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SDS-nClAP  was synthesized  using
SDS within  40.4  nm.
The  SDS-nClAP  could  effectively
transform  Pb labile  Pb  to  stable
fraction  with  a maximum  increase  of
38.3%.
The  SDS-nClAP  could  reduce  the
TCLP-leachable  Pb  from  0.30  to
0 mg/L  after  45-d  treatment.
Dissolution-precipitation  process
may be the main  mechanism.
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a  b  s  t  r  a  c  t

During  the  past  years,  efforts  have  been  made  to  deal  with  the Pb  contaminated  sediment  in Xiawangang
River  in  Hunan  province,  China,  but  it remains  a serious  problem  since  the  smelting  pollutants  were
accumulated.  According  to previous  studies,  phosphate  showed  an  effective  ability  to  transfer  labile
Pb  to  pyromorphite  (Pb5(PO4)3X,  X  = F,  Cl, Br,  OH)  but its application  was limited  by  its  solubility  and
deliverability.  Hence  a new  class  of  nano-chlorapatite  was  synthesized  by using  sodium  dodecyl  sulfate
(SDS)  as a  stabilizer  and  characterized  by TEM,  FESEM,  DLS,  FTIR,  and  EDAX.  Results  demonstrated  that  the
SDS stabilized  nano-chlorapatite  (SDS-nClAP)  was  in  spherical  or  spheroidal  shape  with  a hydrodynamic
diameter  of 40.4  nm.  Experimental  data  suggested  that  SDS-nClAP  was  effective  in transforming  labile
b immobilization
eachability
hemical speciation

Pb  to stable  fraction  with  a  maximum  increase  of  38.3%,  also  the  reduction  of  TCLP-leachable  Pb  from
0.30  to  0  mg/L  after  45-d  treatment.  The  increase  of  available  phosphorus  in both  SDS-nClAP  and  ClAP
treated  sediment  samples  verified  dissolution-precipitation  mechanism  involved  in  Pb immobilization.
Additionally,  the  increment  of
that in 2:1  treated  samples,  wh

∗ Corresponding authors at: College of Environmental Science and Engineering, Hunan
E-mail addresses: zgming@hnu.edu.cn (G. Zeng), huangdanlian@hnu.edu.cn (D. Huang

ttp://dx.doi.org/10.1016/j.jhazmat.2016.08.038
304-3894/© 2016 Elsevier B.V. All rights reserved.
 organic  matter  in  10:1  treated  samples  was  approximately  5-fold  than

ich  revealed  that  the  micro-organisms  may  play  an  important  role  in it.

© 2016  Elsevier  B.V.  All  rights  reserved.

 University, Changsha, Hunan 410082, China
).

dx.doi.org/10.1016/j.jhazmat.2016.08.038
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2016.08.038&domain=pdf
mailto:zgming@hnu.edu.cn
mailto:huangdanlian@hnu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2016.08.038


dous M

1

t
m
a
w
r
m
O
t
b
t
f
o
a
t
t
h
o
i
r
e
o
w
e
t
a
[

m
w
P
c
h
f
t
f
w
p
u
d
c
t
e
t
c
u
i
r

c
s
C
l
fi
f
(
s
a
i
m
s
s

J. Wan  et al. / Journal of Hazar

. Introduction

It is well-known that sediment plays an important role in the
ransportation and chemical-speciation-transformation of heavy

etals since it is the largest container and sources of metals in the
quatic ecosystem [1,2]. The sediment from lakes, harbors or rivers
hich located in the industrial areas, especially the metal smelter,

eceived the most of industrial wastewater containing lots of heavy
etals, leading to seriously heavy metal pollution in sediment [3].
nce the heavy metals are exposed to the organisms, the detrimen-

al effects to the plants, microbes, animals and humans should not
e neglected [4–12]. Thus it is necessary to find an effective method
o remedy the polluted sediment [13–15]. Accordingly, the main
actor we need to take into consideration is the chemical speciation
f heavy metals which greatly associates with the transportation
nd mobilization of the heavy metals in sediment [16] while the
otal content of heavy metals in sediment could not give any effec-
ive information about the physical and chemical behaviors of the
eavy metals in most cases [3]. BCR (European Community Bureau
f Reference) sequential extraction method divides the heavy metal

nto four speciations: acid soluble/exchangeable fraction (F1) and
educible fraction (F2), both of which can be easily leached into
nvironment and result in a direct damage to the organisms [2];
xidizable fraction (F3), which can be transformed into F1 and F2
ith the change of redox potential and pH, showing a potential

co-toxicity to the organisms [17]; the last is the residual frac-
ion (F4) which is universally accepted as the most stable fraction
nd almost unreactive under a wide range of natural conditions
1,18].

Different approaches used in dealing with contaminated sedi-
ents can be divided into ex situ and in situ methods in general
hich mostly depend on the characteristics of sediments [19].

hosphate amendments have been widely recognized as a low-
ost, effective and non-disruptive in situ remediation method for
eavy metal polluted solid wastes. And the phosphate has a per-

ect immobilized efficiency in Cu(II), Zn(II), and Cd(II), especially
he Pb(II), which can be transferred to the most strongly bound Pb
raction presented as pyromorphite (Pb5(PO4)3X, X = F, Cl, Br, OH)

ith the remediation of phosphates [20–23]. In previous studies,
articulate phosphate and soluble phosphate salts were commonly
sed in metal immobilization [24]. The soluble phosphate salts can
issolve easily in sediment-solution with a high mobility and they
ould supply more effective phosphorus (P) for metal immobiliza-
ion [25], but it may  greatly increase the environmental risk of
utrophication by releasing excessive P. On the other hand, even
he fine-ground particulate phosphates are hardly delivered to the
ontaminated zone in sediment due to its large size and lower sol-
bility, which is unfavourable for the in situ remediation [22]. Thus

t is urgent to investigate a new class of phosphate for the sediment
emediation.

Based on the previous studies of Liu and Zhao [24,26,27], a new
lass of nano-chlorapatite was synthesized in this study by using
odium dodecyl sulfate (SDS, an anionic surfactant with the formula
H3(CH2)11OSO3Na) as a stabilizer and characterized by dynamic

ight scattering (DLS), transmission electron microscopy (TEM),
eld emission scanning electron microscope (FESEM), fourier trans-

orm infrared spectrometry (FTIR) and energy dispersive X-ray
EDAX). In order to investigate the Pb immobilization effect of the
ynthesized nano-chlorapatite on the polluted sediment, the leach-
ble Pb fraction and the chemical speciation of Pb were detected
n the experiment. Moreover, the available phosphates and organic

atter were also observed in this research for analyzing the pos-

ible interaction mechanisms between the nano-particles and the
ediment [28–30].
aterials 320 (2016) 278–288 279

2. Materials and methods

All the chemicals used in this experiment were of analytical
or higher grade. All the containers and equipments were washed
extensively with ultrapure water from an Ultra-pure Water Sys-
tem and all the solutions were prepared with the ultrapure water.
The experiment was conducted in triplicate and the results were
expressed as mean ± standard deviation.

2.1. Synthesis and characterization of SDS-nClAP

SDS stabilized chlorapatite nanoparticles (SDS-nClAP) was syn-
thesized in this study by following the steps below: Firstly,
dissolved the SDS, CaCl2·2H2O and Na3PO4·12H2O into the ultra-
pure water to achieve the solutions of 1% (w/w) SDS, 26.8 mM Ca2+

and 16 mM PO4
3−, respectively. Then under the constantly mix-

ing (magnetic stirrer with a Teflon-coated stir bar) at 1000 r/min,
12.5 mL of 26.8 mM Ca2+ were added into 25 mL  1% (w/w) SDS solu-
tion using an acid burette at a steady speed of 5 ∼ 8 drops per
minute. After stiring for 12 h, another 12.5 mL of 16.0 mM PO4

3−

were added into the mixture dropwise by the acid burette (5 ∼ 8
drops per minute) with constantly mixing at 1500 r/min. To give a
visually comparison between the chlorapatite particles (ClAP) and
SDS-nClAP, a ClAP suspension start with 25 mL  ultrapure water
instead of 25 mL  1% (w/w) SDS solution was prepared with other
conditions unchanged. For the completely formation of the SDS-
nClAP, the mixture was  continued stirred for 12 h at 1500 r/min
after the titration reached the end. Then an amount of 50 mM HCl
were used to make the final pH of the two  suspensions to 6.0. The
details were summarized in laboratory flowchart shown in Fig. 1.
The molar ratio of Ca2+ to PO4

3− was chosen according to the chem-
ical formula of ClAP represented as Ca5(PO4)3Cl, which generated
through the following equation [24]:

5Ca2+ + 3PO3−
4 + Cl− → Ca5(PO4)3Cl ↓ (1)

The hydrodynamic diameters of synthesized SDS-nClAP were
characterized by DLS. The TEM samples were prepared by plac-
ing a drop of the SDS-nClAP suspension on a carbon-coated copper
grid and dried at 28 ◦C for 24 h, then the TEM images were taken
by a JEM-3010 (JEOL, Japan) at 120 kV to observe the cross section
structure of the material. For analyzing the surface morphology,
the freeze-dried material was placed on a piece of double coated
carbon conductive tape and sprayed by gold for several seconds,
then FESEM was conducted by a JSM-6700 (JEOL, Japan) along with
an EDAX attachment. The functional groups on the surface of SDS-
nClAP were analyzed by the KBr pellet method using a Shimadzu
FTIR spectrophotometer (IRAffinity-1) at spectral range varying
from 4000 to 400 cm−1.

2.2. Sample collection and preparation

The sediment samples were collected from Xiawangang River
in Zhuzhou, Hunan province in China. All the sediment samples
were tiled on a cardboard, dry naturally for 5 ∼ 7 d and then sieved
through a 2 mm  nylon sieve to remove the coarse debris. After this,
the dried sediment was  placed in a mortar, ground by a pestle then
sieved to <150 �m. All the samples were stored at 4 ◦C and keep dry
before being used. Some properties of the sediment and the con-
centrations of heavy metals in sediment samples along with the

national standard of heavy metals in China are listed in Table 1. The
Pb concentration in sediment samples (589.7 ± 13.2 mg/kg) was
more than 1.5 times of the national standard (350 mg/kg), showing
a big threat to the organisms.
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Fig. 1. Laboratory flowchart of the experiment.

Table 1
Some properties and heavy metal concentrations in sediment samples and the national application standards of heavy metals in sediment. (mean ± standard deviation, n ≥ 3).

Metals/Properties (mg/kg)/(%) National Application Standard (mg/kg)

pH > 7.5 pH 6.5 ∼ 7.5 pH < 6.5

Pb 589.7 ± 13.2 350 300 250
Cu  200.8 ± 6.9 100 100 50
Fe  47100 ± 213 – – –

2

a
(
n
a
t
a
p
(
1
f

pH  7.98 ± 0.02 

Moisture content (dried sediment) 0.783 ± 0.11% 

Total  organic matters 5.9 ± 0.12% 

.3. Sediment remediation experiment

For sediment remediation, 0.5 g (2.5 g, for the measurement of
vailable phosphorus) stored sediment were placed in a 15 mL
50 mL)  circled plastic centrifuge tube, then 1 mL  (5 mL)  SDS-
ClAP suspension were added into the centrifuge tube to achieve

 suspension-to-sediment ratio of 2:1 (mL/g). To analyze the rela-
ionship between the immobilization efficiency and the addition
mount of the SDS-nClAP, 5 mL  (25 mL)  of the SDS-nClAP sus-

ension were added into the centrifuge tube which contains 0.5 g
2.5 g) stored sediment to form a suspension-to-sediment ratio of
0:1 (mL/g). Then all the samples were shaken for a few minutes
or completely mixed. The control experiment was conducted with
– – –
– – –
– – –

ClAP suspension instead of SDS-nClAP suspension with other con-
ditions unchanged. The samples were treated for 1 ∼ 45 days then
centrifuged at 4000 r/min for 20 min, the supernatant and sediment
were separated and stored respectively for the further measure-
ment.

2.4. BCR experiment

50 mL  centrifuge tube which contains 0.5 g treated sediment

was used for the measurement of the heavy metal speciation.
The BCR sequential extraction procedure according to Rauret et al.
[31,32] was conducted with some modifications following the steps
in Table 2.
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Table  2
The BCR extraction method used in this study.

Speciations Methods

Acid soluble fraction (F1) (1) 40 mL  0.11 mol/L CH3COOH
(2) shaken at 250 r/m for 16 h
(3) centrifuged at 4000 r/m for 20 min

Reducible fraction (F2) (1) 40 mL  0.5 mol/L NH2OH·HCl (freshly
prepared, pH = 2.0, using 0.5 mol/L HNO3)
(2)  shaken at 250 r/m for 16 h
(3)centrifuged at 4000 r/m for 20 min

Oxidizable fraction (F3) (1) 10 mL  H2O2, kept at 85 ◦C until the mixture
volume was  less than 3 mL
(2) 10 mL  H2O2, kept at 85 ◦C until the mixture
volume was  less than 1 mL
(3) 50 mL  NH4OAC (pH = 2.0, using HNO3)
(4) shaken at 250 r/m for 16 h
(5) centrifuged at 4000 r/m for 20 min

Residual fraction (F4) (1) a mixture of 5 mL  HNO3, 5 mL  HF and 3 mL
HClO4

(2) 90 ◦C for 40 min, 140 ◦C for 60 min, 170 ◦C
for 40 min
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(3) dilute the products with ultrapure water to
a  volume of 100 mL

The liquid extract after filtration through a 0.45 �m glass fiber
lter was stored at 4 ◦C before being measured by flame atomic
bsorption spectrometry (AAS700, PerkinElmer, USA). The results
ere checked by comparing the sum of all fractions with the total

eavy metal concentration [3,16]. The recovery rates of Pb in this
xperiment were ranging from 93% to 108% and it was  in good
greement with other researchers [16,33], ensuring the precision
nd reliable of the data.

.5. Toxicity characteristic leaching procedure (TCLP)

The toxicity characteristic leaching procedure (TCLP) was  con-
ucted according to the method described by Xenidis et al. [34,24].
he extraction fluid was  prepared by diluting 5.7 mL  CH3COOH with
ltrapure water to a volume of 1000 mL,  using 1 mol/L HNO3 to
chieve pH = 2.88 ± 0.05. Mixed 10 mL  extraction fluid with 0.5 g
ediment in a 15 mL  centrifuge tube and shook it (32 r/min) for
9 h at 25 ◦C. Then centrifuged the tube at 4000 r/min for 20 min,
he supernatant after filtration through a 0.45 �m glass fiber filter
as defined as the TCLP extract. Adjusted the pH of the TCLP extract

o 2.0 by HNO3 and stored at 4 ◦C before being analyzed by AAS.

.6. Available phosphorus (AP) and organic matter (OM)

In order to determine the AP level in the sediment, the
olybdenum-antimony anti-spectrophotometric method previ-

usly described [35,36] was used and the standard curve
as prepared from known concentration of KH2PO4 (from

 ∼ 0.5 �g·mL−1). To determine the OM of the sample, the dilution
eating method described by Nelson et al. [37] was  used and the
M was calculated by the equation presented as follows:

M = [
0.5 × (V0 − V) × 0.001 × 3.0 × 1.33

W0K0
] × 1000 × 1.724 (2)

here V0 is the FeSO4 consumption of the blank, the V is the FeSO4
onsumption of the sample, W0 is the weight of the sediment and
2 represent the moisture content of the sample.

. Results and discussions
.1. Characterization of SDS-nClAP

The morphology of the SDS-nClAP was characterized by FESEM
nd TEM. Fig. 2A is the TEM image of synthesized SDS-nClAP. From
aterials 320 (2016) 278–288 281

the TEM image we can see that the average diameter of these par-
ticles was  estimated at approximately 10 nm.  To further reveal the
morphology of the nanoparticles, a FESEM microphotograph was
presented in Fig. 2B. From Fig. 2B we can see the nanoparticles are in
a spherical or spheroidal shape with a diameter ranging from a few
nm to 100 nm.  The DLS analysis, which has been employed to mea-
sure the particle diameter in this experiment [38], showed that the
mean hydrodynamic diameters of SDS-nClAP and ClAP in suspen-
sions were 40.4 nm and 4100 nm,  respectively. It has been reported
by He and Zhao that the CMC  macromolecules which are invisible
under TEM could result in an overestimated particle size with DLS
[39]. Therefore, in this experiment the SDS macromolecules may be
responsible for the discrepant results between DLS and TEM [39].
On the other hand, the freeze-dried nanoparticles’ powder was the
gather of the particles thus the particle diameter was more nonuni-
form than DLS and TEM [40]. Fig. 2C is the EDAX spectrum of the
gray spherical substance in FESEM image. There were some obvious
peaks of C, O, Na, P, S, Cl and Ca in the EDAX spectrum, demonstrat-
ing that the gray spherical substance in FESEM image contained
all the elements existed in SDS-nClAP except H which cannot be
detected by EDAX.

The interaction between the chlorapatite and SDS during the
preparation of SDS-nClAP was confirmed by the FTIR spectra. The IR
spectra (b) showed in Fig. 2D demonstrated the characteristic peaks
of pristine SDS while these absorption bands were also observed in
the spectrum of the SDS-nClAP (Fig. 2D (a)), indicating that there
were no significant changes in the surface properties and the func-
tional groups of SDS before and after the formation of SDS-nClAP.
These results revealed that the SDS cooperated with chlorapatite
particles by an electrostatic effect or other physical forms instead
of chemical reaction, ensuring a stable property of the chemicals.

3.2. Effects of nanoparticle treatment on Pb immobilization in
sediment

3.2.1. Chemical speciation of Pb
The chemical speciation distribution of Pb estimated by BCR

procedure in SDS-nClAP treated and ClAP treated sediment were
shown in Fig. 3a and Fig. 3b, respectively. Pb was mainly bound to
F3 (approximate 60.5%) in the original sediment while the F1, F2
and F4 occupied 8.2%, 11.1% and 20.2%, respectively. From Fig. 3 we
can see that Pb distribution in various fractions showed a similar
change during the treated period whether amended by SDS-nClAP
or ClAP: F4 was time-dependent increased while the F1 and F2
were time-dependent decreased, on the other hand, F3 exhibited no
obvious change with the treated time as compared to other three
fractions. This phenomenon may  result from the immobilization
effect of PO4

3− contained in the two kinds of materials, which has
been proved to be an excellent amendment for in situ remedia-
tion of Pb polluted sediment [24]. Once the labile Pb reached the
phosphate materials, the Pb could be immobilized into a mineral
structure substance which was expressed as chlor-pyromorphite
with a low Ksp (10−84.4), and it was  in accordance with Liu and
Zhao’s study [24]. A more sizable increase of F4 in sediment was
observed in SDS-nClAP treated samples after 45-d treatment than
ClAP treated samples when treated at the same ratio, indicating
that SDS-nClAP had a better effect on Pb immobilization. It has been
known that solid phosphates are hardly delivered to the contam-
inated zone in sediment, which limits the reaction of phosphates
with heavy metals. From the visual comparison between SDS-nClAP
and ClAP (Fig. 1) we  can see that SDS-nClAP exhibited a more sta-
ble characteristic than the ClAP since the former could maintain

for nearly a month without obvious precipitation while the later
may  precipitate in a few hours. Additionally, the DLS results also
showed that the ClAP particles were much bigger than SDS-nClAP
particles, which was unfavourable for the Pb immobilization. Thus
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ig. 2. Characterization of the synthesized SDS-nClAP: (A) TEM image. The hydrod
mage. (C) EDAX analysis of the gray spherical substance in the white circle on FESE
nd  4000 cm−1, respectively.

he nano-sized SDS-nClAP may  be more easily to react with Pb,
howing higher immobilization efficiency. Simultaneously, owing
o the high level of PO4

3− provided by the materials, the high-ratio
reated samples were more efficient in Pb immobilization.

F1 and F2, which two were considered to be the most weakly
ound fraction of Pb and had direct toxicity to the organisms [2],
howed a time-dependent decrease in both Fig. 3a and Fig. 3b. Addi-
ionally, from the comparison between Fig. 3a and Fig. 3b we  can
ee that the SDS-nClAP treated samples performed better than ClAP
reated samples. Pb in F1 can be easily released to the environment
nd converted into free ions, and then the Pb was readily to react
ith PO4

3− and subsequently formed Pb-phosphate, inducing the
eduction of F1 and the increasement of F4. Although F2 of Pb was
table than F1, the external conditions changes such as pH or the
noxic conditions induced by the addition of SDS-nClAP and ClAP
pH = 6) may  also lead the release of F2, then it was immobilized

y phosphate materials [41,42]. At the same time, it can be eas-

ly found that the SDS-nClAP was more effective to immobilize F1
nd F2 than the ClAP when treated with the equal amount of these
wo materials for 45 d. As a result of 45-d treatment, the F3 of
ic diameters of synthesized SDS-nClAP were shown at the right corner. (B) FESEM
age. (D) FTIR spectras of SDS-nClAP (a) and pure SDS (b) in the region between 400

Pb was slightly decreased by about 6% in all the samples except
the SDS-nClAP treated sample at ratio of 10:1, which experienced
a sharp decline about 20%. It seems that the F3 was more diffi-
cult to be transformed into F4 than F1 and F2 since F3 was usually
complexed or peptised by the natural organic substances and it
was relatively stable, but when the organic matter was  attacked by
oxidative effect, the soluble metals would be liberated and avail-
able for organisms [42]. Generally speaking, the organically bound
Pb (F3) could be transferred to pyromorphite (F4) with the present
of phosphate since the later was  more thermodynamically stable
(Ksp = 10−84.4). As been mentioned above, the SDS-nClAP could be
more easily to be delivered and react with Pb owning to its nano-
size, which was  favorable for the transformation of F3 as well. On
the other hand, the high level of smaller nanoparticles may  disrupt
the electron transport loci on bacterial membrane and cause oxida-
tion effect, which may  promote the release of F3 [43]. Therefore, in

case of SDS-nClAP treated sample at ratio of 10:1, about 20% of Pb
in F3 was transformed into F4, which was much higher than other
samples.
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Fig. 3. The percentage of each chemical speciation (F1, F2, F3 and F4) of Pb in SDS-nClAP (a) and ClAP (b) amended sediment during 45-d treatment at ratio of 2:1 and 10:1,
respectively. Day 0 represents the level of untreated sediment.



2 dous M

3

l
o
c
n
r

t
(
n
i
m
t
0
I
i
(
t
n
s
a
t
i
t
F
l

a
t
p
r
t
f
w
a

C

5

C

d
P
f
P
[
i
s
n
o

3
n

t
i
a
r
a
h
i
p
e

84 J. Wan  et al. / Journal of Hazar

.2.2. TCLP leachability of Pb
The TCLP was recognized as the standard method to assess the

eaching toxicity of Pb in sediment and it was improved on the basis
f hazardous waste extraction procedure (EP) by USEPA [44]. The
hange of TCLP-leachable Pb and its reduction efficiency in the SDS-
ClAP and ClAP treated sediment were shown in Fig. 4a and Fig. 4b,
espectively.

In Fig. 4 we  can find that the original TCLP-leachable Pb of
he sediment was 0.30 mg/L, which was lower than USEPA’s limit
5 mg/L) but still have potential threat to the organisms. Pro-
ounced reductions of the TCLP leachable Pb content were found

n both SDS-nClAP and ClAP treated samples during 45-d amend-
ent (Fig. 4), especially in the SDS-nClAP treated sediment which

he mean Pb leachable concentration was sharply reduced from
.30 to 0 mg/L with 100% treatment efficiency after 45-d treatment.

t should be noticed that the amount dependent effect appeared
n Fig. 3 was also occurred in the reduction of TCLP-leachable Pb
Fig. 4). Fig. 4a showed that it took 30 d for 10:1 treated samples
o reach 100% reduction efficiency of TCLP-leachable Pb while it
eed 45 d for 2:1 treated samples to achieve the same effect. The
imilar trend could also be found in Fig. 4b although the sediment
mended by ClAP exhibited lower reduction efficiency. Attributed
o the better Pb-immobilization ability of SDS-nClAP (Section 3.2.1),
t showed a higher reduction efficiency of TCLP-leachable Pb than
he ClAP through transferring the F1, F2 and F3 fraction of Pb to
4 fraction effectively, which directly reduced the Pb toxicity and
eachability.

The explanation for the reduction of TCLP-leachable Pb may
ttribute to the theory that the labile fraction of Pb could be
ransformed into strongly bound Pb-phosphate fraction (pyromor-
hite) with the amendment of phosphate materials. A number of
esearches have detected direct evidence for pyromorphite forma-
ion in phosphate amended soils [45–50]. Based on the studies of
ormer researchers, the mechanism shown in the below equations

as the main explanation for the decrease of TCLP-leachable Pb
nd the increase of F4 mentioned in Section 3.2.1 [24,50–53]:

a5(PO4)3Cl + 6H+ →
dissolution

5Ca2+ + 3H2PO−
4 + Cl− (3)

Pb2+ + 3H2PO−
4 + Cl− →

precipitation
Pb5(PO4)3Cl (4)

a5(PO4)3Cl + xPb2+ →
substitution

(Ca5−xPbx)(PO4)3Cl + xCa2+ (5)

Eqs. (3) and (4) reveal the immobilization process through the
issolution of Ca5(PO4)3Cl and subsequently the precipitation of
b5(PO4)3Cl, which has been considered as the main mechanism
or Pb immobilization in sediment. Another mechanism for the
b5(PO4)3Cl formation proposed by Suzuki et al. and Takeuchi et al.
51,52,54] was the substitution (ion exchange) effect, as shown
n Eq. (5), the Pb(II) is substituted for Ca(II) in the chlorapatite
tructure, then the Pb5(PO4)3Cl was formed. These two  mecha-
isms could be the main reason that responsible for the change
f TCLP-leachable Pb and chemical speciation of Pb.

.2.3. Potential mechanism and environmental risk of
anoparticle treatment

The results we mentioned above (3.2.1 and 3.2.2) revealed that
he main factors influenced the immobilization efficiency of Pb
n the sediment were: 1) the species of the stabilization materi-
ls: the SDS-nClAP had more advantages in immobilizing Pb and
educing the TCLP-leachable Pb content than ClAP; 2) the addition
mount of the materials: the 10:1 treated samples always showed a

igh stabilization efficiency of Pb than 2:1 treated samples. Accord-

ng to Thawornchaisit’s study [55], the stabilization efficiency of
hosphates has a positive correlation with its solubility since the
asy dissolved phosphates could release more effective groups such
aterials 320 (2016) 278–288

as PO4
3− to immobilize Pb in the sediment. Since the AP will be

released through the dissolution of Ca5(PO4)3Cl (Eq. (3)) and con-
sumed by the precipitation of Pb5(PO4)3Cl (Eq. (4)), the AP may
have a direct relationship with the Pb immobilization process in
treated sediment.

Fig. 5 exhibited the AP levels of treated samples during the
amendment process. From Fig. 5 we  can observe that the AP levels
were increased after the addition of SDS-nClAP and ClAP, indicat-
ing the dissolution mechanism of Ca5(PO4)3Cl (Equation 3). After
15-d amendment, the AP experienced a decrease and at the same
time F4 was increased (Fig. 3), which may  attribute to the forma-
tion of Pb-phosphate (Eq. (4)). The treated samples with 10:1 ratio
always had higher AP levels than the samples treated with 2:1 ratio
whether in SDS-nClAP or ClAP amended samples (Fig. 5), providing
a favorable condition for Pb stabilization (concluded from Fig. 3 and
Fig. 4). As a consequence of the shortage of AP, the samples treated
with lower ratio could not supply enough PO4

3− for Pb immobiliza-
tion in sediment, resulting in an amount-dependent effect (showed
in Figs. 3 and 4). However, it can be seen from Fig. 5 that the AP
levels in ClAP treated samples appeared to be always higher than
SDS-nClAP treated samples when amended at the same ratio, which
seems to be benefit for the Pb immobilization. But actually, we have
confirmed from Fig. 3 and 4 that the SDS-nClAP performed more
effective in immobilizing Pb in the sediment than ClAP. The reason-
able explanation for this result should be that the SDS-nClAP can
be delivered more easily to the contaminated sediment to supply
PO4

3− for the Pb immobilization than ClAP owing to its nano-size
and stable composition. These characteristics make the SDS-nClAP
more effective for Pb immobilization and accelerate the depletion
of AP. Additionally, the PO4

3− provided by ClAP would be limited by
its mobility and retained on the upper part of the sediment with the
gather of ClAP, then failed to immobilize Pb in deep part, resulting
in a high level of AP remained.

On the other hand, the excessive AP generated during the
amendment could induce a potential effect on eutrophication of
groundwater and surface water [22,56,57], becoming an intractable
problem. Thus the SDS-nClAP may  be a desirable remediation mate-
rial since it could immobilize Pb more efficiently than ClAP by
enhancing the effectiveness of PO4

3−. Consequently, the SDS-nClAP
showed more advantages than ClAP during the amendment of the
sediment, suggesting that the material delivering ability and effec-
tive utilization of P may  be the main factors that need to be taken
into consideration for the phosphate applications.

3.3. Exploration of the inner-mechanism: change of OM

OM has been identified as one of the most important sediment
components since it is involved in the binding of metals to sed-
iment [58,59]. Thus the variation of OM in treated samples were
detected and summarized in Fig. 6. As shown in Fig. 6, the D-values
between these two kinds of treated sediment were ranging from
0.07 to 2.95 g/kg at ratio 2:1, 0.01–3.51 g/kg at ratio 10:1, respec-
tively, which were almost no differences between the equal-ratio
treated samples. Moreover, an interesting finding appeared in the
course of treatment that the OM increment in 10:1 treated sam-
ples was approximately 5-fold than that in 2:1 treated samples,
showing a positive correlation with the addition amount of the
materials. It has been reported that the enzymatic activities and
biomass of micro-organisms in sediment were related to the con-
tamination of heavy metals and low molecular weight organic acids
secreted by the organisms can increase stable metal-phosphate

complexes in response [60,61]. On the other hand, the original
sediments were natural dried before used, which is not suitable
for micro-organism growth, thus the addition of SDS-nClAP and
ClAP suspensions may  improve the survival environment of micro-
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ig. 4. The TCLP-leachable Pb fraction in SDS-nClAP (a) and ClAP (b) amended sedim
he  standard deviation of the means (n = 3) and day 0 represents the level of untrea

rganism by neutralizing the Pb toxicity and supplying SDS, Ca2+,
O4

3− and H2O. Consequently, the SDS-nClAP and ClAP suspen-
ions may  induce an amount-dependent increase in OM content
y promoting the micro-organisms to secret organic compound.
ccording to the study of Lin and Chen [62], the OM is the important
cavenger for metals in sediments. They have also demonstrated
hat the adsorbability of heavy metal of the sediment was increased
ith the increasing of OM contents, which was consistent with

ur findings in Section 3.2. That is to say the behavior of micro-
rganisms may  also be an important mechanism involved in the Pb
mmobilization in the sediment and it was worth studying in the
urther.
uring 45-d treatment at ratio of 2:1 and 10:1, respectively. The error bars represent
diment.

4. Conclusions

In this study, a new class of nano-chlorapatite was  synthesized
using SDS as a stabilizer for Pb immobilization in contaminated
sediment in Xiawangang River. The product nano-chlorapatite was
characterized by TEM, FESEM, DLS, FTIR, and EDAX, and these
results showed that the chlorapatite particles were existed as sta-
ble nanoparticles within 40.4 nm in the SDS solutions. Laboratory
tests showed that both the SDS-nClAP and ClAP could transfer the
Pb from unstable fraction to stable fraction and at the same time

decrease the TCLP-leachable Pb fraction in sediment after 45 days
of treatement. Owing to its nano-size and stable composition, the
synthesized SDS-nClAP not only performed more effectively in Pb
immobilization than ClAP, showing a time- and amount-dependent
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Fig. 5. Available phosphorus in the SDS-nClAP amended samples and ClAP amended samples at ratio of 2:1 and 10:1 during 45-d treatment, respectively. The error bars
represent the standard deviation of the means (n = 3) and the line of the background value represents the level of untreated sediment.

F The er
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ig. 6. The change of organic matter in amended sediment during 45-d treatment. 

he  level of untreated sediment.

ffect simultaneously, but could also introduce less AP into the
ediment when compared with ClAP, reducing the eutrophica-
ion risk induced by the phosphate material. The increase of AP

n both SDS-nClAP and ClAP treated sediment samples verified the
issolution-precipitation mechanism involved in Pb immobiliza-
ion. Additionally, the increment of organic matter in 10:1 treated
amples was approximately 5-fold than that in 2:1 treated samples,
ror bars represent the standard deviation of the means (n = 3) and day 0 represents

which revealed that the micro-organisms may  play an important
role in it. However, the optimum addition amount of the SDS-nClAP
and how does the micro-organisms influence the Pb immobiliza-

tion in contaminated sediment are still unknown and need to be
investigated in further studies.
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