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Abstract

To improve the adsorption capacity of Cd(II) ions, Cd(I) ions were imprinted on the surface of aminoethyl chitosan (AECS),
which was coated on Fe;0,@SiO, nanoparticles. A novel magnetic Cd(II) ion-imprinted polymer (Cd(II)-IIP) was synthe-
sized, characterized, and applied to the selective separation of Cd(II) ions from aqueous solution. The adsorption—desorp-
tion properties and selectivity of Cd(II)-IIP and a non-imprinted polymer (Cd(II)-NIP) were investigated. The optimum pH
and equilibrium binding time were established at pH 6.0 and 60 min, respectively. Kinetics studies demonstrated that the
adsorption process proceeded according to a pseudo-first or second order model, while the adsorption isotherms agreed with
the Langmuir model. The maximum adsorption capacities of Cd(II)-IIP and Cd(II)-NIP toward Cd(II) ions, as calculated
by the Langmuir equation, at pH 6.0 and 25 °C were 26.1 and 6.7 mg/g, respectively. The imprinted polymer showed higher
selectivity toward Cd(II) ions compared to the non-imprinted polymer. The relative selectivity factor (f,) values of Cd(II)/
Cu(Il), Cd(I)/Cr(II), and Cd(I)/Pb(II) were 3.315, 3.875, and 2.061, respectively. In addition, Cd(II) ions adsorbed on the
Cd(II)-1IP adsorbent could be easily released using 0.1 M HNO;, thus showing good material stability and reusability. The

adsorption capacity of Cd(II)-IIP was retained at 74% after undergoing six adsorption—desorption cycles.
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1 Introduction

The painting, mining, and smelting industries have been
reported to directly or indirectly discharge a large amount of
heavy metal wastewater into aquatic systems, threatening the
well-being of crops and humans [1-6]. Different treatment
technologies have been developed for the removal of heavy
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metals from wastewater, including membrane separation,
electrocoagulation, and chemical precipitation [7]. However,
their application has been limited by high operational cost
and large energy consumption [8].

The adsorption technology is widely used for the removal
of heavy metals [9-13]. As a traditional adsorption mate-
rial, activated carbon has a highly porous structure and large
absorption capacity, but it demonstrates a poor selectivity
against organic and inorganic compounds, and its fabrication
and regeneration procedures are expensive [14, 15]. Simi-
larly, ion-exchange resins are also cost-prohibitive and their
performance is pH-dependent [16]. Their modern alterna-
tives were reported recently, such as starch-based materials
[17], porous glass beads [18], modified activated carbon [19]
and lignocellulosic residues [20]. Even though these materi-
als interact effectively with heavy metal ions, they cannot be
easily separated and reused after the adsorption process. In
contrast to these traditional adsorbents, magnetic nano-sized
iron oxide particles are environmentally friendly [21], can
interact quickly with adsorbates [22], and are easily sepa-
rated from aqueous samples using an external magnetic field
[23], and can be sustainable utilization without secondary
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pollution. However, pure magnetic Fe;O, nanoparticles have
limitations such as spontaneous aggregation due to high
surface energy, and the loss of super paramagnetism when
exposed to air [24]. In order to obtain higher stability and
larger surface area, several materials with high adsorption
capacity for heavy metals have been developed. Zargoosh
et al. [25] previously prepared a magnetic nanoadsorbent
synthesized by the covalent immobilization of thiosalicyl-
hydrazide on the surface of Fe;O, nanoparticles. The parti-
cles were coated with functional groups to afford excellent
physical and chemical properties. Molecular imprinting of
chitosan on the surface of magnetic nanoparticles modifies
the particle surface but retains the beneficial properties of
the superparamagnetic particles [26-28]. Xi et al. [8] syn-
thesized cadmium ion-imprinted polymers via precipita-
tion polymerization using a dithizone/cadmium complex as
template.

Currently, there is limited literature on chitosan-based
imprinted composite adsorbents, and their competitive
adsorption behavior in binary or multi-component aque-
ous solutions is not widely known. Moreover, our litera-
ture review has revealed no previous attempts to imprint
aminoethyl chitosan on the surface of magnetic iron oxide
nanoparticles. To improve the adsorption capacity of Cd(II)
ions, chitosan was modified with 2-chloroethylamine hydro-
chloride to afford aminoethyl chitosan (AECS), which was
then coated on Fe;0,@SiO, nanoparticles to give a novel
material: Fe;O,@Si0,@AECS. Cd(II) ion-imprinted poly-
mer (Cd(IT)-IIP) was obtained by first imprinting Cd(II) ions
on the surface of Fe;0,@Si0,@AECS, followed by acid
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removal. As shown in Fig. 1, the ion-imprinted (Cd(II)-IIP)
and non-ion-imprinted (Cd(IT)-NIP) materials were sub-
sequently compared in terms of their adsorption behavior
toward Cd(II) ions in water.

2 Materials and Methods
2.1 Materials

Chitosan was prepared using a previously reported method
[29]. Ferric chloride (FeCl;-6H,0), ferrous chloride
(FeCl,-4H,0), Span 80, liquid paraffin, ethyl orthosilicate,
2-chloroethylamine hydrochloride, ammonium hydroxide,
glutaraldehyde (GD), cadmium nitrate, absolute ethanol, and
nitric acid were purchased from Aladdin Reagent Co. Ltd.
(Shanghai, China). The water used for extraction and analy-
sis was distilled and deionized using a Milli-Q system from
Millipore (Bedford, MA, USA). All chemicals were of ana-
lytical grade and used directly without further purification.

2.2 Synthesis of AECS

AECS was prepared using an improved procedure based on
the method reported by Je et al. [30]. About 75 mL of 1 M
aqueous 2-chloroethylamine hydrochloride was added drop-
wise into 1.5 g of chitosan under stirring at 65 °C. Next,
75 mL of 1 M NaOH was added dropwise into the chitosan
solution and the mixture was stirred at 80 °C for 18 h. The
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Fig. 1 Schematic diagram for the preparation of Cd(II) ion-imprinted polymer
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product was then dialyzed with deionized water for 2 days,
before undergoing vacuum lyophilization.

2.3 Preparation of Magnetic Fe;0,@Si0,@AECS
(Cd(ID)-1IP and Cd(II)-NIP)

Magnetic Fe;O, nanoparticles were prepared using a co-
precipitation method [31]. Ferrous and ferric chloride (at a
molar ratio of 2:1) were first dissolved in 100 mL of distilled
water, followed by the dropwise addition of 15 mL of aque-
ous ammonia (29%). The mixture was then stirred under
argon gas at 80 °C for 30 min. The resulting Fe;O, nano-
particles were separated using an external magnetic field,
washed several times with deionized water and anhydrous
ethanol, and freeze-dried in vacuum.

Meanwhile, Fe;0,@Si0O, nanoparticles were prepared
based on the method reported by Stober et al. [32]. About
100 mg of Fe;0, nanoparticles was dispersed in 100 mL
of 80% ethanol solution under ultrasonication for about
10 min. The product was then separated using an external
magnetic field, and washed several times with deionized
water. The obtained nanoparticles were dispersed in 80 mL
of anhydrous ethanol, mixed with 20 mL of water and 1 mL
of aqueous ammonia. Next, about 2 mL of tetraethyl ortho-
silicate (TEOS) was slowly dripped into the solution, and
the mixture was stirred at room temperature for 12 h. The
obtained Fe;0,@8Si0, particles were separated by magnet-
ism, washed several times with deionized water and anhy-
drous ethanol, and freeze-dried in vacuum.

Subsequently, 50 mg of Fe;0,@Si0, was added into
a solution consisting of 0.1 g of AECS and 10 mg of
Cd(NO;),-4H,0 dissolved in 3 mL of deionized water; the
mixture was then stirred for 30 min under sonication. Next,
30 mL of liquid paraffin and 1 mL of Span 80 were added
into the mixture and it was stirred at 300 rpm for 1 h to
form a homogeneous solution. This was followed by adding
0.5 mL of 50% GD into the solution, and the mixture was
stirred at 60 °C for 2.5 h. After centrifugal separation, the
reaction product was washed with petroleum ether, etha-
nol, and deionized water until a neutral pH was achieved.
Thereafter, the solid was repeatedly washed with 1 M HNO,
until no Cd(II) ions were detected by flame atomic absorp-
tion spectrometry (FAAS). The obtained product (Cd(II)-
IIP) was then washed with 1 M NaOH solution for 2 h until
its pH became neutral, and it was freeze-dried in vacuum.
Cd(II)-NIP was prepared using the same approach as that of
Cd(I)-IIP but without introducing Cd(II) ions.

2.4 Characterization
The surface morphological images of magnetic Fe;O, and

the synthesized adsorbents were analyzed using X-ray
diffraction (XRD) analysis (X’Pert PRO, PANalytical
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Company, Netherlands), transmission electron microscopy
(TEM) (JEM-2010F, Jeol, Japan), scanning electron micros-
copy (SEM) (S-4700, Hitachi, Japan), optical microscopy
(Moticam 2306, Mike Audi Industrial Group Co. Ltd.,
China). Complexation among the synthesized adsorbents
was confirmed using Fourier transform infrared (FTIR, Ver-
tex 70, Bruker Optik GmbH, Germany) and nuclear mag-
netic resonance (NMR) spectroscopy (ARX400, Bruker,
Switzerland). The degree of deacetylation (DD) of chitosan
was calculated according to a published method [33] using
the H,, H;, H,, Hs, He, and Hy, (H,_¢) proton signals of both
monomers and the integrals of the methyl group using the
following equation:

DD (%) = {1 - <%1CH3/é1H2_H6>} x 100% )

Where, Iy, is the integral intensity of the CHj; residue,
and Iy _y_is the sum of the integral intensities of the H,, Hj,
H,, Hs, H¢, and Hg, protons. Magnetic behavior was ana-
lyzed by vibrating sample magnetometry (VSM, 4HF, ADE,
USA). The concentration of metal ion in the solution was
analyzed using flame atomic absorption spectrophotometry
(AA-6300, Shimadzu Corporation, Japan). Thermal gravi-
metric analysis (TGA) was performed with an STA449 F3
DSC/DTA-TG analyzer (Netzsch, Germany) in the tempera-
ture range of 50-800 °C at a heating rate of 10 °C/min.

2.5 Adsorption Studies of the Adsorbents
2.5.1 Effect of pH on Adsorption Capacity

As AECS is more stable than chitosan in an acidic solution
and metal ions are precipitated under alkaline conditions, the
effect of pH on the adsorption capacity of the synthesized
materials in acidic solution was investigated. Metal ion solu-
tions at a different pH values (ranging from 2.0 to 6.0) were
prepared and adjusted using 0.1 M HCl and NaOH solu-
tions. The effect of pH on the Cd(II) ions adsorption process
was studied over the pH range of 2.0-6.0, while fixing the
initial Cd(II) ions concentration at 100 mg/L. About 5 mg
each of Cd(I)-IIP and Cd(II)-NIP was added into several
individual metal ion solutions, each measuring 10 mL in
volume. The samples were shaken on an incubator shaker at
150 rpm and 25 °C for 6 h. After magnetic separation, the
respective Cd(II) ions concentrations (C,) were measured
using flame atomic absorption spectrophotometry, and the
corresponding adsorption capacities were calculated using
the following equation [34]:

(CO - Ce)V

qe=——— @
m

where, C, and C, (mg/L) are the initial concentration and
equilibrium concentration, respectively, V (L) is the volume
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of the solution, m (g) is the weight of the adsorbent, and ¢,
(mg/g) is the equilibrium adsorption capacity.

2.5.2 Adsorption Kinetics

To study the adsorption capacity of the newly synthesized
adsorbents, a test solution containing 10 mL of Cd(II) ion
solution (at a concentration of 100 mg/L) and 5 mg of
either Cd(II)-IIP or Cd(II)-NIP was used. The solution was
adjusted to pH 6.0 using 0.1 M HCI and NaOH solutions.
The test mixtures were shaken at 150 rpm and 25 °C, and
sampling was performed at different time intervals until the
absorption process reached equilibrium. After undergoing
magnetic separation, the adsorption capacity g, was deter-
mined using FAAS.

2.5.3 Adsorption Isotherm

Cd(II) ion solutions with different initial concentrations, i.e.
0, 5, 10, 25, 50, 100, 250, and 500 mg/L., were prepared.
Either 5 mg of Cd(II)-IIP or Cd(II)-NIP was dispersed into
Cd(I) ion solutions at different concentrations (each meas-
uring 10 mL in volume), and their pH was adjusted to 6.0
using 0.1 M HCI and NaOH solutions. The mixtures were
shaken at 150 rpm at 25 °C for 1 h until the absorption
process reached equilibrium. After magnetic separation, the
adsorption capacity g, was determined using FAAS.

2.5.4 Adsorption Selectivity

The selectivity of Cd(II)-IIP and Cd(II)-NIP toward Cd(I)
ions and other metal ions was evaluated using a selectiv-
ity coefficient (fZ7A}), which was determined by incubating
5 mg of the adsorbent beads with heavy metal ions (at a
concentration of 50 mg/L) in 10 mL of deionized water. The
mixture was shaken at 150 rpm at 25 °C for 1 h. After mag-
netic separation, the distribution ratio (D) was calculated via

FAAS using the following equation [35]:

B V(C,—-C,)
- mC,

e

D 3
where, C and C, (mg/L) are the respective concentrations
of metal ions in the initial and equilibrium solutions, V (L)
is the volume of the aqueous solution, and m (g) is the mass
of the dry beads. Meanwhile, the selectivity coefficient is
defined as:

D¢+
Bea+ /M= Dy )

where, D& and Df are the distribution ratios of the Cd(II)
ions and other co-existing metal ions, respectively. The
effect of imprinting on the selective adsorption process was

evaluated using the relative selectivity coefficient 3., which
is defined by the following equation:

_ Bedan-up

b: &)

Beaay-nip

where, feqqn-np and Segan.nip are the selective adsorption
coefficient of Cd(II)-IIP and Cd(II)-NIP, respectively.

2.5.5 Desorption and Reusability

The desorption and regeneration of Cd(II)-ITP and Cd(II)-
NIP toward Cd(II) ions was tested by adding 25 mg of either
adsorbent into 50 mL of Cd(II) ion solution at a concen-
tration of 100 mg/L, whose pH was adjusted to 6.0 using
0.1 M HCI and NaOH solutions. The mixture was shaken
at 150 rpm and 25 °C for 1 h. After magnetic separation,
the adsorption capacity (g.) was determined using FAAS.
The adsorbent was then filtered, and the Cd(II) ions were
desorbed with 0.1 M HNO; aqueous solution by shaking
over a period of 2 h. The adsorbent was washed thoroughly
with deionized water to a neutral pH value. To test the reus-
ability of the adsorbent, this adsorption—desorption cycle
was repeated using the same adsorbent.

3 Results and Discussion
3.1 Characterization of AECS

The chemical structure of the synthesized AECS was char-
acterized using "H NMR spectroscopy. AECS was dissolved
in a mixed solvent system of CD,COOD/D,0 (3:97), and
the measurement was performed at room temperature. The
"H NMR spectrum (Fig. 2) was used to analyse the AECS
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Fig.2 'H-NMR (3% CD,COOD/D,0, 400 MHz) of AECS. 5 (ppm):
1.89 (acetyl methyl), 2.60-3.20 (-NHCH,CH,NH,), 3.26 (H-2), 3.60
(H-6a), 3.75 (H-3, 4, 5, 6b), 4.71 (H-1)
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chemical structure. The chemical shift at §=1.89 ppm was
assigned to the proton of the residual acetyl methyl moi-
ety, while the signal at 6=2.60-3.20 ppm revealed that the
ethylamine substituent (-NHCH,CH,NH,) was success-
fully modified. In addition, the signals between 6 =3.26
and 4.71 ppm indicated the presence of sugar residues. The
spectra were representative of the reaction product, and they
were comparable to published literature [36]. In addition,
the degree of deacetylation (DD) of AECS was established
at 90%.

3.2 Characterization of Adsorbent

The Fe;0,, Fe;0,@8Si0,, Cd(II)-1IP, and Cd(II)-NIP parti-
cles were observed using a scanning electron microscope,
and the results are shown in Fig. 3. Figure 3a—d shows that
all four materials have a spherical morphology with a cer-
tain particle size distribution; the Fe;0, and Fe;0,@Si0,
particles have an average size of about 100 nm whereas the
average particle size of Cd(II)-IIP in Fig. 3e and Cd(II)-NIP
in Fig. 3d increased to about 30 pm owing to the chitosan-
based modification. Figure 3f shows the loose surface struc-
ture of the Cd(II)-IIP adsorbent, which provides more active
sites for free metal ions, thus improving the adsorption per-
formance of the adsorbent.

CS, AECS, Fe,;0,, Fe;0,@8Si0,, and Cd(I1I)-1IP were
freeze-dried and compressed with KBr, before they were

analyzed using a Vertex 70 Fourier transform infrared spec-
trometer in the scanning range of 400-4000 cm™'. The IR
spectra (Fig. 4) show the different absorption peaks at vari-
ous wavelengths, i.e. the Fe—O stretching vibration peak at
581.32 cm™! [37], Si—O-Si asymmetric stretching vibra-
tion peak at 1099.97 cm™!, Si-O-Si symmetric stretching

C
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Fig.4 FTIR spectra of CS (a), AECS (b), Fe;0, (c), Fe;0,@Si0, (d)
and Cd(ID)-IPN (e)

Fig.3 SEM images of a Fe;0, (x 100,000); b Fe;0,@Si0, (x 100,000); ¢ Cd(I-IIP (x280); d Cd(I)-NIP (x 150); e Cd(I)-IIP (x 8000); £

Cd(ID)-1IP (x 60,000)
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vibration peak at 800.51 cm™!, Si-OH stretching vibration
peak at 956.01 cm™! [38, 39], O—H stretching vibration
peak at 3422.55 cm™!, the bending vibration peaks of -NH,
and -NH- at 1522.48 cm~! and 1459.02 cm™!, respectively,
as well as the stretching vibration peak of amide C=0 at
1637.38 cm™!. The appearance of these peaks indicated
that AECS, Fe;0,, and Fe;0,@Si0O, were successfully syn-
thesized, and the modified chitosan was also successfully
coated on the surface of Fe;0,@Si0,.

About 10 mg each of powdered Fe;0,, Fe;0,@Si0,,
Cd(II)-IIP, and Cd(II)-NIP was placed in small crucibles
and analyzed using a synchronous thermal analyzer. The
heating rate was set at 10 °C/min, while the analyses were
carried out in the temperature range of 50-800 °C. Figure 5
shows the thermo-gravimetric curves of these four sam-
ples. In the aforementioned temperature range, Fe;O, and
Fe;0,@Si0, showed a small amount of weight gain, which
may be due to the oxidation of Fe;O,, raising the valency of
iron from 8/3 to 3 while SiO, remained unchanged during
the experiment; this led to an increase in the total sample
quality. In the temperature range of 50-700 °C, the mass
loss of Cd(II)-ITP and Cd(IT)-NIP was nearly 70% owing to
the decomposition of the sugar skeleton of AECS, as well
as the evaporation of residual organic solvent in Fe;O,@
Si0,. When the temperature was increased to 600 °C, the
organic matter was completely degraded. The residual red
iron matter was Fe,O5.

About 10 mg each of powdered Fe;0,, Fe;0,@Si0,,
Cd(II)-1IP, and Cd(II)-NIP was analyzed using an X-ray
diffractometer, which was operating at a tube voltage and
tube current of 30 kV and 20 mA, respectively. Using a
Cu-Ka irradiation source (A=0.15418'nm), the scanning
process was performed in the range of 10-80° at a speed of
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Fig.5 TGA thermographs of Fe;0, (a), Fe;0,@SiO, (b), Cd(1I)-NIP
(c) and Cd(II)-1IP (d)

6 °C/min. Six main peaks were identified in the four respec-
tive materials, i.e. 20 =30.2°, 35.5°, 43.2°, 53.5°, 57.1°,
and 62.7° (Fig. 6). The lattice parameters of (220), (311),
(400), (422), (511), and (440) were determined based on the
obtained XRD patterns using the MDI-JADE-6 program,
and they corresponded to the magnetite crystal type (mag-
netite, JCPDS, No. 19-0619) [40, 41]. The analysis showed
that Fe;0,@Si0,, Cd(II)-1IP, and Cd(II)-NIP contained
cubic Fe;0,4, whose phase was kept unchanged during the
synthetic process.

The magnetic properties of the magnetic absorbents
directly influence their separation and recycling efficiency.
The hysteresis loops of Fe;0,, Fe;0,@Si0O,, Cd(II)-IIP, and
Cd(II)-NIP at room temperature (27 °C), which determine
the main indicators of magnetic properties such as satura-
tion magnetization (Ms), remanence (Mr), and coercivity
(Hc), are shown in Fig. 7. The saturated magnetization val-
ues of Fe;0,, Fe;0,@Si0,, Cd(I)-IIP, and Cd(II)-NIP were
established at 82.6, 37.0, 14.3, and 13.3 emu/g, respectively.
While the saturated magnetization of modified chitosan-
coated Cd(II)-IIP and Cd(II)-NIP decreased significantly,
both species could still quickly achieve solid-liquid separa-
tion in an external magnetic field. No remanence or coerciv-
ity were observed in the magnetic loop, thus proving that
magnetic nanoparticles with superparamagnetic perfor-
mance can be applied to magnetic separation [42].

The pelletizing ability of the adsorbents will directly
affect their adsorption performance. Three main factors that
influence balling performance have been identified: mate-
rial ratio (1:1, 2:1, and 3:1 g/g; material ratio m/m = AECS/
Fe;0,@Si0,), cross-linking time (1, 2, and 3 h), and stir-
ring speed (200, 300, and 400 rpm). They were used in a
three-level orthogonal experiment to optimize experimental

(311)

(511) (440)

(400) 400

Intensity

10 20 30 40 50 60 70 80
20/°

Fig.6 XRD spectra of Fe;0, (a), Fe;0,@SiO, (b), Cd(II)-NIP (c)
and Cd(I)-1IIP (d)
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Fig.7 Magnetic hysteresis curve of Fe;O, (a), Fe;0,@SiO, (b),
Cd(ID-IIP (c) and Cd(II)-NIP (d)

conditions. The synthesized particles were observed using
an optical microscope, and their morphology was studied
(Fig. 8).

Figure 8 shows that the microspheres were fragile when
stirred at a speed of 400 rpm (Fig. 8-3, 5, 7) but reducing the
stirring speed to 200 rpm resulted in slightly larger particles
(Fig. 8-1, 6, 8). An increased ratio of AECS to Fe;0,@Si0O,
gave the products a deeper colour (Fig. 8-7, 8, 9). While
cross-linking time had little influence on the ball forma-
tion, the optimal reaction time was found to be 1 h. As the
microspheres shown in Fig. 8-4 and Fig. 8-9 are relatively
small and uniform in size, the following experimental con-
ditions—2:1 of AECS to Fe;0,@Si0,, 1 h of cross-linking
time, and a stirring speed of 300 rpm, were selected for all
subsequent experiments.

3.3 Adsorption Experiments
3.3.1 Effect of pH

The pH value of the aqueous solution is an important
parameter during the adsorption process. In this study, the
influence of pH (in the range of pH 2-6) on the adsorp-
tion capacity of the adsorbents toward Cd(II) ions was stud-
ied. Figure 9 shows that the adsorption capacity gradually
increased along with the pH value of the solution, reaching
a maximum capacity at pH 6. The adsorption capacity of
Cd(I)-IIP and Cd(II)-NIP toward Cd(II) ions at pH 6 were
24.2 and 6.3 mg/g, respectively. The -CH,-NH, residues
on the adsorbents are protonated in a highly acidic envi-
ronment, thus forming a positively charged surface. This
in turn obstructs the complexation of Cd(II) ions on the
adsorbent materials. Owing to this competition with H;O*
ions, the adsorbents typically show low adsorption capacity

25

Fig.9 Effect of pH values on adsorption capacity of heavy metal ions
for Cd(ID-IIP (a) and Cd(II)-NIP (b)

Fig.8 Morphology of magnetic microspheres under microscope
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at low pH values [43]. The solubility of positively charged
Cd(I) ions decreases along with solution pH; When the pH
value is higher than 6, Cd(II) ions easily undergo chemical
precipitation and are not released into the solution, which
then results in a decreased adsorption capacity of Cd(1I)-1IP
[44]. In addition, owing to the loose structure of the Cd(II)-
IIP surface, the adsorption capacity of Cd(II)-IIP was about
four times higher than that of Cd(II)-NIP, thus suggesting
that the imprinting method is suitable for the Cd(II) ions
adsorption process.

3.3.2 Adsorption Kinetics

Another important experimental parameter is the effect
of time on the heavy metal adsorption process. Figure 10
shows the effect of contact time on the adsorption of Cd(II)
ions using Cd(II)-IIP and Cd(II)-NIP. The adsorption rate
increased sharply in the first 20 min, and subsequently sta-
bilized within 60 min. The adsorption capacity of Cd(II)-
IIP and Cd(II)-NIP toward Cd(II) ions were established at
24.9 and 6.4 mg/g, respectively. It is obvious that Cd(II)-IIP
afforded a faster adsorption rate of Cd(II) ions compared to
that of Cd(I)-NIP. This significant increase in the adsorption
capacity of Cd(II)-IIP could be attributed to a large number
of active sites on its surface, which can quickly adsorb Cd(II)
ions from the solution. These results fully demonstrated that
Cd(ID)-IIP delivered a better performance for the adsorption
of Cd(II) ions compared to Cd(II)-NIP. Nonetheless, both
Cd(I)-IIP and Cd(II)-NIP could reach complete adsorption
saturation in 60 min, with the imprinted cavities either stay-
ing exposed or being filled by Cd(II) ions. Based on these
results, an adsorption time of 60 min was considered suitable
for the sorption experiments.

25+

20

¢ Cd(l)-P

e Cd(ll)-NIP

—— pseudo-first-order model of Cd(ll)-lIP

- - pseudo-second-order model of Cd(ll)-lIP
—— pseudo-first-order model of Cd(ll)-NIP

- - pseudo-second-order model of Cd(ll)-NIP

T T T T T T 1
0 50 100 150 200 250 300 350 400

t (min)

Fig. 10 Effect of time on the adsorption of Cd(II) ions using Cd(I)-
IIP and Cd(ID)-NIP

In order to investigate the kinetics of the Cd(II) adsorp-
tion process, its adsorption mechanism and rate determining
step were studied by employing the pseudo-first-order and
pseudo-second-order kinetic models.

The pseudo-first-order model is expressed by the follow-
ing equation [45]:

g, = q,(1 — €57 (©)
Meanwhile, the pseudo-second-order model is defined as
[46]:

Kyt

- __“-Te 7
1+ K,q,t 7

q;

where, K, and K, (min~!) are the pseudo-first-order and
pseudo-second-order rate constants, respectively, g, (mg/g)
is the adsorption capacity at equilibrium, and g, (mg/g) is
the amount of ions adsorbed at time .

The linear fitting curves of the two models and the kinetic
parameters are shown in Fig. 10 and Table 1. As seen in
Table 1, the correlation coefficient (R?) values of Cd(II)-
IIP and Cd(II)-NIP according to the pseudo-first-order and
pseudo-second-order models were close to 1.000. The g,
value calculated from the pseudo-second-order model was
close to the experimental data. It was proven that chemisorp-
tion was the rate controlling step, which involves chemi-
cal bonding between divalent metal ions and polar func-
tional groups (-NH, and —OH) on the adsorbent [47]. It was
reported that Cd(II) ions could be coordinated with N and O
atoms to obtained octahedral cadmium coordinations or five-
membered chelate rings [48, 49], and the chelating effect
could benefit the adsorption of AECS on the Cd(I)-IIP.

3.3.3 Adsorption Isotherm
Adsorption isotherms are used to describe the relation-

ship between equilibrium adsorption capacities and the
amounts of adsorbate adsorbed on adsorbent at a constant

Table 1 Kinetic parameters of the adsorption models using Cd(II)-IIP
and Cd(II)-NIP as adsorbents

CdddD-11p Cd(ID)-NIP

Measured g, (mg/g) 24.9 6.4
Pseudo-first-order model

q. (theory) (mg/g) 24.1 6.4

K, (min™!) 0.111 0.098

R? 0.996 0.987
Pseudo-second-order model

q. (theory) (mg/g) 25.6 6.8

K, (min™!) 0.009 0.028

R? 0.994 0.957
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temperature. To investigate the adsorption isotherms, two
classical equilibrium models known as the Langmuir and
Freundlich models were used.

The Langmuir isotherm equation is defined as [50]:

C__1 G
4, b0, " 0O, ®

Meanwhile, the Freundlich isotherm equation is
expressed as [51]:

q. = K,C)/" )

where, g, (mg/g) is the adsorption capacity at equilibrium,
C. (mg/L) is the equilibrium concentration, Q,, (mg/g) is
the maximum adsorption capacity, b (L/mg) is the Lang-
muir adsorption equilibrium constant, K; (mg/g (L/mg)"™)
is the Freundlich adsorption equilibrium constant, and 7 is
the adsorption intensity constant.

Results comparing the two models based on non-linear
fitting and their adsorption isotherm parameters are shown
in Fig. 11 and Table 2. In Table 2, the adsorption behav-
iour of Cd(II) ions on Cd(I)-IIP and Cd(II)-NIP agreed
better with the Langmuir model as evidenced by higher
R? values (0.994 and 0.976), thus demonstrating that a

30
25 - == a
_ 204 PRe A II-IPN
%ﬁ .’ e NI-IPN
E 454 - - Freundlich fit of II-IPN
= —— Langmuir fit of II-IPN
- - Freundlich fit of NI-IPN
104 —— Langmuir fit of NI-IPN
| [ ] e === = = L ]
54 _——----
. -
0 1 T T T T T
0 100 200 300 400 500
C, (mg/L)

Fig. 11 Effect of the equilibrium concentration of Cd(II) ions on
adsorption using Cd(II)-IIP and Cd(II)-NIP

homogeneous monolayer of AECS was bound on the sur-
face of the imprinted and non-imprinted adsorbents [52].

According to the Langmuir model, the maximum adsorp-
tion capacities of Cd(II)-IIP and Cd(II)-NIP toward Cd(II)
ions were 26.1 and 6.7 mg/g, respectively, which were close
to the measured values 25.2 and 6.4 mg/g (Table 2). The
correlation coefficient of the Langmuir model was approxi-
mately 1, indicating that it was better than the Freundlich
model. In addition, the separation factor (b) value of 0.116
indicated that Cd(II)-IIP could be suitably used for the
adsorption of Cd(II) ions in aqueous solutions [53]. The
maximum adsorption capacities of Cd(II) ions in different
adsorbents are included in Table 3. It can be seen that the
adsorption performance of Cd(II)-IIP is better than some
reported adsorbents including activated carbons, resins, and
biomass materials, but it is still lower than other commercial
adsorbents. However, Cd(II)-IIP showed obvious selectiv-
ity for Cd(II) ions which makes it promising adsorbent for
the selective removal of Cd(II) ions from aqueous solutions.

3.4 Adsorption Selectivity
In order to study the selectivity of the Cd(II)-I1IP adsorbent

toward Cd(II) ions, Cu(Il), Cr(II), and Pb(II) ions (which

Table 3 The maximum adsorption capacities comparison of Cd(II)
ions

Adsorbent CdI) Q,, (mg/g) Reference
Cd{n-1p 26.1 This work
Cd(I)-NIP 6.7 This work
Activated carbon (hazelnut husks) 20.9 [54]
Activated carbon (Olive stone waste) 7.8 [55]
Thiosemicarbazide-grafted multi- 3.69 [56]
walled carbon nanotubes
Carbon aerogel 15.53 [57]
Powdered activated carbon (PAC) 32.89 [58]
Purolite AC 20 12.64 [59]
Biochar (Coaltec Energy, USA Inc.)  33.90 [59]
Lewatit TP 207 resin 50.0 [60]
D2EHPA-impregnated XAD7 resin 4.5 [61]
Lignocellulosic residues BOP 10.5 [20]
Palm oil boiler mill fly ash (POFA) 15.82 [62]
Activated sludge 9.6 [63]

Table 2 Adsorption isotherm

. Type Measured value Langmuir model Freundlich model
parameters using Cd(II)-IIP and g. (mg/g)
Cd(II)-NIP as adsorbents ¢ Q,, (mg/g) B (L/mg) R? 1/n Ky (mg/g)(L/ R*
m g)l/n
Cd(I)-1IP 25.2 26.1 0.116 0.994 0.187 8.91 0.865
Cd(II)-NIP 6.4 6.7 0.054 0.976 0.234 1.66 0.902
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have an identical charge and are similar in size to Cd(II)
ions) were chosen as competitor ions. Table 4 lists the
adsorption parameters of the tested binary systems, which
include distribution ratio, selectivity coefficients, and rela-
tive selectivity coefficients.

Our results showed that the distribution ratio of Cd(II)
ions for the Cd(II)-IIP adsorbent was 3-5 times that of
Cd(I)-NIP. In contrast, the distribution ratio of other com-
petitor ions for Cd(II)-IIP was only 1-2 times that of Cd(II)-
NIP. It is evident that Cd(II)-NIP was not selective toward
Cd(II) ions as it showed a higher adsorption selectivity
toward competitor ions as opposed to the Cd(II) species.
Using the imprinting technique, the adsorption selectiv-
ity of Cd(II)-NIP can be improved. The relative selectivity
coefficients fr of the tested binary systems were all larger
than two, thus indicating that the selective adsorption of the
non-imprinted adsorbent was significantly improved post
modification.

These results suggested that Cd(II)-ITIP contains imprinted
cavities and specific binding sites that exist in a predeter-
mined orientation, and they are specific to Cd(II) ions as
Cu(II), Cr(Il), and Pb(II) ions fit poorly into the Cd(I)-
imprinted cavity. Owing to specific hole recognition toward
Cd(II) ions on the surface of Cd(II)-IIP, more template ions
from the binary system are trapped and this leads to a higher
adsorption capacity of the adsorbent. Therefore, using the
imprinting method to fabricate the Cd(II)-IIP adsorbent will
impart a high recognition ability and high selectivity toward
Cd(I) ions.

3.5 Regeneration Study

In order to improve the process economics of using Cd(II)-
IIP for practical applications, it is important to establish
the stability and reusability of the adsorbent. As it has poor
adsorption properties under low pH conditions, 0.1 M HNO,
solution was chosen as a desorption agent. As shown in
Fig. 12, the adsorption performance of Cd(II)-IIP dropped
to 74% after undergoing six cycles of the adsorption—des-
orption process. Even though Cd(II) ions were fixed on the

Cd(ID)-TIP

Fig. 12 Regeneration of Cd(II)-IIP

adsorbent surface and could not be completely eluted, the
adsorbent still showed a decent degree of recycling potential.

4 Conclusions

Using the ion-imprinting technique, a novel magnetic adsor-
bent Fe;0,@Si0,@AECS was successfully prepared, and it
demonstrated selective adsorption behaviour toward Cd(I1)
ions. To study the changes that occur during the chemi-
cal modification and Cd(II) ion-imprinting processes, the
synthesized materials were analyzed using various analyti-
cal techniques, including FTIR, NMR, VSM, SEM, TGA,
XRD, and FAAS. The results showed that the adsorbents
have small particle size, loose surface structure, and excel-
lent magnetic response, properties that are ideal for heavy
metal ion adsorption.

The ion-imprinted adsorbent Cd(II)-IIP and the non-
imprinted adsorbent Cd(II)-NIP were tested in a series of
batch experiments to evaluate the experimental param-
eters that affect the selective adsorption of Cd(II) ions.
The observed experimental adsorption data agreed with
the Langmuir isotherm model. In addition, the adsorption

Table 4 Parameters of

Binary mixture  Ions Distribution ratio D (mL/g) ~ Selectivity coefficient # 234 Relative selec-

adsorption selectivity in binary

tivity coefficient

mixtures CA(ID-IIP  Cd(ID-NIP  Cd(II)-IIP  Cd(II)-NIP 5
Cd*/Cu*t cd*t 23192 51.51 2.188 0.660 3.315
Cu**  106.01 78.02
Ccd*/cr* Cd*t 26847 60.58 1.926 0.497 3.875
Ccr** 139.40 121.89
Cd**/Pb*+ Ccd*t  307.32 99.41 1.381 0.670 2.061
Pb>t  222.57 148.32
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kinetics appeared to conform to the pseudo-first or sec-
ond-order model. The maximum adsorption capacity of
Cd{D-IIP (26.1 mg/g) was higher than that of Cd(II)-NIP

6.4

mg/g), and Cd(II)-IIP also had better selectivity toward

Cd(II) ions in binary solution systems. Results from the
regeneration test of AECS showed that the adsorption per-
formance of Cd(II)-1IP fell to 74% after six adsorption—des-
orption cycles.
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