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A surface sediment sample (<5 cm) was collected from a sewage sludge contaminated site (118°02.711'E,
24°32.585'N) within western Xiamen Bay, China, in July 2005 for a sediment decontamination study. A
series of laboratory-based experiments under various conditions were performed using chemical com-
plexation reagents (e.g., HC;04, EDTA-2Na, etc.) and their combination in order to provide information
for sediment remediation technology development. In this study, the results suggest that aeration and
agitation of the sediment samples in distilled-deionized water (DDW) have either no or weak (<30%)
effect on metal removal, whereas agitation, aeration and rotation of the samples in chemical complexa-
tion solutions yield much better metal removal efficiency (up to 90%). A low pH condition (e.g., pH<3)
and a low solid to liquid ratio (e.g., S:L=1:50) could increase metal removal efficiency. The experimental
results suggest that 0.20 M (NH,4),C,04 +0.025M EDTA combination with solid:liquid ratio=1:50 and
0.50 M ammonium acetate (NH4Ac)+0.025M EDTA combination with solid:liquid ratio=1:50 are the
most effective methods for metal removal from the contaminated sediments. This research provides
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additional useful information for sediment metal remediation technology development.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The western Xiamen Bay is a semi-enclosed bay system in south-
east coast of China and next to the Xiamen Economic Special Zone
that was created in 1980. The water depth ranges from 6 m to 25 m
with a deep-water coastline of about 30km [1]. Thus, it has an
excellent natural environment for navigation and shipping activ-
ities. Although the economic development in Xiamen Economic
Zone speeds the industrialization and economic development of
the region, it also brings environmental problems in the mean time.
Similar to other urban coastal areas in the world with the pop-
ulation growth and industrialization, various contaminants (e.g.,
heavy metals) are being discharged into the estuarine and coastal
environment along with sewage sludge, waste water, etc. and have
raised serious concerns of human health and living environment
(e.g., [2-9]). The rapid development of the Xiamen Economic Spe-
cial Zone in past three decades has resulted in great environmental
stress on the western Xiamen Bay and its adjacent areas [1]. To
expand the Xiamen Harbor, navigation channel dredging in west-
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ern Xiamen Bay has been operated every year since 1993. In the
meantime, the municipality of Xiamen City has decided to restore
the ecosystem of manmade lagoons adjacent to the western Xia-
men Bay. Therefore, a large quantity of sediments (>2 x 107 m3)
is expected to be dredged during the project. Currently, a certain
amount of dredged materials are dumped offshore outside of Xia-
men Bay. This operation has raised environmental concerns around
the dumping site. As a world-wide problem of sediment contamina-
tion, various sediment remediation technologies have been tested
since 1990s based on physical or chemical principles in order to
find a solution for this sediment contamination issue (e.g., [10-14]).
Most of these technologies are still in the experimental or validation
stages (e.g., [10,15-19]). It has been well known that development
of sediment remediation methods is very critical to the economic
development. In this study, a series of laboratory experiments on
metal remediation were conducted on the dredged materials from
western Xiamen Bay. The objectives of this laboratory study were
to examine the metal removal efficiency from the contaminated
sediments under various experimental conditions, evaluate the fea-
sibility of the different techniques, and provide useful scientific
information on metal remediation based on these experimental
results for further development of applicable large-scale metal
remediation technologies.


http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:fengh@mail.montclair.edu
dx.doi.org/10.1016/j.jhazmat.2009.06.138

L. Zhang et al. / Journal of Hazardous Materials 172 (2009) 108-116 109

Fig. 1. Map showing the study area and sampling locations.

2. Methodology

The field sampling was conducted in July 2005 in western Xia-
men Bay. Station X5 (118°02.711'E, 24°32.585'N) (Fig. 1) was chosen
for the sediment remediation study because it was located next
to the outlet of the Sewage Treatment Plant of Xinlin Industrial
Area and metal concentrations at Station X5 were higher than
that at other stations [20]. After the sediments were retrieved at
this station, surface sediments (<5cm) were collected and care-
fully transported to Environmental Science Research Center of
Xiamen University for processing and analysis. The samples were
initially dried naturally in the air in a controlled clean environ-
ment for a week. The subsamples for grain size analysis, trace
metal concentration analyses and laboratory experiments were
then transferred to an oven and dried at 40+ 2°C. The samples
were finally ground to a powder with a mortar and pestle, sieved
through an 80 mesh sieve and kept in a pre-cleaned container for

future use. The subsample for organic content measurement was
oven dried at 105°C in our laboratory at Xiamen University after
dried naturally. Then, an aliquot of 20 g of sample was determined
for organic content by loss on ignition (LOI) method, i.e., the sam-
ple was combusted at 450°C for 8 h [21,22]. The grain size of the
sediment sample was analyzed using Mastersizer MS 2000 Particle
Size Analyzer (Malvern Instruments Ltd., UK) [23]. For the labo-
ratory tests under different physical experimental settings (e.g.,
aeration, agitation and rotation), aliquots of 3-20¢g of dried sed-
iment samples were used with and without additions of various
chemical complexation reagents. After rotation, aeration or agita-
tion of the samples in the various solutions, the sediment samples
were allowed to settle down for a certain time period. Then, the
overlying liquid was filtered using a vacuum pump and collected in
pre-cleaned bottles. Finally, the filtered solutions were analyzed on
an Agilent 7500i Inductively Coupled Plasma-Mass Spectrometer
(ICP-MS) for metal concentrations. The chemical reagents chosen
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Fig. 2. Metal removal efficiency comparison among physical processes. An aliquot of 5 g of sediment was added to 250 mL of (a) distilled-deionized water (DDW) under three
different experimental conditions: (i) standing still, (ii) aeration and (iii) agitation; and (b) 0.20 M oxalic acid (H,C;04) solution under four different experimental conditions
(i) standing still, (ii) rotation, (iii) aeration and (iv) agitation. In these sets of experiments, aeration rate is set at 5 L/min, agitation rate is 300 rpm, and the reaction time is 16 h.

for this study included ethylenediamine tetra acetic acid, disodium
salt (EDTA-2Na), sodium dodecylsulphate (SDS), acetic acid (HAc),
oxalic acid (H,C>04), ammonium acetate (NHzAc), ammonium
oxalate ((NH4)>,C,04) and trace metal standard stock solutions,
which are all optima grade. All the containers, bottles and glass-
ware for the experiments were pre-cleaned with 1:3 (v/v) nitric acid
(HNOj3) and rinsed with milli-pore water. To examine the repro-
ducibility of the experimental results, we selectively conducted

certain (~20%) duplicate experiments. The reproducibility of the
results was better than 10% of variance.

3. Results
The physical and chemical parameters of sediment at Station

X5 are listed in Table 1. Due to physical treatment processes solely
(e.g., aeration, agitation and rotation) alone could not yield high
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Fig. 3. Metal removal efficiency comparison under various experimental conditions using 5 g of sediment and oxalic acid (H,C,04) solution: (a) at varying aeration flow
rate with concentration=0.20 M, solution=250mL and time =16 h; (b) at different solid to liquid (S:L) ratios with aeration rate =5 L/min and time = 16; (c) at different pH
conditions with concentration = 0.20 M, solution = 250 mL and agitation time =8 h at 300 rpm; and (d) at different H,C, 04 concentrations with solution =250 mL and agitation

time t=36h at 300 rpm.
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Fig.4. EDTA leaching results under varying EDTA-2Na concentrations and solid (sediment) to liquid (EDTA-2Na solution) ratios. An aliquot of 20 g of naturally dried sediments

was used in each batch of experiment. Reaction time is 16 h.

metal removal efficiencies, several sets of combinations of physi-
cal treatment with various chemical extractions were performed
to enhance the metal removal. The results are presented in the
following sections.

3.1. Physical and chemical parameters of sediments

Sediments at Station X5 were mainly fine grain materials
(grain size: 0.0015-0.42 mm), of which sand fraction (grain size:

Table 1
Sediment physical and chemical properties at Station X5 (118°02.711'E, 24°32.585'N)
in western Xiamen Bay, China.

Parameters Concentration Units
Sand 0.8 %

Fine sand 70.7 %

Silt and clay 28.5 %
Organic content 3.75 %

Ccd 0.19 mg/kg
Cr 122 mg/kg
Cu 78.9 mg/kg
Ni 64.8 mg/kg
Pb 52.2 mg/kg
Zn 129 mg/kg

0.063-0.5mm) accounted for 0.8%, fine sand faction (grain size:
0.0039-0.063 mm) accounted for 70.7%, and silt-clay fraction (grain
size: 0.00049-0.0039 mm) accounted for 28.5% (Table 1). Organic
content was 3.75% (Table 1). Heavy metal concentrations at Sta-
tion X5 were 0.19 mg/kg for Cd, 122 mg/kg for Cr, 78.9 mg/kg for
Cu, 64.8 mg/kg for Ni, 52.2 mg/kg for Pb, and 129 mg/kg for Zn
(Table 1).

3.2. Metal removal efficiency comparison with and without oxalic
acid

Metal removal efficiencies in distilled—deionized water (DDW)
and 0.20 M oxalic acid (H,C;04) solution were tested under the con-
ditions of no action (still solution), aeration, agitation and rotation.
The results showed that, in pure DDW matrix, both still solution
and aeration of solution had no detectable removal of the met-
als (As, Cd, Cr, Cu, Ni and Zn) from sediment, whereas agitation
of the solution yielded a very low metal removal efficiency (<30%)
(Fig. 2a). In contrast, when 0.20 M oxalic acid (H,C,04) was used
instead of DDW, the metal removal efficiency was greatly improved,
ranging from 33% to 67% for As, from 27% to 48% for Cr, from 15%
to 62% for Cu, from 33% to 59% for Ni and from 24% to 65% for
Zn under the experimental conditions of still solution (no action),
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Fig. 5. EDTA leaching results under different pH conditions and solid (sediment) to liquid (EDTA-2Na solution) ratios. Concentration of EDTA-2Na used in this experiment
remains 0.025 M. An aliquot of 20 g of naturally dried sediments was used in each batch of experiment. The reaction time is 16 h.

rotation, aeration (5L/min) and agitation (300 rpm), respectively

(Fig. 2b).

3.3. Oxalic acid extraction

Oxalic acid (H,C,04) is a relatively strong organic acid. Many
metal ions form insoluble precipitates with oxalate. In our study,

Table 2

oxalic acid was used in a series of experiment to examine the metal
removal efficiency from the contaminated sediments. As shown in
Fig. 3a, when aeration rate increased from 5 L/min to 30 L/min in
0.20 M oxalic acid (H,C;04) solution the metal removal efficiencies
were changed from 44% to 48% for As, from 13% to 28% for Cd, from
26% to 32% for Cr, from 40% to 52% for Cu, from 43% to 44% for Ni and
from 42% to 44% for Zn. The results suggest that within the range

Summary of the experimental results using EDTA-2Na as complexation reagent with varying pH conditions and solid to liquid rations. The metal removal efficiencies vary

from metal to metal.

Metal Result

Ccd Varying pH values and solid to liquid ratios did not affect Cd removal efficiency significantly.

Cr Decreasing pH value and decreasing solid to liquid ratio improved Cr removal efficiency by up to 5%. In general removal efficiency
of Cr by EDTA-2Na was low ranging from 6.8% to 13% under various experimental conditions.

Cu Decreasing pH value from 7 to 3 and decreasing solid to liquid ratio from 1:20 to 1:50 increased extraction efficiency by as much
as 15%.

Ni Similar to Cr, decreasing pH value and decreasing solid lo liquid ratio improved Ni removal efficiency by up to 5%. However,
EDTA-2Na had better removal efficiency for Ni than that for Cr, ranging from 24% to 35% under various experimental conditions.

Pb Decreasing solid (sediment) to liquid (complexation solution) ratio from 1:20 to 1:50 increases Pb removal efficiency by 8% to 18%.
Decreasing pH values from pH=7 to pH =3 does not improve removal efficiency significantly.

Zn Under a low pH condition (pH 5) and decreasing solid to liquid ratio (e.g., 1:50). Zn removal efficiency was improved by up to 7%.
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of experimental aeration rates (5-30 L/min) increasing oxygen con-
tent have no significant impact on the removal efficiencies of As, Cd,
Cr, Cu, Ni and Zn from the contaminated sediment. This observa-
tion is consistent with other studies in metal remediation [24-27],
although aeration shows effectiveness on removing volatile organic
carbon due to oxidation [28-31].

Variation in solid (sediment) to liquid (solution) ratio (S:L ratio)
on metal removal efficiency was tested using 0.20 M H,C,04 under
aeration (5 L/min) for 16 h. When S:L ratio decreased from 1:10 to
1:50, metal removal efficiencies increased from 9% to 27% for Cd,
from 21% to 35% for Cr, from 28% to 52% for Cu, from 23% to 46% for
Niand from 19% to 47% for Zn (Fig. 3b). The results suggest that a low

S:L ratio (or a high dilution) may result in a better metal removal
efficiency.

The effect of pH on metal removal efficiency was also tested by
using 0.20 M H,C, 04 solution and agitating the solution at a rate of
300rpm for 8 h under S:L=1:50. An aliquot of 5 g of sediment was
used for the experiment. When pH value was decreased from 7 to 1
by adding 0.10 M nitric acid (HNO3), the metal removal efficiencies
increased generally from 0% to 52% for As, from 4% to 30% for Cr,
from 13% to 50% for Cu, from 11% to 42% for Ni and from 13% to 40%
for Zn. However, the removal efficiency for Cd showed a fluctuation
between 18% at pH 3 and 36% at pH 1 (Fig. 3c). The reason is not
clear. Nevertheless, the results demonstrated that a low pH condi-
tion (pH < 3) could yield a high metal removal efficiency although a
condition of pH 1 would be better for As and Cd removal. The results
also suggest that the metal solubility be controlled by the acidity of
the solution.

The effect of different oxalic acid concentrations on metal
removal efficiency was tested on an aliquot of 5g of sediment in
250 mL of oxalic acid (H,C,04) solution (S:L=1:50) under an agi-
tation rate of 300rpm and reaction time of 36 h. When H,C,04
concentrations increased from 0.05 M to 0.70 M, the metal removal
efficiencies increased from 22% to 63% for As, from 16% to 55% for
Cr, from 38% to 66% for Cu, from 26% to 63% for Ni, and from 15%
to 56% for Zn (Fig. 3d). Removal efficiency for Cd showed some a
fluctuation from 8.3% at a 0.10 M H,C,04 concentration to 52% at a
0.40 M H,C,04 concentration (Fig. 3d). Nevertheless, it still showed
a general increase with a high H,C,04 concentration.

3.4. EDTA-2Na extraction

Ethylenediamine tetra acetic acid, disodium salt (EDTA-2Na) is
a water soluble complexation reagent. It can react with heavy met-
als and form very stable metal complexes [17,32-34]. Therefore,
heavy metals can be extracted from sediments to solution. Asa com-
plexation reagent, EDTA-2Na was used to examine metal removal
efficiency from the contaminated sediments under various condi-
tions including changing EDTA-2Na concentrations, pH values and
solid (sediment) to liquid (EDTA-2Na solution) ratios. The results
from these experiments are shown in Fig. 4. It is seen that doubling
the amount of EDTA-2Na increased Cd, Cu, Pb and Zn extraction
efficiency by 10-20%, but only 3-5% for Cr and Ni (Fig. 4). Under
various experimental conditions, removal efficiency for Cr was the
lowest ranging from 6% to 13% reproducibly, while removal effi-
ciency for Cd, in contrast, was the highest ranging from 41% to 68%.

Table 3

Summary of the experimental results in metal remediations using various complexation reagents and their combinations with different solid to liquid (S:L) ratios.
Metal Result

Ccd The best removal efficiency, 96%, was resulted from a combination of 0.20 M (NHj ), C;04 +0.025 M EDTA with

solid:liquid ratio (S:L)=1:50. A combination of 0.50 M NH4Ac +0.025 M EDTA with S:L = 1:50 ranked in the second
place with the removal efficiency of 90%. A 0.20 M H,C,04 solution with S:L =1:50 was the next and yielded 84%

removal efficiency.

Cr Except for 0.20 M H,C,04 solution with S:L 1:50 that yielded 39% removal efficiency, the rest of complexation reagents
and combinations yielded low removal efficiency (0.2-22%) in removing Cr from sediments.
Cu The highest removal efficiency (70%) was produced by a combination of 0.50 M NH4Ac +0.025 M EDTA with S:L=1:50.

With S:L=1:50, a 0.20 M H,C,04 solution and a combination of 0.20 M (NH4 ), C,04 + 0.025 M EDTA yielded essentially
the same removal efficiency, which are 61% and 62%, respectively. A 0.010 M SDS solution had the least removal

efficiency, <7%.

Ni All the complexation reagents and combinations yielded a relatively low removal efficiency, varying from nearly zero
(0.010 M SDS solution with S:L=1:20) to 23% (0.025 M EDTA +0.010 M SDS combination with S:L=1:20 and 0.20 M
(NHg)2C204 +0.025 M EDTA combination with S:L=1:50).

Pb A combination of 0.50 M NH4Ac +0.025 M EDTA with S:L=1:50 had the highest removal efficiency (76%) A
combination of 0.20 M (NH4),C>04 +0.025 M EDTA with S:L=1.50 was the second most effective method, giving 68%
removal efficiency. A 0.010 M SDS solution with S:L=1.20 had essentially no effect on removing Pb contaminant (1%).

Zn A combination of 0.20 M (NH4),C,04 +0.025 M EDTA solution with S:L=1:50 yielded the best removal efficiency, 69%.
This was followed by a combination of 0.50 M NH4Ac +0.025 M EDTA with S:L=1.50 that yielded the second best
removal efficiency, 62% A 0.010 M SDS solution with S:L=1.20 yielded the lowest removal efficiency, 6%
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However, when the solid to liquid ratio was changed from 1:10 to
1:20, i.e.,, more complexation solution was added, an increase in
metal removal efficiency was observed (Fig. 4). Effects of chang-
ing pH values and solid to liquid ratios on metal removal efficiency
were tested in the laboratory experimental scale in this study. Sev-
eral trends with respect to the metal removal were observed (Fig. 5)
and the results are summarized in Table 2.

3.5. Removal efficiency comparison

Further laboratory experiments involving more complexation
reagents (e.g., ethylenediamine tetra acetic acid, disodium salt
(EDTA-2Na), sodium dodecylsulphate (SDS), acetic acid (HAc),
oxalic acid (HyC,04), ammonium acetate (NH4Ac), ammonium
oxalate ((NH4)2C204) continued with different experimental set-
tings and reagent combinations. The results showed that the
removal efficiency varied with each individual metal (Fig. 6) and
are summarized in Table 3. The metal removal efficiencies under
aeration at a rate of 2.5L/min and rotation, respectively, with and
without additions of various chemical complexation reagents were

examined. Solid (sediment) to liquid (complexation solution) ratio
was 1:50g/cm? in all the experiment. The comparisons of the
results from these two conditions (i.e., aeration and rotation) are
shown in Fig. 7. In this set of experiment, we found that a 0.20M
H,C,04 solution under aeration and with S:L=1:50yielded the best
removal efficiency (79% for Cd, 45% for Cr, 93% for Cu, 66% for Ni,
and 89% for Zn, respectively), but the least removal efficiency for Pb
(3%). However, we found that using a 0.025 M EDTA solution under
aeration and with S:L=1:50 resulted in 73% removal efficiency for
Pb besides moderate to high removal efficiencies for other metals
(except for Cr) ranging from 37% (Ni) to 94% (Cu) (Fig. 7).

4. Discussion

To develop technically feasible and cost effective ex-situ sedi-
ment remediation technologies, a series of laboratory experiments
under various conditions, including using different chemical com-
plexation reagents and their combinations, were performed in this
study. Due to chemical reaction and complexation, metal removal
efficiencies with addition of chemical complexation reagent (e.g.,
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0.20M oxalic acid (H,C,04) solution) under aeration, agitation
and rotation were better than that in distilled-deionized water
(Fig. 2). In the meantime, a low solid to liquid (S:L) ratio (or high
dilution) in 0.20 M oxalic acid (H,C,04) solution resulted in a bet-
ter metal removal efficiency due partly to increasing interaction
sites between particles and solution or increasing chances of solid-
solution reaction (Fig. 3b). Although a high H,C,04 concentration
generally yielded high metal removal efficiency, an increase of
metal removal efficiency from 0.40 M H,C,04 to 0.70 M H,C, 04 was
not significant (Fig. 3d). From a cost effectiveness and safety stand
point of view, the study shows that a 0.40 M oxalic acid (H,C,04)
concentration yielded optimum metal removal efficiency.

When EDTA-2Na was used as a chemical complexation reagent
in the experiment, changing EDTA-2Na concentrations under the
same solid (sediment) to liquid (complexation solution) ratio
(i.e., either 1:10 or 1:20) did not show obvious impact on the
removal efficiency of individual heavy metals of interest in gen-
eral, although significant differences in removal efficiency were
observed between the heavy metals (Fig. 4). The impact of acidity
of the solution (pH values) and solid to liquid (S:L) ratios on metal
removal efficiency in EDTA-2Na solution varied from one metal to
another, although relatively better metal removal efficiencies were
observed in most cases with a decrease of S:L ratio (e.g., S:L=1:50)
(Fig. 5 and Table 2). These observations suggest that adding more
EDTA-2Na complexation solution to the system dilute the particle
concentration, increase the interaction opportunity between par-
ticles and complexation agent and, hence, increase metal removal
efficiency from the particles. The consequence is that the low S:L
ratio promotes the complexation reaction towards formation of
metal complex in solution and removal of metals from solids, as
demonstrated in the experiment.

When several chemical complexation reagents were com-
bined for metal extraction, the results showed that 0.20M
(NH4);C,04+0.025M EDTA combination with S:L=1:50 and
0.50 M NH4Ac+0.025 M EDTA combination with S:L=1:50 were the
recommended methods for metal remediation because these com-
binations yielded relatively high metal removal efficiency (Fig. 6).
Using 0.010M SDS solution with S:L=1:20 should be avoided
because it yielded a lower efficiency in removing metals from sedi-
ments (Fig. 6). Although aerating pure DDW resulted in no or a very
low metal removal efficiency, the results showed that both aeration
and rotation yielded better metal removal efficiency in chemical
complexation solutions (Fig. 7). Although it varied with each metal
and reagent used, an even better (up to 50%) metal removal effi-
ciency by aeration was observed (Fig. 7). The results suggest that
the chemical complexation agents increase the metal solubility or
partitioning in these solutions.

5. Conclusions

The remediation of metals in the sediments with and with-
out chemical complexation reagents was evaluated in this study.
The results from our laboratory-based experiments provide useful
information for metal remediation, although further validation of
these methods in larger-scale experiments should be conducted.
The key findings from our laboratory-based experiments are sum-
marized below:

1. Without addition of chemical complexation agents (i.e., in
distilled-deionized water matrix), neither still solution nor aer-
ation had a detectable effect on metal removal whereas agitation
of the solution had a low metal removal efficiency (<30%)
(Fig. 2a). In contrast, agitation, aeration and rotation of the sam-
ples in 0.20M H;C,04 solution yielded better metal removal
efficiencies (15-67%) (Fig. 2b). Even in still 0.20 M H,C,04 solu-

tion, the metal removal efficiencies ranged from 15% to 33%
depending on individual metal (Fig. 2b).

2. A low pH condition (e.g., pH<3) and decreased solid to liquid
ratio (e.g., S:L=1:50) could increase metal removal efficiency
although it would also depend on metals and chemical reagents.

3.A 0.20M (NH4);C,04+0.025M EDTA combination with
solid:liquid ratio=1:50 and a 0.50M NH4Ac+0.025M EDTA
combination with solid:liquid ratio=1:50 could be the
recommended methods for metal removal from the sediments.

4. A 0.20M H;C,04 solution under aeration with solid:liquid
ratio=1:50 yielded the best extraction efficiency for Cd (79%),
Cr (45%), Cu (93%), Ni (66%) and Zn (89%). However, this method
had very low removal efficiency for Pb (3.4%).

5.A 0.025M EDTA solution under aeration and solid:liquid
ratio=1:50 had 73% removal efficiency for Pb besides moder-
ate to high removal efficiencies for other metals (except for Cr)
ranging from 37% (Ni) to 94% (Cu).
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