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a  b  s  t  r  a  c  t

The conventional soil washing process uses inorganic acids to extract metal from contami-

nated soils; however, soil structure disturbance is a negative by-product of the process using

the acids. To minimize the adverse effects of soil washing, the use of alternative extractants

is  needed. Ferric chloride has a low pKa value, and anionic chloride ligand can enhance the

extraction of toxic cationic metals from soils. In this study, a soil washing process using

ferric chloride and ferric nitrate was applied to a Pb-contaminated model and field shoot-

ing  range soils, and the outcome was compared to the use of conventional inorganic acids.

The extraction of Pb from both soils was mostly dependent on the equilibrium solution pH

regardless of the extractants used, and chloride could not significantly enhance that. Ferric

iron enhanced the extraction of Pb compared to the inorganic acid treatment because ferric

could generate continuously hydrogen ions by the equilibrium reaction between ferric ions

and ferric hydroxide. Ferric chloride may be an attractive alternative extractant for the soil

washing of Pb-contaminated soils. However, although Pb concentration in soil was signifi-

cantly decreased by washing process, soil enzyme activity and plant growth was inhibited by

severe soil acidification. Additionally, ferric salt-based washing showed similar seed germi-

nation test using tomato (Solanum lycopersicum) with HCl-based washing. Therefore, ferric

salt  based soil washing could remove more Pb from the shooting range soil with similar

quality of soil compared to inorganic-based washing.

© 2016 Published by Elsevier B.V. on behalf of Institution of Chemical Engineers.

1.  Introduction

Metal contamination of soil has increased due to industrial
developments and human activities including abandoning
mines and the refinery of metals. It is well known that
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heavy metals are significantly harmful to human health and
have disastrous effects on the ecosystem. Several soil reme-
diation techniques have been applied to treat heavy-metal
contaminated sites, with stabilization/solidification as the
most common choice (Ahmad et al., 2012a, 2012b; Moon et al.,
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2013). However, this technique is not suitable in Korea because
the Korean government has regulated soil quality based on the
pseudo-total content of metals after aqua regia extraction since
2009 (Yoo et al., 2013). Therefore in Korea, separation or extrac-
tion techniques such as soil washing, phytoremediation, and
electrokinetic remediation have been used to restore metal-
contaminated soils (Kim et al., 2013b, 2011, 2014; Moon et al.,
2012; Oh et al., 2012; Ryu et al., 2011). Among them, ex situ soil
washing has been the most widely applied because of its high
removal efficiency, short treatment time, effective volume
reduction of soils as well as contaminants, and relatively sim-
ple treatment process (Dermont et al., 2008; Yoo et al., 2013).

The ex situ soil washing technique is a combined pro-
cess of physical separation and chemical extraction, and it is
applicable to the removal of various contaminants (Dermont
et al., 2008). In chemical extraction, the selection of extract-
ing agents including organic/inorganic acids, chelating agents,
and surfactants is most important to extract contaminants
from the soil to the aqueous phase (Arwidsson et al., 2010;
Di Palma et al., 2011; Lei et al., 2008). Metals are extracted
from the solid phase by ion exchange with hydrogen ions
or cations and metal-ligand complexations. It is well known
that chelating agents including ethylenediaminetetraacetic
acid (EDTA) and ethylenediaminedisuccinic acid (EDDS) bind
strongly with metals and effectively extract metals via chela-
tion (Fabbricino et al., 2013; Polettini et al., 2009). However, high
cost is a barrier for the application of remediation agents on a
field-scale. Though the recycling of EDTA has been applied to
a pilot-scale soil washing process, a considerable amount of
EDTA was required due to the presence of Fe-EDTA complexes,
which have higher affinity than metal-EDTA complexations
(Voglar and Lestan, 2012, 2013). Therefore, inorganic acids
including hydrochloric acid (HCl), nitric acid (HNO3) and sul-
furic acid (H2SO4) are more  frequently used to treat metal
contaminants because of their low cost and high metal extrac-
tion capacities (Ko et al., 2005). Even though inorganic acids
can extract toxic metals via dissolution and desorption, the
issues of harmful effect on soil ecosystem by severe soil acid-
ification should be solved for the general application of this
technique. Recently, some researches using various salt solu-
tions as an alternative extractant have investigated to enhance
both metal removal and soil quality. Makino et al. (2006, 2008)
and Li et al. (2015) reported that the extraction of Cd and
Pb using cationic chloride solutions including CaCl2, FeCl3,
MgCl2, KCl, and NaCl from paddy and agricultural soils was
influenced by extraction pH, metal-chloride complexations,
and ion exchange between Al on soil surface and cations
selectively. Among the Ca-, Mg-, Na-, K-, and Fe-based salts,
ferric iron(Fe(III)) has a low pKa value. Fe(III) can also form
ferric (oxy)hydroxides, which are abundant minerals in soils,
can dissociate water molecules, and can generate hydrogen
ions during precipitation. The produced hydrogen ions then
decrease the solution pH and enhance the metal extraction.
The researchers reported that metal-chloride complexation
enhanced the metal extraction, however, the mechanism of
metal extraction by ferric salts is unclear because the stability
constant between metals and chloride is not high enough to
achieve the extraction.

In this study, soil-washing experiments using ferric salts
and conventional inorganic acids were carried out to inves-
tigate Pb extraction characteristics using Pb-contaminated
model soil. Based on these results, we  evaluated the mech-
anism and potential of ferric salts on the removal of Pb
from soil collected from contaminated shooting range soil

to address its applicability to a real field situation. Usually,
the easily extractable Pb including cerussite(PbCO3) and/or
hydrocerussite(Pb3(CO3)2(OH)2) is commonly found in shoot-
ing range soils (Cao et al., 2003; Lin et al., 1995), which are
exchangeable fractions of Pb in soils. In addition, the soil qual-
ity via a seed germination test in a pot and soil enzyme activity
test for urease before and after washing process using HCl and
FeCl3 was evaluated for field contaminated soil.

2.  Materials  and  methods

2.1.  Artificially  Pb-contamination  of  kaolin  and  field
shooting  range  soil

One model soil, kaolin, and field shooting range soil, were
used to test soil-washing efficiency. Kaolin is a category of
rock that is rich in kaolinite (Al2Si2O5(OH)4), most abundant
clay mineral in Korea, and has a low shrink-swell capacity
and a low cation exchange capacity (CEC). Pb-contaminated
kaolin was prepared by mixing 1 kg of kaolin (Sigma–Aldrich
Co. Ltd, MO, USA) and 3 L of 145 mM Pb(NO3)2 adjusted to
pH 6.0 ± 0.1 with 0.1 M HNO3 and NaOH. The mixture was
stirred using a horizontal shaker at 100 rpm for 24 h at room
temperature. Then, the final mixture was filtered using a
vacuum pump and washed with deionized water to remove
unattached Pb. The residual solid was dried at 75 ◦C and was
used as the Pb-contaminated model soil. The original kaolin
soil consisted mainly of kaolinite but also contained some
impurities including Pb. The Pb content in the original kaolin
soil was 2887 mg/kg. After the kaolin was artificially con-
taminated with additional Pb, the concentration of Pb was
approximately 27 mg/g and the pH was 6.1.

The field Pb-contaminated soil was collected from a former
shooting range in South Korea. The physicochemical proper-
ties of the Pb-contaminated shooting range soil are shown in
Table 1. The particle size distribution was measured by wet-
sieving, and the size distribution of the soil particles smaller
than 75 �m was analyzed using a particle size analyzer (Accu-
Sizer 780 SIS, PSS, USA). The soil pH and electrical conductivity

Table 1 – The physicochemical properties of the field
Pb-contaminated shooting range soil.

Parameter Value

pH 5.9
Organic matter (%) 5.6
CEC (meq/100 g) 15.5
Soil minerals identified by XRD Quartz,

feldspar,
muscovite

Particle size distribution (wt%)
>2.000 mm 0.0
0.075–2.000 mm 58.4
0.038–0.075 mm 5.8
0.002–0.038 mm 35.2
<0.002 mm 0.6

Initial concentration of elements (<0.075 mm)
Pb (mg/kg) 5715.4 ± 2.5
Zn (mg/kg) 218.6 ± 0.7
Ni (mg/kg) 62.0 ± 0.1
Cu (mg/kg) 15.1 ± 0.1
Ca (mg/kg) 932.9 ± 0.1
Mn (mg/kg) 579.7 ± 1.4
Fe (g/kg) 37.4 ± 0.1
Al (g/kg) 38.0 ± 0.1
Mg (g/kg) 8.3 ± 0.0
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