compacted soil
as saturated with distilled water for 24 h. After complete satu-

Fig. 4. Freundlich isotherm from batch kinetics for Ni.
Fig. 5. Linearized Langmuir isotherm from batch kinetics for Cr.

ration of soil, the test was carried out in three phases. In the first
phase, K2Cr2O7 solution of an initial concentration of 0.74 mg/L was
applied to the injection well with steady flow at different time inter-
vals. The samples were collected at different time intervals from
observation wells for measuring residual concentrations of Ni. In
second phase, the study was repeated using NiSO4 solution of con-
centration 1.366 mg/L after reconditioning of soil in the tank. In
third phase, the same procedure was followed for combined con-
centrations of Ni and Cr as 1.340 mg/L and 0.74 mg/L, respectively.
The bulk density of soil was also checked before and after the test.

2.6. Modeling aspects

In a homogeneous medium with a uniform velocity field for a
two-dimensional direction of flow parallel to the abscissa (x-axis),
the governing advection–dispersion equation is suggested by Rowe
and Booker [4] as provided in literature [5]:
DL
ı2C

ıx2
+ DT

ı2C

ıy2
− �

ıC

ıx
= ıC

ıt
(1)

where C:concentration of contaminant in the liquid phase (mg/L);
�: average pore fluid flow velocity (m/sec); t: time (seconds);

Fig. 6. Breakthrough curve from vertical column.
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Fig. 7. Breakthrough curve from horizontal mig

L: longitudinal hydrodynamic dispersion (m); and DT: transverse
ydrodynamic dispersion (m).

If a tracer with concentration C0 is injected to a two-dimensional
ow field over an area A, at a point (x0, y0), the concentration at a
oint (x, y) at time t after the injection is given by the Eq. (2):

(x, y, t) = C0A

4�
√

DLDT

[
exp

[(x − x0) − vt]2

4DLT
− (y − y0)2

4DTt

]
(2)

. Results and discussion

The test results of some relevant physical parameters of soil
re presented in Table 1. The data revealed that the soil was pre-
ominantly cohesive with high silt content and low permeability.
ence, soil in and around the ash pond apparently possesses good

esistance against transmission of leachate to surrounding ground
ater.

.1. Batch adsorption studies

Fig. 3 exhibits the batch kinetics results during the time course
tudy against different initial concentrations of Ni and Cr in solu-
ion. The figure demonstrated a set of identical removal patterns
or which approximately 70% of the total adsorption occurred

ithin the first 2 h; thereafter the rate of removal was found to
e decreased noticeably. The equilibrium time for Ni2+ and Cr6+

dsorption were considered as 4 h and 1 h, respectively. Similar
esults for Cr were noticed depicting that about 70% of the total
dsorption occurred within first 20 min and after 1 h the curve
s asymptotic. Therefore, 4 h contact time was considered as the

quilibrium time for Ni.

The experimental data showed that initially, all the available
ites of the soil media were active, for which, high solute concen-
ration gradient prevailed and high affinity between the solute and
he soil mass exists as adsorbent. The predominant phenomenon of

Fig. 8. Breakthrough curve from horizontal migration
test for influent. Concentration of Cr 0.76 mg/L.

the adsorption of ions is perhaps due to the result of film diffusion
adsorption.

3.2. Isotherm studies

The experimental data were plotted in both Freundlich and
Langmuir isotherm models. However, the Freundlich model
(r2 = 0.98) fitted well for predicting the adsorption equation for Ni,
whereas for Cr, Langmuir model (r2 = 0.98) was found to be more
accurate, as evident from Figs. 4 and 5. The low value of n (slope of
the line) in both the cases revealed that the soil has a high rate of
Ni and Cr adsorption capacity. Because of low value of n (0.14) due
to flat slope, the retardation co-efficient R would also be less which
corroborated high Ni attenuation capacity of test soil. In case of Cr
‘n’ value is 0.42 due to comparatively steep slope, which indicated
relatively lesser attenuation capacity of the test soil.

The general equation is y = mx + c

x

m
= 1

n
Ce + c

where x is amount of sorbate adsorbed; m is unit weight of sorbent;
Ce is equilibrium concentration.

3.3. Breakthrough study results from vertical column test

Fig. 6 showed the variation of concentration ratio (i.e., C/C0) with
time for effluents collected from outlet point for a 5 mg/L of initial
Ni concentration with a continuous flow rate of 0.3 ml/min and the
breakthrough time of 60 h for Ni was found, when approximately
0.5 mg/L Ni was observed in the effluent point.
The equilibrium concentration was attained at 150 h, though
approximately 32% of the initial concentration was traced in
the effluent solution in the domain of experimental time con-
straints. The breakthrough time for Cr was observed as 400 h
when approximately 0.008 mg/L of Cr was found. The results

test for influent. Concentration of Ni 1.366 mg/L.
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Fig. 9. Breakthrough curve from horizontal migration test for combin

lso indicated high adsorption capacity of soil for Ni and
r.

.4. Breakthrough curve from horizontal migration test

Figs. 7 and 8 represent results in ‘Horizontal Migration Study’
or input concentrations of 0.76 mg/L and 1.366 mg/L for Cr and Ni,
espectively.

It is evident from figures that though complete halfway break-
hrough did not attain, but a trend of imminence for getting the
ame at deferred time lag was noted. However, it was found that
oth theoretical and experimental results are in agreement to a
ignificant extent.

The results also indicated high retention and adsorption capac-
ty of soil with respect to Cr and Ni ions. Fig. 9 showed variable trend
f attainment of residual concentrations of respective metal solu-
ion (Ni and Cr) at different time intervals, when bisolute metallic
olution (both Ni and Cr) were fed continuously in the system.

The breakthrough curve from horizontal migration test indi-
ated that up to 50 h, an insignificant amount of both Ni and Cr
ons are available in both the outlets after which a sudden appear-
nce of residual metals (both Ni and Cr) as traceable concentration
n the effluent solution is observed. From the instance of 50 h,
here has been an increasing trend of Ni and Cr ions in the outlet
olution (Fig. 7). It is evident that even though complete halfway
reakthrough did not occur within the time frame of the experi-
ent due to high adsorption capacity of soil, though there was a

robability of attaining a higher degree of residual of the said ion
oncentrations in the effluent if the experimental time would have
een prolonged. There was a possibility of channelization and also
variable nature of tortuosity of flow. It was also revealed that for

electivity sequence of the above metallic ions that were competing
or the same adsorptive clayey surface, Ni ions were preferred to be
orbed more than Cr ions due to higher potential concentration of
nfluent Ni solution and was thermodynamically more reactive by
he soil.
. Conclusions

The following conclusions are drawn from the present study on
he basis of the test results:

[

uent. Concentration of nickel 1.340 mg/L and chromium 0.738 mg/L.

• Nickel and Cr were found to be a traceable toxic metal, which
were satisfactorily attenuated by soil samples taken from the field
around the ash pond area;

• Physical and high adsorptive properties of the soil revealed that
the pollutants from the ash pond cannot be transported to an
appreciable distance;

• The value of r2 from adsorption isotherm model was found as 0.98
followed by low value of ‘n’ (slope of the line) which indicates
good adsorption property of soil;

• Breakthrough curves from vertical column tests indicated that the
equilibrium time for Ni and Cr were achieved after 120 h;

• Test results were also compared with theoretical values based
on a two-dimensional model, as suggested by Rowe and Booker
[4] and Fetter [3]. Some agreement of predictive and theoretical
values were noticed but due to non-availability of simulated test
set-up with the field condition, a very close agreement of these
two values did not achieve;

• The breakthrough curves are fluctuating in nature due to tortu-
ous movement of pollutants through soil indicating that further
time is necessary to get 50% breakthrough values. Nickel ions are
preferred to be sorbed more than Cr ions due to high potential
concentration of influent Ni solutions.
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