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� SPC significantly improves strength and reduces leachability of the soils.
� SPC effectively reduces volume and size of inter-aggregate and air pores.
� SPC stabilization significantly reduces acid soluble fractions of heavy metals.
� Hydroxyapatite and heavy metal-bearing hydroxyapatite form in stabilized soils.
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a b s t r a c t

Synthetic hydroxyapatite (HA) is an efficient and environment-friendly material for the remediation of
heavy metal contaminated soils. However, the application of conventional HA powder in stabilizing con-
taminated soils is limited, due to high cost of final products, difficulties in synthesizing purified HA crys-
tals. A new binder named SPC, which composes of single superphosphate (SSP) and calcium oxide (CaO),
is presented as an alternative in this study. HA can form in the soil matrix by an acid-base reaction
between SSP and CaO, resulting in a dense structure and improved mechanical properties of treated soils.
Therefore, the SPC is capable of effectively immobilizing heavy metals and elevating strength of contam-
inated soils, meanwhile, maintaining relatively low cost. This paper presents a systematic investigation of
the performance, reaction products, and microstructural properties of a lead (Pb), zinc (Zn), and cadmium
(Cd) contaminated industrial site soil stabilized with SPC binder. The effects of SPC content and curing
time on the pH, leachability and strength properties of the stabilized soils are evaluated. Furthermore,
modified European Communities Bureau of Reference (BCR) sequential extraction procedure (SEP), mer-
cury intrusion porosimetry (MIP), X-ray diffraction (XRD), and scanning electron microscope (SEM) anal-
yses are performed to interpret the mechanisms controlling the changes in these macro-properties. The
results show that the soil pH and unconfined compressive strength (UCS) increase with increasing SPC
content and curing time. After 28 days of curing, the UCS values of stabilized soils are approximately
2.2–5.7 times those of the untreated soil. The leachability of Pb, Zn and Cd is significantly reduced after
stabilization, and the SPC content and curing time have considerable influences on the leached concen-
trations of heavy metals. The SEP results confirm that SPC significantly reduces the acid soluble fractions
of Pb, Zn and Cd while increases their residual fractions. The MIP test results show that pore volume
reduces notably and pore profile of the soil changes remarkably after SPC stabilization. The mineralogical
(XRD) and microstructural (SEM) analyses reveal that the formation of heavy metal-bearing hydroxyap-
atites and phosphate-based precipitates are the primary mechanisms of immobilization of Pb, Zn and Cd
in the SPC stabilized soil.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

In China, the accumulation of contaminations including heavy
metals and organic compounds and other hazardous pollutants
in industrial site soils during the last two decades is of increasing
concern due to the potential health risks [1–3]. According to the
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‘‘Report on the National General Survey on Soil Contamination”
published in 2014 [4], 36.3% of heavily-polluted industrial sites,
34.9% of abandoned industrial sites, and 33.4% of mining sites in
China are contaminated by heavy metals, particularly lead (Pb),
zinc (Zn) and cadmium (Cd). 7% of surveyed sites exhibit high total
concentrations of Cd. Moreover, Pb and Zn are also found in large
quantities in 1.5% and 0.9% of surveyed sites, respectively. There
is an urgent need to develop cost-effective methods to remediate
Pb, Zn and Cd contaminated site soils.

Stabilization/solidification (S/S), the addition of lime, cement
and other cementitious binders to soils or wastes to fix and encap-
sulate contaminants, has been considered the ‘‘best demonstrated
available technology (BDAT)” to treat most toxic contaminants [5].
In recent years, sustainable binders such as geopolymers using fly
ash, slag and cement kiln dust have been successfully used in pave-
ment engineering applications [6,7]. As the most stable calcium
phosphate salt at ambient temperature and pH between 4 and 12
[8], hydroxyapatite (Ca10(PO4)6(OH)2, HA, Ksp = 2.35 � 10�59) has
an excellent ion-exchangeability and is an efficient material to cap-
ture heavy metals [9,10]. It is reported that synthetic HA powder
can effectively immobilize heavy metals and therefore enhance
their geochemical stability in contaminated soils [11].

The immobilization of Pb, Zn and Cd by HA is mainly attributed
to twomechanisms: (1) rapid surface adsorption and complexation
on surface available adsorption sites of the HA [12], which are pri-
marily responsible for Zn and Cd immobilization, while approxi-
mately 30% of Pb is immobilized by the surface adsorption or
complexation as reported by Mavropoulos et al. [13], and (2) the
formation of stable and insoluble heavy metal-bearing HA
((Ca10�xMx)(PO4)6(OH)2) (M = Pb, Zn or Cd, 0 � x � 10) [14] and
phosphate-based precipitates including parascholzite (CaZn2

(PO4)2�2H2O, Ksp = 10�34.1) and hopeite (Zn3(PO4)2�4H2O, Ksp = 1.2 -
� 10�17), through cation exchange reactions where Pb, Zn and Cd
replace calcium (Ca) on HA lattices, which is controlled by HA dis-
solution rate and predominates the Pb immobilization [15,16].

Conventional applications of HA in treating contaminated soils
are usually conducted by mixing HA powder with soils [17,18].
However, the methods to synthesize HA powder with desired char-
acteristics including wet synthesis, soli-state reaction and
hydrothermal processes, have several disadvantages. For instance,
they usually require complicated experiment operations, con-
trolled working temperatures, and expensive equipments and
therefore result in high-cost of final products (�$20,000/ton)
[19,20].

Instead of pre-preparation of HA powder, this study presents a
new low-cost powder binder SPC (�$120/ton) to immobilize Pb,
Zn, and Cd and improve the mechanical properties of contaminated
soils in the meantime. The SPC composes of single superphosphate
(SSP) and calcium oxide (CaO) powders with a dry weight ratio of
1:3. SSP is a quick-acting phosphate fertilizer extensively used in
agriculture, and manufactured by the reaction between sulfuric
acid (H2SO4) and raw phosphate rock (Ca5(PO4)3F, Ksp = 10�55.71).
Hence SSP is a mixture of monocalcium phosphate (Ca(H2PO4)2�H2-
O, solubility = 1.9 g/100 mL) and calcium sulfate (CaSO4, Ksp = 9.1 -
� 10�6). It is reported that a self-setting calcium phosphate cement
can be prepared by mixing Ca(H2PO4)2�H2O and CaO [21]. This cal-
cium phosphate cement has HA as its main final product, and has
been proven to be a very efficient bone substitute in different
applications [22]. According to Wang et al. [23], Ca(H2PO4)2�H2O
can react with CaO to yield HA (Ca10(PO4)6(OH)2) as expressed by
the following equation:

3CaðH2PO4Þ2 � H2Oþ 7CaO ! Ca10ðPO4Þ6ðOHÞ2 þ 8H2O ð1Þ
It is hypothesized that the Pb, Zn and Cd immobilization with

SPC in contaminated soils may involve two mechanisms: (1) in
the presence of soil pore water, phosphate ions (PO4

3�, HPO4
2� and

H2PO4
�) can be released from Ca(H2PO4)2�H2O and react with Pb,

Zn and Cd to form metal phosphate precipitates such as lead phos-
phate (Pb3(PO4)2, Ksp = 10�44.6), Zn3(PO4)2�4H2O and pentacad-
mium dihydrogen tetrakis (phosphate) tetrahydrate
(Cd5H2(PO4)4�4H2O, Ksp = 10�30.9), respectively [24,25], and (2)
the immobilization of heavy metals by HA, which includes surface
adsorption, complexation, formation of heavy metal-bearing
hydroxyapatites and metal phosphates precipitates, via substitu-
tion of Ca in HA by metals [15,16].

The objective of this paper is to assess the feasibility of utilizing
the novel binder SPC to stabilize a Pb, Zn, and Cd contaminated
industrial site soil. Analyses are conducted with respect to the
effects of SPC content and curing time on the performance charac-
teristics of stabilized soils including soil pH, strength, and heavy
metals leachability. Additionally, modified European Communities
Bureau of Reference (BCR) sequential extraction procedure (SEP),
X-ray diffraction (XRD), scanning electron microscope (SEM), and
mercury intrusion porosimetry (MIP) analyses are carried out to
explore the immobilization mechanisms of Pb, Zn, and Cd by SPC
and study the pore size distributions of the stabilized soils, which
are essential for interpreting the changes in leachability and
strength properties. The results of this study will provide useful
information and facilitate the use of SPC binder for stabilizing
heavy metal contaminated soils.

2. Materials and methods

2.1. Materials

The soil tested is collected from a Pb-Zn smelter contaminated site (36�330N,
104�120 E) located in a suburb area of the northeast Baiyin City, Gansu Province
of China. As one of the largest smelters in the northwest of China, this smelter
has been operated continually since 1996, and has a severe impact on the local
environment. Each year, the smelter produces approximately 130,000 tons of Zn,
50,000 tons of Pb, and 365 tons of Cd. The intensive industrial activities of metal
smelting in the past two decades have yield elevated heavy metal contaminations
in soils with a depth of approximately 3.0 m surrounding the smelter. Surface soil
with a depth of approximately 0.5 m is sampled, placing in polyethylene bags,
and transported to the laboratory.

Before use, the soil is air-dried, screened (�1 mm) and thoroughly homoge-
nized. The physicochemical properties of the soil are shown in Table 1. It can be
found that this contaminated site soil exhibits extremely high total concentrations
of Pb (9710 mg/kg), Zn (17,300 mg/kg) and Cd (2425 mg/kg). In addition, the
organic matter content of the soil tested is found to be 3.19%. The SPC composes

Table 1
Main physicochemical properties of contaminated soil
used in the study.

Index Value

Plastic limit, wP (%)a 17.2
Liquid limit, wL (%)a 33.3
Soil typeb CL
Specific gravity, Gs 2.73
Organic matter (%)c 3.19

Heavy metal concentration (mg/kg)d

Zinc (Zn) 17,300
Lead (Pb) 9710
Cadmium (Cd) 2425

Grain size distribution (%)e

Clay (<0.005 mm) 6.54
Silt (0.005–0.075 mm) 43.95
Sand (0.075–1 mm) 49.51

a Tests are performed as per ASTM D4318 [26].
b Based on the Unified Soil Classification System

(USCS) [27].
c Organic matter is determined by loss on ignition.
d Complete dissolution of samples is performed by

acid digestion method using a mixture of HF/HNO3/
HClO4/H2O2 [28].

e Measured using a laser particle size analyzer
Master-sizer 2000.
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