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Abstract The soil remediation techniques play an impor-
tant role when concerned with the environmental pollution
caused by landfills, open dumps, mining areas and chem-
ical spills. This paper aims to investigate the efficiency of
inorganic and organic amendments to immobilize the
heavy metals in a contaminated soil located at the Bingi-
pura landfill site, Bangalore, India. The landfill site soil
contaminated with heavy metals, i.e., copper, zinc, iron,
chromium, cadmium, nickel and lead was studied with
immobilization technique as this technique is relatively
easily applicable and low cost. The immobilization effi-
ciencies achieved with inorganic amendments, i.e., lime,
cement, sodium hydroxide and organic amendments such
as sawdust, arecanut fiber and dry leaves corresponding to
pH values of 7.0, 8.5 and 10 were analyzed. The long-term
efficiencies of organic and inorganic mixtures were asses-
sed by conducting leaching tests on the stabilized soil for
three months. The percentage leaching of various heavy
metals from amended soil using different mixtures was
observed during this period and the immobilization effi-
ciencies were estimated. The highest immobilization effi-
ciency was obtained using an admixture of lime with 5%
sawdust corresponding to a pH value of 10. The leacha-
bility orders of different heavy metals from the amended
soil were compared with the standard sequences of
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solubility of their hydroxides and found that the results
were similar to these sequences.
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Introduction

The land, the base and source of comforts for all the living
beings on the earth is a non-renewable natural resource
which needs to be taken care as a priority. Many lands
turned unproductive due to over population and the activ-
ities of human beings. The modern agricultural and
industrial activities led to the land degradation and turned
some of the productive lands into wastelands. The waste-
lands atlas of India, 2019 [1] states that the total wasteland
area of the country was about 5,57,665.51 sq. km. (16.96%)
in 2015-16. The disposal of wastes and sludges by indus-
tries leads to contamination of soil and groundwater. The
commonly available hazardous metals in a contaminated
soil include copper (Cu), zinc (Zn), lead (Pb), cadmium
(Cd) and chromium (Cr) [2-6]. There are two soil reme-
diation techniques which have in practice been (i) extrac-
tion techniques (to remove the contaminants from the soil)
and (i) immobilization technique (to make the contami-
nants immobile by decreasing their solubility) [7]. The
extraction techniques such as soil washing, remove the
contaminants from the soil and are more desirable than
immobilization technique. But the extraction techniques
which make use of leaching solutions to remove contami-
nants require treatment of wastewater generated after
extraction of contaminants from the soil and also need safe
disposal of these extracted metals [8—10]. Another problem
with extraction techniques is that it is not easy to
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completely remove the contaminants from the fine-grained
soil. On the other hand, the immobilization technique
avoids the need of excavation of the contaminated soil,
treatment of wastewater and disposal of the contaminated
fluid. Thus, provides relatively fast and cost-effective
solution to treat the contaminated soil [11, 12]. The metal
hydroxides formed after immobilization will not migrate
because of their low soluble form and reduces the proba-
bility of contamination of nearby water bodies [13]. Using
this technique, the solubility and mobility of heavy metals
are decreased by increasing the pH value or by increasing
the adsorption capacity of soils [14].

The immobilization technique if applied to convert the
contaminated sites to agricultural fields, it is called as
phytostabilization. In phytostabilization, the mobility of
contaminants within the vadose zone will be reduced,
thereby reducing off-site contamination and reducing
contaminant solubility or bioavailability to the food chain.
Kosiorek & Wyszkowski [15] have studied the use of
manure, clay, charcoal, zeolite, and calcium oxide for
phytostabilization. The clay minerals and natural zeo-
lites are very effective to enhance fertility of the soil as
well as to remediate the polluted soil. These amendments
are appropriate for preserving agricultural sustainability on
a long-term basis [16].

Various organic and inorganic additives can be used to
restrict the mobility of contaminants in the soil using
immobilization technique [17-24]. The additives such as
clay, calcium hydroxide, cement, zeolites, hydroxyapatite,
phosphates, organic compost, and microbes are widely
used materials to immobilize the metals in soil [25, 26].
Addition of locally available materials such as natural clays
would be a relatively economical method [27]. Ordinary
Portland cement and fly ash can be used to solidify the
metals in sludges [28-30]. Kogbara [31] studied the effi-
ciency of immobilization technique using cement and
mixtures of cement with fly ash, slag and lime. Lin et al.
[22] studied the use of synthesized zeolite to treat a cad-
mium contaminated soil. Addition of Ca/Cao/NaH,PO, on
cesium contaminated soil was investigated by Mallampati
et al. [32]. The efficiency of calcium and calcium oxide
(Ca/Ca0) to immobilize the metals, arsenic, cadmium,
chromium and lead in soil was studied by Mallampati et al.
[33]. The organic wastes such as sewage sludge, green
waste and compost are also effective to immobilize the
metals in soil and to increase the fertility of soil [34].

The chemicals are introduced in the ground by various
methods like flooding the surface of the site, forced
injection or by permitting slow penetration into the soil.
But the frequently used method of mixing additives to the
soil has been by tilling operations [27, 35]). Compared to
other metals, it is easy to obtain the soluble form of cad-
mium [36]. Between the pH range of about 5.0-7.5, the
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solubility of lead was reported as less. At a soil pH of
6.5-7.5, Cu and Ni adsorb strongly on clay minerals. Zinc
adsorbs at pH values above 6.0, but easily gets converted to
a soluble form [37, 38]. The use of organic amendments in
immobilization not only improves the soil structure but
also increases the moisture content in the soil which is
required for chemical reactions and moisture holding
capacity of the soil [39]. Awokunmi [40] found that
application of sawdust successfully immobilized poten-
tially toxic metals in a contaminated soil. The use of var-
ious organic amendments in soil immobilization was
studied by several researchers [41-49] and found that the
organic amendments are very effective in immobilization
remediation of contaminated soils.

As the contaminated soil also contains organic matter, it
is effective to use organic amendments along with inor-
ganic amendments for treating the pollutants. There is a
limited research work done on the combination of organic
and inorganic additives to immobilize the toxic metals in
soils at the dump sites. Hence, an attempt was made to use
sawdust, arecanut fiber and dry leaves in combination with
three inorganic amendments, i.e., lime, cement and sodium
hydroxide (NaOH). As the solubility of most of the metals
decreases from ‘hydroxides’ to ‘sulphates’ to ‘carbonates’
to ‘chlorides’, it is proposed to convert the heavy metals in
soil into stable metal hydroxides, which can be achieved by
increasing the pH. The pH that is required to convert the
metal into metal hydroxide varies from metal to metal. It is
thus proposed to check the efficiency at pH values of
7.0, 8.5 and 10.

The efficiency of immobilization technique also depends
on the mixing methods and their application. The soils
containing more clay or debris are difficult to mix, espe-
cially for in-situ applications. This technique is limited due
to the insufficient data available related to the long-term
consistency of the treated material [S0]. A proper estimate
of the field conditions for a longer period needs to be made
with caution. It is required to monitor the fate of trace
elements and the amendments, over long periods of time as
the environmental conditions such as acid rain and pH
changes may cause leaching of metals. Decrease in the pH
value may incline to solubilize the metals in treated soil
[51]. Wang et al. [47] studied the long-term immobilization
efficiency of biochar and stated that the factors such as acid
rain, floods, changes in soil condition, plant roots and
microorganisms in the soil significantly reduce the immo-
bilization effect of biochar. When the physico-chemical
properties of a soil change, the immobilized heavy metals
may become active (mobile). Therefore, this remediation
technique requires permanent monitoring [52]. Long-term
stability of the amended soils also depends on the solubility
of metals in their converted form [53-55]. As the long-term
monitoring of the treated site is a costly process, it is
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advisable to conduct leaching tests to check the stability of
the treated soil by simulating the field conditions. Hence, it
was proposed to observe the stability and leachability of
chemical compounds formed in the amended soil for a
period of three months using leaching tests. The results
were then compared against the pH changes and standard
values of the solubility of metal hydroxides.

Materials and Methods
Contaminated Soil

The soil samples were collected from Bingipura dumping
yard located at the outskirts of Bangalore, India (Fig. 1).
This site, located in South Bangalore close to Electronic
city, was spread in 24 acres and overloaded with more than
50,000 tonnes of garbage which contaminated the
groundwater of surrounding villages. The soil at the landfill
area is highly contaminated with various pollutants and
heavy metals. The migration of the pollutants in the soil led
to the contamination of water sources near this area and
caused potential risk to public health. From the observa-
tions of [56], it was found that the nearby surface water
body is polluted and showed higher values for salinity,
alkalinity, TDS and pH. The contaminated soil collected
from the dump site was analyzed to know the quantities of
various heavy metals present in it. It was found that the
quantities of various metals in the soil ranged from 1.8 to
213 mg/kg. As the concentration levels were relatively
low, it was decided to use light treatment technique like
immobilization. Since the solubility of metal hydroxides is
less, it was aimed to alter the metals into their hydroxide
form. It was also proposed to study the influence of pH
changes on the immobilization efficiencies.

The soil samples collected from a depth of 0.5 m from
different locations at the site were thoroughly mixed to get
a representative sample of uniform composition. The soil
collected from the site was screened manually to remove
debris etc., air dried for one week, sieved through a 2 mm
sieve and then oven dried to determine the index properties
of soil. The composition of the soil was estimated to be of
52% sand, 19% silt and 29% clay. The soil is classified as
clayey sand (SC) as per Indian Standard classification
system. The plasticity and compaction characteristics of
the contaminated soil are given in Table 1.

Chemical Analysis of Contaminated Soil

The quantities of various metal ions presented in the con-
taminated soil were estimated with the standard methods of
USEPA 3050B [57]. For this, a dry soil sample of about
one gram was mixed with 10 ml of 1:1 HNOj; and refluxed

for 10 min. The concentrated HNO; of 5 ml was then
added and refluxed for 30 min. The process was repeated
till the digestion is completed. The mixture was then
reduced to a volume of 5 ml by heating it at 95 °C. It was
then mixed with 2 ml of distilled water and 3 ml of 30%
hydrogen peroxide (H,O,). The H,O, was added in 1 ml
quantity till bubbling subsides. The mixture was again
heated at 95 °C to reduce the volume to 5 ml. When the
mixture was cooled, 10 ml of concentrated hydrochloric
acid (HCl) was mixed with it and refluxed for 15 min. It
was then filtered through 20 pm filter paper and the filtrate
was analyzed by atomic absorption spectrometry. The
quantities of heavy metals are given in Table 2.

Amended Soil Sample

The contaminated soil sample of about 110 g was taken in
a container and the additive/amendment was added to the
soil in such a way that the pH value of the mixture
achieved the desired value. The samples were prepared
with 3 inorganic additives, i.e., lime, cement and NaOH.
Each additive was added to adjust the pH of the mixture to
maintain a pH value of 7.0, 8.5 and 10. To study the effect
of organic amendments, three organic materials, i.e., saw-
dust, arecanut fiber and dry leaves were used in this
research work. The soil was mixed with the inorganic
amendment to bring it to the required pH and then the
organic amendment was mixed in different proportions
(1%, 2% and 5%) corresponding to a pH value of 10. Total
36 samples were prepared out of which 9 samples were
prepared with 3 inorganic additives corresponding to pH
values of 7.0, 8.5 and 10, and 27 samples were prepared
using 3 organic additives of different proportions corre-
sponding to a pH value of 10. The mixtures were subjected
to mechanical shaking for 24 h and allowed to react with
the pollutants for one week. The amended soil samples thus
prepared were tested to evaluate their stability.

Leaching Tests for Amended Soil

To evaluate the long-term stability of the soil mixtures,
leaching tests were conducted by passing water through the
soil placed in the containers. The arrangement of contain-
ers for leaching test is shown in Fig. 2. Since the mobility
of most of the metals in the soil decreases with increase in
pH, it was proposed to mix the additives to adjust the pH of
the mixture to 7.0, 8.5 and 10. The mixture was placed in
the containers with light compaction and left for four
weeks under moist condition. The distilled water was then
passed through the columns (to simulate rainfall on
amended soil in the field) and the effluent was collected in
a container. The effluent samples were collected from the
container at every 12 h time interval. The concentrations of
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Fig. 1 Bingipura dumping yard, Bangalore, India

Table 1 Plasticity and compaction characteristics of contaminated soil

Specific gravity (G) Liquid limit (%) Plastic limit (%) Shrinkage limit Plasticity index Maximum dry density Optimum water content (%)

(%)

(Ip) (g/ce)

2.69 48.4 252 15.1

232 1.746 20.8

Table 2 Heavy metals in contaminated soil

Metals in soil Quantity of metals in soil (mg/kg)

Cu 89.2
Zn 101.3
Fe 213.6
Cr 21.2
Cd 1.8
Ni 34.8
Pb 5.4

Fig.2 Arrangement of leaching test for solidified soil
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heavy metals in effluents were found by atomic absorption
spectroscopy (AAS) to know the amounts of various con-
taminants leached out after solidification and to assess the
capabilities of these solidifying agents. The sample tested
was mixed with the remaining effluent, and the concen-
trations determined were corresponding to the cumulative
effluent leached from the soil. The effluent concentrations
were monitored for a period of 120 days to know the long-
term efficiency of the amendments under study in retarding
the migration of metal ions. From the effluent concentra-
tions estimated, the cumulative percentage leached and the
immobilization efficiency were estimated for each metal
ion (Table 3).

Results and Discussion

The immobilization efficiencies obtained with different
additives are compared with respect to each metal ion as
shown in Figs. 3, 4, 5, 6, 7, 8, 9. From the results, it was
observed that the increase in pH value increases the
immobilization efficiencies and the efficiencies also
increased with the addition of organic amendments. The
addition of all the three organic amendments increased the
immobilization efficiencies, but the sawdust gave the best
results. The highest and lowest leaching rates were regis-
tered for cadmium and copper metals, respectively. Among
the additives studied, the soil treated with lime + 5%
sawdust gave the best results. Out of the metals present in
this mixture, only 0.62% of Cu, 14.74% of Cr, 10.33% of
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Table 3 Results of leaching tests on amended soil samples
Amendment pH Metals in soil
% leached & Efficiency  Copper  Zinc Iron Nickel = Cadmium  Lead Chromium
Lime 7.0 % leached 68.40 66.20 47.80 67.60 70.30 71.80  50.40
Efficiency 31.60 33.80 5220 3240 29.70 28.20  49.60
Lime 8.5 % leached 40.30 4840 3280 63.80 65.40 64.90 38.60
Efficiency 59.70 51.60 6720 36.20 34.60 35.10 61.40
Lime 10.0 % leached 28.90 3040 4230 37.20 48.80 46.50  21.60
Efficiency 71.10 69.60 57.70  62.80 51.20 53.50  78.40
Lime + 5% saw dust 10.0 % leached 0.565 19.36 10.33 5.71 24.08 2272 1474
Efficiency 99.44 80.64 89.67 94.29 75.92 77.28  85.26
Lime + 5% arecanut fiber 10.0 % leached 25.20 21.10  31.80  30.60 38.90 40.80  16.60
Efficiency 74.80 7890 6820  69.40 61.10 59.20  83.40
Lime + 5% dry leaves 10.0 % leached 27.60 2430 3750 35.10 44.60 4440  19.90
Efficiency 72.40 75.70 6250  64.90 55.40 55.60  80.10
NaOH 7.0 % leached 70.06 7236  53.14  78.18 77.36 80.27  62.13
Efficiency 29.94 27.64 4686 21.82 22.64 19.73  37.87
NaOH 8.5 % leached 52.71 58.75 3935 7132 71.91 7144  49.15
Efficiency 47.29 4124  60.65 28.67 28.09 28.56  50.85
NaOH 10.0 % leached 43.68 4437 4792  50.25 58.43 5647  35.07
Efficiency 56.32 55.63  52.07 49.74 41.56 4353 64.92
NaOH + 5% saw dust 10.0 % leached 21.24 3555  19.07 2531 38.37 37.12 2940
Efficiency 78.76 6445 8093  74.69 61.63 62.88  70.60
NaOH + 5% arecanut fiber 10.0 % leached 31.70 41.57 40.82  47.58 50.28 48.78  31.35
Efficiency 68.30 5843  59.18 5242 49.72 51.22  68.65
NaOH + 5% dry leaves 10.0 % leached 38.62 44.57  46.78  48.25 55.36 50.18  31.52
Efficiency 61.38 5543 5322 5175 44.64 49.82  68.48
Cement 7.0 % leached 65.38 67.13 5218  71.07 78.19 7326  61.16
Efficiency 34.62 32.87 47.82 2893 21.81 26.74 38.84
Cement 8.5 % leached 46.87 53.87 36.16 67.78 68.83 68.34  44.13
Efficiency 53.13 46.13  63.84 32.22 31.17 31.66  55.87
Cement 10.0 % leached 36.72 37.78  45.19  44.11 53.87 51.74  28.66
Efficiency 63.28 6222 5482 55.89 46.13 4826  71.34
Cement + 5% saw dust 10.0 % leached 11.50 2791 1481 16.08 31.60 3029 2241
Efficiency 88.50 72.09 85.19 83.92 68.40 69.71  77.59
Cement + 5% arecanut fiber  10.0 % leached 31.68 30.56  41.88  39.58 48.08 48.11  25.78
Efficiency 68.32 69.44  58.12  60.42 51.92 51.89  74.22
Cement + 5% dry leaves 10.0 % leached 35.47 33.18 3876  41.22 47.55 50.11  30.15
Efficiency 64.53 66.82 61.24  58.78 52.45 49.89  69.85

Fe, 22.72% of Pb, 19.36% of Zn, 5.71% of Ni and 24.08%
of Cd leached out from the treated soil. All the metal ions
achieved highest immobilization for lime with 5% sawdust
at a pH value of 10. The immobilization efficiencies
obtained with lime alone at a pH value of 10 were in the
range of 51-78%, whereas these values ranged from 75 to
99% when sawdust is added to the lime at same pH value
of 10. It was also observed that the immobilization effi-
ciencies of all the three additives are high at a pH value of
10 when combined with 5% saw dust. Hence, it was

identified that the addition of 5% sawdust increased the
efficiencies approximately by 20% for all the three inor-
ganic additives studied.

From the leaching test results on lime stabilized soil, the
orders of leachability from different mixtures were
observed as follows.

Lead > Cadmium > Cop-
per > Nickel > Zinc > Chromium > Iron (pH = 7.0).

Cadmium > Lead > Nickel > Zinc > Cop-
per > Chromium > Iron (pH = 8.5).
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From the results of leaching tests on cement stabilized
soil, the orders of leachability from different mixtures were
observed as follows.

Cadmium > Lead > Nickel > Zinc > Copper >
Chromium > Iron (pH = 7.0).

Cadmium > Lead > Nickel > Zinc > Copper >
Chromium > Iron (pH = 8.5).

Cadmium > Lead > Iron > Nickel > Zinc > Cop-
per > Chromium (pH = 10.0).

Cadmium > Lead > Zinc > Chromium > Nickel >
Iron > Copper (pH = 10.0 with 5% sawdust).

Chaturvedi et al. [58] found the leachability sequence as
Cd > Pb > Zn for soil stabilized with humus soil and
hydroxyapatite. This sequence is similar to the experi-
mental results of the present study. In general, the metal
type, its form and pH value of the mixture influences the
leachability of metals from soil. The standard sequences of
solubility of metal hydroxides with pH value are in the
following order (Digital Analysis Corp [59]. and Snoeyink
et al., [60]) (Fig. 10).

Cd(OH), > Pb(OH), > Ni(OH), > Zn(OH),.
> Cu(OH), > Cr(OH); > Fe(OH), (pH = 7.0).

Cd(OH), > Pb(OH), > Fe(OH), > Ni(OH),.
> Zn(OH), > Cr(OH); > Cu(OH), (pH = 8.5).

Cd(OH), > Pb(OH), > Zn(OH), > Cr(OH);.
> Fe(OH), > Ni(OH), > Cu(OH), (pH = 10.0).

The leachability orders of metals from the amended
mixtures of this study were observed to be similar to these
sequences with small variations. These variations may be
due to the solid matrix created by cementing agents and
cation exchange with soil.
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Fig.10 Solubility of metal hydroxides. ( Adopted from Digital Analysis Corp., NY)
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Conclusions

This study analyzed the immobilization efficiencies of
inorganic amendments with and without organic amend-
ments in reducing the mobility of heavy metals in con-
taminated soil. The immobilization efficiencies of heavy
metals were studied with three inorganic additives, i.e.,
lime, NaOH and cement corresponding to three pH values,
i.e., 7.0, 8.5 and 10.0 and with three organic amendments,
i.e., sawdust, arecanut fiber and dry leaves. Leaching tests
were conducted for a period of 120 days to know the long-
term efficiency of amended mixtures. It was observed that
with the increase in pH value, the leachability of metals
decreased drastically and the immobilization efficiencies
increased. The immobilization -efficiencies have also
increased with the addition of organic amendments and out
of the organic amendments tested at different proportions,
addition of 5% sawdust yielded the best results. The
leachability rates of metals were observed to be the lowest
with the addition of 5% sawdust to lime at a pH value of
10. The highest immobilization efficiencies obtained with
this amendment were 99.4%, 94.3%, 89.7%, 85.3%,
80.6%, 77.3% and 75.9% for the metals of Cu, Ni, Fe, Cr,
Zn, Pb and Cd, respectively. It was identified that the
addition of 5% sawdust increased the efficiencies by about
20% for all the three inorganic additives studied. The
leachability orders of the metals from the amended soil
varied with pH and were in different orders, but were
observed to be in good agreement with the standard
sequences of solubility of metal hydroxides. The small
differences indicated the differences in cation exchange
and matrix cementation in soil with lime and cement. The
identified amendment mixtures in this study are thus useful
to treat the dumpsite of this case study.
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