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Abstract A novel treatment mix was designed for the simul-
taneous immobilization of As, Cu, and Pb in contaminated
soils using natural (waste oyster shells (WOS)) and industrial
(coal mine drainage sludge (CMDS)) waste materials. The
treatments were conducted using the standard U.S. sieve size
no. 20 (0.85 mm) calcined oyster shells (COS) and CMDS
materials with a curing time of 1 and 28 days. The As immo-
bilization treatments were evaluated using the 1-NHCl extrac-
tion fluid, whereas the Pb and Cu immobilization treatments
were evaluated using the 0.1-N HCl extraction fluid based on
the Korean leaching standards. The treatment results showed
that the immobilization of As, Cu, and Pb was best achieved
using a combination mix of 10 wt% COS and 10 wt%CMDS.
This treatment mix was highly effective leading to superior
leachability reductions for all three target contaminants
(>93 % for As and >99 % for Cu and Pb) for a curing period
of 28 days. The X-ray absorption near-edge structure

(XANES) results showed that As was present in the form of
As(V) in the control sample and that no changes in As speci-
ation were observed following the COS-CMDS treatments.
The scanning electron microscopy (SEM)-energy dispersive
X-ray spectroscopy (EDX) sample treated with 10 wt% COS
and 10 wt% CMDS indicated that As immobilization may be
associated with the formation of Ca–As and Fe–As precipi-
tates while Pb and Cu immobilization was most probably
linked to calcium silicate hydrates (CSHs) and calcium alumi-
num hydrates (CAHs).
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oyster shell . Coal mine drainage sludge . XANES

Introduction

Pb and Cu soil contamination in civil and military firing ranges
is a serious problem that often requires immediate remedial
action. Typical military-grade bullets, made of Pb alloy slugs
enclosed in a Cu alloy jacket, may result in substantive accu-
mulation of Pb and Cu in shooting range soils (Dermatas et al.
2004). On the other hand, As contamination in chromated cop-
per arsenate (CCA)-contaminated soil may be a public health
concern. In the past years, CCA has been used as a timber-
preserving agent against insect or microbial (fungal or bacterial)
decay. However, in recent years, many countries around the
world have applied restrictions in CCA use, particularly for
timber destined for residential applications. For example, the
use of wood with a As2O5 content higher than 0.1 % was
banned on 8 October 2007 by the Korean Ministry of Environ-
ment (Koo et al. 2008), leaving a legacy of CCA-contaminated
soil sites. In this study, the simultaneous immobilization of As,
Cu, and Pb in a contaminated soil was explored for a composite
soil sample made of army firing range soil and CCA-
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contaminated soil. The study was commissioned by the Korean
Ministry of the Environment to simultaneously treat metalloid
and heavy metal-contaminated soil using a stabilization pro-
cess. The composite soil sample was created to ensure the pres-
ence of all metals of concern in the treated soil sample. In
addition to the technical feasibility (effectiveness of the method
for all target contaminants), cost and sustainability were the
main considerations for the proposed remedial treatment
scheme. In that sense, the study earmarked to consider nontra-
ditional stabilization materials of minimal cost, preferably
waste materials with a recycle/reuse potential.

A novel mixture composed of natural waste materials
(waste oyster shells (WOS)) and an industrial waste (coal
mine drainage sludge (CMDS)) were considered as
immobilizing agents. More than 250,000 tons of calcium-
rich WOS are produced annually in the Republic of Korea,
and 40 % are dumped in coastal areas, causing serious nui-
sance and odor problems and instigating degradation of the
surrounding environment. Recently, WOS (as the Ca source)
was applied as the main stabilizing agent to immobilize As by
formation of Ca–As precipitates and heavy metals by the for-
mation of pozzolanic reaction products in contaminated soils
(Moon et al. 2011b, 2015). However, treatment using only
WOS in its natural or calcined state showed limited effective-
ness with respect to As immobilization, unless larger quanti-
ties of WOS were applied (Moon et al. 2011b). Specifically,
concentrations higher than 25 % calcined oyster shell (COS)
were needed in order to obtain effective As immobilization in
contaminated mine tailings when a 1-N HCl extraction fluid
was applied (Moon et al. 2011b). Therefore, the selection of
CMDS was made because of its high iron content, which may
prove to be beneficial for As immobilization due to As–Fe
complexation. Effective As immobilization upon iron treat-
ment has been reported in the literature by various researchers
(Chung et al. 2001; Kim et al. 2003; Lee 2006; Kumpiene
et al. 2008; Wilopo et al. 2008; Drahota and Filippi 2009;
Moon et al. 2015). CMDS is an iron-rich industrial waste
byproduct resulting from coal mine industrial operations.
Thus, there is strong evidence that the combination treatment
by COS and CMDS, could potentially lead to the development
of an effective technology for simultaneous immobilization of
As and heavy metals.

In the case of heavy metals immobilization, treatment of
only COS showed a significant reduction in Pb and Cu leach-
ability with 5 and 10%COS content upon 0.1 NHCl extraction
(Moon et al. 2013). Therefore, when As and heavy metals co-
exist in contaminated soil, treatment of only COS may provide
mixed results. A combination treatment of COS and another
agent may be able to solve this problem and provide effective
immobilization of As and heavy metals simultaneously with a
small quantity of admixture. In this study, a combination treat-
ment of COS and CMDSwas investigated for the simultaneous
immobilization of As and heavy metals in contaminated soil.

The purpose of this study is to investigate the feasibility of
beneficially using waste materials (WOS and CMDS) for the
simultaneous immobilization of As, Pb, and Cu in contaminat-
ed soil. The effectiveness of immobilization is evaluated based
on the 1-N HCl extraction method for As and the 0.1-N HCl
extraction method for Pb and Cu in accordance with the Korean
Standard Test (KST) methods (MOE 2002). The KST methods
are used for the evaluation of disposal or reuse criteria for heavy
metal-contaminated soils (MOE 2002). X-ray absorption
near-edge structure (XANES) and analyses scanning electron
microscopy-energy dispersive X-ray spectroscopy (SEM-
EDX) analyses are conducted to evaluate the immobilized met-
al speciation upon COS-CMDS treatment.

Experimental methodology

Contaminated soil

Soil samples from a military firing range and a CCA-
contaminated site, both located in Busan City, Republic of Ko-
rea, were obtained at a depth of 0∼30 cm from the soil surface.
The collected soils were air dried and passed through a through
a standard U.S. sieve size no. 10 (2 mm) to remove large
particles such as cobbles and gravel. A composite soil sample
was produced by mixing the shooting range soil and CCA-
contaminated soil at a ratio of 4:1 in order to obtain realistic
concentrations for all target contaminants. The total concentra-
tions of As, Pb, and Cu in composite soil measured by aqua
regia (1ml of HNO3 (65%,Merck) and 3ml of HCl (37%, J.T.
Baker)) were 189, 8588, and 719 mg/kg, respectively. The
composite soil was classified as silty clay loam by a particle
size analyzer (PSA) in accordance with the US Department of
Agriculture (USDA). The soil pH was determined to be 7.64
using ASTM method D 4980-89 (ASTM 2000). The physico-
chemical and mineralogical properties as well as total concen-
trations of As and heavy metals in the soil are presented in
Table 1. The bulk chemistry of the As- and heavy metal-
contaminated soils measured by using X-ray fluorescence
(XRF; ZSX100e, Rigaku, Japan) are presented in Table 2.

Stabilizing agents

The waste oyster shells (WOS) used in this study were obtained
from Tong-young City in the Republic of Korea. The collected
WOS were pulverized and powdered using a hammer mill and
a ball mill to obtain a fine and homogeneous powder that passes
the standard U.S. sieve size no. 20 (0.85 mm). In order to
perform the calcination process, the WOS was heated at
900 °C for 2 h in an electric furnace (J-FM3, JISICO,
Republic of Korea) to transform the calcite (CaCO3) into quick-
lime (CaO). The calcined WOS was given the designation
COS. CMDSwas collected from an electric purification facility
which treats acidic mine drainage located in the Kangwon
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Province in the Republic of Korea and sieved using the standard
U.S. sieve size no. 20. The major chemical compositions of the
COS and CMDS as determined by XRF are presented in
Table 2. The major compound in the COS sample was CaO
(78.9 wt%), whereas the CMDS mainly consisted of 81.8 wt%
of Fe2O3 with 9.25 wt% of CaO (Table 2).

Stabilization treatments

The As-, Cu-, and Pb-contaminated composite soil sample
was treated with combinations of the three levels of each of
the stabilizing materials (COS, CMDS), namely 0, 5, and
10%. The control treatment, used for benchmarking purposes,
contained no stabilizing materials (0 % COS, 0 % CMDS). A
water content of 20 % was applied to the treated samples to
enable the full hydration process. All treated samples were
subjected to two curing periods, namely, 1 and 28 days. The
detailed treatment conditions based on the percent binder/soil
ratio (dry basis) and sample designations are presented in
Table 3. The effectiveness of the stabilization process was
evaluated using 1 N HCl extraction fluid for As and 0.1 N
HCl extraction fluid for Pb and Cu, respectively, in accor-
dance with the KST methods (MOE 2002). The soluble As,
Cu, and Pb concentrations were analyzed using an inductively
coupled plasma-optical emission spectrometer (ICP-OES;
Optima 7000DV; PerkinElmer, CT, USA). Sample analyses
were conducted in duplicate or in triplicate, and the average
values were reported with an error range of 10 %. For QA/QC
purposes, three different quality control standards were used
for every ten samples.

X-ray absorption near-edge structure analyses

The oxidation state of As is worth investigating since As
toxicity and mobility depends significantly on oxidation state.
It has been reported that As(III) is more mobile and toxic than
As(V) (Pantsar-Kallio and Manninen 1997; Stronach et al.
1997). Moreover, As(III) is 25–60 times more toxic than
As(V) (Dutré and Vandecasteele 1995; Pantsar-Kallio and
Manninen 1997). In order to evaluate the oxidation state of
As for the control and treated samples after 28 days of curing,
XANES analyses were performed. The XANES samples were
ground to a fine powder (<74 μm) using an agate mortar and
pestle. The samples were then packed in the recession of a
metal sample holder with a uniform thickness and sealed with
the polyimide film. Arsenic K-edge XANES spectra were

Table 1 Physicochemical and mineralogical properties and total
concentrations of heavy metals in the soil

Soil properties Contaminated
soil

Korean warning
standardsa

Soil pH 7.64

Organic matter content (%)b 7.9

Composition (%)c

Sand and silt 73

Clay 27

Textured Silty clay loam

As and heavy
metals (mg/kg)

Pb 8588 200

Cu 719 150

As 189 25

Quartz

Calcite

Mineral compositionse Albite

Microcline

Muscovite

a Korean warning standards for soils in residential areas
b Organic matter content (%) was calculated from measured loss-on-igni-
tion (LOI) (Ball 1964; FitzPatrick 1983)
c Soil classification was conducted using a particle size analyzer (PSA);
sand, 20–2000 μm; silt, 2–20 μm; clay, <2 μm
dSoil texture as suggested by the US Department of Agriculture (USDA)
eMineral compositions were obtained using the Jade software (MDI 2005)

Table 2 Major chemical composition of contaminated soil and
stabilizing agents (wt%)

Contaminated soil COS CMDS

Major chemical properties

SiO2 66.2 9.77 5.54

Al2O3 17.5 3.20 0.95

Na2O 0.79 1.18 0.05

MgO 0.48 1.32 0.70

K2O 4.81 0.40 0.15

CaO 1.45 78.9 9.25

Fe2O3 4.74 2.55 81.8

LOI 7.90 1.1 2.7

pH 7.64 12.4 7.9

Table 3 Treatability matrix for As-, Cu-, and Pb-contaminated soil

Sample ID Contaminated
soil (wt%)

COS
(wt%)

CMDS
(wt%)

Control 100 0 0

CMDS10 100 – 10

COS5-CMDS5 100 5 5

COS5-CMDS10 100 5 10

COS10-CMDS5 100 10 5

COS10-CMDS10 100 10 10

L/S ratio=0.2
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collected at the beam line BL10C (wide XAFS) at the Pohang
light source (PLS-II) with a ring current of 300 mA at a stor-
age ring of 3 GeV. A Si(311) double crystal monochromator
was used to monochromatize the X-ray photon energy. Spec-
tra were collected in fluorescence mode for all samples using
pure N2 gas-filled ionization chambers as gas detectors. Prior
to the XANES measurement, all samples were kept in an
argon (Ar) atmosphere in order to prevent sample oxidation
that is caused by any air-borne contamination. Three arsenic
compounds As(0) powder (As, 99.997 %, Aldrich 267961),
sodium (meta) arsenite (NaAsO2, 99.0 %, Sigma S7400), and
sodium arsenate (Na2HAsO4·7H2O, 98.0 %, Sigma 9663)
were used as the standard references for As(0), As(III), and
As(V), respectively.

SEM-EDX analyses

The SEM-EDX sample treated with 10 wt% COS and 10 wt%
CMDS was air dried, and subsamples were prepared using
double-sided carbon tape and coated with platinum (Pt).
SEM-EDX analyses were performed using a Hitachi S-4800
SEM instrument equipped with an ISIS 310 EDX system.

Results and discussion

The As, Cu, and Pb concentrations and pH values, in the con-
trol samples and CMDS- and COS-CMDS-treated soil samples
are presented in Figs. 1, 2, and 3. For As, an approximate
reduction of 72 % in As leachability is attained upon treatment
with 10 wt% CMDS. This is a significant achievement in terms
of As immobilization with a treatment of only CMDS. The
CMDS mainly consists of approximately 82 wt% of Fe2O3

with 9 wt% of CaO according to the XRF data. Therefore, As
immobilization is most likely achieved by the formation of Fe–
As precipitates (Moon et al. 2015) with possible contributions
from Ca–As precipitates (Moon et al. 2004). The pH of the
extraction fluid in sample CMDS10 after a curing period of
28 days is about 0.3, which is higher than the control samples’
pH of 0.18. This indicates that the Ca content available in the
CMDS plays a role in increasing the extraction fluid pH, which
may safeguard the Fe–As precipitates against dissolution. All
COS-CMDS combination treatments improve As immobiliza-
tion even more than CMDS alone. The best As immobilization
(a reduction of >93 % in As leachability compared with the
control sample) is achieved for a curing period of 28 days with
the 10 wt% COS and 10 wt% CMDS combination treatment.
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In the case of Pb and Cu, treatment with 10 wt% CMDS
alone is not as effective in reducing Pb and Cu leachability
as for As. Application of 10 % CMDS alone causes Pb and
Cu leachability reductions of approximately 61 and 27 %,
respectively, compared with the control for a curing period
of 28 days. As in the case of As, combination treatments of
COS and CMDS lead to significant reductions (>99 %) in
Pb and Cu leachability. Based on the extraction results for
all treatments attempted in this study, it appears that curing
period does not play a prominent role on the stabilization
effectiveness. For the most part, the extraction levels for all
three contaminants and treatment conditions appear to dif-
fer only slightly for the attempted curing periods of 1 and
28 days. The extraction fluid pH values ranged between
1.42 and 12.09 after 28 days of curing. Significantly, high
extraction fluid pH values of 11.50 and 12.09 were ob-
served for samples COS10-CMDS5 and COS10-CMDS10,
respectively, where very low Pb and Cu leachability was
achieved. Similar to As immobilization, the best Pb
(>99 %) and Cu (>99 %) immobilization was obtained
after 28 days of curing upon the treatment with 10 wt%
COS and 10 wt% CMDS. Pb and Cu immobilization may
be associated with pozzolanic reaction products such as
calcium silicate hydrates (CSHs) and calcium aluminum
hydrates (CAHs).

XANES analyses

The XANES spectra of the control and selected treated sam-
ples along with As standards are presented in Fig. 4. The
XANES results indicated that the As speciation in the control
samples is As(V) which most probably resulted from the use
of As2O5 from CCA. Moreover, As(V) was predominantly
detected in samples from CMDS10, COS10-CMDS5, and
COS10-CMDS10 without reduction. This suggests that no
changes in As speciation were achieved following the COS-
CMDS treatments.

SEM-EDX analyses

The SEM-EDX results for the 10 wt% COS and 10 wt%
CMDS treatment (COS10-CMDS10) producing a superior
immobilization performance for As, Pb, and Cu are presented
in Fig. 5. Elemental dot map results show that As immobili-
zation is most likely associated with Ca, Fe, and O (Fig. 5a).
This suggests that Ca–As and Fe–As precipitates may be the
compounds responsible for effective As immobilization. Ca–
As precipitates have been reported by numerous researchers as
the main compounds responsible for As immobilization in
lime-treated soils (Dutré and Vandecasteele 1996, 1998;
Moon et al. 2004, 2011b). Similarly, Fe–As precipitates have
been widely reported as the responsible compounds for As
immobilization (Chung et al. 2001; Kim et al. 2003; Lee
2006; Kumpiene et al. 2008; Wilopo et al. 2008; Drahota
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and Filippi 2009; Moon et al. 2015). The form of As was
identified as arsenate [As(V)] based on the XANES analyses.
Therefore, a specific Fe–As precipitate such as FeAsO4 re-
ported by a previous study (Sims et al. 1986; Cui et al.

2012) may well be the compound responsible for effective
As immobilization in the contaminated soil.

In the case of Pb, elemental dot map results show that Pb
immobilization may be associated with Ca, Al, Si, and O due to

Fig. 5 SEM-EDX analyses and element dot maps of the As (a) and Pb and Cu (b) in contaminated soil treated with 10 wt% COS and 10 wt% CMDS
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the formation of pozzolanic reaction products such as CSHs
and CAHs (Fig. 5b). It has been reported that Pb could be
incorporated within the CSH structure through linkages to Si–
O chains upon the hydration of tricalcium silicate, which is the

main compound in Portland cement (Rose et al. 2000). Moulin
et al. (1999) also reported that Pb can be retained through Si–
O–Pb bonds. Moreover, effective Pb immobilization was
achieved by the formation of CSH in quicklime-treated samples

Fig. 5 continued.
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(Dermatats and Meng 2003). Specific types of CSHs such as,
CaH4Si2O7 and Ca5Si6O16(OH)2 were observed in the presence
of montmorillonite as the phases strongly associated with Pb
immobilization upon quicklime treatment (Moon et al. 2006).

Similar to the Pb immobilzation mechanism, elemental dot
map results showed that Cu immobilization may also be asso-
ciated with Ca, Al, Si, and O due to the formation of CSHs and
CAHs (Fig. 5b). Johnson (2002) reported that effective Cu
immobilization by CSH was based on incorporation rather
than substitution. Also, it has been reported that when the
Cu source is blended with Portland cement, Cu immobiliza-
tion could be achieved by the formation of Cu6Al2O8CO3·
12H2O (Qiao et al. 2007). A recent study also showed that
Cu immobilization was strongly associated with both CSH/
CAH and ettringite (Moon et al. 2011a).

Conclusions

The As-, Cu-, and Pb-contaminated soil collected from an
army firing range site and a CCA-treated wood site was
immobilized using COS and CMDS. The dosage of COS
ranged from 0 to 10 wt% and either 5 or 10 % CMDS was
used. Upon treatment with COS and CMDS, the treated
samples were subjected to curing periods of 1 and 28 days.
The effectiveness of immobilization was evaluated using
1 N HCl extraction for As and 0.1 N for Pb and Cu. The
immobilization results showed that treatment of only
CMDS was very effective for As (72 % reduction in As
leachability), but it was not for Pb and Cu after 28 days of
curing. The lowest leachability of As (>93 % reduction in
As leachability), Pb (>99 % reduction in Pb leachability),
and Cu (>99 % reduction in Cu leachability) in the con-
taminated soil was obtained upon the combined treatment
of 10 wt% COS and 10 wt% CMDS after 28 days of cur-
ing. The XANES analyses indicated that the As speciation
in the control samples was As(V), and no changes in As
speciation were observed following the COS-CMDS treat-
ments. The SEM-EDX sample treated with 10 wt% COS
and 10 wt% CMDS showed that As immobilization may be
associated with the formation of Ca–As and Fe–As precip-
itates. In the case of Fe–As precipitates, FeAsO4 could be
the compound likely resposible for As immobilization
since the form of As in the contaminated soil confimed
by XANES analyses was As(V). The SEM-EDX results
also showed that pozzolanic reaction products such as
CSHs and CAHs may be the most probable compounds
responsible for effective Pb and Cu immobilization. There-
fore, it could be concluded that the COS-CMDS treatment
was very effective in simultaneously immobilizing As, Cu,
and Pb and that the COS-CMDS mixture can be utilized as
a cost-effective stabilizing agent for contaminated soils.
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