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Abstract In this study, As-, Pb-, and Cu-contaminated soil
was stabilized using calcined oyster shells (COS) and steel
slag (SS). The As-contaminated soil was obtained from a tim-
ber mill site where chromate copper arsenate (CCA) was used
as a preservative. On the other hand, Pb- and Cu-contaminated
soil was obtained from a firing range. These two soils were
thoroughly mixed to represent As-, Pb-, and Cu-contaminated
soil. Calcined oyster shells were obtained by treating waste
oyster shells at a high temperature using the calcination pro-
cess. The effectiveness of stabilization was evaluated by 1-N
HCl extraction for As and 0.1-NHCl extraction for Pb and Cu.
The treatment results showed that As, Pb, and Cu leachability
were significantly reduced upon the combination treatment of
COS and SS. The sole treatment of SS (10 wt%) did not show
effective stabilization. However, the combination treatment of
COS and SS showed a significant reduction in As, Pb, and Cu
leachability. The best stabilization results were obtained from

the combination treatment of 15 wt% COS and 10 wt% SS.
The SEM-EDX results suggested that the effective stabiliza-
tion of As was most probably achieved by the formation of
Ca-As and Fe-As precipitates. In the case of Pb and Cu, sta-
bilization was most probably associated with the formation of
pozzolanic reaction products such as CSHs and CAHs.
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Introduction

Arsenic (As) is very toxic and carcinogenic to humans and
hazardous to the environment. Arsenic occurs naturally in the
environment, but it is also present in the environment as the
result of industrial activities. The examples of various As
sources can be mining, smelting, agriculture, accidents, pres-
ervation of wood, and illegal waste dumping. Among the
sources of As contamination, chromate copper arsenate
(CCA) is one of the most important anthropogenic As sources.
CCA, which consists of CrO3, CuO, and As2O5 (Milton
1995), had been used worldwide to protect wood from rotting
caused by insects and microbial agents (Warner and Solomon
1990; Chirenje et al. 2003; Saxe et al. 2007). However, CCA
use was banned around the world due to its toxicity. In the
USA, CCA has been used for the past 15 years, but its use was
prohibited in January 2004 (Gezer et al. 2005). Also, the use
of As2O5 for wood and the use of any mixture containing
As2O5 at 0.1 wt% was banned in the Republic of Korea in
October 2007 (Koo et al. 2008). Even though the use of CCA
was forbidden, facilities where CCA had been used in the past
still have problems with As leaching to the soil and ground-
water. Therefore, remedial action is needed for As-
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contaminated soil adjacent to the facilities where CCA had
been used.

On the other hand, lead (Pb) and copper (Cu) contamina-
tion in firing range soil is common and can cause serious
problems to human beings due to their toxicity. There are
1700 small arms firing ranges in the Republic of Korea, and
the ranges are significantly contaminated with Pb and Cu. The
military-grade bullets are typically made of Pb alloy slugs
enclosed in a Cu alloy jacket (Dermatas et al. 2004).
Therefore, substantial amounts of Pb and Cu could build up
in shooting range soils during continuous range operations,
and remedial action will eventually be needed to prevent ex-
posure to humans.

The stabilization/solidification (S/S) process which is
widely used to immobilize heavy metals in contaminated soils
(Ok et al. 2011a; Ok et al. 2011b; Ahmad et al. 2012) was
applied in this study to stabilize As-, Pb-, and Cu-
contaminated soil. Diverse S/S agents such as hydrated lime,
quicklime, fly ash, Portland cement, and cement kiln dust
have been widely used (Wang and Vipulanandan 1996; Li
et al. 2001; Moon et al. 2004; Moon et al. 2006; Moon and
Dermatas 2006; Moon and Dermatas 2007; Qiao et al. 2007;
Moon et al. 2008; Moon et al. 2009; Moon et al. 2010; Yoon
et al. 2010). However, the use of natural waste is very limited.
Moreover, the use of natural waste over industrial waste has
benefits in terms of cost effectiveness and minimal environ-
mental impact.

In this study, oyster shells were used as the main stabilizing
agent in their calcined state. Approximately 250,000 tons of
waste oyster shells are produced annually in the Tong-young,
Keoje, and Kosung areas in the Republic of Korea. About 50
and 10 % of these shells are used for seeding oyster beds and
for fertilizer, respectively (Lee et al. 2005). However, the re-
maining 40 % of waste oyster shells are dumped in coastal
areas, which can cause serious odor problems and environ-
mental degradation (Lee et al. 2005). Therefore, the recycling
of waste oyster shells has received great attention (Lee et al.
2008) for the potential of solving two environmental problems
simultaneously. Moreover, steel slag (SS) was used as a sec-
ondary stabilizing agent. The SS is produced during the sep-
aration of the molten steel from impurities in furnaces. The
molten slag is allowed to cool and then it is processed through
a conventional aggregate crushing and screening operation.
SS generation in the Republic of Korea increases annually
by 3 %. Approximately 10 million tons of SS was generated
in 2011. About 40 % of the SS is recycled as soil aggregate,
and 26.3 % of SS is recycled as road construction aggregate
(Choi 2012).

The purpose of this study was to evaluate the feasibility of
the use of calcined oyster shells (COS) and SS for the immo-
bilization of As, Pb, and Cu in contaminated soil. The calci-
nation process of the waste oyster shells was conducted at a
high temperature (900 °C for 2 h) to activate quicklime from

the calcite. The effectiveness of the stabilization treatment was
evaluated based on the 1 N HCl for As and 0.1-N HCl extrac-
tion method for Pb and Cu in accordance with the Korean
Standard Test methods (MOE 2002). These test methods are
used for the evaluation of disposal or reuse criteria for heavy-
metal-contaminated soils in the Republic of Korea (MOE
2002). The mechanism responsible for As, Pb, and Cu immo-
bilization was investigated by scanning electron microscopy
(SEM)-energy dispersive X-ray spectroscopy (EDX)
analyses.

Experimental methodology

Contaminated soil

The CCA-contaminated site and army firing range site are
located in Busan Metropolitan City, Republic of Korea. The
contaminated soil samples were obtained from both sites at a
depth of 0∼30 cm from the soil surface. The collected soils
were air-dried and passed through a #10 mesh (2 mm) to
remove large particles such as cobbles and gravel. The com-
posite soil sample was made bymixing the shooting range soil
and CCA-contaminated soil at a ratio of 4:1 to represent As,
Pb, and Cu contamination. The total As, Pb, and Cu concen-
trations in the soil were approximately 189, 8588, and
719 mg/kg, respectively, using aqua regia (1 ml of HNO3

(65 %, Merck) and 3 ml of HCl (37 %, J.T. Baker)). The
As-, Pb-, and Cu-contaminated soil was classified as silty clay
loam using a particle size analyzer (PSA) in accordance with
the United States Department of Agriculture (USDA). The
soil pH was approximately 7.64 in accordance with ASTM
method D 4980–89. The physicochemical and mineralogical
properties and total concentrations of heavy metals in the soil
are presented in Table 1. The bulk chemistry of the As-, Pb-
and Cu-contaminated soils that was measured by using X-ray
fluorescence (XRF, ZSX100e, Rigaku, Japan) is presented in
Table 2.

Stabilizing agents

The waste oyster shells (WOS) were obtained from Tong-
young City in the Republic of Korea. WOS were first pulver-
ized using a hammer mill, and the pulverized WOS were then
powdered using a ball mill to obtain a fine and homogeneous
powder that passes through the #20 sieve (0.85 mm). The
WOS was then heated at 900 °C for 2 h in an electric furnace
(J-FM3, JISICO, Republic of Korea) to activate the quicklime
(CaO) in the WOS. The calcined WOS was designated cal-
cined oyster shells (COS). The steel slag (SS) was collected
from the POSCO company and sieved using a #4 sieve (open-
ing size 4.76 mm). The major chemical compositions of the
two stabilizing agents determined by X-ray fluorescence are
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presented in Table 2. The major element in the COS sample
was calcium at 78.9 wt% as CaO, whereas the SS consisted
mainly of calcium at 31.2 wt% as CaO and iron at 38.2 wt% as
Fe2O3 (Table 2).

Stabilization treatments

The As-, Cu-, and Pb-contaminated composite soil sample
was treated with a range of 10 to 15 wt% COS and SS with
a range of 5 to 10 wt%. In order to enable full hydration of the

samples, 20 % deionized water was added to the samples. All
treated samples were cured for 28 days. The specific treatment
conditions based on the percent binder/soil ratio (dry basis) are
presented in Table 3. Following treatment, the effectiveness of
the treatment was evaluated using 1-N HCl extraction fluid for
As and 0.1-N HCl extraction fluid for Pb and Cu, respectively,
for the SS fraction passing the #10 sieve (opening size 2 mm)
in accordance with the Korean Standard Test methods (MOE
2002). The details regarding the extraction procedures in the
KST methods are explained in previous publications (Yoon
et al. 2010; Lee et al. 2013).

SEM-EDX analyses

Prior to SEM analyses, air-dried subsamples of treated sam-
ples were prepared using double-sided carbon tape and coated
with platinum (Pt). SEM analyses were performed using a
Hitachi S-4800 SEM instrument equipped with an (ISIS 310
EDX) system.

Results and discussion

Effectiveness of the stabilization treatment

The stabilization treatment results are presented in Figs. 1, 2
and 3. As, Pb, and Cu concentrations decreased with increas-
ing COS and SS dosages. The sole treatment of SS was not
effective in reducing As, Pb, and Cu leachability, whereas the
COS treatment was only partially successful. The inclusion of
the SS in the treatment is expected to provide the iron neces-
sary for the immobilization of As (Drahota and Filippi 2009).
The use of SS was also reported to enhance the cementitious
reactions responsible for the encapsulation of many contami-
nants (Zhu et al. 2013). The combination treatment was
attempted here because SS and COS could complement each
other. Taylor (1997) reported that when slag is placed in water
alone, it dissolves to small extent, but a protective film defi-
cient in Ca quickly forms and inhibits further reaction. But, the
reaction continues if pH is kept sufficiently high. Hence, it is
expected that COS would provide the high pH environment,

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

Soil properties Contaminated soil

Soil pH 7.64

Organic matter content (%)a 7.9

Composition (%)b

Sand and silt 73

Clay 27

Texturec Silty clay loam

As and heavy metals (mg/kg)

As 189

Pb 8588

Cu 719

Quartz

Calcite

Mineral compositionsd Albite

Microcline

Muscovite

a Organic matter content (%) was calculated from measured loss-on-igni-
tion (LOI) (Ball 1964; FitzPatrick 1983)
b Soil classification was conducted using a particle size analyzer (PSA);
sand, 20–2000 μm; silt, 2–20 μm; clay, <2 μm
c Soil texture as suggested by United States Department of Agriculture
(USDA)
dMineral compositions were obtained using Jade software (MDI 2005)

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

Contaminated soil COS SS

Major chemical properties

SiO2 66.2 9.77 12.4

Al2O3 17.5 3.20 5.68

Na2O 0.79 1.18 0.10

MgO 0.48 1.32 5.16

K2O 4.81 0.40 0.04

CaO 1.45 78.9 31.2

Fe2O3 4.74 2.55 38.2

LOI 790 1.1 0.8

pH 7.64 12.4 9.1

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

Sample ID Contaminated soil (wt%) COS (wt%) SS (wt%)

Control 100 0 0

SS10 100 – 10

COS10 100 10 –

COS10-SS5 100 10 5

COS10-SS10 100 10 10

COS15-SS5 100 15 5

COS15-SS10 100 15 10
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with its rich CaO content, whereas the SS would provide the
iron necessary to immobilize As, in addition to ameliorating
the cementitious reactions responsible for the encapsulation of
all contaminants.

The lowest As, Pb, and Cu concentrations were attained in
the sample treated with 15 % COS and 10 % SS. Specifically,
an approximate 71 % reduction in As leachability was obtain-
ed upon 15 % COS and 10 % SS treatment. In the case of Pb
and Cu leachability, a reduction of more than 99 and 98 % in
Pb and Cu leachability, respectively, was obtained from the
15 % COS and 10 % SS treatment. The smaller reduction rate
observed in As leachability as compared to the level of Pb and
Cu leachability could be partly due to the strong acidity of the
1-N HCl extraction fluid as compared to that of the 0.1-N HCl
extraction fluid.

It appears that the acidity of the 0.1-N HCl solution was
exhausted for the 10 % COS and 5 % SS treatment and result-
ed in a high pH value of 12.04 where a significant reduction in
Pb and Cu leachability was attained. This shows that the com-
bination treatment of 10 % COS and 5 % SS was sufficient
enough to significantly decrease Pb (99 % reduction) and Cu
leachabil i ty (96 % reduction). In the case of As

immobilization, the combination treatment of 15 % COS
and 5 % SS was needed in order to achieve a significant
reduction of As leachability (68.5 % reduction) upon 1-N
HCl extraction. As compared to Pb and Cu immobilization,
an additional of 5 % COS was needed in order to achieve
effective immobilization, most likely due to the strong acidity
of 1-N HCl extraction fluid. The addition of 10 % SS to 10 %
COS was more effective in immobilizing As, when compared
to the 10 % COS and 5 % SS sample. This may indicate that
the additional 5 % SS played a role in reducing As leachabil-
ity. However, the role of an additional 5 % SS was limited in
the presence of 15 % COS, which indicates that As leachabil-
ity was reduced to the maximum extent possible with the 15%
COS and 5 % SS treatment.

It is quite apparent that neither sorption of As at low pH nor
precipitation of Cu and Pb as oxides at high pH alone are
responsible for the immobilization of As, Cu, and Pb. Even
though sorption of As (V) anion is favorable at low pH, how-
ever, the oxides responsible for the As uptake are not expected
to be stable at the extreme low pH environment. Similarly, Pb
is not highly insoluble under hyper alkaline conditions be-
cause of the formation of the anionic Pb hydroxide complexes
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Fig. 1 As concentrations upon
COS and SS treatment after
1 month of curing
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Fig. 2 Pb concentrations upon
COS and SS treatment after
1 month of curing
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at high pH. Therefore, As, Pb, andmost likely Cu are expected
to be partially encapsulated in pozzolanic products or incor-
porated into stable phases at low pH. Moreover, Pb is reported
to be sequestered into Pb-Si-O compounds at high alkaline pH
values (Rose et al. 2000).

SEM-EDX analyses

In order to investigate the mechanism responsible for effective
As, Pb, and Cu immobilization, the sample treated with
10 wt% COS and 5 % SS was analyzed by SEM-EDX be-
cause this sample resulted in the significant reduction as com-
pared to the sole treatment of SS in As, Pb, and Cu leachability
tested by the 1-N HCl and 0.1-N extraction fluids.

The SEM-EDX results are presented in Fig. 4. Figure 4a
shows the specific particles in the sample where As was clear-
ly observed. Elemental dot map results indicated that effective
As immobilization was strongly associated with Ca, Fe, and O
(Fig. 4a). This suggests that Ca-As and Fe-As precipitates are
the most probable compounds responsible for effective As
immobilization, which is in line with the discussion above.
It has been reported that various Ca-As precipitates were
found to be the main compounds responsible for As immobi-
lization by numerous researchers upon lime treatment (Dutré
and Vandecasteele 1996; Dutré and Vandecasteele 1998;
Moon et al. 2004; Moon et al. 2011b). Moreover, Fe-As pre-
cipitates which could be responsible for effective As immobi-
lization have been widely reported (Chung et al. 2001; Kim
et al. 2003; Lee 2006; Kumpiene et al. 2008; Wilopo et al.
2008; Drahota and Filippi 2009).

In the case of the Pb immobilization mechanism, Pb im-
mobilization was most probably associated with Ca, Al, Si,
and O (Fig. 4b). This may be due to the formation of pozzo-
lanic reaction products such as calcium silicate hydrates
(CSHs) and calcium aluminum hydrates (CAHs). Moreover,
lead silicates are also possible compounds responsible for Pb
immobilization. Rose et al. (2000) reported that Pb could be
incorporated within the CSH structure through linkages to Si–

O chains upon hydration of tricalcium silicate, which is the
main compound in Portland cement. Lead silicate (Pb3SiO5)
has been reported as the compound responsible for Pb immo-
bilization when the fly ash was used on Pb contamination at
3.125 %. A different type of lead silicate (Pb2SiO4) was also
reported as the most probable phase responsible for Pb immo-
bilization in quicklime–fly ash-treated slurries (Moon and
Dermatas 2006). Moreover, specific types of CSHs such as
CaH4Si2O7 and Ca5Si6O16 (OH)2 were identified in the pres-
ence of montmorillonite as the phases responsible for Pb im-
mobilization upon quicklime treatment (Moon et al. 2006).

In the case of Cu immobilization, even though the SEM-
EDX results were not presented herein, effective Cu immobi-
lization by CSH based on incorporation rather than substitu-
tion has already been reported (Johnson 2002). Moreover, Cu
immobilization can be achieved by the formation of
Cu6Al2O8CO3·12H2O when the Cu source is blended with
Portland cement (Qiao et al. 2007). Even though the afore-
mentioned hypothesis needs further investigation, recent
research also showed that Cu immobilization was strongly
associated with both pozzolanic reaction products and
ettringite (Moon et al. 2011a). Therefore, Cu immobiliza-
tion could have similar removal mechanism responsible
for Pb immobilization.

Conclusions

As-, Pb-, and Cu-contaminated soil obtained from a timber
mill site and a firing range was stabilized using calcined oyster
shells and steel slag. The dosage of calcined oyster shells
ranged from 0 to 15 wt%, and either 5 or 10 % steel slag
was used. Following the stabilization treatment, the samples
were cured for 1 month. The effectiveness of As immobiliza-
tion was evaluated using 1-N HCl extraction, while Pb and Cu
immobilization was evaluated using 0.1-N HCl extraction.
The stabilization results showed that an approximate 71 %
reduction in As leachability was obtained from the sample
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Fig. 3 Cu concentrations upon
COS and SS treatment after
1 month of curing
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treated with 15 % COS and 10 % SS. Moreover, leachability
reductions of more than 99 and 98 % in Pb and Cu, respec-
tively, were attained from the same sample. The SEM results

showed that As immobilization upon the combination treat-
ment of COS and SS was strongly associated with Ca, Fe, and
O, indicating that effective As immobilization could bemainly

(a) 

(b) 

Fig. 4 SEM-EDX analyses and
element dot maps of the As- (a)
and Pb (b)-contaminated soil
treated with 10 wt% COS and
5 wt% SS
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achieved by the formation of Ca-As and Fe-As precipitates.
On the other hand, the pozzolanic reaction products such as
CSHs and CAHs could be the most probable compounds re-
sponsible for effective Pb and Cu immobilization. Moreover,
lead silicates could be the possible compounds responsible for
Pb immobilization.

Overall, the combination treatment of COS and SS rather
than the treatment of only SS was effective in simultaneously
stabilizing As-, Cu-, and Pb-contaminated soil based on se-
vere leaching conditions.
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