Key particle properties of shells for cadmium
chemisorption
著者
journal or
publication title
volume
page range
year
URL

Nakajima Suguru, Araki Shuntaro, Sasamoto Ryo,
Kanda Yasuharu, Yamanaka Shinya
CHEMOSPHERE
287
132257
2022
http://hdl.handle.net/10258/00010470
doi: info:doi/10.1016/j.chemosphere.2021.132257

Chemosphere 287 (2022) 132257

Contents lists available at ScienceDirect

Chemosphere
journal homepage: www.elsevier.com/locate/chemosphere

Key particle properties of shells for cadmium chemisorption
Suguru Nakajima, Shuntaro Araki, Ryo Sasamoto, Yasuharu Kanda, Shinya Yamanaka *
Department of Applied Sciences, Muroran Institute of Technology, 050-8585, Hokkaido, Japan

H I G H L I G H T S

G R A P H I C A L A B S T R A C T

• Langmuir maximum adsorbed amount
for the ground surf clam shells is 633.3
mg/g.
• Grinding effectively improves cadmium
adsorption.
• Chemisorption is the adsorption mech
anism in the calcite and aragonite
phases.
• Aragonite ratio and crystallite size effect
is investigated separately.
• Aragonite ratio and crystallite size are
key factors for chemisorption.

A R T I C L E I N F O

A B S T R A C T

Handling Editor: X. Cao

Previous studies on cadmium adsorption of calcium carbonate have found that polymorph, and, crystallinity are
influential factors for adsorbing cadmium ions. The predominant factor for cadmium adsorption has yet to be
elucidated because these factors are linked. To overcome this, here each factor is investigated separately. First,
atmospheric grinding prepared surf clam (aragonite phase) and scallop (calcite phase) shells with similar crys
tallite sizes and specific surface areas. Using adsorption isotherm models, kinetics, X-ray diffraction analysis, and
TEM observations, both calcite and aragonite react with cadmium to form cadmium carbonate. The chemi
sorption follows the adsorption mechanism reported in the literature. Based on the Langmuir isotherm model
fitting, the maximum adsorbed amount for the ground surf clam shells is 633.3 mg/g, while that for scallop shells
is 195.8 mg/g. Then fine surf clam shell particles with a similar specific surface area, and with a relatively wide
range of the aragonite ratio, and crystallite size are prepared via a combination of grinding and a subsequent
calcination process. Our experiments where one explanatory variable is changed at a time demonstrate that the
polymorph ratio and crystallite size of the ground shells play key roles in the chemisorption.
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1. Introduction
Pollution of water resources has a negative effect because pollutants
accumulate in the human body and environment through rivers and
oceans (Pourret and Bollinger, 2018). Since cadmium is resistant to rust
and has an excellent malleability, it is used in various industrial appli
cations such as batteries, pigments, plating agents, and mining (Chen

et al., 2011; Acheampong et al., 2010). However, it is a toxic metal,
which causes osteomalacia and impaired renal function in the human
body (Liu et al., 2018). In Japan, it is known to cause Itai-Itai disease,
which is a serious pollution disease (Hata, 2000). Due to its high
toxicity, the World Health Organization has set an acceptable cadmium
concentration in drinking water at 0.003 mg/L (Siegel, 2002).
There are various methods to remove toxic cadmium: solvent
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extraction (Petersková et al., 2012), ion exchange (Naeem et al., 2009),
chemical precipitation (Bessbousse et al., 2008), filtration (Barka et al.,
2012), and reverse osmosis (Kimura et al., 2004). These methods process
large quantities; however, they have drawbacks, including incomplete
removal of cadmium, high operating costs, long-term execution
agencies, and the generation of toxic sludge (Awual et al., 2018). On the
other hand, the advantages of adsorption include a high removal rate
and no effective by-product generation in the treatment of dilute solu
tions (Wen et al., 2020). Because adsorbents are relatively expensive,
more economical alternatives are necessary (Gutierrez et al., 2015;
Herrero et al., 2008). Recent studies have applied a variety of
cost-effective and environmentally friendly bio-adsorbents such as
eggshells (Harripersadth et al., 2020), kelp (Zhao et al., 2020), peanut
shells (Villar da Gam et al., 2018), wheat bran (Nouri et al., 2007), and
coconut husk (Pino et al., 2006). Other studies have searched for al
ternatives to existing adsorbents. As an adsorbent that removes other
heavy metals (lead and copper), applied research on various
bio-adsorbents such as Unio douglasiae biwae (Michikawa et al., 2014),
bamboo sawdust (Zhao et al., 2012), tobacco leaves (Yogeshwaran and
Priya, 2021), and modified wheat straw (Dong et al., 2019) has been
conducted.
Calcium carbonate, an abundant mineral resource, can be used to
remove toxic heavy metal ions (Wen et al., 2020; Harripersadth et al.,
2020; Michikawa et al., 2014; Lin et al., 2020; Chen et al., 2018; Du
et al., 2012; Cubillas et al., 2005; Prieto et al., 2003; Pérez-Garrido et al.,
2007; Xu et al., 2014; Van et al., 2019). Calcium carbonate has three
crystal polymorphs: unstable vaterite, metastable aragonite, and the
most stable calcite (Xiang et al., 2004). Because the solubility of cad
mium carbonate (log Ksp = − 12.10) is much lower than those of calcite
(log Ksp = − 8.48), aragonite (log Ksp = − 8.34), and vaterite (log Ksp =
− 7.91) (Chen et al., 2018), cadmium carbonate should precipitate on
the surface of calcium carbonate (Prieto et al., 2003; Van et al., 2019).
Although vaterite is an excellent adsorbent (Lin et al., 2020; Chen et al.,
2018), it is not found in nature (Lin et al., 2020). Regarding another
polymorph of calcite, AFM investigations (Pérez-Garrido et al., 2007; Xu
et al., 2014) confirmed epitaxial growth of cadmium carbonate on the
calcite surface. For a given condition, aragonite exhibits a superior
adsorption capacity than calcite to potentially toxic metals (Prieto et al.,
2003; Van et al., 2019). Prieto et al. (2003) demonstrated that the
epitaxial layer on the calcite armors the substrate from further dissolu
tion. Thus, the process terminates after a small amount of cadmium is
removed from the fluid.
In addition to the polymorphs of calcium carbonate, the specific
surface area and crystalline size (crystallinity) are key factors for the
adsorption capacity (Wen et al., 2020; Cubillas et al., 2005). Cubillas
et al. (2005) demonstrated that the cadmium removal via cadmium
carbonate precipitation from aragonite shells is highly efficient. They
proposed that the process was favored by the larger aragonite shell
surface area due to the high dissolution (Cubillas et al., 2005). Wen et al.
(2020) concluded that metal carbonate precipitation from surface acti
vated calcite is successfully enhanced using the ball mill process.
It is difficult to prepare particles so that the specific surface area,
crystallite size, and polymorphs ratio can be independently changed.
Because these properties are linked, changing one changes the others.
There is not a report that demonstrates which factors determine the
adsorption capacity. This study aims to investigate the effects of the
aragonite ratio, and crystallite size on the cadmium adsorption capacity.
Two types of shells, scallop shells (calcite phase) and surf clam shells
(aragonite phase), are investigated. We initially confirm that the cad
mium adsorption mechanism on calcite and aragonite particles with
similar crystallite sizes and specific surface areas is chemisorption.
Considering adsorption isotherm models, kinetics, and microstructural
observations, both crystal polymorphs react with cadmium to form
cadmium carbonate. Next, a combination of a particular grinding and
subsequent calcination provides a relatively wide range of particle
properties for surf clam shells. Thus, one explanatory variable of the

Table 1
Particle properties and adsorbed cadmium ion amounts on ground surf clam
shells (A1) and scallop shells (C1).
No.

SSA
[m2/g]

Crystallite size
[nm] b

Equilibrium
concentration, Ce [mg/
L]

Adsorbed amount,
qe [mg/g] c, d

6.6 ±
0.4
6.1 ±
0.9

32.9 ± 2.4

2.96 ± 0.40

391.3 ± 0.2

30.6 ± 6.7

48.3 ± 0.83

199.3 ± 4.0

a

A1
C1
a

SSA denotes the specific surface area.
Crystalline sizes of the aragonite phase of A1 and the calcite phase of C1 are
calculated from the corresponding peaks at (221) and (104), respectively.
c
Adsorption is conducted using 20 mL of a 100 mg/L cadmium solution under
the optimum conditions of pH = 6.0 and an adsorption time of 180 min.
d
Removal ratios of cadmium ions for A1 and C1 correspond to 99.6 ± 0.1%
and 68.0 ± 1.1%, respectively.
b

particle property is successfully changed while fixing the other two
particle properties. We experimentally demonstrate that the aragonite
ratio and crystallite size are important factors for cadmium
chemisorption.
2. Experimental
2.1. Materials
Surf clam shells (labeled Ax) and scallop shells (labeled C1) were
provided by Maruzen Foods (Tomakomai, Japan) and Core (Sapporo,
Japan), respectively. The shells were rinsed with distilled water and
dried at 60 ◦ C for one day. The raw shells were crushed using a hammer.
Then the crushed shells were sieved with a 500-μm opening screen.
Cadmium standard solution (1000 mg/L), tetraborate pH standard so
lution (pH 9.18, for pH determination), nitric acid (0.1 N, analytical
grade), and sodium chloride (>99.5% purity) were purchased from
Kanto Chemical (Tokyo, Japan) and used as received.
2.2. Adsorbent preparation and optimization of the adsorption conditions
Atmospheric grinding was carried out in a planetary ball mill (P-7,
Fritsch, Germany). Raw shells (5.0 g) and 60.0 g of 3.0 mm yttriastabilized zirconia ball (Nikkato, Osaka, Japan) were placed into a zir
conia pot with a volume of 45 cm3 and a diameter of 39.95 mm. The
revolution speed was adjusted to 400 rpm. After grinding for 3 h, the
ground shells were directly collected from the mill pot using a spoon.
The samples were further dried for 24 h before using as an adsorbent.
Table 1 lists the particle properties of the obtained adsorbent. Each
grinding test was repeated thrice. Then the average value and standard
deviation were used as the experimental data.
To determine the optimum adsorption conditions, we first investi
gated the influence of the cadmium solution pH and the adsorption time
on the adsorption amount. The initial concentration of cadmium ion,
which was prepared for a cadmium standard solution, was set to 100
mg/L. The solution pH was adjusted from 3.0 to 7.0 using a boric acid
buffer solution (pH = 9.18). Then 5.0 ± 0.1 mg of the A1 or C1 sample
was placed into 20 mL of the cadmium solution, and the suspension was
shaken at 180 rpm for 5–240 min at a temperature of 20 ◦ C. After 10-min
centrifugation at 1205×g, the supernatant was filtrated using a mem
brane filter with a 0.1-μm pore diameter. The collected solution was
diluted 10-fold with 0.1 N nitric acid.
The effect of ionic strength on the adsorption amount was then
investigated using sodium chloride as a common salt. The concentration
of sodium chloride was set to 0.1 mM, 1 mM, and 10 mM. Other
experimental conditions were fixed at 20 ◦ C, pH = 6.0, and 180 min.
The cadmium ion concentration of the collected solution was
measured by ICP-AES (SPS7700, Seiko Instrument, Chiba, Japan). Each
2
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Table 2
Particle properties and adsorbed characteristics.
No.

Series

Grinding time [min]

Calcination temp. [◦ C]

Aragonite ratio [%]

SSA [m2/g]

Crystallite size [nm] b

Ce [mg/L]

qe [mg/g] c

Removal ratio

A2
A3
A4
A5

1

3
3
3
3

300
350
350
350

83.8
67.8
58.0
43.0

7.0
5.5
5.5
4.7

35.7
46.4
32.4
35.5

25.2 ± 1.4
20.6 ± 2.9
21.3 ± 0.8
19.7 ± 0.5

503.8 ± 34.4
411.6 ± 71.1
425.5 ± 20.4
394.6 ± 12.1

28.9 ± 2.0
23.6 ± 4.1
24.4 ± 1.2
22.6 ± 0.7

A6
A7
A8
A9
A10

2

6
12
12
12
24

–
–
–
–
–

93.0
88.8
89.3
86.9
74.3

5.9
5.2
5.5
6.3
4.9

19.5
23.6
19.3
22.3
30.7

20.2 ± 0.2
18.5 ± 0.7
19.6 ± 0.9
18.8 ± 0.7
16.4 ± 0.7

403.7 ± 3.8
369.0 ± 17.8
392.4 ± 22.2
376.1 ± 17.9
328.9 ± 18.3

23.2 ± 0.2
21.2 ± 1.0
22.5 ± 1.3
21.6 ± 1.0
18.9 ± 1.0

a

a

SSA denotes the specific surface area.
Crystallite size is calculated from aragonite (221) peak.
c
Adsorption is conducted using 100 mL of a 100 mg/L cadmium solution under the optimum conditions of pH = 6.0, an adsorption time of 180 min and 0 M of
sodium chloride concentration.
b

adsorption test was repeated thrice. Then the average value and stan
dard deviation were used as the experimental data.

determined the crystal phase in a measurement range of 20◦ –50◦ at a
scanning speed of 5◦ /min with Cu Kα. The analysis software was MDI
JADE 6.0. The crystalline sizes of calcite and aragonite were calculated
from the peaks of (104) and (221), respectively.
The aragonite ratio XA [− ] was calculated using the following for
mula (Kontoyannis and Vagenas, 2000)

2.3. Adsorption isotherm model and adsorption kinetics
The theoretical maximum adsorption amount was evaluated by the
adsorption isotherm. The initial cadmium ion concentration was set to
5–150 mg/L. Using the optimum adsorption conditions in Section 2.2,
the cadmium solution pH was adjusted to 6.0, the adsorption time was
180 min, the concentration of sodium chloride was 0 M. The Langmuir,
Freundlich, and Dubinin-Radushkerich isotherm models (Tran et al.,
2017) were fitted to the collected data to explain the adsorption prop
erties of the shell powder (see supporting information). The nonlinear
regression analysis was carried out using KaleidaGraph (Version 4.00,
Synergy Software).
The adsorption mechanism between cadmium ions and crushed
shells was evaluated using the adsorption kinetic models. The reaction
time was varied between 5 min and 240 min under the optimal pH
condition (pH = 6.0). The nonlinear regression method was applied for
pseudo-first-order (PFO) and the pseudo-second-order (PSO) equations
(Ho et al., 2017) using KaleidaGraph (see supporting information).

XA =

3.157IA221
(IC104 + 3.157IA221 )

(1)

Where IA221, and IC104 are the peak intensities at 2θ = 45.9◦ and 29.5◦ ,
respectively.
2.5. Adsorption tests using shells with several kinds of particle properties
The aragonite phase effectively adsorbs cadmium ions (Du et al.,
2012; Cubillas et al., 2005). For the surf clam shells, a combination of
grinding and calcination was performed to obtain various aragonite
phase ratios, and crystallite sizes with a similar specific surface area. The
atmospheric grinding was carried out as described in Section 2.2. After
grinding for the predetermined time (3–48 h), the ground shells were
collected by the bellow method and the “dry” method. Part of the
collected samples was calcined at 200–350 ◦ C using an electric furnace
(FO-200, Yamato Science, Japan). Table 2 lists the particle properties of
the obtained adsorbents. The aragonite ratio ranged from 43.0% to
96.1%, and the crystallite size varied from 19.3 nm to 46.4 nm. The
specific surface area was fixed between 4.7 m2/g and 7.0 m2/g. All
samples were dried for 24 h prior to use as an adsorbent.
Adsorption tests were performed in a 100-mL cadmium solution. The
initial cadmium ion concentration was 100 mg/L, pH was 6.0, adsorp
tion time was 180 min, and concentration of sodium chloride was 0 M.
The other conditions were the same as those described in Section 2.2.

2.4. Sample characterization
The specific surface area was measured by a nitrogen gas adsorption
based on the multi-point BET method (AdsotracDN-04, Nikkiso, Osaka,
Japan). Prior to measurements, the samples were degassed under a
vacuum for 2 h at 200 ◦ C to remove the adsorbed solvent molecules.
The shapes were observed using a TEM (JFM-2100 F, JEOL, Tokyo,
Japan) attached with EDS (JEM-2300 T, JEOL). The acceleration
voltage, probe-current, and sweep count were 200 kV, 1.00 nA, and 10,
respectively. X-ray diffraction (MultiFlex-120NP, Rigaku, Japan)

Fig. 1. Effects of (a) pH (b) adsorption time and (c) ionic strength on the adsorbed cadmium ion amount using A1 and C1 particles.
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Table 3
Comparison of the Langmuir maximum adsorption capacity (Qe [mg/g]) of A1
and C1 toward cadmium in this study and other adsorbents in the literature.

Fig. 2. Adsorption isotherm for A1 and C1 samples.

3. Results and discussion
3.1. Optimum condition for cadmium adsorption
The solution pH plays a crucial role in explaining the adsorption
process between heavy metal ions and adsorbents (Abollino et al., 2003;
Jeon, 2018). Because the cadmium hydroxide crystal precipitates in the
alkaline region pH > 8.5 (Siswoyo et al., 2014), we initially demon
strated the adsorbed cadmium ion amount on the ground shells at pH ≤
7.0.
Fig. 1a plots the adsorbed cadmium ion amount as a function of pH
when the adsorption time is fixed to 180 min. The adsorption time was
determined according to the description of the apparent equilibrium
adsorption (see Fig. 1b). For the calcite phase of ground scallop shells
(C1), the adsorbed amount gradually decreased as the pH became more
acidic. This shift was expected because concentration of protons was
increased, and the competitive adsorption decreased the cadmium
cation adsorption (Abollino et al., 2003; Jeon, 2018). On the other hand,
for the A1 sample, which was in the aragonite phase, the adsorbed
amount did not change in the acidic region.
Prieto et al. (2003) reported cadmium ion adsorption on aragonite
and calcite crystals. The surfaces of both crystal phases underwent
cadmium carbonate precipitation. On the calcite surface, the precipitate
was isostructural and the surface was quickly covered by a
nanometer-thick layer. This epitaxial layer prevented further dissolution
of the substrate. Hence, the process terminated when only a small
amount of cadmium was removed from the fluid (Prieto et al., 2003).
Similar to previous studies (Pérez-Garrido et al., 2007; Xu et al., 2014;
Baláž et al., 2015), our results are consistent with Prieto’s demonstra
tion, indicating that the aragonite phase of A1 continuously reacts with
the cadmium ion in this pH region.
Fig. 1b shows the adsorption time dependency on the adsorbed
amount at pH = 6.0. During the initial stage of cadmium adsorption (5
min), A1 and C1 samples rapidly adsorbed the cadmium ion (236.6 ±
5.5 mg/g and 107.1 ± 18.4 mg/g, respectively). Within 60 min, the
adsorbed amount increased to 363.2 ± 13.5 mg/g for A1 and 208.9 ±
6.1 for C1. The adsorption of both samples gradually increased over the
next 120 min and approached the adsorption equilibrium at 180 min.
As shown in Fig. 1c, the adsorption amount (qe) was slightly
decreased when the salt concentration was high. The adsorption amount
at 10 mM NaCl concentration was 293.7 ± 13.2 mg/g for A1, and 160.7
± 11.7 mg/g for C1. The amount was decreased by ca. 7% for A1, and ca.
25% for C1 compared with other concentration. The initial concentra
tion of Cd ion was 100 mg/L (equals 0.89 mM), suggesting the effect of
ionic strength on the adsorption was not significant.
Based on these results, subsequent experiments were conducted with
an adsorption time of 180 min, pH = 6.0, and 0 M of sodium chloride

Adsorbent

Qe [mg/
g]

Experimental conditions

Reference

A1

633.3

This study

C1

195.8

eggshells

13.6

kelp biochar

41.7

peanut shells

55.4

wheat bran

19.6

coconut shells

28.6

sugarcane
bagasse
crayfish shell
waste
maize straw

35.5

peanut shells

188.6

activated
carbon

117.9

100 mg/L, 20 ◦ C, 3 h, pH =
6.0
100 mg/L, 20 ◦ C, 3 h, pH =
6.0
100 mg/L, room temp., 50
min, pH = 5.5
25 mg/L, 25 ◦ C, 10 h, pH =
6.0
100 mg/L, 25 ◦ C,3 h, pH =
7.0
100 mg/L, 20 ◦ C, 25 min,
pH = 5.0
20 mg/L, 27 ◦ C, 10 min, pH
= 7.0
50 mg/L, 30 ◦ C, 1 h, pH =
6.0
500 mg/L, 30 ◦ C, 4 h, pH =
5.0
150 mg/L, 20 ◦ C, 1.5 h, pH
= 5.8
200 mg/L, 25 ◦ C, 3 h, pH =
5.0
100 mg/L, 30 ◦ C, 2 h, pH =
7.0

93.9
196.1

This study
Harripersadth et al.
(2020)
Zhao et al. (2020)
Villar da Gam et al.,
2018
Nouri et al. (2007)
Pino et al. (2006)
Garg et al. (2008)
Zhang et al. (2021)
Guo et al. (2015)
Shan et al. (2020)
Kavand et al. (2020)

concentration.
3.2. Adsorption isotherms, kinetics, and crystal structures
Using the experimental data from the 5–150 mg/L cadmium solu
tions (Fig. 2), the adsorption characteristics were elucidated from the
Langmuir, Freundlich, and Dubinin- Radushkevich isotherm models.
The calculated model parameters are show in Table S1. The Langmuir
model indicated that monomolecular layer adsorption is dominant.
Since there is little interaction between cadmium ions at the particle
adsorption site, the maximum adsorption amount of the adsorbent can
be calculated. Additionally, the Langmuir model predicted that chemical
adsorption is dominant (Basu et al., 2017; De Angelis et al., 2017). By
contrast, the Freundlich model predicted heterogeneous multilayer
adsorption. The Freundlich model is suitable to model the adsorption of
cadmium ions at low concentrations (Saeed et al., 2005). The
Dubinin-Radushkevich model was developed to explain the effect of a
porous adsorbent structure (Borhan and Yusuf, 2020).
From the Langmuir fitting (see Table S1), the values correlation co
efficient, R2, for A1 and C1 were 0.994 and 0.991, respectively, indi
cating a strong correlation with the Langmuir model. On the other hand,
the R2 values of A1 and C1 from the Freundlich fitting were 0.966 and
0.920, and those from Dubinin-Radushkevich were 0.962 and 0.970,
respectively. The Freundlich and Dubinin-Radushkevich fitting had
lower correlations than that of the Langmuir fitting. Van et al. (2019)
reported cadmium adsorption onto aragonite bio-sorbent under an
initial concentration range of 29.4–193 mg/L. They found that the
isotherm was classified as an L-type without a strict plateau and
concluded that cadmium had a strong affinity for the aragonite surface.
Since a cadmium standard solution was used in our experiments, the
upper limit of the cadmium solution was 150 mg/L. In this initial cad
mium concentration range of 5–150 mg/L, the saturated adsorption
might be difficult to visualize.
The maximum adsorbed amount qm of A1 was 633.3 mg/g, which is
3.2 times larger than that of C1 (195.8 mg/g) (Table S1). This is
consistent with the differences seen in Fig. 1a and the related discussion
in section 3.1. That is, the aragonite phase of A1 continuously reacted
with cadmium ion, while the reaction was completed on the C1 (calcite
phase) surface. The same result has been reported elsewhere (Prieto
4
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the A1 and C1 samples. The XRD patterns of both samples contained
cadmium carbonate. The main peaks of the A1 sample after adsorption
shifted from aragonite to cadmium carbonate, indicating that chemical
adsorption is the dominant mechanism. This is similar to the literature
(Du et al., 2012; Prieto et al., 2003; Ifthikar et al., 2017). However, only
small peaks of cadmium carbonate were observed in the C1 sample after
adsorption since the inner calcite phase remained because the calci
te–cadmium ion reaction occurred on the surface (Prieto et al., 2003).
Fig. 4 depicts typical TEM images of before (Fig. 4, A1; Fig. 4b, C1)
and after cadmium adsorption (Fig. 4c, A1; Fig. 4d, C1). Prior to
adsorption, both A1 and C1 particles had rounded shapes. The secondary
particles consisted of primary particles 30–50 nm in size (magnified
images in Fig. 4a and b), which corresponded to their crystallite size (see
Table 1). After the adsorption tests, particles with a rhombohedral shape
were clearly observed in Fig. 4c and d. The EDS mapping (Fig. 4e and f)
of the rhombohedral particles confirmed the presence of cadmium and
calcium. The calcium carbonate reacted with cadmium to form CdCO3.

Fig. 3. XRD patterns of A1 (a) after and (b) before adsorption test, and C1 (c)
after and (d) before adsorption.

3.3. Key factors of shell properties for cadmium chemisorption

et al., 2003; Van et al., 2019).
It should be noted that these maximum adsorbed amounts are rela
tively high compared with previous research (Table 3). Grinding effec
tively improved the amount of cadmium adsorption.
The time-dependent nature of the cadmium adsorption shown in
Fig. 1b demonstrated that adsorption occurred rapidly within 60 min
and then gradually progressed towards equilibrium. Saeed et al. (2005),
Panda et al. (2007), Ifthikar et al. (2017), and Qi et al. (2017) investi
gated that the adsorption kinetics by using PFO rate, and PSO rate.
Two kinds of kinetic models, PFO and PSO, were applied to the A1
and C1 data. Table S3 shows the fitting results for the two models. The
PSO model displayed an excellent correlation with the experimental
data of A1 (R2 = 0.977) and C1 (R2 = 0.955) compared with the PFO
model (R2 = 0.876 for A1 and 0.888 for C1).
Fig. 3 shows the crystal structures before and after the adsorption of

To determine the key factors of cadmium chemisorption on the shell
particles, linear regression analysis was performed using the ground surf
shells with several different particle properties (Table 2). In the exper
iment, two properties were fixed while one was varied. That is, the
explanatory variable in series 1, and 2 were the aragonite ratio, and
crystalline size, respectively. The aragonite ratio in series 1 varied
43.0–83.8% (4.7–7.0 m2/g of the specific surface area and 32.4–46.4 nm
of crystallite size), and the crystallite size in series 2 varied 19.3–30.7
nm (74.3–93.0% aragonite ratio and 4.9–6.3 m2/g specific surface area).
Fig. 5 shows the effects of the aragonite ratio, crystallite size, and
specific surface area on the cadmium adsorption. The correlation co
efficients R2 in series 1 and 2 were 0.769 and 0.971, respectively.
As mentioned in Sections 3.1, and 3.2, quick chemisorption is the
mechanism for the surface reaction on both surf clam and scallop shells.

Fig. 4. Typical TEM images before (a, A1; b, C1) and after cadmium adsorption (c, A1; d, C1). EDS mapping for cadmium (e, A1; f, C1) after adsorption. Inset is a
calcium image.
5
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Fig. 5. Adsorbed amount of cadmium as a function of (a) aragonite ratio, and (b) crystallite size of the surf clam shell particles with a similar specific surface area.
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