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ABSTRACT

Hydroxyapatite (HAP) has been widely used to immobilize many cationic metals in water
and soils. The specific reason why an increase in the surface area of HAP enhances
cadmium (Cd) uptake, but has no effect on lead (Pb) uptake, is not clear. The aim of this
study was to determine the factors causing the differences in sorption behavior between Cd
and Pb by evaluating HAPs with different surface areas. We synthesized HAPs with two
different surface areas, which were characterized by X-ray diffraction, N, adsorption, and
scanning electron microscopy, and then evaluated them as sorbents for Cd and Pb removal
by testing in single and binary systems. The sorption capacity of large surface area HAP
(1.85 mmol/g) for Cd in the single-metal system was higher than that of small surface area
HAP (0.64 mmol/g), but there were no differences between single- and binary-metal
solutions containing Pb. After the Cd experiments, the HAP retained a stable structure
and intact morphology, which promotes the accessibility of reactive sites for Cd. However, a
newly formed precipitate covered the surface and blocked the channels in the presence of
Pb, which reduced the number of potential adsorption sites on HAP for Cd and Pb.
Remediation experiments using Cd- and Pb-contaminated soil produced similar results to
the solution tests. These results indicate that alterations of the structure and morphology
during the reaction is an important factor influencing metal sorption to HAP.
© 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction

particular, the immobilization of toxic metal ions such as
cadmium (Cd) and lead (Pb) has been extensively studied

Hydroxyapatite (HAP) is low-cost, eco-friendly and highly
effective stabilizing agent for a variety of metals, and is readily
available in the natural environment (Leyva et al., 2001;
Lusvardi et al.,, 2002; Seaman et al., 2001; Gray et al., 2006;
Lee et al., 2009). Consequently, it has been widely used to
immobilize various cationic metals in water and soil. In
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because of their large potential to harm human health and the
environment (Ye et al, 2014, 2015). However, the physical
properties of the HAP surface that influence Cd and Pb
sorption remain insufficiently understood (Da Rocha et al,,
2002; Baillez et al., 2007). In the case of Cd, some studies have
shown that Cd adsorption by HAPs depends on the specific
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surface area (Baillez et al., 2007; Zhang et al., 2010). These
authors have reported that the maximum Cd?>* uptake by
HAP was about 1.41 mmol/g with a specific surface area of
130 m?%/g (Zhang et al., 2010), 0.592 mmol/g with 77 m?/g (Xu
et al.,, 1994), 0.63 mmol/g with 74 m%*g (Christoffersen et al.,
1988), 0.432 mmol/g with 52 m%g (Mandjiny et al., 1995), and
0.21 mmol/g with 33 m?/g (Da Rocha et al., 2002). However, no
correlation was found between the maximum sorption
capacity and specific surface area for Pb adsorption. According
to Baillez et al. (2007), who studied three different HAP
samples, the surface area had no influence on the maximum
Pb’* uptake (2.17 mmol/g with 41 m%*g, 1.73 mmol/g with
104 m?/g, and 1.59 mmol/g with 50 m?/g). Zhang et al. (2010)
reported on the effect of both Cd and Pb on the HAP sorption
process in aqueous solution and found that competitive
sorption between Pb and Cd on HAP existed in the binary
system, and the inhibitive effect of Pb on Cd sorption by HAP
was greater than that of Cd on Pb. Hence, studies still need to
be conducted to determine the influence of the surface area
on the hydroxyapatite sorption properties for Cd and Pb in
single-metal and binary systems.

Different sorption mechanisms of HAP for Cd and Pb could
produce the observed differences in adsorption results.
Several stabilization mechanisms of Cd and Pb on HAP are
known, including ion exchange, surface complexation, diffu-
sion through the solid material, and dissolution-precipitation
(Peld et al., 2004; Mandjiny et al., 1998; Sheha, 2007; Corami et
al., 2008), with dissolution-precipitation being the dominant
process in the immobilization of Pb (Sandrine et al., 2007; Jang
et al., 2008). Ion-exchange and surface complexation are
favored for the crystal structures and morphologies that
consist of an adaptable framework, which are penetrated and
diffused by channels along which ions migrate, with the stable
and integral framework tending to facilitate the passage of
ions through the tunnels (Srinivasan et al., 2006; Vila et al,,
2011). If the processes of metal migration and diffusion are
satisfied, maximizing the surface area is beneficial for physical
sorption, ion exchange, and surface complexation as a result
of enhancing the accessibility of contaminants to the surfaces.
In contrast, the destruction of crystal structures and morphol-
ogies will prevent adsorption sites becoming available to
contaminants during reactions. The dissolution-precipitation
process may result in large modifications of the structure and
surface morphology of HAP, resulting in a loss of porosity and
a decrease in the number of effective reactive sites, which can
strongly affect its sorption capacity. Therefore, the influence
of Cd and Pb sorption on the surface physical properties of HAP
needs to be further investigated to optimize metal capture in
water and soil.

The aim of this study was to understand the influence of
the surface area of HAP on the sorption efficiency in water and
soil contaminated with Cd and Pb. A simple method was used
to synthesize two HAP samples with different surface areas,
namely large surface area HAP (LHAP) and small surface area
HAP (SHAP). Laboratory batch sorption and soil immobiliza-
tion experiments were conducted to quantify the effect of the
HAP surface area on the sorption of Cd and Pb in single- and
binary-metal systems. The specific objectives of this work
were to: (1) describe the physical and chemical properties of
LHAP and SHAP; (2) compare the sorption characteristics of Cd

and Pb on LHAP and SHAP in terms of thermodynamic
parameters; (3) determine the mechanisms underlying the
sorption differences using different structural analysis tech-
niques; and (4) determine the bioavailability of Cd and Pb in
soil using a sequential extraction method.

1. Materials and methods
1.1. Materials

Two kinds of HAP, with different surface areas, were synthesized
in this experiment. The preparation method followed the
procedure reported by Ibrahim et al. (2013, 2015). Briefly, an
aqueous solution of Ca(NOs), and H3sPO, was prepared at a molar
ratio of 5 to 3. The pH of the Ca(NOs), solution was adjusted to
10.5 by the addition of 0.1 mol/L NaOH solution. H;PO, was
added at a controlled rate into the Ca(NOs), solution with a
syringe pump (TCI-IV, RunLian, Hebei, China), and reacted at
room temperature under vigorous agitation at 450 r/min for
30 min. Two addition rates (25 and 200 mL/hr) of H3PO, were
used to control the surface area of HAP. Finally, the products
were filtered, washed with deionized water and ethanol, and
then freeze—dried.

1.2. Characterization of the HAP samples

The basic properties of the HAP samples were determined as
follows. The phase structures of the HAP samples were
analyzed by X-ray diffraction (XRD, X'Pert, Philips, Amster-
dam, Netherlands). The N, adsorption-desorption isotherms
were determined using a surface area analyzer (Ommishop
100cx, Beckman Coulter Inc., Brea, CA, USA). The morphology
and microstructure were observed using scanning electron
microscopy (SEM: SU8020, Hitachi, Chiyoda, Japan). The SEM
was equipped with an ISIS 310 energy dispersive spectrometer
(EDS) system (Aztec X-Max 80, Oxford, UK).

1.3. Sorption kinetics and isotherm experiments

For the sorption kinetic experiments, exactly 0.1 g of LHAP or
SHAP was added to 30-mL of a solution containing 3 mmol/L
Cd and/or Pb solution in a 50-mL centrifuge tube. The samples
were agitated in a horizontal shaker at 200 r/min at 25 + 2°C.
The supernatants were separated by centrifugation at
6000 r/min for 5 min, and filtered through 0.45-um poly-
propylene membrane filters. Filtrates were collected to mea-
sure the concentrations of Cd and Pb. In addition to the solution
analysis, the reaction products were also collected at the end of
reaction, freeze-dried, and then used for XRD and SEM-EDS
analyses.

For the isotherm experiments, the concentrations of Cd
and Pb added varied from 1 to 8 mmol/L. In the binary-metal
systems, one metal was kept at 3 mmol/L. The quantity of
sorbed Cd/Pb was calculated by the difference in the concen-
tration before and after the sorption experiment. All samples
were incubated for 7 days to reach sorption equilibrium.

The initial and final pH values for the solutions of LHAP
with different initial metal concentrations ranged from 6.73 to
5.78 for Cd, and from 6.85 to 6.74 for Pb, respectively. The
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corresponding values for SHAP ranged from 6.57 to 5.53 for Cd,
and from 6.81 to 6.69 for Pb, respectively. In these suspen-
sions, the initial ph and final pH were measured but not
adjusted.

1.4. Computation and model

The amount of Cd and Pb removed from the solutions per
gram of HAP was calculated using the equation:

Q = (Co-Ce) x V/M €y

where, Q (mmol/g) is the Cd and Pb loading onto HAP, C,
(mmol/L) denotes the concentration of Cd and Pb in the
solution before mixing with HAP, C. (mmol/L) is the equilib-
rium concentration of Cd and Pb remaining in the solution
after the sorption experiment, V (L) is the volume of the
solution, and M (g) denotes the mass of HAP. A quantitative
analysis of the Cd and Pb concentrations was performed using
inductively coupled plasma (ICP) and inductively coupled
plasma-mass spectrometry (ICP-MS).

First- and second-order models were used to simulate the
sorption kinetics data. The equations for these models can be
written as:

First-order : Q, = Q. (1_e—k1t) 2
L keQlt
Second-order : Q; = 17 kot 3)
2e

where, Q; (mmol/g) and Q. (mmol/g) are the amount of Cd and
Pb adsorbed on the HAP at time t and reaction equilibrium,
respectively, and k; (hr'') and k, (hr'?) are the first- and
second-order sorption rate constants, respectively.

The Langmuir and Freundlich models were used to simulate
the sorption isotherms. The equations can be written as:

s o kLQmCE
Langmuir: Q = 1 kC, (4)
Freundlich : Q = kyC/" (5)

where, k;, (L/mmol) is the Langmuir constant related to
bonding energies, kr ((mmol®~™-L"/g) is the Freundlich
affinity coefficient, Q, (mmol/g) is the Langmuir maximum
capacity, Ce (mmol/g) is the equilibrium solution concentration
of each metal in solution, and n is the Freundlich linearity
constant.

1.5. Soil preparation

Uncontaminated soils used for maize cultivation were col-
lected at a depth of 0-20 cm from Tongcheng County, Auqging
City, China (31°07’N, 116°53’E). The soil samples were air-dried
and ground to pass through a 60-mesh sieve. Selected
properties of the investigated soil are as following: pH 6.30,
soil organic matter 12.3 g/kg, cation exchange capacity
12.6 cmol/kg, clay 21.8%, total Cd concentration 0.17 mg/kg,
and total Pb concentration 29.8 mg/kg.

To simulate the levels of Cd and Pb pollution, the soil
samples were placed in polythene pots. The soils were mixed
with single- and mixed-metal solutions of Cd(NOs), and

Pb(NOs), at a concentration of 1 mmol/kg respectively, and
incubated at constant humidity (70% water holding capacity)
for one month at 25°C. The pots were then covered by a plastic
lid containing several small holes to allow gaseous exchange
and minimize moisture loss. After one month, the two HAP
materials were mixed with 100 g of contaminated soil at rates
of 3.0% by weight in 500-mL plastic beakers, respectively.
The HAPs were thoroughly mixed with the soils to obtain
homogeneity. All the beakers were covered with a plastic film
to prevent moisture loss and then incubated at a constant
temperature of 25°C for 60 days. At day 60, European
Community Bureau of Reference (BCR) sequential extraction
tests of the soil samples were conducted.

1.6. Cd and PD species in the soil

To determine the changes in Cd and Pb speciation in soils
before and after amendment with HAPs, the BCR sequential
extraction method was applied to quantify the fractions of
various defined Cd and Pb species (Quevauviller et al., 1993;
Alborés et al., 2000). The Cd and Pb speciation in the soil was
classified into acid-soluble metals, reducible metals, oxidiz-
able metals, and residual metals. The acid-soluble metals
were extracted by acetic acid; the Pb and Cd bound with Fe/Mn
oxides (the reducible metals) were analyzed using hydroxyl-
amine hydrochloride; the Pb and Cd combined with organic
matter and sulfides (the oxidizable metals) were determined
using H,0, and NH4OAc; and the residual fraction was
digested with HNO5;-HF-HCIO,. For each step, the equivalent
of 0.50 g dry weight of extractant was added to the soil sample
in a 50-mL centrifuge tube. The soil samples included both
unamended and amended soils. The suspensions were
subsequently shaken for 16 hr to reach reaction equilibrium,
and the solution phase of the suspensions was then separated
from the solid phase by centrifugation at 10,000 r/min for
10 min. The supernatants were decanted and filtered through
a 0.22-pm pore-size Millipore filter. The filtrates were stored at
4°C prior to analysis for Cd and Pb, whereas the soil residues
were retained for the next step. The same centrifugation-
decantation procedure was used for each extraction.

1.7. Data analysis

The data were analyzed using the SPSS 16.0 statistical package
and Excel 2007 for Windows. The means of three replicates
were subjected to a one-way analysis of variance and the
Tukey honest significant difference test at the 0.05 signifi-
cance level.

2. Results and discussion
2.1. Characterization of HAP samples

Fig. 1 shows SEM images of the two HAP samples, with
different structures and morphologies. The SHAP has an
irregular, blocky structure, with a particle size of about
1-5 pm (Fig. 1a). The image of LHAP shows that a large
quantity of hydroxyapatite nanosheets formed on the surface
and became integrated into the micro-structure (Fig. 1b). The
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Fig. 1 - Scanning electron microscopy (SEM) images of non-reacted samples of small surface area hydroxyapatite (SHAP) (a) and
large surface area hydroxyapatite (LHAP) (b) and magnified regions of a (c) and b (d). Nitrogen adsorption-desorption isotherms
and pore size distribution curve (inset) of SHAP (e) and LHAP (f). Standard temperature and pressure (STP): the monolayer area
was paved by per milliliter of N, molecule; P/PO: relative pressure.

surface of LHAP was also rougher than that of SHAP (Fig. 1c
and d). The XRD pattern in Fig. 2 shows that the diffraction
peaks of the LHAP and SHAP were in agreement with those of

Intensity (a.u.)

the Joint Committee on Powder Diffraction Standards (JCPDS)
card No. 09-0432, which confirmed the as-prepared products
were HAP samples (Ibrahim et al., 2013).

b

- CA+PB(SHAP)

Pb(SHAP)

CA(SHAP)

SIIAP

2theta (degrees)

40 60
2theta (degrees)

20 80

Fig. 2 - X-ray diffraction (XRD) patterns of LHAP (a) and SHAP (b) before and after reaction with Cd or/and Pb solutions.
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For further insight into the surface area and pore-size
distribution of the two HAP samples, the N, adsorption-
desorption isotherms were measured to examine the struc-
tural characteristics of the pores (Fig. 1e and f). The surface
area and pore volume of LHAP, calculated from the nitrogen
sorption isotherms, was 187.16 m?/g and 0.89 cm®/g (Table 1),
which was larger than the corresponding values of 46.79 m?/g
and 0.37 cm®/g for SHAP, respectively. From the correspond-
ing pore size distribution curves (inset in Fig. le and f), we
found an obvious difference in the pore size distribution for
the two HAP samples. The pore size of SHAP was widely
distributed, with a peak of around 30 nm (inset in Fig. 1e).
However, there were two peak sizes found in the pore
structure of LHAP (inset in Fig. 1f). One was distributed around
2 nm and the other was centered around 42 nm. The peak
around 2 nm was derived from the close arrangement of the
nanosheets on the surface of LHAP, and the larger pores were
mainly attributed to the loose accumulation of bulk LHAP,
which was similar to the pores of SHAP. The results indicated
that the dispersed nanosheets led to the formation of the
small nanopores in the LHAP structure and the large specific
area that was obtained.

2.2. Sorption kinetics of Cd and Pb

The sorption kinetics of Cd and Pb by LHAP and SHAP in
single- and binary-metal solutions was examined (Fig. 3). The
kinetic models described the experimental data fairly well,
with all R? values being greater than 0.85 in single-metal
systems (Table 2). The estimated Q. of the metal concentra-
tion for LHAP and SHAP in the single system using the models
(Table 2) was consistent with the observed value (see Fig. 3a).
However, for the binary-metal system, the first-order model
did not fit the model better than the second-order model.
Moreover, the Q. of Cd and Pb for LHAP in the binary system
estimated by the first-order model was 0.18 and 0.52 mmol/g
(Table 2), which is about 14% and 21% less than the observed
value (0.21 and 0.66 mmol/g, see Fig. 3b). Thus, the
second-order model performed better for both LHAP and
SHAP in single- and binary-metal systems. The best-fit kinetic
model parameters are presented in Table 2.

Q. values were different in the binary-metal system using
the two HAP materials according to the second-order model
(Table 2). For Cd treatment, the Q. of both LHAP (0.69 mmol/g)
and SHAP (0.34 mmol/g) was higher in a single-metal solution
than in the binary-metal system (0.21 mmol/g for LHAP and
0.19 mmol/g for SHAP), which was identical to the trend in Pb

Table 1 - Physical properties of two hydroxyapatite (HAP)

materials and large surface area hydroxyapatite loaded
with Cd or/and Pb.

Sample Specific Pore  Average pore
surface area volume diameter

(m?/g) (cm®/g) (nm)
LHAP 187.16 0.89 2.09
SHAP 46.79 0.37 25.93
LHAP with Cd 177.42 0.78 2.23
LHAP with Pb 237.60 0.23 12.12
LHAP with Cd and Pb 89.30 0.12 17.19

treatment. These data indicated competitive sorption be-
tween Cd and Pb on HAP in the binary-metal system. The Q. of
the LHAP in the Cd-only system was about 2.1 times higher
than the Q. of the SHAP. However, the presence of Pb can
decrease the variation of Cd and Pb adsorbed on LHAP and
SHAP. For example, the difference in Q. for Cd between LHAP
and SHAP was 10% in the binary system, and the correspond-
ing values of Pb were 3.8% and 3% in the single- and
binary-metal systems, respectively. The results indicated
that Pb had an inhibitive effect on the Cd and Pb sorption
capacity of LHAP in the single- and binary-metal system,
compared with SHAP. This might be explained by the different
reaction mechanisms of HAP with Cd and Pb. Surface
complexation is the main sorption mechanism for Cd
(Smiciklas et al., 2000; Mobasherpour et al., 2011), while Pb
could form a hydroxypyromorphite (HPy) precipitate through
the dissolution-precipitation mechanism (Cao et al., 2004).

2.3. Sorption isotherm of Cd and Pb

Cd and Pb sorption by HAP was analyzed using the Langmuir
and Freundlich models. Although both models reproduced the
isotherm data very well, the Langmuir model (R* > 0.95) fitted
the HAP sorption isotherm better than the Freundlich model
(0.80 < R? < 0.90) (Table 2). Generally, the Langmuir model
assumes monolayer adsorption onto a homogeneous surface
with no interactions between the adsorbed molecules, while
the Freundlich model is an empirical equation commonly
used for heterogeneous surfaces. Synthetic HAP is a pure
substance without impurities, so the adsorption surface of
HAP is considered to be homogeneous. In the previous study
by Zhang et al. (2010), the XPS analysis revealed that Cd and Pb
sorption might only have occurred on the outer surfaces of
HAP, as Cd and Pb signals were not detected 10 nm below the
surface. The heavy metals were adsorbed on the outer surface
of HAP, which is appropriate for monolayer adsorption. Thus,
the Langmuir model was more suitable for the surface
homogeneity of HAP. Previous studies have reported that the
Langmuir model describes the sorption process of heavy
metals on hydroxyapatite well (Xu et al., 1994; Cao et al., 2004,
Baillez et al., 2007; Corami et al., 2008). The best-fit isotherm
model parameters are listed in the supporting information
(Table 2).

In the Cd-only system, the plateau of the LHAP isotherm
was three times higher than that of the SHAP isotherm;
however, there was no significant variation (p < 0.05) between
the LHAP and SHAP isotherms when Pb was added (Fig. 4).
The Qn of Cd/Pb in single-metal and binary systems was
compared with the values between LHAP and SHAP though
the Langmuir model. The Q,, of LHAP (1.85 mmol/g) for Cd in
the single-metal system was higher than the Q, of SHAP
(0.64 mmol/g). Previous studies have shown that the sorption
capacity of Cd rises as the surface area of HAP increases
(Zhang et al.,, 2010). Da Rocha et al. (2002) found that the
maximum sorption capacity normalized to specific surface
area could be almost constant for any HAP. Thus, LHAP
displayed a higher sorption capacity than SHAP for Cd
adsorption due to its high surface area. However, the Qu, of
Cd for LHAP was only 12% higher than SHAP in the
binary-metal solution. The Q., of Pb was less different (3.2%



146

JOURNAL OF ENVIRONMENTAL SCIENCES 52 (2017) 141-150

1.0 0.8
a b
08 o SIS S—— #%:i
o e 5 — : 06 1 //r{—‘ =
5 I s - -
~~ 06 4 « Cd(LHAP) - i r ® Cd+PL(LHAP)
I u o Cd(SHAP) @ Cd+Pb(SHAP)
£ v Pb{LHAP) v Po+~Cd(LHAP)
& Pb(SHAP) 4 Pb+Cd(SHAP)
E 0.4 second order model second order model
o d—F—3— 3
0.2 { ;
0.0 ' 1 T T T T v
0 20 40 60 80 0 20 40 60 80 100 120 140 160 180
t (hr) 7 (hr)

Fig. 3 - Sorption kinetics of single-metal solution (a) and binary-metal solution (b) by LHAP and SHAP respectively, showing the
amount of adsorbed Cd and Pb (Q) versus time. Initial Cd and Pb = 3 mmol/L, amount of HAP = 0.1 g and Temperature = 25 =
2°C. Cd: the amount of adsorbed Cd in single-Cd solution, Pb: the amount of adsorbed Pb in single-Pb solution, Cd + Pb: the
amount of adsorbed Cd in binary-metal solution, Pb + Cd: the amount of adsorbed Pb in binary-metal solution.

for a single-metal system and 2% for a binary system) between
the LHAP and SHAP (Table 2). These results suggest that the
effect of surface area on the adsorption capacity of Cd and Pb
by LHAP was low due to the presence of Pb, which is in
agreement with previous studies (Peld et al., 2004).

2.4. The sorption mechanism for Cd and Pb

The LHAP’s morphology and structure might also explain the
sorption variations observed in the presence of Pb. To confirm
the sorption process of Cd and Pb by the LHAP and SHAP, SEM
observations with EDS analysis and XRD measurements were
performed on the HAP sample after the experiments with the
single- and binary-metal solutions (Fig. 5).

For the LHAP reaction with Cd, the SEM results showed
that the overall morphology of the LHAP was consistent with
that of the original sample before the experiments (Fig. 5a).
The X-ray diffraction patterns of LHAP did not indicate any
modification in the crystalline phase after the adsorption
experiments (Fig. 2a). However, the presence of Cd** ions in
the LHAP structure was confirmed by EDS (Fig. S5b). Therefore,
dissolution-precipitation was not the main Cd sorption
mechanism for the LHAP. Some studies have reported that
the reaction of Cd** with hydroxyapatite may not proceed
through a dissolution-precipitation mechanism that results

in the formation of a precipitate (Zheng et al., 2007; Silvano
et al., 2012). Compared with the original HAP, there was less
variation in the specific area, pore volume, and average pore
diameter of LHAP after the experiments with the Cd-only
solution (Table 1), suggesting that the channel structure
remained in place. Generally, the sorption process of Cd
includes two steps: surface complexation and ion exchange
followed by the diffusion of Cd into the structure of HAP
(Fedoroff et al., 1999; Marchat et al., 2007). The stable structure
and intact morphology of LHAP promoted the accessibility of
Cd to reactive sites even after it reacted with Cd, and thus the
larger specific surface area enhanced Cd adsorption by LHAP.

For LHAP reacted with Pb, the SEM images indicated an
alteration of morphology and the dissolution of the HAP
surface, while EDS detected a large amount of Pb®* in the
LHAP phase (Fig. 5¢ and d). The coexistence of the HAP and
HPy phases was observed (Fig. 6a and b), indicating the
occurrence of the dissolution-precipitation reaction in Pb
adsorption by LHAP. Additional peaks were detected by XRD
and identified as HPy in the LHAP residue after its reaction
with Pb (Fig. 2a), which further confirmed that a HPy
precipitate formed due to the reaction between Pb and LHAP.
After the LHAP was loaded with Pb, the pore volume of the
product decreased, but the specific surface area increased
(Table 1). The increase in the surface area was due to the

Table 2 - Best-fit model parameters of Cd and Pb sorption in single- and binary-metal system by LHAP and small surface

area hydroxyapatite (SHAP).

System Treatment First-order Second-order Langmuir Freundlich

kl Qe R2 kz Qe R2 k]_ an R2 kp n R2

Single-metal Cd(LHAP) 0.59 0.66 0.87 1.64 0.69 0.99 1.59 1.85 1.00 1.04 3.25 0.98
Cd(SHAP) 0.67 0.33 0.91 4.28 0.34 0.98 2.37 0.64 0.99 0.43 3.16 0.98

Pb(LHAP) 0.31 0.80 0.86 0.55 0.86 0.96 18.07 1.96 0.99 1.68 7.40 0.93

Pb(SHAP) 0.17 0.77 0.87 0.27 0.85 0.96 11.46 1.90 0.99 1.46 5.87 0.91

Binary-metal Cd (LHAP) 0.22 0.18 0.80 1.57 0.21 0.97 1.86 0.47 0.98 0.29 3.28 0.94
Cd (SHAP) 0.13 0.18 0.84 0.95 0.19 0.97 1.47 0.42 0.97 0.24 3.08 0.92

Pb (LHAP) 0.20 0.52 0.75 0.46 0.66 0.94 6.21 1.73 1.00 1.32 5.34 0.94

Pb (SHAP) 0.06 0.60 0.83 0.12 0.67 0.96 3.10 1.69 0.99 1.18 4.23 0.93
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Fig. 4 - Isotherm of single-metal solution (a) and binary-metal solution (b) sorption on LHAP and SHAP, respectively. Cd: the

amount of adsorbed Cd in single-Cd solution, Pb: the amount of adsorbed Pb in single-Pb solution, Cd + Pb: the amount of
adsorbed Cd in binary-metal solution, Pb + Cd: the amount of adsorbed Pb in binary-metal solution.

newly formed rod-like precipitates. Similar changes were
apparent in the morphology of LHAP loaded with Pb and Cd

small nanosheets became larger, with rod-like precipitates
(Fig. 5e). The LHAP surface was partially dissolved and the

observed on the surface (Fig. 6¢c). After the impurities were
formed and covered the surface of LHAP due to the formation

Fig. 5 - SEM images and energy dispersive spectrometer (EDS) spectra of the reacted samples of LHAP with Cd (a and b), Pb
(c and d) and Cd + Pb (e and f) solutions.
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Fig. 6 - SEM images of HAP after reaction with solutions containing heavy metals. (a) Was the magnified image in Fig. 5c, and (b)
is the magnifications of the area delimited by the square in panel a. (c) was the magnifications of the area delimited by the

squares in Fig. Se.

of HPy, the original small holes and channels were blocked in
the LHAP structure, which decreased the specific surface area
and pore volume of LHAP (Table 1). Irani et al. (2011) reported
that the formation of impurities on the surface of an
amendment can lead to metal ions being weakly diffused
into the pores on the internal surface, decreasing the sorption
capacity for Pb ions. Strong Cd and Pb signals were detected
on the surface of LHAP in the EDS spectrum, showing that Cd
and Pb associated with Ca, P, and O, which are immobilized on
the surface of LHAP (Fig. 5f). These results indicated that the
dissolution of the surface structure and the blockage of
channels can reduce metal ion diffusion into the inner
framework of the LHAP, and the sorption capacity of LHAP
for Cd and Pb was then decreased after it reacted with Pb.

2.5. Fractions of Cd and Pb extracted when 1.0 mmol/kg of the
heavy metals were added to the soil

We verified the conclusions obtained in the experiment on
the removal of Cd and Pb from solution using LHAP and SHAP,
though the remediation of single- and binary-metal contam-
inated soil. Accordingly, Cd and Pb partitioning occurred in
soil samples treated with the two HAP samples (Table 3). The
acid-soluble fractions of Cd and Pb extracted by 0.11 mol/L
acetic acid primarily consisted of soluble, exchangeable, and
carbonate-combined heavy metals (Quevauviller et al., 1994).

This fraction represents the active and bioavailable metal
speciation. As shown in Table 3, the two types of HAP
significantly reduced the acid-soluble concentrations of Cd
and Pb in the soil. Specifically, the acid-soluble Cd decreased
by 43% and 24% in single-metal soil, and 22% and 18% in
binary-metal soil the for LHAP and SHAP treatments, respec-
tively. The corresponding values for Pb were 87% and 85% in
single-metal soil, and 67% and 63% in binary-metal soil for the
LHAP and SHAP treatments, respectively. A significant differ-
ence (p <0.05) in the acid-soluble Cd levels was observed
between the LHAP and SHAP treatment in single Cd contam-
inated soil, which suggested that the large specific area could
facilitate the immobilization of Cd in the single-metal
contaminated soil. However, there was no significant varia-
tion in the acid-soluble metal levels between the LHAP and
SHAP treatments when the soils were spiked with Pb.
Therefore, large surface area HAP will enhance the remedia-
tion of a soil that is polluted only with Cd, but not a soil
polluted with Pb or both Pb and Cd, which is consistent with
the results of the LHAP and SHAP tests with the single- and
binary-metal solutions.

The acid-soluble Cd reduced by LHAP and SHAP was
primarily transformed to the reducible and oxidizable forms
(Table 3). Compared with the treatment with no added HAP,
the reducible portion in soil contaminated by Cd alone
increased by 2.7 and 1.9 times in response to treatment with

Table 3 - Fraction of Cd and Pb determined by European Community Bureau of Reference (BCR) sequential extraction for the

treatments with 1.0 mmol/kg of metals (unit: mmol/kg).

Metal Treatment Acid soluble metals Reducible metals Oxidizable metals Residual metals
Cd (single-metal) CK 0.68 + 0.034a 0.12 £ 0.010 ¢ 0.06 + 0.006 c 0.13 £ 0.011 a
LHAP 0.39 + 0.023c 0.33 + 0.023a 0.13 + 0.005a 0.14 + 0.009a
SHAP 0.52 + 0.018b 0.23 + 0.028b 0.09 + 0.007b 0.15 £ 0.013a
Cd (binary-metal) CK 0.63 + 0.032a 0.13 + 0.01b 0.05 + 0.007b 0.14 + 0.006b
LHAP 0.49 + 0.015b 0.20 £ 0.01a 0.13 + 0.006a 0.17 + 0.006a
SHAP 0.52 + 0.042ab 0.21 + 0.018a 0.13 + 0.007a 0.15 + 0.008a
Pb (single-metal) CK 0.57 + 0.036a 0.15 + 0.005b 0.06 + 0.007b 0.23 + 0.015b
LHAP 0.07 + 0.012b 0.31 + 0.026a 0.17 + 0.011a 0.49 + 0.031a
SHAP 0.09 + 0.010b 0.34 + 0.034a 0.16 + 0.006a 0.46 £ 0.027a
Pb (binary-metal) CK 0.51 + 0.046 a 0.17 + 0.006b 0.05 + 0.004b 0.25 + 0.018b
LHAP 0.13 + 0.010b 0.30 + 0.018a 0.14 + 0.023a 0.45 £ 0.026a
SHAP 0.15 + 0.016b 0.29 + 0.026a 0.11 + 0.013a 0.42 + 0.037a

Means (n = 3) followed by same letter within a column are not significantly different (p > 0.05). CK: control treatment.
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LHAP and SHAP, while the oxidizable Cd increased by 2.4 and
1.6 times, respectively. The corresponding values in the
binary-metal system increased by 1.5 and 1.6 times for the
LHAP and SHAP treatment, and 2.4 and 2.5 times for the LHAP
and SHAP treatment, respectively. This transformation was
primarily attributed to the strong surface complexation and
ion exchange with metals by HAP (Ma et al., 2010; Cui et al.,
2013). LHAP could increase the portion of reducible and
oxidizable Cd more than that of SHAP in the Cd-only
contaminated soil, but not in binary-metal contaminated
soils. The concentration of reducible Cd declined in the LHAP
treatment as the Pb entered into the soil. The reason was that
Pb in soil could react with LHAP, and lead to damage of the
original small holes and channels in the LHAP structure,
which decreased the active sites of LHAP and reduced the
ability of HAP for surface complexation and ion exchange with
heavy metals. The content of residual Cd changed only
slightly when the two HAP samples were incorporated,
because the precipitation reaction was not the main Cd
immobilization mechanism for HAP, and did not lead to an
obvious change in the residual portion of Cd (Cui et al., 2013).
In addition to the reducible and oxidizable forms, the
acid-soluble Pb was significantly converted (p <0.05) to
residual forms of Pb due to the formation of pyromorphite.
Similar results were also observed by Ryan et al. (2001) and
Melamed et al. (2003), who found that phosphate treatments
resulted in a significant shift of active Pb to residual Pb due to
the production of HPy, which was confirmed by extended
X-ray absorption fine structure spectroscopy (Hashimoto
et al,, 2009). In the Pb-contaminated soils, the three metal
fractions in the LHAP treatment did not increase more
significantly than in the SHAP treatment. The results indicate
that LHAP has the potential to improve the immobilization of
Cd-only polluted soils, but is useless for enhancing the
remediation of contaminated soil when Pb is also present.

3. Conclusions

The sorption kinetics and isotherms of Cd and Pb on LHAP and
SHAP could be modeled by the second order kinetics model
and Langmuir isotherm. LHAP showed higher adsorption
capacity for Cd than SHAP due to its high surface area.
Competitive sorption occurred in the binary systems, and Pb
exhibited a greater inhibition effect on the sorption of heavy
metal for LHAP than that for SHAP. The significant differences
between the sorption dynamic curves and Q, suggested
possible differences in the specific mechanisms for metal
sorption between LHAP and SHAP. The results of XRD,
SEM-EDS and N, adsorption-desorption isotherms indicated
that the mechanism of HAP dissolution following HPy
precipitation was dominant and led to a loss in the porosity
and a decrease in the number of effective reactive sites, which
can strongly influence the sorption capacity of LHAP. Sequen-
tial extraction analysis indicated that the addition of Pb
significantly decreased the immobilization -efficiency of
LHAP for heavy metals. Therefore, the reduced efficiency of
LHAP due to the role of Pb ions should be carefully considered
for practical environmental applications in the treatment of
wastewater and soil containing heavy metals.
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