
Introduction

Heavy metal pollution in groundwater is a global 
problem: it is important to deal with heavy-metal-
rich effluents. These effluents always carry significant 
toxicity to living beings when released to the 
environment. Thus effective treatment countermeasures 

should be taken before the emission of heavy metal-
contaminated water into the environment [1]. There 
are some widely used methods for treatment of heavy 
metal-contaminated water, such as electrolytic recovery, 
chemical precipitation, soil washing, and so on; 
however, these conventional methods can pose some 
significant and successive problems such as the disposal 
of the precipitated wastes and high incurred cost [2, 4].

Adsorption is a more efficient method that has been 
widely studied and utilized for heavy metal ion uptake 
in wastewater and contaminated groundwater [5, 6]. 
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Activated carbon is an effective adsorbent material 
for wastewater treatment, but it is expensive and often 
unaffordable for developing countries [7]. In particular, 
a number of small-scale industries cannot afford 
the high-cost treatment technology to cope with the 
problems of heavy metal pollution [8, 9]. Alternative 
adsorption technologies using budget materials (such 
as clay, sewage sludge, and coal fly ash) as adsorbents 
have been developed to become effective methods for 
removing heavy metal ions from an aqueous solution 
[10-12].

The western and southern coasts of South Korea 
abound with oysters and more than 0.32 million tons 
of waste oyster shells are produced each year [13]. It is 
indeed hard work to dispose of so many waste oyster 
shells [14]. If those waste oyster shells are not properly 
treated and stockpiled, the residual flesh thereof will 
slowly rot and emit odour, or the salts therein will 
decompose into gases (such as H2S, NH3, and amines) 
under the activities of various microorganisms. Waste 
oyster shell disposal has become a serious problem and 
we should spare no effort to seek new recycling methods 
for them [15].

Oyster shell, as a recyclable material, offers the 
potential for adsorption in the removal of heavy metal 
ions from wastewater and contaminated groundwater 
[16, 17]. Reusing oyster shell as an alternative, low-cost, 
and non-toxic adsorption material not only reduces the 
environmental impact thereof, but also adds economic 
and utility values to it as a waste material [18, 19]. 
Much research has been conducted on the adsorption 
characteristics of oyster shell for heavy metal removal 
[20-23]. Accordingly, the reuse of waste oyster shell 
as an adsorption material for wastewater remediation 
not only provides a new method of environmental 
modification, but also adds to the value of waste, 
therefore contributing to the development of the oyster 
meat trade in South Korea [24, 25].

The main objective of this study was to investigate 
the adsorption potential of oyster shell as an effective 
adsorbent for metallic ion uptake in solution and to 
characterize oyster shell adsorption mechanisms. Batch 
adsorption experiments were carried out to study the 
effects of contact time, pH value, temperature, and 
initial concentration on its adsorption efficiency. Copper, 

cadmium, and lead adsorption by oyster shell powder 
(OSP) was compared to give a better understanding of 
the adsorption preferences, and competitive adsorption 
was investigated in competitive systems of three kinds 
of heavy metal ion mixtures. The adsorption isotherms 
and kinetics were investigated to explain the adsorption 
behavior of heavy metal ions by OSP.

Materials and Methods  

Adsorbent Preparation

The waste oyster shell was collected in Noryangjin 
Fish Market in Seoul, South Korea and washed in 
distilled water to remove residual musculature and 
sediments, then dried in air. They were heated at 110ºC 
for 72 h to remove organic materials and attached 
sediment particles on the surface. Oyster shells were 
pulverized using mortar and pestle, then the powder 
was passed through a #16 sieve (1.18 mm) and retained 
on a #20 sieve (0.85 mm) to obtain homogeneous bulky 
porous particles with relatively uniform spherical 
diameter. The smaller the particular size, the higher 
the surface area for per unit mass of OSP, which can 
eventually lead to a higher adsorption rate of heavy 
metal ions by OSP; however, OSP with too small a grain 
size is easily lost when treated with contaminated water. 

Characteristics of OSP

We observed the chemical compositions of OSP in 
an X-ray fluorescence (XRF) spectrometer and analyzed 
the microstructure of OSP under FE-SEM. The specific 
surface area was determined according to BET theory. 
Table 1 shows the physical properties of OSP with 
diameters ranging from 0.85 mm to 1.18 mm. Table 2 
shows the chemical composition of OSP: as can be seen, 
OSP comprised nearly 94.6% CaO. 

Adsorption Experiment

Copper, cadmium, and lead solutions were prepared 
by dissolving Cu(NO3)2·2H2O, Cd(NO3)2·4H2O, and 
Pb(NO3)2 in distilled water, respectively. The analytical 

Particle size (mm) Bulk density (g/cm3) Porosity (%) Surface area (m2/g)

0.85-1.18 1.46 73.22 2.13

Table 1. Physical properties of OSP.

Composition SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O MnO P2O5 L.O.I

Content (%) 0.240 0.013 0.033 0.550 94.586 1.100 0.040 0.007 0.110 3.321

Note: L.O.I = Loss on ignition

Table 2. Chemical components of OSP.
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grade heavy metal nitrates were produced by the 
Junsei Chemical Company (Japan). A batch adsorption 
experiment was undertaken to investigate effects 
of temperature, contact time, pH value, and initial 
concentration on adsorption of heavy metal ions from an 
aqueous solution by OSP. All working volumes of heavy 
metal solutions were set to 40 mL at a room temperature 
of 24ºC in 50 mL plastic conical tubes and shaken using 
a spin-shaker for 24 hours. The mass of OSP in each 
sample was set to 0.5 g. The samples, after adsorption, 
were filtered through 0.45 μm analytical filter papers 
and the pH values of the adsorption solutions were 
measured. The concentrations were analyzed by an 
atomic absorption spectrophotometer (AAS, Analytik 
Jena G, DE/novAA 300).

Competitive adsorption experiments were conducted 
by preparing heavy metal ion solutions containing lead, 
copper, and cadmium. Then the adsorption results in 
both single and competitive systems were compared. 
All adsorption experiments were performed in triplicate. 
The amount of heavy metal ions adsorbed by OSP (Qe) 
was calculated using equation (1); the removal ratio (R) 
can be calculated based on equation (2):

m
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e
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                  (1)
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              (2)

…where C0 is initial concentration in the aqueous 
solution; Ce is equilibrium concentration in the aqueous 
solution; m is mass of OSP; and V is volume of the 
aqueous solution.

Adsorption isotherms and kinetics were investigated 
separately considering the effects of contact time 
and initial concentration on the maximum amount 
of adsorption. The metal affinity of adsorption was 
introduced to investigate heavy metal ion retention on 
OSP in the adsorption process.

Results and Discussion

Adsorption Characteristics of OSP

Temperature

The results of heavy metal ion adsorption tests on 
OSP at different temperatures (8, 12, 16, 20, and 24ºC) 
are shown in Fig. 1. The test was conducted without 
shaking at an initial concentration of 60 ppm. With 
increasing temperature, the amount of adsorbate on  
the OSP also increased and the best efficiency was 
obtained at the highest temperature of 24ºC for all 
kinds of heavy metal ions assayed during the adsorption 
process. The temperature had the greatest effects and 

highest affinity for lead adsorption by OSP among the 
three heavy metal ions. The higher adsorption amount 
could be attributed to either higher affinity of sites for 
heavy metal ions or many more binding sites being 
available on the relevant particle surface at higher 
temperatures. With increasing temperature, the number 
of available adsorption sites on the OSP surface also 
increased. It would seem that the more energetic the 
adsorption system, the stronger the heavy metal ion 
adsorption on OSP [26]. Lead was found to be the most 
sensitive to temperature change among other types of 
ions assayed here.

Contact Time

Contact time was a significant influential factor 
that could affect adsorption efficiency, and the test 
results could be used to confirm the equilibrium time 
and describe the adsorption kinetics [27]. Adsorption 
experiments with various contact times (30, 60, 100, 
200, 300, 400, 900, and 1400 min) were investigated at 
an initial heavy metal concentration of 60 ppm. Fig. 2 
illustrates that the amount of heavy metal ions adsorbed 
onto OSP increased quickly with the increase of contact 
time and then tended to be stable. The heavy metal ion 
adsorption process was immediate and the adsorption 
rate was higher at the start of the experiment (before 
200 minutes) than later in the experiment. This was due 
to the sufficient number of available sites on the OSP 
surface at the beginning of the adsorption process. As 
the adsorption sites were occupied, the adsorption rate of 
heavy metal ions decreased until saturation. Generally, 
since cadmium and lead adsorption by OSP reached 
equilibrium in 200 minutes, the maximum removal 
was obtained at the equilibration time of 200  minutes, 
and was then stabilized. Copper adsorption by OSP 
reached equilibrium and maximum removal in 400 
minutes, and maximum removal was obtained after 

Fig. 1. Relationship between temperature and amount of heavy 
metal ions adsorbed by OSP.



2952 Xu X., et al.

400 minutes of equilibration. The results indicated that 
it was easier to reach equilibrium with cadmium and 
lead than with copper, and that cadmium and lead had 
a higher adsorption removal rate than copper under the 
same conditions. This trend is similar to that observed 
elsewhere [28].

pH Value

Initial pH value affected heavy metal ion removal 
by OSP. Test results for copper, cadmium, and lead ion 
adsorption by OSP, when the pH value was changed from 
2 to 7, are shown in Fig. 3. Precipitation of heavy metals 
mainly occurred at pH>7, and thus the adsorption tests 
were conducted at pH<7. The amount of heavy metal 
ions adsorbed onto OSP was sensitive to pH variations 
in the test range of 2≤pH≤7. The amount of heavy 
metal ions adsorbed increased as the pH rose from 2 to 

6 and reached maximum at 5≤pH≤6. With increasing 
pH, the ion removal ratio also increased. This was not 
only because of the hydrogen ions acting in competition 
with heavy metal ions at low pH, but also owing to 
the sorbate lyophobic behaviour [29]. Adsorption sites 
on the adsorbent surface, and the degree of ionisation 
of heavy metal ions during the reaction, might be 
influenced by pH during the adsorption process. When 
the pH increased from 2 to 6, the adsorbent surface 
became negatively charged and the interaction between 
heavy metal ions and binding sites gradually intensified 
in the aqueous solution. A similar trend was reported 
by a number of authors after tests on various adsorbents 
[26, 30].

Initial Concentration 

Initial concentration affects the heavy metal uptake 
mechanism. Fig. 4 shows test results pertaining to the 
OSP adsorption process at different initial concentrations 
(20, 40, 60, 80, 100, 120, 200, 300, and 400 ppm). From 

Fig. 2. Relationship between contact time and amount of heavy 
metal ions adsorbed by OSP. 

Fig. 3. Relationship between pH value and amount of heavy 
metal ions adsorbed by OSP. 

Fig. 4. Effect of initial concentration on the adsorption result: 
a) Relationship between amount of heavy metal ions adsorbed 
by OSP and initial heavy metal concentration; b) Relationship 
between the removal ratio and initial heavy metal concentration.



2953Oyster Shell as a Low-Cost Adsorbent...

Fig. 4a) we can see the total heavy metal ions adsorbed 
by OSP increased with initial concentration. This could 
be attributed to the increased concentration gradient 
and the associated promotion of absorbate transfer from 
solution onto the adsorbent surface. For the three types 
of ions, maximum amounts thereof adsorbed were at 
an initial concentration of 400 ppm and the ascending 
order of maximum amount of adsorption was: copper, 
cadmium, and lead under identical conditions. As shown 
in Fig. 4b), the removal ratio descended with increasing 
initial concentration. There were enough high-energy 
adsorption sites at low concentrations that resulted 
in high adsorption. When the initial concentration 
increased, energy adsorption sites gradually became 
saturated. Owing to the saturation of the adsorption 
sites, no more heavy metal ions could be adsorbed.  
This indicates that fewer available adsorption sites 
at a higher initial concentration led to a decrease in 
adsorption ratio [31]. 

Heavy Metal Affinity of Adsorption

Heavy metal affinity could affect the maximum 
amount of adsorption: the maximum amount of 
adsorption for different heavy metal ions could arise  
as a result of the affinities to a large extent. The 
heavy metal affinity was evaluated by the distribution 
coefficient:

e

e
d C

QK =
                           (3)

…where Kd is distribution coefficient that can be used 
to express the ratio of equilibrium adsorption amount 
by OSP to equilibrium concentration in the solution.  
The heavy metal Kd of adsorption is shown in Table 3. 
A high Kd indicates a high removal capacity of 
adsorbents and vice versa [32, 33].

Adsorption Isotherm

Adsorption isotherms are usually utilized to describe 
interaction between the adsorbent and the aqueous 
solution, and furnish information for understanding 
the nature of the reaction, which is significant when 
an adsorption system is to be designed [34]. Langmuir 
and Freundlich isotherm models are widely used for 
investigating and representing adsorption processes  

and mechanisms [35]. The Langmuir model is based on 
a hypothesis that only one layer adsorbates are adsorbed 
at the adsorbent surface, where the adsorption potential 
is constant, and the Freundlich model is an empirical 
application suited to highly heterogeneous surfaces [36].

Equation (4) describes the Langmuir system:

                      (4)

…where a is saturation capacity and b denotes saturation 
constant.

   C0 (ppm)
Kd (L/Kg) 20 40 60 80 100 120 200 300 400

Cd 838.3 1033.1 631.1 353.9 201.9 147.2 64.5 54.6 46.7

Cu 86.7 80.0 78.7 69.3 64.8 62.2 60.7 41.5 32.8

Pb 1802.4 1425.9 1017.1 1057.8 834.3 834.3 672.9 551.6 344.5

Table 3. Distribution coefficient (Kd) for OSP at different concentrations. 

Fig. 5. Liner fitting of adsorption isotherms: a) Langmuir models 
of OSP at 20-400 ppm initial concentrations; b) Freundlich 
models of OSP at 20-400 ppm initial concentrations. 
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Equation (5) describes the Freundlich isotherm:

                  (5)
 

…where KF is Freundlich isotherm constant and 1/n is 
the Freundlich isotherm’s intensity constant.

The linear fitting of these two kinds of isotherm 
models for OSP adsorption may be seen in Figs 5a) and 
5b). The fitting parameters are listed in Table 4. We can 
see that all of the R2 values were between 0.893 and 
0.993, revealing that cadmium and copper adsorption 
process was suitable for modelling by Langmuir 
adsorption isotherm and that the lead adsorption process 
was best modelled by use of the Freundlich adsorption 
isotherm. This indicated that the adsorption behaviour 
of cadmium and copper was single-layered on the 
surface of the OSP, whereas lead removal was a multi-
layered adsorption process, explaining why more lead 
ions could be adsorbed by OSP.

Adsorption Kinetics

The adsorption kinetics were introduced into 
adsorption research to describe the rate of the adsorption 
process [37]. The pseudo first-order (PFO) kinetic 
model is given by equation (6), the pseudo second-order 
kinetic model (PSO) is given by equation (7), and the 
intra-particular diffusion kinetic model is expressed by 
equation (8):

              (6)

            (7)

                            (8)

…where t is adsorption time; Qt is the amount of heavy 
metal ions adsorbed by the OSP at time t; and k1, k2, kd, 
and c are the PFO, PSO, and intra-particular diffusion 
kinetic model constants. 

The fitting parameters for PFO and PSO kinetic 
models are listed in Table 5. The linear PSO kinetic 
model provided much better R2 values (0.999, 0.998, and 
0.997) than the linear PFO kinetic model (0.481, 0.791, 
and 0.603). Thus, the adsorption situation followed 
a PSO kinetic model. The linear PSO kinetics for the 
adsorption of adsorbate ions by OSP can be seen in  
Fig. 6a). Fig. 6b) describes the particles diffusion of 
ions on OSP. There are two clear diffusion stages for 
each heavy metal ion, and the corresponding constants 
are listed in Table 6, from which the diffusion rate can 
be obtained. The heavy metal ions diffused rapidly on 
the OSP particles during the first stage, then the rate of 
diffusion decreased and tended to be stable thereafter 
[38, 39]. Intra-particular diffusion was related to the 
porosity of the adsorbent, which could prevent OSP 
physisorption. The porosity of the OSP was initially 
high, and as the contact time increased, most pores 
became occupied by heavy metal ions, and thus the OSP 
physisorption increased until saturation [40]. 

Competitive Adsorption

Fig. 7a) shows the competitive adsorption of lead, 
copper, and cadmium by OSP in a competitive system: 
the amount of heavy metal ion adsorption increased  
at higher initial concentration in solution. Lead 
adsorption indicated the best efficiency compared 
with the other two heavy metals, which was similar to 
the situation seen in the single system. The maximum 
amount of adsorption in single and competitive systems 
are compared in Figs 7b) to 7d). The amount of heavy 
metal ions adsorbed in competitive systems was lower 
than that in single systems. The effect of heavy metal 

Heavy
metal

Langmuir isotherm constants Freundich isotherm constants

1/a 1/ab R2 KF 1/n R2

Cadmium 95.382 1859 0.964 1.234 0.320 0.893

Copper 66.742 11001 0.981 1.813 0.725 0.979

Lead 28.656 778 0.964 1.838 0.651 0.993

Table 4. Langmuir and Freundlich models: fitted OSP adsorption parameters. 

Heavy
metal

Pseudo-first-order kinetic constants Pseudo-second-order kinetic constants

K1 Qe R2 K2 Qe R2

Cadmium 0.0024 0.65 0.481 0.018 5.39 0.999

Copper 0.0022 1.53 0.791 0.0073 3.13 0.998

Lead 0.0030 1.36 0.603 0.0049 4.96 0.997

Table 5. PFO and PSO kinetic model fitting parameters for OSP adsorption.
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ion adsorption could be explained in that there were 
some competitive effects occurring on the surface 
of the OSP. In a competitive system, the adsorption 
of one type of ion on the OSP surface might affect 
the adsorption of other ions thereon. The amount of 
adsorption sites on the adsorbent surface that could 
adsorb metallic ions was limited and an ion adsorption 
could obstruct other ions’ adsorption on OSP surfaces. 
As competition occurred, the amount of heavy metal 
ions adsorbed decreased in the competitive system.  
The number of adsorption sites needed for heavy metal 
ions in competitive systems would be much greater  
than in single systems. Competition between them would 
be more intense in the battle for certain adsorption sites. 
In other research, competitive adsorption was also found 
in binary systems [41-43].

Further analysis shows that the different amounts 
of heavy metal ions adsorbed onto OSP in single and 
competitive systems were more obvious at higher initial 
concentrations. Thus, competition gradually became 
stronger with increasing initial concentration. At low 
heavy metal concentrations, the adsorption sites were 
relatively abundant for all three heavy metals, since 
fewer adsorption sites were needed at low heavy metal 
concentrations [44].

Fig. 6. Adsorption kinetics: a) Linear PSO kinetics models of 
OSP; b) Particles diffusion of heavy metal ions by OSP. 

Fig. 7. Competition adsorption of heavy metal ions by OSP: 
a) Competition adsorption of heavy metal ions by OSP in 
competition system; b) Adsorption of Lead by OSP in single 
and competition systems; c) Adsorption of Cadmium by OSP 
in single and competition systems; d) Adsorption of Copper by 
OSP in single and competition systems.
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To evaluate the competitive adsorption capacities  
of heavy metal ions by the OSP in competitive 
adsorption systems, the enrichment coefficient (E) was 
used:

%100×=
solution

sample

m
m

E
                 (9)

…where msample is the total amount of heavy metal 
ions adsorbed by OSP, and msolution is the total amount 
of heavy metal ions that were present in the aqueous 
solution before adsorption.

Table 7 lists the enrichment coefficient results of 
OSP adsorption in single and competitive systems. 
Enrichment coefficients of both systems for three types 
of ions uptake by OSP are, in ascending order: copper, 
cadmium, then lead. This sequence may be related to 
the radius, valid hydration radius, and heat of hydration 
of heavy metal ions.

SEM Observations of Heavy Metal Ions 
Adsorption by OSP

The microstructure of an oyster shell consists of a 
sheet phase and porous bulky layers: the porous bulky 
layer was sandwiched between two sheet phase layers 
[14]. In this research, we used the porous bulky layer as 
an adsorbent. The microstructures of OSP during pre-
adsorption and post-adsorption phases, in heavy metal 
aqueous solution, are shown in Figs 8a) to 8d). SEM 
micrographs can depict the adsorption mechanism of 
metallic ions by OSP. Figs 8c) and 8d) show that the 
OSP surface was sparsely covered with precipitation 
product after the adsorption of copper and lead, which 
means that any copper and lead adsorbed by OSP 
arose as a result of secondary precipitation. Fig. 8b) 
shows some slight precipitation on the surface after the 
adsorption of cadmium, which means that the amount of 
cadmium adsorption onto OSP was low, or that the ions 
were attached to the surface.

Heavy
metal

Particle diffusion kinetic constants (first stage) Particle diffusion kinetic constants (second stage)

Kd C R2 Kd C R2

Cadmium 0.23 1.43 0.91 0.0003 4.31 0.95

Copper 0.086 1.064 0.98 0.0017 2.95 0.85

Lead 0.41 -0.64 0.95 0.0014 4.72 0.94

Table 6. Particles diffusion fitting parameters for OSP adsorption. 

System C0 (ppm) 20 40 60 80 100 120 200 300 400

Single

E(Cd) 0.91 0.93 0.89 0.82 0.72 0.5 0.45 0.41 0.37

E(Cu) 0.52 0.5 0.49 0.47 0.45 0.44 0.43 0.34 0.29

E(Pb) 0.96 0.95 0.93 0.93 0.91 0.91 0.89 0.87 0.81

Competition

E(Cd) 0.69 0.56 0.39 0.31 0.27 0.24 0.16 0.12 0.1

E(Cu) 0.49 0.41 0.3 0.25 0.24 0.2 0.12 0.09 0.07

E(Pb) 0.84 0.87 0.69 0.64 0.67 0.67 0.73 0.72 0.70

Table 7. Enrichment coefficients for OSP adsorption in single and competitive systems. 

Fig. 8. SEM of OSP before and after adsorption of heavy metal ions: a) Before adsorption; b) After adsorption of cadmium; c) After 
adsorption of copper; d) After adsorption of lead.



2957Oyster Shell as a Low-Cost Adsorbent...

Conclusions

The adsorption of lead, cadmium, and copper 
on OSP (from an aqueous solution) was measured. 
The temperature, contact time, pH value, and initial 
concentration affected the heavy metal ion removal 
capacity of the OSP. The amount of heavy metal 
ions adsorbed on the OSP increased with increasing 
temperature, and the maximum amount of adsorption 
was obtained at 24°C for all three heavy metal ions tested 
herein. The amount of heavy metal ions adsorbed on the 
OSP increased with increasing contact time; cadmium 
and lead adsorption by OSP reached equilibrium in  
200 minutes, copper adsorption by OSP reached 
equilibrium in 400 minutes, and the maximum amount 
of adsorption was obtained within the equilibration 
time. The amount of heavy metal ions adsorbed on the 
OSP was sensitive to pH variations within the test range 
2≤pH≤7. Upon the increase of initial concentration, 
the amount of heavy metal ions adsorbed on the OSP 
increased and the removal ratio decreased.

Competitive adsorption was found on the OSP 
surface in heavy metal composite solutions. In ascending 
order, the maximum amount of adsorbed heavy metal 
ion was: copper, cadmium, and then lead, in both single 
and competitive systems.

Cadmium and copper adsorption could be fitted 
by use of the Langmuir isotherm, and lead adsorption 
behaviour could be described by the Freundlich 
isotherm. Adsorption kinetic models and the kinetic 
parameters indicated that the adsorption situation could 
be fitted by the PSO kinetic model. Intra-particular 
diffusion of heavy metal ions by OSP could be divided 
into two stages: the heavy metal ions diffused rapidly 
on OSP particles in the initial stage of the process, then 
the diffusion speed decreased and tended to be stable 
thereafter.

OSP had an adsorption structure conducive to heavy 
metal ion removal and the behaviour of heavy metal ions 
adsorbed on an OSP surface could be revealed through 
SEM analysis. OSP offers the potential for use as an 
adsorbent material that can be used in the treatment 
of wastewater in future applications. In addition, 
oyster shells will be modified by thermal treatment at 
various temperatures in future research, the maximum 
amount of adsorption and characteristics thereof will 
be compared with natural OSP to produce a potentially 
valuable adsorbent for wastewater and the contaminant 
heavy metals therein.
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