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In this work, a new adsorbent with effective Pd(II) adsorption ability was synthesized using an oyster shell and fumed silica as the
matrix materials and polyethyleneimine as the functional ligand. The adsorption performance of the developed adsorbent was
evaluated for the recovery of palladium chloride ions (Pd(II)) from strong acid solutions. To understand the characteristics of
the materials used in the study, samples were characterized by Fourier transform infrared spectroscopy (FT-IR), transmission
electron microscopy (TEM), X-ray diffraction (XRD), and zeta potential analysis. Zeta potential analysis revealed that the
isoelectric point of polyethylenimine-crosslinked calcium silicate hydrate (PEI-CSH) was 9.85. Isotherm experiments revealed
that the maximum Pd(II) uptake estimated by the Langmuir model was 156.03mg/g, which was 22.4 and 35.6 times higher
than that of the oyster shell powder (OSP) and calcium silicate hydrate (CSH), respectively. The Pd(II) adsorption equilibrium
was established in 180 minutes, according to kinetic experiments. These results suggested the possibility of Pd(II) recovery
from oyster shell-based adsorbent. Through five adsorption and desorption cycles, the reusability of PEI-CSH was confirmed.
PEI-CSH can therefore be considered a potential adsorbent for Pd(II) recovery.

1. Introduction

Palladium (Pd) has been widely used in automotive catalytic
converters, jewellery, bimetallic catalysts, multilayer ceramic
capacitors, fuel cell catalysis, and medical industries due to
its unique properties [1–6]. With the rapid development of
modern society, the demand for Pd is continuously increas-
ing. But because of steady and constrained production,
palladium is in greater demand than it is available [7, 8].
The ore only contains 2–6 g/t of Pd, but commonly phased
out products like printed circuit boards and car catalytic
converters have 100–10,000 g/t of Pd on average [9]. There-
fore, the recovery of Pd from final items is therefore
extremely important.

Leaching is commonly used to extract palladium from
solid wastes, where large amounts of palladium-containing
wastewater are generated. Recovery of Pd from wastewater
is not only economically beneficial but also important in
terms of public health, as excess Pd in water can have
negative effects on human health. Consuming too much Pd
can cause asthma, cancer, renal failure, and other illnesses
[10–12]. Some methods such as ion exchange [13], hydro-
metallurgy [14], and solvent extraction [15] have been used
to recover and reduce the Pd concentration in wastewater;
nonetheless, there are several drawbacks to these techniques,
including high running costs and poor efficiency. Pd is thus
transmitted from improperly treated industrial effluent that
contains Pd to water bodies like rivers and lakes, having a
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negative impact on human and animal health. Therefore, it
is vital to investigate low-cost and efficient Pd recovery tech-
niques. Adsorption was therefore presented as a possible
alternative for the recovery of palladium from wastewater
since it overcomes the aforementioned drawbacks.

Natural materials often have complex hierarchical struc-
tures and thus can be used as adsorbent materials [16, 17]. A
number of researchers have paid attention to the develop-
ment of functional materials for environmental applications
using agriculture [18], biological [19], and fermented [20]
wastes. Oyster shell (OS) is an abundant biowaste that has
attracted much attention [21]. It has been applied to remove
heavy metals such as Ni(II) [22], Hg(II) [23], and Cd(II) [24]
from wastewater. However, OS has low adsorption capacity
and weak acid resistance, so there are limitations in treating
acidic wastewater directly with OS. Aqua regia is commonly
used to leach Pd from obsolete products, and the leachate is
strongly acidic with large amounts of chloride ions. In order
to use OS as an adsorbent for Pd recovery from acid solu-
tions, the problem of low acid resistance must first be solved.
Since OS (whose main component is CaCO3) and fumed
silica can be converted to acid-insoluble calcium silicate
hydrate (CSH) by calcination, the conversion of OS to
CSH can be an effective way to compensate for the disadvan-
tages of OS when it is used as an adsorbent [25]. In previous
studies, the preparation of CSH involves the utilization of
expensive and toxic chemical reagents [26–28]. Here, OS,
an abundant biowaste, was used to replace commercial
calcium chloride and no toxic solvent was used in the prep-
aration of CSH. Pd(II) exists mainly in the form of PdCl4

2-

among several Pd-chloride complexes in strong acid solu-
tions containing lots of chloride ions [29]. On the other
hand, CHS synthesized from OS does not have a functional
group capable of binding to PdCl4

2-. Therefore, it is neces-
sary to apply appropriate surface modification methods to
greatly improve the adsorption capacity of CSH towards
Pd(II). An amine-rich polymer known as polyethylenimine
has been extensively employed to alter adsorbents for the
recovery of precious metals including P(II), Pt(IV), and
Au(III) [9, 30, 31].

In this study, a polyethylenimine-crosslinked CSH (PEI-
CSH) adsorbent for Pd(II) recovery was successfully pre-
pared by crosslinking polyethylenimine (PEI) on the surface
of CSH synthesized from OS. Characteristic properties of
PEI-CSH were identified through FT-IR, XRD, zeta potential
analysis, and TEM. The basic interaction between PEI-CSH
and Pd(II) was confirmed by batch experiments. Adsorption
isotherm experiments and kinetic experiments were also
performed to investigate the adsorption ability of Pd(II) on
PEI-CSH.

2. Materials and Methods

2.1. Materials. Palladium(II) chloride (purity: 99.0%) was
purchased from Kojima Chemicals Co., Ltd. (Saitama,
Japan). OS waste was collected from a local market in
Tongyeong, South Korea. Branched PEI (Mw: 70,000,
content: 50%) was supplied by Habjung Moolsan Co., Ltd.
(Seoul, Korea). 3-Aminopropyltriethoxysilane (APTES, 99%)

was provided by Daejung Chemical & Metals Co., Ltd.
(Siheung, Korea). Fumed silica was purchased from
Sigma-Aldrich Korea Ltd. (Yongin, Korea). Glutaraldehyde
(GA, 25% solution, extra pure) was supplied by Junsei
Chemical Co., Ltd. (Tokyo, Japan). Other reagents such as
ethanol, NaOH, and HCl used in this study were of analyt-
ical grade.

2.2. Preparation of PEI-CSH. To eliminate contaminants and
silt, OS trash was first thoroughly cleaned with distilled
water, followed by a day of drying in an air-drying oven.
The washed OS was soaked in 5% sodium hypochlorite
(NaClO) solution for 24 h to get rid of organic matters
attached on the surface, then washed with distilled water,
followed by a thorough drying. The dried OS was crushed
by a ball mill (DW BM915, Dongwon Scientific System
Co., Korea) with alumina balls at 500 rpm to produce oyster
shell powder (OSP). The OSP (particle size < 90μm) was
collected through sieving. In order to manufacture CSH, a
1 : 1.2 weight ratio of OSP and fumed silica was combined.
This mixture was then calcined at 800°C for 6 h. [25].

PEI-CSH was prepared based on previously reported
methods with slight modification [32, 33]. Briefly, CSH
(3 g) and APTES (3mL) were added to 300mL of 30%
ethanol 300mL and stirred at 25°C for 24 h. Then, the
APTES-treated CSH was collected by filtration, washed with
ethanol several times, and dried overnight at 100°C. Finally,
PEI-CSH was produced by mixing 1% PEI solution with
APTES-CSH at 40°C for 24 h, during which 1mL of 25%
GA was added dropwise. The produced PEI-CSH was
repeatedly washed in deionized water, dried for 24 hours
in an oven at 40°C, and then kept in a desiccator for further
use.

2.3. Analytical Methods. The IR spectra of OSP, CSH, and
PEI-CSH were investigated using a FT-IR spectrometer in
the range of 4000–400 cm-1 (Nicolet IS50, Thermo Fisher,
USA). The compositions of OSP, CSH, and PEI-CSH were
analyzed using XRD (D8 Advance A25, Bruker, USA) with
Cu Kα radiation (λ = 1:54Å) and 2θ range from 10° to 70°.
A zeta potential analyzer was used to examine the zeta
potential of CSH and PEI-CSH at various pH levels (ELSZ-
2000, Otsuka, Japan). The surface morphologies of OSP,
CSH, and PEI-CSH were observed by 300 kV TEM (Tecnai
TF30, FEI, USA) at ×195,000 magnification.

2.4. Batch Adsorption and Desorption Experiments. The
Pd(II) stock solution (1000mg/L) was made by dissolving a
particular amount of Pd(II) in 0.01M HCl, and the Pd(II)
concentrations used in this study were made by diluting
the Pd(II) stock solution. Adsorption isotherm tests were
conducted in the range of starting Pd(II) concentrations
from 30 to 700mg/L in order to determine the maximum
adsorption capacity of the adsorbent for Pd(II). A shaking
incubator was used to stir a 50mL conical tube containing
0.06 g of adsorbent and 30mL of Pd(II) solution for 24 hours
at room temperature (25°C) and 160 rpm. Samples from the
supernatant were taken after equilibrium to determine the
final Pd content (II). At predetermined intervals during the
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kinetic studies, samples from the supernatant were taken for
concentration measurement at an initial Pd(II) concentra-
tion of 200mg/L. All the samples were taken in triplicate.
The obtained samples were diluted accordingly with ter-
tiary distilled water after being centrifuged for 10min at
10,000 rpm. ICP-OES (Avio200, PerkinElmer, USA) was
used to detect the residual Pd(II) concentration, and Equa-
tion (1) was used to determine the Pd(II) adsorption
quantity q (mg/g).

q =
Ci − Cf

� �
V

m
, ð1Þ

where the initial and final Pd(II) concentrations, the work-
ing volume, and the weight of the adsorbent are expressed
by Ci and Cf (mg/L), V (L), and m (g), respectively.

Prior to the desorption experiment, Pd(II)-loaded PEI-
CSH was made by mixing 0.06 g of PEI-CSH with 30mL
of 200 ppm Pd(II) solution in a 50mL conical tube. This
adsorbent was promptly rinsed with deionized water and
then resuspended in the eluent, which was a mixed solution
of 0.01M HCl and 0.01M thiourea. A total of five repetitions
were done for the adsorption and desorption cycles men-
tioned above. Following the proper dilution of the samples
obtained from adsorption and desorption studies, the Pd(II)
content of the samples was determined using an ICP-OES.

The desorption efficiency was determined using the subse-
quent equation.

Efficiency of desorption %ð Þ
=

Released Pd IIð Þweight mgð Þ
Initially adsorbed Pd IIð Þweight mgð Þ × 100:

ð2Þ

3. Results and Discussion

3.1. Characterization

3.1.1. TEM Image. To explore the shape and crystal structure
of the CSH-based adsorbent, TEM examination of CSH and
PEI-CSH was performed. CSH composites with a hierarchi-
cal structure can be obtained by hydrothermal reaction of
the OS and fumed silica (Figure 1(a)). Moreover, a close-
up image of the CSH lattice is presented in Figure 1(b),
which exhibits a small grid shape, suggesting that the pre-
cursors are formed along calcium and oxygen sheets sur-
rounded by tetrahedral silica chains. Moreover, CSH
demonstrate that channels are arranged orderly and uni-
formly [34]. After crosslinking with PEI, the hierarchical
structure disappeared as shown in Figure 1(c). In the mag-
nified image (Figure 1(d).), the surface of PEI-CSH is cov-
ered with polymer, and only a partial lattice pattern is
observed. It indicates that during the preparation process,

(a) (b)

(c) (d)

Figure 1: TEM images of (a, b) CSH and (c, d) PEI-CSH at 12,000x (a, c) and 195,000x (b, d) magnification.
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the intrinsic properties of CSH were not destroyed, as well
as the PEI functional ligands were successfully bound to
the CSH surface.

3.1.2. XRD Analysis. In Figure 2, the entire XRD pattern
peaks are strong, indicating that the substance is highly crys-
tallized. The characteristic peaks of CSH occur at 20°–30°

and 50.8° [35, 36]. The grafting of PEI to the CSH surface
may be the cause of the observed drop in the main peak dif-
fraction intensity for PEI-CSH. After adsorption process,
one of the main peaks disappeared. The missing peak was
located at 29.8°, which is considered to be the effect of
Pd(II)-induced destructive interference [37].

3.1.3. FT-IR Analysis. The FT-IR is a crucial tool for
analyzing changes in chemical bonds in materials as well
as potential interactions between metal ions and the surface
functional groups of adsorbents. The FT-IR spectra of CSH,
PEI-CSH, and Pd-loaded PEI-CSH are presented in
Figure 3. As shown in Figure 3(a), the peaks in the range
of 1200–400 cm-1 represent the chemical bonds in the silica
chains [38]. The peaks at 961, 641, and 443 cm-1 were
assigned to Si-O (asymmetric stretching vibration), Si-O-Si
(out-of-plane bending vibration), and O-Si-O (in-plane
bending vibration), respectively [39]. After PEI coating, the
peaks at 961, 643, and 443 cm-1 were shifted to 963, 643,
and 451 cm-1, respectively (Figure 3(b)). There were four
new peaks found at 1073, 902, 796, and 697 cm-1. The peak
at 1073 cm-1 was assigned to the C-N stretching vibration
of aliphatic amines [40]. The band associated with amines
was seen in the 910-665 cm-1 range. Only primary and sec-
ondary amines were shown to have this robust, wide band,
which was caused by N-H wagging [41]. Therefore, it can
be explained that PEI was successfully crosslinked to the
CSH surface. After the adsorption of Pd(II) (Figure 3(c)),

the peaks at 1073, 902, 796, and 697 cm-1 shifted slightly,
and the intensity also changed. This change can be consid-
ered a result of the involvement of the amine group in the
adsorption process [42].

3.1.4. Zeta Potential. According to Figure 4, the zeta poten-
tial of CSH decreased from -5.32 to -26.70mV, with the
pH value increasing from 2 to 12. On the other hand, PEI-
CSH showed a high positive charge of +32.77mV at below
pH8 and negative charge at -1.40mV at above pH10. In
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addition, the isoelectric point (PI) of PEI-CSH was 9.85,
which was present at a higher pH than that of CSH. Conse-
quently, the surface of PEI-CSH is positively charged at a pH
lower than PI, which can be considered due to the amine
groups such as -NH+, -NH2

+, and NH3
+ in PEI coated on

CSH.

3.2. Adsorption Mechanism. A large number of amine
groups were produced on the surface of CSH as a result of
PEI grafting onto CSH to generate PEI-CSH. The adsorption
capacity of PEI-CSH for Pd(II) was significantly increased at
pH2 when amine groups were concentrated on the adsor-
bent surface (Figure 5(a)). The Pd(II) uptake of PEI-CSH
was 99.54mg/g, which is very high compared to that of

OSP (6.97mg/g) and CSH (4.38mg/g). Interestingly, the dif-
ference in the amount of Pd(II) adsorption before and after
the introduction of PEI into CSH is about 22.7-fold. As such,
the presence/absence of PEI in the adsorbent largely affected
the Pd(II) adsorption amount. To explain this result, it is
necessary to check the form of Pd(II) at pH2. As shown in
Figure 5(b), Pd(II) exists as an anion in the form of PdCl4

2-

in acidic conditions. Therefore, the anionic Pd(II) is likely to
be bound with the positively charged amine groups in PEI-
CSH through electrostatic attraction, which has been proved
in our previous work [32].
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Table 1: Isotherm parameters of Pd(II) adsorption onto PEI-CSH.

Models Parameter Value

Langmuir

qmax (mg/g) 156.03

bL (L/mg) 0.2344

R2 0.994

Freundlich

KF (L/g) 46.34

n 4.47

R2 0.913

Sips

qmax (mg/g) 156.68

KS (L/mg) 0.2374

n 1.0288

R2 0.994

Redlich-Peterson

KR (L/g) 40.2145

αR (L/mg) 0.3005

β 0.9707

R2 0.991

Temkin

KT (L/mg) 5.1132

bT (J/mol) 110.8861

R2 0.976
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3.3. Adsorption Isotherms and Modeling. To determine the
maximal Pd adsorption capacity of PEI-CSH, isothermal
adsorption studies were carried out at pH2 (II). According
to Figure 6, the PEI-Pd(II) CSH’s uptakes increased as Pd(II)
concentrations rose before reaching their maximum adsorp-
tion capacity. Adsorption isotherm models can offer crucial
details on the adsorption process, surface characteristics,
and interactions between the adsorbent and adsorbate. The
experimental data were described by Langmuir, Freundlich,
Sips, Redlich-Peterson, and Temkin isotherm models (see
Supporting Information (available here)), and the corre-
sponding parameters are listed in Table 1.

The Langmuir and Sips models had greater coefficient of
determination (R2) values than the other models, indicating
that they were more suited to explain the adsorption of
PEI-CSH for Pd(II) [6]. According to the Langmuir model,
PEI-CSH was adsorbed on Pd(II) in a monolayer [43]. The
RL values fell between 0 and 1, indicating that PEI-CSH
adsorption for Pd(II) was favorable [44]. According to the
Sips model, the PEI-Pd(II) CSH’s adsorption process com-
bines monolayer adsorption at high Pd(II) concentrations
with diffusion at low Pd(II) concentrations [9]. Combining
the Langmuir and Freundlich equations creates the Redlich-
Peterson model. A value of 40.21 was determined for the
Redlich-Peterson rate constant (KR). The result was close
to 1, indicating that the Pd(II) isotherms are compatible
with the Langmuir and Redlich-Peterson models and
that they are near to the Langmuir form [45]. According
to the Temkin model, all molecules in the layer will
experience a linear drop in the heat of adsorption as
the layer’s coverage increases due to the adsorbate-
adsorbent interaction. As a result, the adsorption exhibits
a consistent binding energy distribution up to a maxi-
mum level [46]. The exothermic nature of the adsorp-
tion process was suggested by the positive Temkin
constant (bT) value [9].

3.4. Adsorption Kinetics and Modeling. One of the key
elements in determining the effectiveness of the overall
adsorption process is adsorption kinetics, which also offers
theoretical understanding of the reaction pathways and pro-
cesses of adsorption [47]. To determine the time at which
Pd(II) adsorption on PEI-CSH reaches equilibrium, the
impact of contact time was assessed. The studies were con-
ducted in an acidic environment (pH = 2) for 360min at
25°C with an initial Pd(II) concentration of 200mg/L. In
the acidic setting, as shown in Figure 7, PEI-CSH adsorbed
95% of the Pd(II) during the first 120min, reaching equilib-
rium at 180min, demonstrating a very fast adsorption rate.

The pseudo-first-order (PFO), pseudo-second-order
(PSO), Elovich, and intraparticle diffusion models (see Sup-
porting Information) were used to explain kinetic data.
Figure 7 and Table 2 show the fitting curves and accompany-
ing parameters.

The parameters of kinetic models as well as R2 values
and h are presented in Table 2. The experimental results
confirmed that the PSO model, which had R2 values near
to unity, better suited the Pd(II) adsorption data when com-
pared to the PFO and Elovich kinetic models. Additionally,
the PSO model’s projected value for the Pd(II) uptake at
equilibrium, q2, was quite similar to the experimental find-
ing (99.67mg/g). Since Pd(II) adsorption by PEI-CSH is a
kinetic process, the PSO model proved effective in fitting
the experimental data. It also suggests that chemisorption
dominates physisorption during the adsorption process
[48]. The chemisorption process is typically explained by
the Elovich model [49]. The R2 values of the Elovich model
was 0.976, suggesting that chemisorption predominated in
the adsorption process and that the model was acceptable
for representing the kinetic adsorption process [49]. The
three steps of the adsorption process are typically (1) film
or external diffusion, (2) pore or intraparticle diffusion,
and (3) adsorbate deposited on the adsorption site [50].
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The rate-limiting phases of the adsorption process were
identified using the intraparticle diffusion model. The results
of qt vs. t

0:5 acquired from the Pd(II) adsorption experiment

are displayed in Figure 7(b). Three separate stages were used
to display the linear plot. Since the initial step did not go
through the origin, it is likely that external diffusion and
subsequently intraparticle diffusion were used preferentially
to regulate the adsorption of Pd(II) on PEI-CSH until equi-
librium was reached [51].

3.5. Reusability of PEI-CSH. For promising adsorbents, the
capacity to be reused is a crucial characteristic. Adsorbent
replacement cycles can be extended, and financial gain can
be made if an exhausted adsorbent can be recycled. Each
of the adsorption and desorption experiments was con-
ducted up to five times. An acidified thiourea solution pre-
pared by mixing 0.01M HCl and 0.01M thiourea was used
as the eluent for desorbing Pd from the loaded adsorbent.
The adsorption and desorption efficiencies were nearly con-
stant at 100% across the five cycles, as illustrated in Figure 8.
Desorption by thiourea is pH-dependent [52], and thiourea
forms a coordination bond with metal ions at neutral pH
but induces desorption by an anion-exchange mechanism
with PdCl4

2- at acidic pH [32]. Since an acidified thiourea
solution was used in this study, the desorption is considered
to be due to anion exchange. It was also confirmed that the
reusability of PEI-CSH was very excellent.

4. Conclusion

In summary, an oyster waste-based adsorbent, PEI-CSH,
was developed, providing an alternative way for oyster shell
waste recycling. According to the TEM image, the prepared
CSH showed a hierarchical structure surface, and the PEI-
CSH was covered with a polymer. As evidenced by XRD
analysis, PEI-CSH was observed to have characteristic peaks
of CSH, which was reduced in intensity by PEI. In addition,
it was found through FT-IR analysis and one-point check
adsorption experiments that the absorption performance of
PEI-CSH was improved by amine groups. Modification of
CSH with PEI also increased the point of zero charge to
9.85. These results revealed that the adsorbent was success-
fully prepared. The Langmuir model was more suitable for
depicting adsorption of Pd(II) on PEI-CSH, and the maxi-
mum adsorption amount was 156.03mg/g at pH2. Kinetic
experiment showed that the adsorption equilibrium for
200mg/L of Pd(II) at pH2 was reached within 180min.
According to the reusability research, PEI-CSH may be
recycled at least five times without losing any of its adsorp-
tion capability. Overall, the PEI-CSH, fabricated from oyster
shell waste, showed the possibility of eliminating anionic
Pd(II) from a HCl solution.

Data Availability

The raw data used to support the findings of this study are
available from the corresponding author upon request.
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Table 2: Kinetic parameters of Pd(II) adsorption onto PEI-CSH.

Models Parameter Value

PFO

q1 (mg/g) 96.43

k1 (L/min) 0.0564

R2 0.966

PSO

q2 (mg/g) 100.10

k2 0.0008

h 8.65

R2 0.998

Elovich

α (mg/g∙min) 27.1856

β (g/mg) 0.0590

R2 0.976

Intraparticle diffusion

First stage

kp1 (mg/g∙min0.5) 12.0042

C1 (mg/g) 2.5736

R2 0.964

Second stage

kp2 (mg/g∙min0.5) 1.3402

C2 (mg/g) 78.8017

R2 0.976

Third stage

kp3 (mg/g∙min0.5) 0.1813

C3 (mg/g) 96.2293

R2 0.999
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Figure 8: Repeated adsorption-desorption of Pd(II) on PEI-CSH in
a batch process (adsorption conditions: pH 2; volume of solution,
30mL; mass of adsorbent, 60mg; initial Pd(II) concentration,
200mg/L, desorption conditions: pH 2; volume of 0.01M thiourea
solution, 30mL; and mass of Pd(II)-loaded adsorbent, 60mg).
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