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Abstract Heavy metal pollution has always been a

serious environmental problem widely concerned by

researchers all around the world. On the other side, the

accumulation of biowastes has also occupied a large

amount of space and caused a series of environment

pollution. In this study, the waste oyster shell, was

applied as a type of biogenic carbonate material for

Pb(II) removal from the aquatic environment, and

further as a remediation agent for metal stabilization in

the contaminated river sediment. After simple pre-

treatment, the oyster shell powder (OSP) was

characterized, and the results showed that the prepared

OSP is mainly composed of calcite with particle size

of micron-level. The OSP exhibited excellent Pb(II)

adsorption performance, with the adsorption capacity

as 639.9 mg/g through adsorption isotherm study.

Furthermore, the OSP was applied to remediate the

collected river sediment artificially contaminated by

Pb(II). It was found that the proportion of residual Pb

fraction (F4) was greatly increased from 39.6% of the

original sediment to 76.7% in the 14-day incubated

sediment with OSP. The Pb(II) concentration after

leaching procedure was decreased from 810.7 to

108.6 lg/L even after 5-day incubation. Therefore,

this study shows the potential of using waste oyster

shell as adsorbent and amendment agent for effective

metal immobilization in both aquatic and sediment

systems.
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Introduction

Heavy metals with high mobility from industrial

activities like mineral excavation, metallurgy and

battery manufacturing, have been quickly transferring

into the sediments of urban rivers and lakes (Dai et al.

2018). As the transportation sink of environmental

pollutants, sediment can also become the source of

heavy metals pollution (Ip et al. 2007; Che et al. 2003;

Audry et al. 2004). For example, under certain

conditions, the amount of heavy metals in sediment

accounts for 99% of those of the water ecosystem

(Peng et al. 2018). Once the physicochemical proper-

ties of the sediment change, heavy metals in sediments

will be back into rivers in strong migratory form by the

processes of desorption, dissolution, oxidation or

reduction, leading secondary pollution in water body

(Fonti et al. 2015). For this reason, heavy metal

contaminated sediments will increase the probability

of the situation that people are exposed to the

environment with high concentrations of heavy met-

als. Therefore, the treatment and control of heavy

metals in sediments should be of great significance.

To control the secondary pollution caused by heavy

metal release from the sediments, remediation meth-

ods tailored to the polluted sediments include physical,

chemical, biological, and the combined methods.

These methods above can relive the secondary metal

pollution from the sediments from three aspects

including eliminating or decreasing the toxicity of

heavymetals, transforming contaminated sediments to

harmless materials, or separating the contaminated

sediments from water ecosystem (Zhang et al. 2019a;

Liu et al. 2019a). Stabilization/solidification (S/S) is

one commonly used method to reduce the mobility of

harmful metals by adding the remediation agents into

the sediment. The application of the agents can further

prevent the release of heavy metals by the way of

changing the metal speciation in contaminated

123

1892 Environ Geochem Health (2021) 43:1891–1902



sediments into low mobility and innoxious state

(Cerbo et al. 2017; Xia et al. 2017). Time saving and

cost-efficient are attractive advantages of S/S remedi-

ation for contaminated sediments (Wang et al. 2019;

Rad̄enović et al. 2019). Common reagents for S/S are

usually synthesized chemicals like phosphates, silico-

calcium materials, and iron-bearing materials (Peng

et al. 2018). Comparing with the synthesized materials

above, the application of biogenic materials has

become increasingly attractive due to its abundant

and environmentally friendly feature.

CaCO3 is one of the most commonly used materials

for sediment remediation due to its high performance

and low cost (Islam et al. 2017a; Jacob et al. 2018), but

the CaCO3 is mostly harvested by geological mining

which may cause damage to the surrounding environ-

ment. In this case, some recent studies have started to

obtain the CaCO3 from a variety of biological products

like marine shells, eggshells, sepia, etc. (Ok et al.

2011a; Guru and Dash 2014; Lim et al. 2016). The

application of the biogenic carbonate materials for the

heavy metal removal and stabilization has been

reported in recent years. For example, the biogenic

aragonite and calcined mollusk shells were used as

effective adsorbents to remove Pb, Zn and Cd from the

polluted water (Du et al. 2011; Köhler et al. 2007).

Studies have also been conducted on using calcined

cockle shells to stabilize heavy metals in soil, which

reduced the leaching of Pb, Cd and Zn by 85%, 85%,

91%, respectively (Islam et al. 2017b). The oyster

shells have also been found with strong abilities for

heavy metal adsorption due to the presence of calcium

carbonate layer structures including prismatic part and

nacreous part (Wu et al. 2014). Therefore, with

characteristic structures, it is assumed that the oyster

shells can become a high-quality substitute for mineral

calcium carbonate. However, the oyster shells have

been regarded as solid wastes and finally go to

landfilling (Alvarenga et al. 2012), which cause a

great waste of CaCO3 materials together with a serious

burden for solid waste management. Nowadays, there

are some recent studies using the oyster shell powder

for wastewater treatment and soil remediation (Zhang

et al. 2019b; Moon et al. 2011; Jung et al. 2016), which

inspired their potential utilization for heavy metal

immobilization in the river sediments. Moreover, the

aquatic environment above the sediment is an inextri-

cable part of the river system. Therefore, the applica-

tion of the oyster shell powder for metal adsorption in

aquatic environment as well as metal stabilization in

sediment is equally important, and can meet the

practical requirement for the remediation of real river

system. Investigating the adsorption performance of

the amendment agent can evaluate the interaction

between metal ions and the adsorbent, and further

estimate the possibility of secondary metal release

after metal remediation. In addition, lead is one

commonly detected heavy metal in the sediment,

which may cause remarkable inhibiting effect on

aquatic plants and increasing pathogenic possibility of

human.

Therefore, in this study, we applied the waste oyster

shell powder for lead adsorption in solution, and then

further adopted this material for lead stabilization in

the contaminated sediment. During this study, the lead

adsorption behavior of oyster shell powder was

examined, including adsorption kinetics, isotherm, as

well as the effect of factors like pH, solid-to-liquid

ratio and initial lead concentration. Moreover, the lead

stabilization performance was evaluated after adding

the shell powder as remediation agent in the sediment.

Materials and methods

Sample preparation

The oyster shells were purchased from an aquarium

store collecting abandoned oyster shells as filter

material in Guangdong province. The powder sample

from the purchased oyster shells was prepared accord-

ing to the following procedures. The original shells

were washed by water and then dried naturally. After

that, the shells were broken into small lumps, ground

into powder and then sieved through a 100-mesh sieve.

Finally, the fine powder after sieving was then ball-

milled for four times, with 5 min at each time. The

residual powder sample were then mixed uniformly

and stored until use, which was denoted as OSP (oyster

shell powder) hereafter.

The sediments for experiment were collected

randomly at subsurface 0–20 cm from the downstream

of Maozhou river in October 2018 (geographical

coordinates: 113.829�E, 22.791�N) (Liu et al. 2019b).
The collected sediments were well mixed, dried,

milled and finally passed through a 100-mesh sieve.

The pH and moisture content of sediments were tested

according to procedures as below: 0.5 g of air-dried
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sediment was added into 25 mL ultrapure water. After

agitated for 24 h, the pH value of the solution mixture

was measured. The moisture content was measured

according to the weight loss of the sediment after

drying at 105 �C. Moreover, the Pb-enriched sediment

was particularly prepared for the stabilization of Pb in

the sediment after adding OSP. For which, 10 g of the

dry sediment was added into a beaker containing

100 mL ultrapure water with 24 mg Pb(NO3)2. The

turbid liquid was stirred with a magnetic stirrer for

12 h to obtain a sufficiently uniform sediment sample

enriched by Pb. Then, the liquid content in the mixture

was evaporated at 60 �C in an oven. After procedures

above, the pH value of the raw sediment is within the

range of 5.95–6.06, while the water content is 60.19%.

After Pb enrichment, the Pb content in the sediment

was measured as 1536.9 mg/kg.

Characterization

The phase composition of the samples was detected by

an X-ray powder diffractometer (XRD, Smartlab,

Japan) with Cu-Ka radiation. Diffraction patterns

were collected over 2h = 10�-90� at 10�/min. The

micro-morphology of the OSP was observed by

conducting a scanning electron microscopy analysis

(SEM, Merlin, Germany) with different magnification

times. A thermogravimetric and differential thermal

analyzer (TG–DTA. Hengjiu HCT-1, China) was used

to conduct a thermogravimetric and differential ther-

mal analysis of OSP to get the weight loss and

differential quantity of heat during combustion. The

DTA data was compared to that of other researches

that mentioned oyster shell powder or other biological

calcium carbonates. The particle size of the OSP was

detected by a nanoparticle size and zeta point analyzer

(Malvern, UK). The multipoint Brunauer-Em-

mett-Teller (BET, Micromeritics ASAP 2460,

USA) method was adopted to obtain the surface areas

of the solid samples.

Pb(II) adsorption in aqueous solution

Pb(II) solution for adsorption experiments was pre-

pared by mixing Pb(NO3)2 (AR, Fuchen, China) with

deionized water at a certain ratio. The volume of all

solutions were fixed at 50 mL with a temperature of

25 �C. The pH effect on Pb adsorption was analyzed

by changing pH from 3.0 to 6.0 for 4 h. However, as

shown in Figure S1, the adsorption efficiency were all

calculated as * 100% in solutions with initial Pb(II)

concentration of 700 mg/L at different pH value. The

results indicate that pH value is not a key factor, and

thus pH 5.0 was selected for further experiments. The

dosage of OSP for Pb adsorption was set as 0.01 g,

0.02 g, 0.05 g, 0.1 g, 0.2 g, 0.5 g for 50 mL of the

Pb(II) solution (700 mg/L). After that, the mixture of

OSP and Pb(II) solution was kept stirring until

finishing the experiment. All adsorption experiments

were conducted in triplicate. The Pb(II) concentration

in any solution was tested by an inductively coupled

plasma optical emission spectrometer (ICP-OES,

Optima8000, PerkinElmer). The Pb(II) adsorption

capacity (qe) of the OSP was calculated according to

Eq. 1 as follows:

qe ¼
C0 � Ceð Þ � V

m
ð1Þ

where qe (mg/g) is the adsorption capacity of the OSP

at equilibrium, m is the weight of the OSP (g), V is the

volume of the solution, while C0 and Ce (mg/L) refer

to the initial and equilibrium Pb(II) concentration,

respectively.

For adsorption kinetics analysis, a fixed volume of

solution (10 mL) was taken out at time intervals of 0,

5, 10, 15, 30, 45, 60, 90, 120, 180, 240 min. The

samples were passed through 0.45 lm membrane and

the concentrations of Pb(II) were analyzed by ICP-

OES. Then, the adsorption capacities calculated from

equilibrium Pb(II) concentrations at different contact

time were fitted to the pseudo-first-order model and

pseudo-second-order model as follows (Eqs. 2 and 3):

Pseudo-first-order model:

log qe � qð Þ ¼ logqe �
k1t

2.303
ð2Þ

Pseudo-second-order model:

t

q
¼ 1

k2q2e
þ t

qe
ð3Þ

where k1 (min-1) is the pseudo-first order rate

constant. qe and q (mg/g) are the adsorption amount

at equilibrium and time t, respectively.

For adsorption isotherm, the initial Pb(II) concen-

trations was set as 100, 300, 500, 700, 900, 1100 mg/L

for 3 h adsorption with OSP dosage of 1 g/L. Two
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equilibrium models, Langmuir and Freundlich iso-

therm equations, were adopted for the isotherm

analysis, with linear formulas as followings (Eqs. 4

and 5):

Langmuir model:

Ce

qe
¼ 1

KLqmax

þ Ce

qmax

ð4Þ

Freundlich model:

lnqe ¼ lnKF þ 1

n
lnCe ð5Þ

where Ce (mg/L) is the Pb(II) concentration at

equilibrium and qe (mg/g) refers to the adsorption

capacity. qmax (mg/g) is the maximum adsorption

capacity. KL is Langmuir constant while KF and n are

Freundlich constants.

Experiments for Pb(II) stabilization

in the amended sediment

0.2 g of the OSP was added in 1 g of the pretreated

sediment. The incubation time (5 and 14 days) was

selected to examine the stabilization of Pb(II) in the

sediment. The mixtures were centrifuged at 3000 rpm

after incubation in dark environment, and then the

solid samples were further dried for further experi-

ments. The blank experiments were also conducted for

the sediments without OSP. The speciation of Pb in the

amended sediment was analyzed by the modified BCR

sequential extraction with details provided in the

Supporting Information (Sect. 2). Generally speaking,

the metal speciation can be divided into four different

fractions, including exchangeable metal and carbon-

ate-associated fraction (F1), fraction associated with

Fe–Mn oxides (F2), fraction bound to organic matter

(F3), and residual fraction (F4). But we also measured

the Pb(II) content in the supernatant marked as

Fraction 0 (F0) but under detection limit.

Toxicity characteristic leaching procedure

The toxicity characteristic leaching procedure (TCLP)

was also carried out to evaluate the leachability of Pb

after sediment remediation. The raw sediment and the

samples after incubation were all tested according to

the standard TCLP procedure. 0.5 g solid sample was

put in a centrifuge tube with 10 mL acetic acid

(0.1 mol/L pH = 2.88 ± 0.05). Then the centrifuge

tubes were rotated at a speed of 30 r/min for 18 h, and

the supernatant was obtained afterwards by centrifug-

ing the mixture after leaching at a speed of 4000 r/min.

After that, the supernatant was further filtered by

0.45 lm membrane filter with a syringe, and the Pb

concentration was detected by an inductively coupled

plasma-mass spectrometry (ICP-MS, 7700, Agilent

Technologies, USA).

Fig. 1 a SEM image, bXRD pattern, and c TG curve (blue) and

DTA curve (red) of the oyster shell powder (OSP) after

pretreatment
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Results and discussion

Characterizations of oyster shell powder

The microstructure of OSP after ball grinding was

observed by SEM (Fig. 1a), which shows that the OSP

were crushed into particles with different layers.

Besides that, some small single-layer pieces were also

observed and adhered on the larger particles. The

particle size of the OSPwas analyzed with an averaged

particle diameter (Z-Average) as 1062.5 nm. The

crystal structure of the OSP sample was shown by the

XRD pattern as shown in Fig. 1b, which is consistent

with the standard pattern of calcium carbonate (cal-

cite, PDF#99-0022). The high and sharp peaks in the

XRD pattern illustrate the purity of OSP with well

crystalized calcite. TG–DTA analysis was further

conducted on the OSP, with results shown in Fig. 1c.

The mass of the OSP was decreased significantly when

the heating temperature reached 700 �C, and finally

stabilized at 800 �C where about 45% of the original

mass was left. Similar results were reported by other

researchers (Jung et al. 2016; Ok et al. 2010). In

addition, the specific surface area of the milled OSP

was 3.869 m2/g, in comparison with 2.438 m2/g for

the raw OSP.

Adsorption of Pb(II) in solution by oyster shell

powder

Factors affecting Pb(II) adsorption

The solid-to-liquid ratio (adsorbent dosage to solution

volume) has been reported as an important factor for

metal adsorption. Hence, Fig. 2a summarizes the

variation of Pb(II) adsorption capacity of the OSP

with different solid-to-liquid ratio, which shows that

the highest Pb(II) adsorption capacity (668.4 mg/g)

occurred at solid-to-liquid ratio of 1 g/L. With further

increase in solid-to-liquid ratio, the adsorption capac-

ity was decreased obviously. The decrease in adsorp-

tion capacity at higher solid-to-liquid ratio is due to the

unsaturated adsorption of the OSP with increased

amount in the solution. Therefore, 1 g/L was selected

as solid-to-liquid ratio for the subsequent adsorption

experiments. The effect of contact time and initial

Pb(II) concentration were also considered as key

factors during the adsorption process. Figure 2b

presents the changes of adsorption capacity with the

variation of initial Pb(II) concentration (100, 300, 500,

700, 900, 1100 mg/L). An obvious increase in

adsorption capacity was found with elevated initial

Pb(II) concentration, until reaching 639.9 mg/g in the

solution initially containing 1100 mg/L Pb(II) ions.

With further increase in Pb(II) concentration, the

growth of adsorption capacity slowed down and finally

reached an equilibrium when the Pb(II) concentration

is higher than 900 mg/L. As shown in Fig. 2c, the

Pb(II) adsorption capacity of OSP was increased

significantly during the first 120 min, and reached a

value of 635.3 mg/g. Then, with prolonged time, the

Pb(II) adsorption was increased slowly and finally

reached equilibrium after 200 min.

Adsorption isotherm and kinetic studies

Figure 2d shows the adsorption isotherm model fitting

results. According to the correlation coefficient R2 in

Table 1, the adsorption is fitted better to Langmuir

adsorption model (R2 = 0.902) rather than the Fre-

undlich adsorption model (R2 = 0.843), suggesting

that the Pb(II) adsorption on OSP was more predom-

inant to be monolayer adsorption than multi-layer

adsorption. The Langmuir modeling is based on the

adsorption on homogenous surface that is energeti-

cally and sterically independent of adsorption capac-

ity, while the Freundlich modeling indicates the

adsorption on heterogeneous surfaces (Zhou et al.

2018). Hence, the modeling results suggest that the

mono-layer Pb(II) adsorption is dominant, which may

be due to the reaction of CaCO3 and Pb(II) ions on the

sample surface. Moreover, the coefficient 1/n \ 1

(n[ 1) means that the adsorption is a spontaneous

process. Adsorption kinetics was fitted by the pseudo-

first-order and pseudo-second-order models with

results shown in Fig. 2e and Table 1. The R2 value

(Table 1) is 0.974 and 0.972, respectively, from the

fitting results of Pb(II) adsorption by OSP to the

pseudo-first-order and the pseudo-second-order mod-

els, suggesting that both physisorption and chemisorp-

tion occurred in this process (Du et al. 2011).

Therefore, the chemical reaction between the Pb(II)

ions and the carbonates might be intensively involved

during the adsorption processes.
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Fig. 2 Pb(II) adsorption capacity by OSP in conditions of

a different solid-to-liquid ratio, b various initial Pb(II)

concentration, c different contact time. The fitting curves of

the adsorption capacity according to d Langmuir and Freundlich

adsorption isotherms and e pseudo-first-order and pseudo-

second-order kinetic models
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Adsorption performance and mechanisms

It can be obtained from adsorption isotherm that the

maximum adsorption capacity of the OSP is

639.9 mg/g, under optimal conditions. Therefore, we

briefly compare the adsorption performance among

the OSP in this study and the adsorbents reported by

other studies by recycling of waste resources. From the

data in Table 2, generally speaking, the OSP exhibits

good adsorption performance. For example, biochar is

one common adsorbent derived from biowastes, and

the Pb adsorption capacities of biochar were found

within the range of 108.7–138.9 mg/g, which is much

lower than the OSP in this study. Besides, the

carbonate hydroxyapatite was extracted from the

eggshell waste, and its Pb adsorption capacity is only

1/6 of the value by OSP. Moreover, Anadara inae-

quivalvis shells were also used for Pb adsorption and

showed similar capacity as that of the OSP. The crystal

phase of the Anadara inaequivalvis shells was

reported as aragonite while the OSP in this study

was mainly composed of calcite, resulting in a high Pb

adsorption performance (Du et al. 2011).

Furthermore, the concentration of Ca in the solution

after adsorption was measured and then denoted with

the unit of ‘‘mmol/L’’ in Figure S2 of the Supporting

Information, together with the amount of adsorbed Pb

(mmol/L) by the OSP. From the figure, the amount of

adsorbed Pb is roughly equal to that of Ca released

from the OSP. Besides, a similar trend of variation was

found for the concentrations of Ca and those of Pb in

the solution with prolonged contact time. Therefore, it

can be deduced that the major mechanism for Pb(II)

adsorption is that the Ca(II) in calcium carbonate of

the OSP was converted to PbCO3 by ion exchange as

shown in (Eq. 6). The XRD pattern was further

obtained for the OSP after Pb(II) adsorption (Fig. 3a),

which shows that most of the peaks were reflected

from the PbCO3 (PDF#99–0026, cerussite). The

predominant peaks of calcite in the original OSP have

been declined significantly, peak intensities of calcium

carbonate, indicating that ion exchange is the critical

mechanism for Pb(II) adsorption by the OSP. The

Table 1 Fitting results of

adsorption isotherms and

kinetics

Freundlich model Langmuir model

Adsorption

isotherm

KF (mg/L) 1/n R2 KL (mg/L) qmax (mg/g) R2

368.93 0.1025 0.843 0.0639 601.27 0.902

Pseudo-first-order model Pseudo-second-order model

Adsorption

kinetic

k1 (1/min) qe (mg/g) R2 k2[g/(mg�min)] qe (mg/g) R2

9.58 9 10–4 830.15 0.974 5.58 9 10–6 1228.51 0.972

Table 2 A comparison of Pb(II) adsorption capacity by biosource-derived adsorbents

Type of absorbent Material Adsorption capacity(mg/g) References

Biochar Cucumber skin 133.6 Basu et al. (2017)

Ginkgo biloba 138.9 Lee et al. (2019)

Metasequoia leaf 108.7

Hazelnut husk 109.9 Imamoglu et al. (2016)

Biogenic material absorbents Egg shells 101.0 Liao et al. (2010)

Anadara inaequivalvis shells 621.1 Bozbaş and Boz (2016)

OSP 639.9 This study

Other absorbents Waste polyurethane foam 14.1 Melichová and L’uptáková (2016)

Zeolite 43.9

Bentonite 48.1
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SEM image of the OSP after Pb(II) adsorption is

further demonstrated in Fig. 3b, with obvious particles

attached on the OSP, probably as the precipitation of

PbCO3 after ion exchange. The combination of Pb(II)

with CO3
2- of the calcium carbonates has also been

reported in other studies (Hu et al. 2019).

CaCO3 þ Pb2þ ! Ca2þ þ PbCO3 ð6Þ

Pb stabilization in sediment amended by oyster

shell powder

The prepared OSP was added in the Pb-enriched

sediment as amendments for metal solidification/

stabilization. Before data analysis of the four-step

BCR sequential extraction, the total amount of lead

before and after the extraction were compared to

evaluate the recovery rate of the metal. The sum of Pb

content in the all BCR fractions (F0 ? F1 ? F2 ?

F3 ? F4) was divided by the total amount of heavy

metals in the original sediment, and such proportion

was named as recovery rate (%). The recovery rate

within 90–110% indicates reliable and referable BCR

extraction. In this study, the recovery rates of original

sediments and remediation experiments were calcu-

lated within the range of 90.4–105.4%, meeting the

standard of recovery rate.

The percentage of different fractions of the Pb

speciation (F1–F4) is illustrated in Fig. 4a. The F1

value was very small with neglectable changes for the

all experimental groups. The percentage of F2

accounts for relatively high proportion for the original

Pb-enriched sediment with the value of 40.1%, and

such value was found as 35.9% and 31.6% for the

blank samples after 5 and 14 days incubation, respec-

tively. However, after adding the OSP, the F2

percentage was decreased substantially from 40.2%

in original sediment to 3.7% and 2.8% with the

incubation time as 5 and 14 days, respectively.

Meanwhile, the percentage of F3 in the original Pb-

enriched sediment was 18.6% and varied slightly for

the blank samples after incubation (15.8% and 16.6%).

However, the F3 value of the amended sediment was

found as 31.8% and 20.3% after being included for 5

and 14 days, respectively. Moreover, as the most

stable fraction, F4 occupied 36.9% in the original Pb-

enriched sediment, and changed to 47.5% and 50.4%

after incubation.While for the OSP-amended samples,

the F4 fraction was found as 63.1% in 5 day-incubated

sediment and further increased to 76.7% after 14 day

incubation. Results show that the substantial decrease

in F2 fraction after remediation is due to transforma-

tion of Pb speciation to F3 and F4 fractions. With

prolonged incubation time, the F3 speciation was

further transformed into the F4 fraction, which can be

verified from the increase in F4 fraction after 14 day’s

incubation. Moreover, the exact amount of different

fractions is further summarized in Table S1 of the

Supporting Information, which shows that adding OSP

as the amendment has significantly increased the

residual fraction of Pb from 642.5 mg/kg in the

original sample to 899.4 mg/kg and 1229.7 mg/kg

after incubating for 5 and 14 days, respectively.

The concentrations of Pb(II) after TCLP leaching

were further measured in the leachates of blank

samples and amended sediments, with results shown

in Fig. 4b. For the blank and amended sediments after

5 days incubation, the Pb concentration in the

Fig. 3 a XRD pattern and b SEM image of the OSP after Pb(II)

adsorption in the solution with initial Pb(II) concentration of

700 mg/g, and solid-to-liquid ratio of 1 g/L at pH = 5.0 for 2 h
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leachates was found as 810.7 lg/L and 112.8 lg/L,
respectively. Meanwhile, after 14 days incubation, the

Pb concentration in the leachates was changed,

respectively, to 734.9 lg/L and 108.6 lg/L for blank

and amended samples. Therefore, it can be obviously

found that the leachability of Pb has been declined

substantially by around 7.0 times when the sediment

was amended by the OSP either for 5 or 14 days.

Moreover, when the Pb concentration was compared

in leachates of amended sediments after 5 and 14 days,

it can be observed that the leachability of Pb is quite

similar to each other. The result indicates that a 5-day

incubation is already effective for Pb stabilization but

a prolonged incubation time can further enhance the

change of Pb speciation from F3 to F4 as shown in

Fig. 4a.

One previous study has applied the oyster shell for

soil remediation (Ok et al. 2010), and the use of OSP

for sediment remediation exhibited more favorable

results for heavy metal stabilization in the sediments.

With abundant water content in the sediment, the

carbonates in the OSP can be dissolved and promote

the ion change process. Moreover, the dissolved

carbonates can also provide alkalinity, which further

inhibit the conversion of metals from fixed states to

mobile phases. Therefore, mechanisms for Pb stabi-

lization by the OSP addition in the sediment can be

either caused by the transformation of Pb into PbCO3

and the potential precipitation caused by increased pH

of the reaction system (Ok et al. 2011b).

Conclusion

In this study, the oyster shell powder (OSP) after

simple pretreatment was adopted as a type of biogenic

material for Pb(II) adsorption from the aquatic system

and further for Pb(II) stabilization in the contaminated

sediment. Characterization results showed the layer

structure of OSP, with calcium carbonate (calcite) as

the predominant component. The Pb(II) adsorption

capacity of the OSP was up to 639.9 mg/g, indicating

that the adsorption performance of OSP is excellent,

especially when compared with the reported value

from other studies. Ion exchange was regarded as the

major mechanism for Pb(II) removal, which can be

further verified from the Ca(II) concentration in

solution after Pb(II) adsorption and the high peak

intensities of the PbCO3 on the surface of Pb-adsorbed

OSP. Furthermore, the OSP was applied as the

amendment for Pb(II) stabilization in the artificial

contaminated river sediment. Results showed that

percentage of F4 was increased substantially from

39.6% to 76.7% after 14 days incubation. Besides, the

leachability of Pb has also been decreased by around

7.0 times when the sediment was amended by the OSP

Fig. 4 a Weight percentages of different fractions (F1–F4) for

Pb species, and b the concentration of Pb in leachates of blank

and OSP-amended sediments. Pb-enriched means the sediments

without incubation. ‘‘5-day Blank’’ and ‘‘14-day Blank’’ refer to

the Pb-enriched sediments without any amendment incubated

for 5 and 14 days. ‘‘5-day Amended’’ and ‘‘14-day Amended’’

mean the Pb-enriched sediment amended by OSP for 5 and

14 days incubation, respectively
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even incubated by 5 days. Therefore, this study

proposed the oyster shell as a cost-efficient and

environmentally friendly biogenic material for effec-

tive metal immobilization, which can both recover the

waste resources and further enhance the performance

of sediment remediation. Moreover, with good per-

formance for metal adsorption in aquatic environment

together with the metal stabilization in sediment, it is

possible that the OSPwill be practically applied for the

remediation of real river systems.
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