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ARTICLE INFO ABSTRACT

Three additives were evaluated for their effectiveness in the attenuation of Pb%*, Zn%*, Cu?*, Cd?*, Ni%*
in contaminated sediments. Apatite, ferrihydrite and their composite were applied to the sediments. For
the remediation, BCR, SEM/AVS and TCLP were adopted as the evaluating method and comparison of
their results were used for the first time to test in-situ stabilization effect. The results showed that after
5 months composite treatment, more than 70% Pb2*, 40% Zn%*, 90% Cu2*, 50% Cd%* and 80% Ni%* was
immobilized in oxidizable and residual phases, respectively. Compared to untreated sediment, Pb%*, Zn?*,
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ﬁ:?ys ‘;\;ng;bmzation Cu?*, Cd?* in residual fraction increased 20%, 10%, 10%, 10% with composite treatment after 5 months,
Sediment respectively. XSEM/AVS ratio declined from 12.6 to 9.3, in addition, composite treatments reduced the
Apatite leaching of Pb?* and Zn?* from 10.6 mgL~'and 42.5mgL~"to 5.4mgL~" and 24.1 mgL~! in the sediment
Ferrihydrite by TCLP evaluation. Meanwhile, apatite and ferrihydrite composite additives lowered the bioavailability

Bioavailability and toxicity of sediments as well. Ferrihydrite had a positive effect in controlling the bioavailability and

Heavy metals

toxicity of heavy metals because it effectively retarded the oxidation of AVS in sediment.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Sediments are often the sinks of metal contaminants in aquatic
systems [1]. Contamination of sediments by metals and organic
compounds is now widespread and well documented in numer-
ous Chinese rivers and coastal waters [2,3]. Using mineral additives
to remediate the contaminated sediments is getting increasingly
public recognition as the cost of cleaning and the number of con-
taminated sediments has steadily increased over the past decades
[4,5].

In situ stabilization is a technique whereby an additive is incor-
porated and mixed with a contaminated soil or sediment. Just like
other in-situ methods (e.g. natural attenuation, in-situ capping and
in-situ confinement), it has many advantages such as reducing the
risk of worker exposure during the remediation process as well as
being less expensive and disruptive to ecosystems than conven-
tional ex-situ methods [5]. Toxic metals are bound to the additive,
which changes the chemical speciation of trace metals, thus reduc-
ing their leaching and bioavailability.
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As an additive, mineral apatite has been shown to be the
most economical and effective choice for the remediation of con-
taminated sites due to their ready availability and low cost. Its
stabilization mechanisms include precipitation, surface complex-
ation, ion exchange and the formation of amorphous solids [6,7].
However, its disadvantages and limitations in remediation process
also appeared: (1) apatite is extremely effective at immobiliz-
ing Pb?* but less effective for Cd%*, Co?*, Cu?*, MnZ*, Ni?* and
Zn%* [8-12]; (2) apatite addition to sediment possibly induces the
desorption of contaminants and enhances the mobility of non-
target heavy metals [13]. In fact, many contaminated sites contain
manifold heavy metals simultaneously, which commonly posses
different chemical properties controlling their mobility and tox-
icity. As such, no single additive is expected to immobilize all
inorganic contaminants. Therefore, a composite additive besides
apatite is needed to immobilizing co-existed heavy metals in multi-
contaminated sediment. Iron is an excellent metallic material for
environmental remediation because it is a strong reducer, non-toxic
and inexpensive and their reaction rates are limited by mass trans-
port [14]. Ferrihydrite is an iron oxy-hydroxide known to play an
important role in the natural environment. Its large surface area,
strong adsorptive properties, high adsorptive capacity and low cost
make it an attractive material, which may enhance contaminant
removal by co-precipitation and adsorption[15-19]. Arange of met-
als sorbed onto ferrihydrite by formation of inner-sphere sorption
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complexes or co-precipitated with the Fe(Il/Ill)-oxyhydroxide., as
verified for Cr, As, Se, Cd, Zn, Cu and Pb [20-23]. This removal or
stabilization process is generally more desirable than adsorption
onto the surfaces.

Having more than one stabilizing additives acting on a con-
taminant in the sediment would lead to a gradual and lower
contaminant release. This would diminish the tendency of the
amended sediments from releasing the contaminants in response
to a drastic environmental change. For instance, apatite and zero-
valent iron have been taken as a composite additive to immobilize
the metals of sediments in previous studies, which significantly
reduced the aqueous Ce2*, Co2* and Pb2* concentrations [24]. With
respect to the characteristic of apatite and ferrihydrite, the author
imagined that, if we could combine apatite with ferrihydrite to
remove heavy metals without any negative effect on each other,
thus a synergistic and superposition effect on stabilizing of Pb2*,
Zn%*, Cu?*, Cd%* and Ni2* in the multi-contaminated sediments
would be anticipated.

The USEPA guidelines of Sediment Quality Guideline for reme-
diation of metal contaminated sediments are based on total metal
concentrations [25]. This can be misleading because digestion tech-
niques are too powerful to actually represent the portion of metals
or to indicate the mobility of metals in the sediment that may be
re-suspended to the overlying water. Metals are bound with differ-
ent geochemical fractions in sediment, including the operationally
defined carbonate, reducible, organic matter and sulfide phase and
residual phases [26-29]. The eco-toxicity and mobility of metals in
the environment depends strongly on their speciation or methods
of binding rather than the total element contents [30]. Therefore,
the objective of this paper is: (1) evaluate the effect of immobiliza-
tion on heavy metals in the sediments of Suzhou creek by using
apatite and ferrihydrite composite additives; (2) use BCR speci-
ation analysis, SEM (Simultaneously Extracted Metals)/AVS (Acid
Volatile Sulfide) ratio and TCLP results as the evaluating methods
to test the effect of additives on controlling the mobility and tox-
icity of heavy metals in sediment and to compare the short- and
long-term durability of their effects in the process of in-situ stabi-
lization.

2. Materials and methods
2.1. Sediment sample

Sediment grab samples were collected by hand from the top
10-15 cm of the sediment and placed into plastic containers imme-
diately with an airtight cover sealing. The samples were then taken
to the lab within 2 h and cooled at 4°C in a refrigerator.

A particle size distribution of sediment was carried out by siev-
ing the sediment through the sieves ranging from the sizes of
14 mm to 425 pm. The soil fraction that passed through the 425 pwm
sieve was further collected for particle size analysis using Malvern
Microplus Mastersizer. The weight percentage of organic matter
and carbonate content in sediment were estimated by the means
of LOI (Loss On Ignition). The element contents of C and N were
determined by CHNS/O Elementary Analyzer (PerkinElmer 2400
Series II). Physical and chemical properties of the sediments are
summarized in Table 1.

2.2. Background of contamination in Suzhou Creek

Suzhou creek is a typical tidal river in Shanghai, China. Due to
past industrial activities, sediment is heavily contaminated with
metal cations, mainly Pb2*, Cd%*, Zn2*, Ni?* and Cu?*. The contami-
nants of Suzhou creek mainly existed in the middle reach and all of
the samples investigated in this study were taken from it. The total

Table 1
Physical and chemical properties of sediments.

Sediment property

Water content (%) 32

Particle size distribution (%)’

Sand 15.6

Silt 80.9

Clay 3.5

pH’ 7.01+0.10
ORP (mV)" 121427
Organic matter content (%) 450 °C 2.95+0.03
Inorganic matter content (%) 850°C 3.62+0.05
C (%) 2.04+0.23
N (%) 3.01+0.01
CEC (cmol/kg) at natural pH" 11.48 +0.14
AEC (cmol/kg) at natural pH’ 4.69+0.37

" Average + standard deviation (n=3).

concentration of Pb2*, Zn2*, Cu2*, Cd%* and Ni%* in sediment sample
was 2647 mgkg~1,2053.4mgkg!, 246 mgkg!, 23.4mgkg~! and
217.8 mgkg~!, respectively.

2.3. Experimental procedure

All solutions were prepared with ultrapure DI water and
reagent-grade chemicals. All filters were polycarbonate unless oth-
erwise stated. Three replicates of all batch equilibrations were
conducted to estimate variability. The amount with 600-g (dry wt)
samples of field-moist sediment was placed in 2 L batch reactors.

Considering the high contamination of Pb and Zn in sediment
and according to previously fundamental study on the adsorp-
tion capacity of apatite and ferrihydrite, we choose 5% as dosage
rate in our study. Three proportions of immobilizing additives
were added to each reactor, 5 wt% apatite, 5 wt% ferrihydrite, 5 wt%
apatite +5 wt% ferrihydrite.

2.4. Sequential extraction and SEM/AVS analysis procedure

The speciation of trace metals in sediment was quantified using a
modified BCR. The detailed procedure for the sequential extraction
has been described by Rauret et al. [28,29]. SEM (Simultaneously
Extracted Metals)/AVS (Acid Volatile Sulfide) had been endorsed as
the best technology for assessing the bioavailability of five impor-
tant toxic metals (Pb2*, Zn2*, Cu2*, Cd%*, Ni2*). The procedures for
AVS and SEM analysis were adopted from the method described by
Allen et al. [31].

2.5. TCLP procedure

TCLP is commonly used either to determine whether a waste
is hazardous or to determine whether a treated waste meets the
treatment standards for land disposal. This test provides useful
information on the potential leachability of metals in sediments
under moderately (pH 4.9) or strongly (pH 2.9) acid conditions. In
general, the amounts of metals extracted with the solution were
greater than those obtained under less acidic conditions. In order
to test the potential leachability of metals in treated sediment and
to evaluate the long-term stable effect of additives on in-situ stabi-
lization, strongly acid solutions (pH 2.9) was chosen in this study.
TCLP tests were performed using US EPA Method 1311 [32]. This pro-
cedure uses a 5.7-ml aliquot of glacial acetic acid (pH 2.97 £0.03)
in 500 ml of deionized water and 64.3 ml of 1N NaOH, diluting to a
volume of 1L. A 100-ml aliquot of this solution was used to extract
Pb2*, Zn2*, Cu?*, Cd%* and Ni%* from the sediment samples, each
weighing 5 g.
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Fig. 1. Pb?* speciation after the treatment of different additives (a) apatite; (b) ferrihydrite; (c) apatite + ferrihydrite.

3. Results and discussion
3.1. Speciation evolvement of heavy metals by composite additives

Because of the historically industrial pollutants discharge, con-
tamination of heavy metals in sediments of Suzhou Creek is a tough
problem. The previous studies have proved that Pb, Zn, Cu, Cd and Ni
were the main metal pollutants in the sediment and the speciation
changed with their location, depth and season [33]. Thus, specia-
tion analysis of heavy metals after using additives will be necessary,
and the effect of three additives (ferrihydrite, apatite and composite
additives) is compared as below.

3.1.1. Lead

From Fig. 1, it can be found that the effects of single and compos-
ite additives on the speciation transformation were quite different.

When the apatite was used as the additive, acid soluble fraction
maintained at about 16.0%. Reducible fraction reached the 24.6%
after 2 months, but its proportion had nearly changed during 2-5
months. Oxidizable fraction increased to 41.5% and kept steady at
last 5 months. This variation was related with the increase of Eh.
Residual fraction initially maintained stable and it continued to
increase to 21.8% after 5 months. The increasing of residual fraction
was mainly from the decreasing of reducible fraction and oxidizable
fraction.
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Fig. 2. Zn?* speciation after the treatment of different additives (a) apatite; (b) ferrihydrite; (c) apatite + ferrihydrite.
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Fig. 3. Cd?* speciation after the treatment of different additives (a) apatite; (b) ferrihydrite; (c) apatite + ferrihydrite.

When ferrihydrite was added, oxidizable fraction increased
about 20% after 2 months. Residual fraction changed little and it
can easily be found that ferrihydrite had not pushed the increase of
residual fraction proportion from the observation of 5 months.

When the composite additives were added, a satisfactory effec-
tiveness appeared after 2 months. Acid soluble and reducible
fraction decreased by 8% and 10.5%, respectively. Oxidizable frac-
tion barely changed. Relatively, residual fraction increased by 20%
and this effect maintained after 5 months. It can be drawn that
ferrihydrite enhanced the effectiveness of apatite on stabiliza-
tion of Pb in the sediments. It also should be observed that
because the additives changed the sediment-aquatic environment
in a short-term, metal speciation varied a lot in the initial 2
months.
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3.1.2. Zinc

From Fig. 2(a), it can be observed that Zn2* in residual frac-
tion increased by 9% after 5 months when apatite was added. The
effect of ferrihydrite was shown in Fig. 2(b), the most obvious
change was caused by the residual fraction. Zn?* in the residual
fraction increased by 16% after 5 months. When composite addi-
tive was added, Zn2* in the residual fraction increased by 10% after
5 months and Zn?* in the oxidizable phase dropped slightly in
whole process and no obvious change was found from Fig. 2(c).
Apparently, it can be found that no synergic effect of apatite and
ferrihydrite was found in immobilizing Zn?* comparing to that of
Pb2*. In the whole process, the reducible and oxidizable fractions
were quite stable and no great changes were found in these two
phases.
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Fig. 4. Cu?* speciation after the treatment of different additives (a) apatite; (b) ferrihydrite; (c) apatite + ferrihydrite.
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Fig. 5. Ni?* speciation after the treatment of different additives (a) apatite; (b) ferrihydrite; (c) apatite + ferrihydrite.
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3.1.3. Cadmium

From Fig. 3(a) it can be found that when apatite was added, Cd2*
in the residual fraction had an increase trend by about 10% and
the oxidizable fraction decreased by about 8% after 5 months. The
reducible fraction had little change. As for the acid soluble frac-
tion, it kept stable during the whole process. From Fig. 3(b), it can
be found that when ferrihydrite was added, there was no obvious
change regarding metal speciation which meant ferrihydrite had
little effect on immobilizing Cd2*.

From Fig. 3(c), it shows a relatively better effect of the composite
additives. The acid soluble fraction varied within the range of 2%
and reducible fraction had barely changed. The oxidizable fraction
continued to decrease, and reached the minimum in the 2nd month.
Relatively, the residual fraction increased more than 10% after 5
months.

3.1.4. Copper and nickel

From Fig. 4, it can be seen that the speciation of Cu%* was mainly
stabilized in the oxidizable and residual fraction. It meant that all
the additives would not affect the speciation proportion of Cu2*.
Carbonates, phosphates and clays can keep Cu?* low mobility in
the sediment by the chemisorption. Actually, Cu?* would distribute
between these two fractions and maintain stable. The mobility and
toxicity of Cu2* was greatly reduced, meanwhile, the exchange with
upper water was limited. Thus, it would not be harmful to the sed-
iment.

The speciation of Ni2* was stabilized in the residual fraction
(Fig. 5). The carbonate fraction proportion increased partly at first.
But the acid soluble and reducible fraction did not disappear after
2 weeks, and residual fraction increased to nearly 80% when each
additive was added.

3.2. Support of SEM/AVS results

SEM/AVS had been endorsed as the best technology for assessing
the bioavailability of five important toxic metals (Pb, Zn, Cu, Cd and
Ni) [31].

SEM/AVS results showed that composite additives had a satis-
factory result in controlling the bioavailability and toxicity of heavy
metals comparing to apatite, ferrihydrite alone, respectively. Its
SEM/AVS ratio declined from 12.6 to 9.3 (see Table 2) while ferrihy-

drite adding also decreased the SEM/AVS ratio, which was far from
the composite results. On the contrary, when apatite was added,
metal bioavailability in sediment became more active (see Table 2).

From Table 2, it can be seen that when apatite was singly added,
it caused a great decrease of AVS from 3.4 to 1.6. Although the
concentration of heavy metals (XSEM) declined, the results of
Y. SEM/AVS still inclined from 12.6 to 18.8.

From Table 2, it can be found that when ferrihydrite was added,
Y.SEM decreased from 42.1 to 28.7, but AVS of the sediment did not
decrease obviously (from 3.4 to 2.6). Ferrihydrite had effectively
prevented the reduction of volatile sulfur compounds, therefore
the results of XSEM/AVS did not increase rapidly. If not, it would
lead to a dramatic increase of the bioavailability and toxicity. Pb2*
and Zn2* were affected the most after ferrihydrite was added. Their
concentrations decreased from 10.7 umolg~! and 28.9 wmolg~!
to 6.7 wmolg~! and 20.4 wmol g1, respectively. The other metals
changed little, such as Ni decreasing merely from 1.1 wmolg~! to
0.3 wmolg~1,and Cd (0.084 wmol g~1), Cu (1.2 wmol g~!) maintain-
ing at the original level.

From Table 2, we can see that a satisfactory result has been
achieved. When ferrihydrite and apatite were added together, the
concentrations of heavy metals decreased much more, such as the
concentration of Pb decreasing from 10.7 umol g~! to 5.4 wmol g~1.
Y.SEM decreasing from 42.1 to 25.5, AVS of the sediment did not
decrease noticeably (from 3.4 to 2.7), and the result of XSEM/AVS
was changed from 12.6 to 9.3, which suggests that using ferrihy-
drite or apatite alone cannot reduce the bioavailability and toxicity
of metals.

Thus, the composite additives of ferrihydrite and apatite did
not only have a good effectiveness on the stabilization of heavy
metals in the sediments, but decreased the bioavailability and
toxicity as well. Meanwhile, the concentrations of heavy metals
simultaneously declined, such as the concentration of Zn decreas-
ing from 28.9 umolg~! to 19.0 wmolg~1, Ni from 1.1 wmolg~! to
0.2 wmolg~1.

3.3. Comparison of SEM/AVS with BCR results

When 5% apatite was added, it increased the redox potential
in sediment, which made the AVS declined sharply. This change
made Pb and Zn, formerly binding with sulfide phase, release into
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Table 2
SEM/AVS results after 5 months treatment by three additives.

Concentration (pmol g~ dry)’

Cd Cu Ni Pb Zn AVS 2SEM 2SEM — AVS YSEM/AVS
Raw 9.5x 103 13 1.1 10.7 289 34 42.1 38.7 12.6
5% Apatite 82x10-3 0.9 0.3 6.7 214 1.6 29.5 27.9 18.8
5% Ferrihydrite 84x1073 12 03 6.7 204 2.6 28.7 26.1 11.1
5% Ferrihydrite +5% apatite 82x10°3 0.8 0.2 5.4 19.0 2.7 25.5 22.8 9.3

" Average + standard deviation (n=3).

aquatic system again. BCR results indicated that 5% apatite adding
increased the percentage of Pb, Zn in the acid soluble phase in two
weeks, which was mainly from the AVS drop. However, as part of
the oxidizable phase, the decreasing of AVS did not change the pro-
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process. Loss of AVS did not influence the Pb and Zn binding with
oxidizable phase. This result demonstrated that although apatite
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Fig. 6. TCLP concentrations after the treatment of different additives (a) Pb; (b) Zn; (¢)Cu; (d) Cd; (e) Ni.
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enhanced the bioavailability and toxicity of Pb and Zn in the sedi-
ment in a short time, Pb and Zn still stay in a relatively stable state.
Especially, apatite did have a good stabilization on Pb, whose the
oxidizable and residual fraction percentage was more than 60% after
5th month.

Compared with apatite in removal of Pb and Zn., ferrihydrite
behaved quite different. When ferrihydrite was added, it did not
greatly influence the transformation of AVS. The results showed
that AVS only drop 0.77, which was far less than that of apatite. This
may contribute to ferrihydrite itself, which effectively retard the
oxidation of AVS in sediment. Fe(II) was oxidized to Fe(Ill). Here, fer-
rihydrite not only adsorpted the heavy metals but also afforded the
electron in sediment. SEM-Pb/AVS and SEM-Zn/AVS declined from
3.2,8.6 to 2.6 and 7.9, respectively. This result showed that ferrihy-
drite had a good impact in reducing the bioavailability and toxicity
of heavy metals in sediment. BCR results showed that no obvious
effect was found on ferrihydrite in immobilizing of Pb. However,
residual fraction of Zn increased to 16% after 5 months, which
mainly came from the decreasing of acid soluble and oxidizable
phases.

From Table 2, Figs. 1(c) and 2(c), we can see that SEM-Pb/AVS
and SEM-Zn/AVS declined from 3.2, 8.6 to 1.9, 6.9, respectively. The
residual fraction of Pb, Zn reached 24%, 20%, respectively, after 5
months stabilization action. It can be concluded that apatite and
ferrihydrite did not prevent each other on stabilizing heavy metals
in their role. On the contrary, apatite + ferrihydrite composite addi-
tion had a synergic effect both on controlling and stabilizing of the
bioavailability and toxicity of heavy metals.

3.4. The leaching of heavy metals by TCLP evaluation

The United States Environmental Protection Agency Land Dis-
posal Restrictions (LDR) Program sets treatment standards for the
wastes banned from land disposal. The treatment standards are
often based on the constituent concentrations in the Toxicity Char-
acteristic Leaching Procedure (TCLP) extract from the wastes. Thus,
TCLP is commonly used either to determine whether a waste is
hazardous or to determine whether a treated waste meets the treat-
ment standards for land disposal. The procedure is designed to
study the mobility of both organic and inorganic substances present
in liquid, solid and multi-phase wastes and thus, must be consid-
ered in the development of treatment technologies.

The aim of stabilization is to form new, less soluble mineral
phases that are more geochemically stable in the leaching envi-
ronment. The TCLP test can provide information on the potential
leachability of metals in the sediments under strongly (pH 2.9) acid
conditions, thus to further evaluate the long-term effect of stabi-
lized sediment after 5 months treatment.

The result as shown in Fig. 6(a) and (b) that before treat-
ments, TCLP-extractable Pb concentrations in the raw sediment far
exceeded 5mgL-1 critical level of hazardous waste while TCLP-
extractable Cd concentration was below the level (1mgL-1).

The concentration of Pb was 10.6 mgL-! in the raw sediment.
After 5 months treatment, initial concentration of Pb was reduced to
below 5 mg L~ by composite additive. The results meant that more
than 50% weakly-bounded Pb converted from non-stable phase
to relatively stable phase, which was in accordance with the BCR
results. The transformation of speciation was mainly from the acid
soluble to the oxidizable fraction. Apatite and composite additive
additives were effective in reducing the TCLP Pb to below the critical
level in the sediment samples (Fig. 6a).

As for Zn, the concentration was 42.5mgL-! in the raw sed-
iment, which was quite unstable comparing to Pb. The leaching
results showed that the sequence of stabilization effect was
composite > ferridhydrite > apatite. 44% weakly-bounded Zn was

reduced from leaching solutions after composite additives treat-
ment.

Mean concentrations of Cu, Cd and Ni were relatively low in
all untreated sediment leachates(<1 mgL~1). Above 80% Cu and Ni
stay in the oxidizable and residual phases so that their initial leach-
ing concentration was quite low (0.74mgL-! and 0.62mgL1).
Therefore, there was only about 20% Cu and 10% Ni reduction in
leachates.

Total concentration of Cd in untreated sediment was
0.26mgL-1, which was below TCLP critical level (<1mgL-1).
However, about 25% Cd was mobile and unstable in the sediment.
TCLP results showed that 50% reduction was found in composite
attenuation leachates after 5 months treatment.

In brief, composite additives with apatite and ferrihydrite
showed its good stabilization effect on immobilizing Pb, Zn, Cu,
Cd, Ni multi-contaminated sediment. Around 50% Pb, Zn, Cd were
decreased in their leaching solutions and the concentration of Pb,
Cd was below the TCLP level. Meanwhile, concentration of Cuand Ni
in leaching solutions was also decreased to a relatively low level and
more than 20% reduction in their leachates was found. TCLP demon-
strated that a proportion of heavy metals converted from unstable
form to stable phases after a long-term (5 months) attenuation.
These results are of great significance with respect to the immo-
bilization of the sediment, because they showed that apatite and
composite additive additives can amend the sediment to a material
that would be considered non-hazardous.

4. Conclusions

The effect of composite additives on immobilization of heavy
metals in the sediments of Suzhou creek was investigated and the
following results were achieved:

1) Composite additive had a good effect on in-situ stabilizing
Pb, Zn, Cu, Cd, Ni in multi-contaminated sediment. Compared
to untreated sediment, Pb%*, Zn%*, Cu?* and Cd?* in residual
fraction increased by 20%, 10%, 10% and 10% with composite
treatment after 5 months, respectively.

2) XSEM/AVS results showed that its ratio declined from 12.6 to
9.3 with composite adding. Apatite additive made the ratio
increased, thus increasing the mobility and bioavailability of
heavy metals in the sediment. Meanwhile, ferrihydrite had a
positive effect on controlling the ~SEM/AVS ratio because it
effectively retarded the oxidation of AVS in sediment.

3) Composite additives not only had a good effectiveness on the
stabilization of heavy metals in the sediments but lowered the
bioavailability and toxicity of sediments as well after 5 months
additive treatment.

4) TCLP results demonstrated that apatite, ferrihydrite and their
composite treatments had a relatively long-term stabilization
effect on multi-contaminated sediment. Around 50% Pb, Zn
and Cd were decreased in their leaching solutions and the
concentration of Pb and Cd was below the TCLP level. Mean-
while, concentration of Cu and Ni in leaching solutions was also
decreased to a relatively low level and more than 20% reduction
in their leachates was found.

Acknowledgement

This research was supported by the Science Foundation of
Shanghai Municipal Commission of Science and Technology (Grant
N0.04DZ12030-3), the National High-technology Research and
Development Program of China (Grant no. 2005AA60101005),
and the Shanghai Leading Academic Discipline Project (Grant no.
S30109). The author particularly thanks Environmental Engineer-



1100 G. Qian et al. / Journal of Hazardous Materials 170 (2009) 1093-1100

ing Research Center of NanYang Technological University (NTU) for
their financial support and sample analysis help.

References

[1] U. Forstner, Contaminated Sediments: Lectures on Environmental Aspects of
Particle-Associated Chemicals in Aquatic Systems, Berlin, 1989.

[2] J. Chen, ]. Zhou, Heavy Metal Research in Chinese Aquatic Environments, Chin.
Environ. Sci., Beijing (1992).

[3] C.Li, China Choice: A Report on China Survival Conditions, Petroleum Industrial
Publisher, Beijing, 2001.

[4] CN. Mulligan, R.N. Yong, B.F. Gibbs, Remediation technologies for metal-
contaminated soils and groundwater: an evaluation, Eng. Geol. 60 (2001)
193-207.

[5] L.A. Smith, ].L. Means, A. Chen, B. Alleman, C.C. Chapman, J.S. Tixier, S.E. Braun-
ing, A.R. Gavaskar, M.D. Royer, Remediation Options for Metals-Contaminated
Sites, Boca Raton, USA, Florida, 1995.

[6] W. Admassu, T. Breese, Feasibility of using natural fishbone apatite as a substi-
tute for hydroxyapatite in remediating aqueous heavy metals, J. Hazard. Mater.
69 (1999) 187-196.

[7] A. Hwang, The physico-chemical properties and leaching behaviors of phos-
phatic clay for immobilizing heavy metals, Chemosphere 70 (2008) 1141-
1145.

[8] J. Boisson, A. Ruttens, M. Mench, ]. Vangronsveld, Evaluation of hydroxyap-
atite as a metal immobilizing soil additive for the remediation of polluted
soils. Part 1. Influence of hydroxyapatite on metal exchangeability in soil,
plant growth and plant metal accumulation, Environ. Pollut. 104 (1999) 225-
233.

[9] M. Chen, L.Q. Ma, M.S.P. Singh, RX. Cao, R. Melamed, Field demonstration of in
situ immobilization of soil Pb using P amendments, Adv. Environ. Res. 8 (2003)
93-102.

[10] RX. Cao, L.Q. Ma, M. Chen, S.P. Singh, W.G. Harris, Phosphate-induced metal
immobilization in a contaminated site, Environ. Pollut. 122 (2003) 19-28.

[11] R.Melamed, X. Cao, M. Chen, L.Q. Ma, Field assessment of lead immobilization in
a contaminated soil after phosphate application, Sci. Total Environ. 305 (2003)
117-127.

[12] ]J.C.Seaman, ].S. Arey, P.M. Bertsch, Immobilization of nickel and other metals in
contaminated sediments by hydroxyapatite addition, J. Environ. Qual. 30 (2001)
460-469.

[13] D.L Kaplan, A.S. Knox, Enhanced contaminant induced by phosphate mineral
additions to sediment, Environ. Sci. Technol. 38 (2004) 3153-3160.

[14] C.G. Schreier, M. Reinhard, Transformation of chlorinated organic compounds
by iron and manganese powders in buffered water and in landfill leachate,
Chemosphere 29 (1994) 1743-1753.

[15] W. Hartley, R. Edwards, N.W. Lepp, Arsenic and heavy metal mobility in iron
oxide-amended contaminated soils as evaluated by short- and long-term leach-
ing tests, Environ. Pollut. 131 (2004) 495-504.

[16] J.C. Hsu, Removal of As(V) and As(1III) by reclaimed iron-oxide coated sands, J.
Hazard. Mater. 153 (2008) 817-826.

[17] A.]Jain, K.P. Raven, R.H. Loeppert, Arsenite and arsenate adsorption on ferrihy-
drite: surface charge reduction and net OH" release stoichiometry, Environ. Sci.
Technol. 33 (1999) 1179-1184.

[18] A.C. Scheinost, S. Abend, K.I. Pandya, D.L. Sparks, Kinetic controls on Cu and Pb
sorption by ferrihydrite, Environ. Sci. Technol. 35 (2001) 1090-1096.

[19] D.M. Sherman, S.R. Randall, Surface complexation of arsenic (V) to iron
(1) (hydr)oxides: structural mechanism from ab initio molecular geome-
tries and EXAFS spectroscopy, Geochim. Cosmochim. Acta 67 (2003) 4223-
4230.

[20] ]J.A. Dyer, P. Trivedi, N.C. Scrivner, D.L. Sparks, Lead sorption onto ferrihydrite. 2.
Surface complexation modeling, Environ. Sci. Technol. 37 (2003) 915-922.

[21] J.A. Dyer, P. Trivedi, N.C. Scrivner, D.L. Sparks, Surface complexation modeling
of zinc sorption onto ferrihydrite, J. Colloid Interface Sci. 270 (2004) 56-65.

[22] A.Manceau, L. Charlet, The mechanism of selenate. adsorption on goethite and
hydrous ferric oxide, J. Colloid Interface Sci. 168 (1994) 87-93.

[23] G.A.Waychunas, B.A.Rea, C.C.Fuller, ].A. Davis, Surface chemistry of ferrihydrite.
Part 1. EXAFS studies of the geometry of coprecipitated and adsorbed arsenate,
Geochim. Cosmochim. Acta 57 (1993) 2251-2269.

[24] D.I Kaplan, A.S. Knox, Influence of sediment redox conditions on contaminant
stabilization by apatite and Fe(0), ]. Mater. Civ. Eng. (2004) 1-19.

[25] U.S. EPA, Prediction of sediment toxicity using consensus-based freshwater
sediment quality guideline, EPA 905/R-00/007; U.S. Environmental Protection
Agency, Washington DC, 2000.

[26] A.V. Filgueiras, 1. Lavilla, C. Bendicho, Chemical sequential extraction for
metal partitioning in environmental solid samples, J. Environ. Monit. 4 (2002)
823-857.

[27] P. Quevauviller, Operationally defined extraction procedures for soil and sedi-
ments analysis I. Standardization, Trend in Anal. Chem. 17 (1998) 289-298.

[28] G. Rauret, J.F. Lopez-Sanchez, A. Sauquillo, R. Rubio, C. Davidson, A. Ure, Ph.
Quevauviller, Improvement of the BCR three step sequential extraction proce-
dure prior to the certification of new sediment and soil reference materials, J.
Environ. Monit. 1 (1999) 57-61.

[29] G. Rauret, J.F. Lopez-Sanchez, A. Sauquillo, R. Rubio, C. Davidson, A. Ure, Ph.
Quevauviller, Application of a modified BCR sequential extraction (three-step)
procedure for the determination of extractable trace metal contents in a sewage
sludge amended soil reference material (CRM 483), complemented by a three-
year stability study of acetic acid and EDTA extractable metal content, ]. Environ.
Monit. 2 (2000) 228-233.

[30] T.G. Kazi, M.K. Jamali, G.H. Kazi, M.B. Arain, H.I. Afridi, A. Siddiqui, Evaluating
the mobility of toxic metals in untreated industrial wastewater sludge using a
BCR sequential extraction procedure and a leaching test, Anal. Bioanal. Chem.
383 (2005) 297-304.

[31] H.S. Allen, G. Fu, B. Deng, Analysis of acid volatile sulfide (AVS) and simulta-
neously extracted metals (SEM) for estimation of potential toxicity in aquatic
sediments, Environ. Toxicol. Chem. 12 (1993) 1441-1453.

[32] U.S. EPA, Toxicity characteristic leaching procedure (method 1311) in SW-846,
Office of Solid Waste, Washington DC, 1992.

[33] S.Y. Xu, Z.L. Chen, L.Z. Yu, Sediment Pollution and Rehabilitation in Suzhou
Creek, Science Press, Beijing, PR China, 2003.



	In-situ stabilization of Pb, Zn, Cu, Cd and Ni in the multi-contaminated sediments with ferrihydrite and apatite composite additives
	Introduction
	Materials and methods
	Sediment sample
	Background of contamination in Suzhou Creek
	Experimental procedure
	Sequential extraction and SEM/AVS analysis procedure
	TCLP procedure

	Results and discussion
	Speciation evolvement of heavy metals by composite additives
	Lead
	Zinc
	Cadmium
	Copper and nickel

	Support of SEM/AVS results
	Comparison of SEM/AVS with BCR results
	The leaching of heavy metals by TCLP evaluation

	Conclusions
	Acknowledgement
	References


