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Abstract: Cadmium is a common heavy metal that can cause serious harm to human health, even in
trace amounts. Therefore, it is of great significance to develop environmentally friendly, inexpensive,
and readily available adsorbent materials with high selectivity. By preparing ion-imprinted compos-
ites on the surface of a suitable carrier through surface imprinting, the number of effective adsorption
sites can be increased, and target ions can be more quickly identified. In this study, we synthesized
a cadmium ion-imprinted /natural sand composite material (NS/Cd-IIP) using natural sand as the
carrier, Cd(II) as the template ion, and acrylamide as the functional monomer. A series of characteriza-
tion techniques were employed to confirm the composite. Static and dynamic adsorption experiments
were conducted to investigate various factors affecting its adsorption performance. The optimum
adsorption pH was found to be 7, and the adsorption equilibrium time was determined to be 105 min.
The imprinted composites exhibited a static adsorption saturation capacity of 33.84 mg-g~!, which
was significantly higher than that of the non-imprinted composites. The adsorption behavior of
composites followed Langmuir isotherm and quasi-second-order kinetic. Thermodynamic param-
eters indicated that the adsorption process of NS/Cd-IIP for Cd(II) was exothermic, entropic, and
spontaneous. The selectivity of NS/Cd-IIP towards Cd(II) was significantly higher than that towards
other ions. By optimizing the dynamic adsorption conditions, the maximum adsorption capacity
of NS/Cd-IIP was determined to be 3.77 mg-g~!, and the adsorption behavior conformed to the
Thomas model. NS/Cd-IIP was used as a solid-phase extractant for trace determination of Cd(Il) in
tap water, achieving a recovery rate exceeding 101%.

Keywords: cadmium ion; adsorption; natural sand; ion imprinted composite

1. Introduction

With the growth of the global population and rapid development of industry and
agriculture, human activities such as excessive chemical usage have introduced a variety of
toxic pollutants that significantly harm the environment. Among these pollutants, heavy
metals are one of the primary causes of environmental pollution. Cadmium ion is one of the
highly toxic heavy metals, with natural sources including marine phosphate, weathering,
and volcanic activities. Anthropogenic industrial activities such as mining, electroplating,
and the production of phosphate fertilizers, plastics, and nickel-cadmium batteries have the
potential to release Cd(Il) into the environment in the form of pollutants [1-3]. Cd(II) has a
long half-life and is resistant to degradation. It can migrate to the soil and subsequently
enter the human body through water and food. It is then transported by red blood cells
and albumins into the bloodstream. Finally, it accumulates in organs such as the kidney,
liver, and intestine, blocking the activity of necessary enzymes and affecting the immune
function of the cells. During the mid-20th century, an outbreak of “Itai Itai” disease in Japan
was caused by persistent Cd(II) poisoning. Even trace amounts of Cd(II) present significant
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hazards to human health [4,5]. Cd(II) has been demonstrated to induce various types of
cancer, and international health organizations have established a safe intake level of 25 ug
cadmium per kilogram of body weight [6]. Therefore, urgent measures must be taken to
develop techniques for isolating and enriching cadmium from the environment. While
various techniques can be used for trace determination of cadmium, direct determination
in real samples is subject to strong matrix interference.

Ion imprinting polymers (IIPs), which have similar preparation technology and princi-
ples to molecular imprinting technology (MIPs), were first introduced through the success-
ful synthesis of molecularly imprinted polymers in 1972. In 1976, Nishide et al. [7] demon-
strated the first application of metal ions in imprinting technology by preparing a copper
ion-imprinted polymer through cross-linked polymerization of poly(4-vinyl pyridine) and
1,4-dibromopropane. IIPs exhibit excellent adsorption properties and imprinted cavities,
which can selectively recognize metal ions without interference from other elements. The
preparation of IIPs typically involves the use of template ions, functional monomers,
crosslinkers, initiators, and solvents that are specifically targeted toward the template
ions [8]. Zhou et al. [9] used the bulk polymerization method to prepare a Ni**-imprinted
polymer with methacrylic acid (MAA) as the functional monomer, diphenylcarbapan (DPC)
as the ligand, and azobisisobutyronitrile (AIBN) as the initiator. The resulting polymer
exhibited a maximum adsorption capacity of 83.6 mg-g~! for Ni?*. It demonstrated the
high affinity and selectivity of the polymer towards Ni?* ions.

Traditional ion-imprinting techniques may lead to some problems, including exces-
sive embedding of imprinted ions, resulting in difficulties with elution, weak affinity
between imprinted sites and target ions, and poor mass transfer effect [10]. These factors
can impact the adsorption performance of materials. Surface ion imprinting involves the
polymerization reaction occurring on the surface of a solid-phase support [11]. In this
process, recognition sites are distributed on the outer layer or surface of the support. The
large specific surface area increases the number of effective adsorption sites. In compari-
son to the traditional ion-imprinting synthesis method, surface ion imprinting provides
a greater number of adsorption sites, enabling faster identification of target ions. This
ultimately enhances adsorption efficiency and reduces the embedding phenomenon [12].
Lv et al. [13] used mesoporous silica MCM-41 as a carrier to prepare a Cu?*-imprinted
polymer through surface imprinting technology. The polymer was then used as an adsor-
bent for selective removal of Cu?* from lake water, exhibiting a high adsorption capacity of
87.8 mg-g~ 1. Liu et al. [14] used acetic acid to modify chitosan, with Ni** as the template
ion and epchlorohydrin as a cross-linking agent to prepare an imprinted polymer with
selective adsorption performance for Ni?* through surface imprinting technology. The
maximum adsorption capacity reached 20 mg-g~!. Silica material is commonly used as a
carrier in surface ion imprinting technology due to its abundant hydroxyl groups, which
serve as ideal grafting sites [15]. Natural materials rich in silica, such as diatoms [16] and
sand [17], possess the advantages of having abundant sources and low prices, while being
environmentally friendly [18]. They can serve as good carriers for ion-imprinted polymers.
Shen et al. [19] used diatomite as the raw material, with NaOH and MnCl; as compound
modifiers to prepare an adsorbent. Then, they investigated its adsorption performance
on Cd(II). The results showed that the active silane chain on the surface of diatomite was
opened during the modification process. A large number of manganese hydroxyl sites were
formed on its surface, and the adsorption rate of Cd(Il) was increased to 98.6%, indicating
that modified diatomite can be effectively used as an adsorbent to remove Cd(II) from
wastewater. Ma et al. [16] synthesized a new type of Cd(II)-imprinting adsorbent using
surface imprinting technology. They used environmentally friendly and cheap diatom as
the carrier, 3-mercaptopropyl trimethoxysiane as the functional monomer, and Cd(Il) as
the template ion. After optimizing the adsorption conditions, the diatom-based imprinting
polymer exhibited an adsorption capacity of 11.64 mg-g~!, while the diatom had a capacity
of 1.37 mg-g~!. These results clearly demonstrate that the surface imprinting method
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significantly improved the adsorption capacity of diatoms. However, there is a lack of
documentation regarding adsorption materials employing sand as carriers.

This study aimed to achieve selective adsorption of Cd(Il) in water using imprinted
composite materials. This research expands the application of natural materials such as
natural sand, which are rich in resources but have not been effectively used in adsorp-
tion. Additionally, it provides a new strategy for addressing the compatibility issues
between organic polymers and inorganic natural materials. Natural sand was silylated
with y-aminopropyltriethoxysilane and used as a carrier for the preparation of cadmium
ion-imprinted composite materials. The template ions were cadmium ions, the functional
monomer was acrylamide (AM), the cross-linking agent was ethylene glycol dimethacry-
late (EGDMA), and potassium persulfate served as an initiator. Acrylamide, a functional
monomer, was effectively incorporated onto the surface of silylated sand to create an inor-
ganic carrier—organic functional group structure, using surface ion-imprinting technology
to synthesize an ion-imprinted composite material with adsorption selectivity for Cd(II).

2. Materials and Methods
2.1. Experimental Reagents

Natural sand was collected from different points in the Taklimakan Desert (Xinjiang,
China). y-aminopropyltriethoxysilane (KH-550) was purchased from Sahn Chemical Tech-
nology Shanghai Co., Ltd. (Shanghai, China). Cadmium carbonate (CdCOj3) was purchased
from Tianjin Damao Chemical Reagent Factory (Tianjin, China). Acrylamide (AM) was pur-
chased from Tianjin Yongsheng Fine Chemical Co., Ltd. (Tianjin, China). Ethylene glycol
dimethacrylate (EGDMA) was purchased from TCI Huacheng Industrial Development Co.,
Ltd. (Shanghai, China). Potassium persulfate (KPS) was purchased from Tianjin Zhiyuan
Chemical Reagent Co., Ltd. (Tianjin, China). Sodium hydroxide (NaOH) was purchased
from Tianjin Xinbote Chemical Co., Ltd. (Tianjin, China). Hydrochloric acid (HCl), Sulfuric
acid (H,SOy), and Nitric acid (HNOj3) were purchased from Urumgi Dicheng Chemical
Co., Ltd. (Urumgi, China). All reagents were analytically pure. All the solutions used were
prepared with deionized water.

2.2. Experimental Instruments

The UV-vis spectra were recorded with an ultraviolet absorption spectrometer (T6,
New Century, Dalian, China). The concentrations of ions were measured using an atomic
absorption spectrometer (AA6800, Shimadzu, Kyoto, Japan). The infrared spectra were
obtained by using a Fourier transform infrared spectrometer (FTIR) (EQUINOX55, Bruker,
Saarbrucken, Germany). The surface morphology and energy dispersive X-ray spectroscopy
(EDS) was obtained using an electron scanning electron microscope (SEM) (SU8010, Hi-
tachi, Tokyo, Japan). X-ray photoelectron spectroscopy was obtained by using an X-ray
photoelectron spectrometer (XPS) (ESCALAB 250 Xi, Thermo Fisher Scientific, Waltham,
MA, USA).

2.3. Synthesis of Cd(1I) Imprinted/Natural Sand Composite Material
2.3.1. Preparation of Cd(II)-AM Complex

Weighed 0.50 g of CdCO; in a beaker, dissolved it with 1-2 mL of 3 mol-L~! hydrochlo-
ric acid, and added 50 mL deionized water. Then, the solution was transferred to a 100 mL
round-bottom flask, and 0.82 g of AM was added. The mixture was stirred at 30—40 °C
for 1 h to facilitate the coordination of Cd(I) with AM, resulting in the formation of a
Cd(II)-AM solution. Then, the absorbance of the solution was measured with an ultraviolet
spectrophotometer.

2.3.2. Preparation of NS/Cd-IIP and NS/Cd-NIP

Weighed 5 g of sand, and sieved the sand to a particle size of 0.076 mm. The sand
was repeatedly washed with deionized water until the water became clear, then filtered
and dried at 80 °C for 6 h. A 10 mL aqueous solution of KH-550 was prepared with a
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ratio of 1:10. The sand was soaked in the solution for 16 h to generate silylated sand.
The silylated sand, the synthetic Cd(II)~AM solution mentioned above, and 10.9 mL of
cross-linking agent EGDMA were added to a 3-mouth round bottom flask with a stirrer
and a thermometer. The reaction system was stirred under nitrogen protection. When
the temperature was raised to 70 °C, 0.02 g of initiator KPS was added, and the reaction
was continued under a nitrogen atmosphere for 7 h, resulting in the formation of polymer
composites. The obtained polymer composites were washed several times with deionized
water, filtered, and dried at 60 °C. Then, the polymer composite was repeatedly washed
with 1 mol-L~! HCl until the Cd(II) signal could no longer be detected with flame atomic
absorption spectroscopy (FAAS). The non-imprinted polymer composite (NS/Cd-NIP) was
prepared following the same method as above, except that Cd(Il) was not added during
synthesis. The preparation process is shown in Figure 1.
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Figure 1. Preparation flow chart of natural sand /cadmium ion-imprinted composites.

2.4. Adsorption Experiments
2.4.1. Static Adsorption Experiment

The Cd(II) solution was added to a sealed centrifuge tube, and the pH value was
adjusted accordingly. Subsequently, the NS/Cd-IIP, as an adsorbent, was added to the
solution and allowed to reach adsorption equilibrium. The adsorption capacity, rate, and
desorption rate were calculated according to Equations (1)—(3) [20]:

_ (CO - Ce)v
E— S0 Ce 100% )
0
CqVq
B= 44+ 100% 3
(Co—CaV ®

where Cy (mg‘L’l) and C, (mg'L’l) are initial concentration and adsorption equilibrium
concentration of Cd(II) solution, respectively. C4 (mg-L~!) is the desorption concentration
of Cd(II) solution, V (L) is the volume of Cd(II) solution, V4 (L) is the volume of desorption
solution, and W (g) is the weight of dry adsorbate.

2.4.2. Dynamic Adsorption Experiment

A certain amount of NS/Cd-IIP, as the adsorbent, was added into a microcolumn with
an inner diameter of 5 mm. The flow rate for dynamic adsorption experiments was con-
trolled with a peristaltic pump. The Cd(II) solution was passed through the microcolumn
at a certain flow rate, and the Cd(II) solution flowing out of the column was quantitatively
collected every 5 min. The concentration of Cd(II) in the solution was determined using
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FAAS, and the dynamic adsorption penetration curve was drawn. After adsorption equi-
librium, the adsorbent was washed with an acid solution, and the desorption solution
was quantitatively collected. The desorption parameters were optimized by investigating
the elution conditions. In order to explore the influence of different factors on dynamic
adsorption, we conducted experiments by varying the filling height of the microcolumn,
initial solution concentration, and loading flow rate. The dynamic adsorption capacity was
calculated according to Equations (4)—(6) [21]:

Ve
g = [ (Co—CodV/m @)
Ve = vie %)
Qiotal = eI (6)

where qe (mg-g~!) is the adsorption capacity of Cd(I), Cy (mg-L~!) is the initial solution
concentration, C; (mg-L_l) is the outflow solution concentration at time t, m (g) is the
adsorbent weight in the column, and v (mL-min~1) is the flow rate. Jtotal TEpTEsents the
total adsorption capacity of Cd(Il) in the column. The breakthrough point was reached
when C;/Cy = 10%, and the equilibrium point was achieved at C;/Cy = 90%. Ve (L) denotes
the volume of solution that passed through the microcolumn at adsorption equilibrium.
The experimental data were fitted with a theoretical model to further describe the
adsorption behavior. Due to the unstable state of the adsorption process when the solution
flows through the column, it is difficult to express its dynamic behavior. Therefore, the
Thomas and Adams—Bohart models were used here to predict the dynamic adsorption
behavior of the breakthrough curve [22]. The equation of the Thomas model is as follows:

S ! %
- K m
Co 14exp (% - KThCot>
where Ky, (mL-min~'mg~1!) is the Thomas constant.
The equation of the Adams-Bohart model is as follows:
G Z
60 = exp <C0t — KANOF) (8)

where K5 (mL-min~'mg~!) is the rate constant of the Adams-Bohart, Ny (mg-L~!) is
the saturation concentration, Z (cm) is the height of the adsorbent in the column, and F
(cm-min~1) is the flow rate of the loading line.

2.4.3. Selectivity Adsorption

To evaluate the selectivity of NS/Cd-IIP for Cd(Il), competitive ions with the same
charge and similar radius to Cd(Il) were selected, including Cu(II), Mn(II), Ni(II), and
Pb(II). The various parameters of the selectivity experiment were calculated according to
Equations (9)—(11):

(Co—Ce)V
D=—"
Dcam)
o= (10)
Dy
k :w (11)
XNS/Cd—NIP

where D is the partition coefficient, M(Il) is the competing ion, « is the selection coefficient,
and k is the coefficient of relative selection.
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2.4.4. Regeneration of NS/Cd-IIP

In practical applications, the regeneration performance of an adsorbent is a crucial
parameter for its reuse. The saturated NS/Cd-IIP was used for adsorption—-desorption ex-
periments under optimized experimental conditions, and the Cd(II) content in the solution
before and after adsorption was measured to evaluate the reuse performance of NS/Cd-IIP.

2.4.5. Actual Water Sample Analysis

The method of enrichment and separation by NS/Cd-IIP was applied for the detection
of Cd(Il) in real water samples, which were taken from tap water. The standard addition
method was used to detect Cd(Il) in water samples and the recovery rate of NS/Cd-IIP for
Cd(II). The concentration of Cd(II) standard solution was 0, 5, and 10 ug-L_l.

3. Result and Discussion
3.1. Characterization Studies
3.1.1. SEM and EDS Analysis

The surface morphologies of NS/Cd-IIP were characterized before and after Cd(II)
elution. Figure 2a,b show the morphologies of NS/Cd-IIP before elution, while Figure 2¢,d
depict the morphologies after elution. The imprinted composites exhibit a rough, heteroge-
neous, and porous surface that facilitated metal ion adsorption. The surface morphology
changes before and after the elution of template ions. Before the elution, the imprinted
composite’s surface is relatively compact, while after elution, it becomes rougher with a
more abundant and complex pore structure that enhances the specific surface area and
adsorption sites for Cd(II), thereby improving adsorption capacity.

Figure 2. SEM images of NS/Cd-IIP: (a,b) before elution; (c,d) after elution.

The elemental composition of the NS/Cd-IIP surface was analyzed using EDS before
and after the elution of template ions, as illustrated in Figure 3. Before the elution, the
surface contained C, N, O, Si, and Cd. After elution, only C, N, O, and Si were detected
with no trace of Cd(II), indicating the successful removal of template ions.
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element wt %
C 16.44 (a)

O 32.18
A 9.45
Si 35.58
Cd 6.35

element  wt %

(¢ 20.21
(0] 32.18
N 11.38
Si 36.23

Figure 3. EDS images of NS/Cd-IIP before and after elution: (a) before elution; (b) after elution.

3.1.2. Np Adsorption-Desorption Analysis

The N, adsorption—-desorption isotherms of NS/Cd-IIP and NS/Cd-NIP are shown
in Figure 4, and the specific surface area and pore structure parameters are shown in
Table 1. The typical type IV isotherms in the figure further confirm the mesoporous
structure of NS/Cd-IIP. The specific surface areas of NS/Cd-IIP and NS/Cd-NIP are
65.19 m?-g~! and 50.25 m?-g !, respectively. The specific surface area of the non-imprinted
composite was smaller than that of the imprinted composite because Cd(Il) occupied
a certain position during the imprinting process. After elution of Cd(Il), some small
cavities form on the surface of NS/Cd-IIP, effectively increasing the specific surface area.
The above results indicate that the imprinted composite is a mesoporous material with a
high specific surface area. The sand-based imprinted composite facilitates the exposure of
adsorption sites and enhances the adsorption of template ions, thereby effectively increasing
its adsorption capacity.

100 100
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80 -
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80 1 Q)

60 4 60 - o

40 4 9 (n"r 40 - 9%
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09?
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20 4 1 99
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Figure 4. N, adsorption-desorption isotherms: (a) NS/Cd-IIP; (b) NS/Cd-NIP.
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Table 1. Specific surface area and pore structure parameters of NS/Cd-IIP and NS/Cd-NIP.

Sample Specific Surface Area Pore Volume Average Pore Diameter
P (m?-g~1) (cm®g~1) (nm)
NS/Cd-IIP 65.19 0.177 8.495
NS/Cd-NIP 50.25 0.218 9.913

3.1.3. UV-Vis Analysis

To verify the coordination between Cd(Il) and AM, a 1:4 Cd(II)-AM solution was
prepared, and the absorbance of Cd(II) solution, AM solution, and Cd(II)-AM solution
was measured, respectively. The results are depicted in Figure 5, where the maximum
absorption peaks for Cd(II), AM, and 1:4 Cd(II)-AM solutions were observed at 204 nm,
213 nm, and 228 nm, respectively. If Cd(Il) and AM do not coordinate, no new absorption
peak will emerge. Instead, the absorption peak will overlap with that of Cd(Il) and AM.
Meanwhile, the red shift in the absorption peak of the 1:4 Cd(II)~AM solution indicates
a charge transfer between the metal ion and ligand atoms. This is mainly due to the
transition of lone pair electrons in N and O. Therefore, it indicates that Cd(II) coordinates
with AM [23].

Adsorbance

e CA(1IT)
e AM
e Cd-AM

200 225 250 275 300 325 350 375 400
Wavelength (nm)

Figure 5. UV-vis spectra of Cd(II), AM solution, and Cd(Il)-AM complex.

3.1.4. FTIR Analysis

The infrared spectra were analyzed to determine the functional groups in NS/Cd-
IIP and NS/Cd-NIP. The results are presented in Figure 6. The broad peak observed at
3200-3500 cm ! is attributed to the overlapping stretching vibration of -OH and N-H.
The absorption peak at 2958 cm ™! corresponds to the stretching vibration peak of C—H
bonds. The absorption peak at 1633 cm ! is the characteristic peak of C=C in acrylamide.
The absorption peak at 1475 cm ! is caused by the bending vibration in the N-H plane of
amide II [24]. The absorption peak at 1155 cm ! indicates the Si-O-Si stretching vibration,
and the absorption peak at 464 cm~! is attributed to Si-OH vibration. In the NS/Cd-IIP
infrared spectrum, the absorption peak at 1488 cm~! is the in-plane bending vibration of
the amide I band, and the absorption peak at 1730 cm ! is attributed to -CO [25]. A red
shift is observed in the imprinted composite, indicating coordination between cadmium
ions and N and O atoms within the functional group, as compared to the non-imprinted
composite. The changes in chemical shift and intensity of functional groups in NS/Cd-IIP
further confirm the occurrence of the imprinting process.
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295

2977
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Figure 6. IR spectra of NS/Cd-NIP (a) and NS/Cd-IIP (b).

3.1.5. XPS Analysis

The NS/Cd-IIP and NS/Cd-NIP were characterized and analyzed using XPS, with
the results presented in Figure 7. The full spectrum scanning is shown in Figure 7a, which
reveals the presence of C, N, O, and Si in both NS/Cd-IIP and NS/Cd-NIP. In Figure 7b,
the Si 2p energy spectrum of NS/Cd-IIP shows peaks at 103.7 eV, 102.7 eV, and 102.1 eV,
corresponding to Si-OH, Si-O, and Si—C bonds, respectively, indicating that the cadmium
ion-imprinted polymer is loaded on the natural sand. Figure 7c displays the N 1s energy
spectrum of NS/Cd-NIP, with the peak at 399.6 eV attributed to -NH,. Figure 7d displays
the O 1s energy spectrum of NS/Cd-NIP, with two peaks at 532.0 eV and 531.8 eV assigned
to -CO-NH,; and Si—O-5i, respectively. In comparison with NS/Cd-NIP, both the —NH,
peak in the N 1s energy spectrum shown in Figure 7e, and the -CO-NH,; peak in the O
1s energy spectrum shown in Figure 7f exhibit an increase in binding energy for NS/Cd-
IIP [26]. This phenomenon is due to the coordination between functional groups and Cd(II).
Therefore, the cadmium ion-imprinted composite material with sand as the carrier was
successfully prepared.

a ) ~— NS/Cd-NIP b C
@ ols _ —— NS/Cd-TIP ©) © -NH,
Cls Si-C 399.6 eV

2 g 102.1 eV 2 N

) S Nls S S

g Si2p z =~

z £ z

® 2 Si-0 8

; E Si-OH / 102.7 eV §

E 01s = 103.7 eV =

H Cls 2 \ 2

- 3 A 3

ol =

il SN Nis .

Si2p
T T T T T T T T T T v 4 M
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o -NH,
-CO-NH, f""‘*' ) 399.8 eV _CO-NH, Si-0-Si

_ 532.0 eV 531.8 eV % z S2dev 531.5 ¢V
2 53 O 5324¢
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Figure 7. XPS spectra: (a) full spectrum; (b) Si 2p spectrum of NS/Cd-IIP; (c) N 1s spectrum of
NS/Cd-NIP; (d) O 1s spectrum of NS/Cd-NIP; (e) N 1s spectrum of NS/Cd-IIP; (f) O 1s spectrum of
NS/Cd-IIP.
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3.2. Static Adsorption Experiments
3.2.1. Effect of Different Factors on Adsorption
Effect of pH

The pH value of the metal ion solution is a variable that affects the adsorption process.
This study investi.gates the influence of NS/Cd-IIP on Cd(Il) adsorption in the pH range of
1-10, as depicted in Figure 8a. The adsorption rate gradually increases within the pH range
of 1-7 and then decreases with rising pH. This phenomenon occurs because the functional
groups of NS/Cd-IIP are protonated to different degrees, and the H* content of the solution
is varying at different acidity levels. In acidic conditions, Cd(II) primarily exists as cations
in the aqueous phase. Because of the competition for adsorption sites between H* and
these cations, the competition from H* is greater than that of Cd(II). With an increase in
pH, the concentration of OH™ rises, resulting in the formation of Cd(II) as hydroxides [27].
Functional monomer groups become deprotonated, leading to reduced adsorption capacity.

2
1001 (a) (b)
/\ 21 -
80 1 20
~ i
-~ 19 A
X e o0 A
< 604 3 %‘J g /,-,
= §/ E 181 B
— 5l S §/
17
J /
¢ 16
20 . . . . . 15 S ——
2 4 6 8 10 0 20 40 60 80 100 120 140 160
pH t (min)
234(¢) a3 354(d) /«;—a—a—q
22 // o 30+ 5
5 — é/
~ 211 / 7 —~ 254 /
| |
?l) 20 9 .°‘° 20 §
g /3 g 15
E 9] < I —3—3—3
Q 18- ——208K | V10 ~
——303 K 54
17 —-308K —o—NS/CA(IN)-TIP
. 313K 0- —o—NS/Cd(II)-NIP
0 20 40 60 80 100 120 140 160 0 50 100 150 200 250 300 350 400
t (min) C, (mg-L7")

Figure 8. The effect of different factors on adsorption properties in static adsorption experiment:
(a) pH value; (b) time; (c) temperature; (d) initial solution concentration (experimental conditions:
Cp = 100 mg-L~'; sample volume: 10 mL; time: 105 min; pH: 7; temperature: 298 K).

Effect of Contact Time

To determine the adsorption time of Cd(II) by NS/Cd-IIP, the results are presented in
Figure 8b. With increasing time, the adsorption capacity of NS/Cd-IIP for Cd(Il) gradually
increased. When the adsorption sites on the surface of the composite were gradually
occupied, equilibrium was reached at 105 min. During the initial stage of adsorption, Cd(II)
selectively bound to the specific recognition sites of the imprinted polymer, resulting in
a faster adsorption rate. However, in later stages, surface adsorption and diffusion domi-
nated, leading to a slower adsorption rate. Furthermore, NS/Cd-IIP reached equilibrium
earlier than NS/Cd-NIP due to its imprinted sites on the surface, which enhanced the
adsorption for Cd(II) [28].
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Effect of Temperature

The effect of NS/Cd-IIP on the adsorption performance of Cd(Il) was studied in the
temperature range of 298-313 K. Parameters of the thermodynamics during adsorption
were calculated according to Equations (12) and (13) [29].

AG? = —RTInKy4 (12)
AH?  AS°

where Ky is the equilibrium constant, R is the ideal gas constant, AGO (k]~mol_1) is the
Gibbs free energy, AH" (kJ-mol ') is the enthalpy change, AS? (J-mol~!-k~1) is the entropy
change, and T (K) is the temperature.

The results depicted in Figure 8c indicate that as temperature increased, the adsorption
capacity of NS/Cd-IIP for Cd(II) rose from 19.63 mg-g~! to 22.71 mg-g 1. In this tempera-
ture range, higher temperatures are more conducive to the adsorption for Cd(Il), possibly
due to the increased stability of template ions interacting with functional monomer groups
when the temperature is from 298 K to 313 K. The thermodynamic parameters of Cd(Il)
adsorption by NS/Cd-IIP are presented in Table 2. The negative value of AH" indicates
an exothermic process, while the positive value of AS? suggests that the adsorption is
accompanied by an increase in entropy [30]. Moreover, the negative value of AG? indicates
a spontaneous process.

Table 2. Thermodynamic parameters of NS/Cd-IIP.

AG? (kJ-mol1) AS AH?
298 K 303 K 308 K 313K (J-mol-1.K-1)  (kJ-mol-1)
—5.417 —5.431 —5.445 —5.459 2.801 —4.583

Effect of Initial Concentration

The effect of initial solution concentration on adsorption performance was investi-
gated. The results are presented in Figure 8d. As the initial concentration increased, both
NS/Cd-IIP and NS/Cd-NIP exhibited a gradual increase in adsorption capacity for Cd(II),
which eventually stabilized at saturation. At various initial concentrations, NS/Cd-IIP ex-
hibited significantly higher adsorption capacity for Cd(II) than NS/Cd-NIP. The saturated
adsorption capacity of NS/Cd-NIP and NS/Cd-IIP were 12.04 mg-g~! and 33.84 mg-g !,
respectively. The superior adsorption performance of NS/Cd-IIP can be attributed to the
specific binding sites on the surface of eluted template ions and geometrically matched
imprinted hole size for Cd(II). The non-imprinted polymer lacks specific imprinting sites
on its surface, resulting in relatively weak adsorption capacity.

3.2.2. Adsorption Kinetic

In order to further study the adsorption process, quasi-first-order and quasi-second-
order kinetic models were used to fit the adsorption of Cd(Il) by NS/Cd-IIP at different
temperatures, respectively, and the linear correlation coefficients and corresponding rate
constants were obtained. The kinetic equations are shown in Equations (14) and (15) [31]:

In(Q. — Q) =InQ, — kqt (14)

t_kz t

Qt7Q73+Q7e (15)
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where Qe (mg-g~!) and Q; (mg-g 1) are the adsorption capacity at adsorption equilibrium
and time t, respectively. k; and k; are the rate constants of the quasi-first-order and
quasi-second-order kinetic equations, respectively.

The nonlinear fit of the kinetic is shown in Figure 9, and the kinetic model parameters
are shown in Table 3. The results show that the quasi-second-order kinetic model has a
higher linearity than the quasi-first-order kinetic model, indicating that the model is more
suitable for describing the adsorption process. In addition, it can more accurately estimate
the actual adsorption amount. Therefore, it can be concluded that the adsorption of Cd(II)
by NS/Cd-IIP belongs to a chemical process, mainly the interaction between AM functional
groups and Cd(II).

24 24 -
a
23'( ) 3 & 3 3 23'( ) 3 3 a B
224 - 3T 224 5
- - 3
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o 313K > 313K
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t (min) t (min)

Figure 9. Quasi-first-order (a) and quasi-second-order kinetic model (b) fitting at different temperatures.

Table 3. Kinetic model parameters of NS/Cd-IIP at different temperatures.

Quasi-First-Order Quasi-Second-Order
T (K) Qe,cal k1 2 Qe,cal k2 2
= .1 R 1 . R
mg-g min mg-g min
298 19.23 0.131 0.67 20.03 0.016 0.96
303 20.32 0.135 0.65 21.06 0.017 0.95
308 21.22 0.141 0.63 22.07 0.015 0.93
313 22.36 0.147 0.67 23.08 0.018 0.95

3.2.3. Adsorption Isotherm

In order to investigate the adsorption behavior of NS/Cd-IIP and NS/Cd-NIP towards
Cd(II), we modeled the experimental adsorption process using Langmuir and Freundlich
isotherms. The Langmuir isotherm model assumes monolayer adsorption on a homoge-
neous surface with a fixed number of binding sites, which are considered to have equal
energy and are separated by a certain distance. Therefore, the interaction between the
adsorbed molecules is neglected [32]. The nonlinear equation of the Langmuir isothermal
model is as follows:

_ QnKiCe

1 + K. Ce

where Ky, is the Langmuir adsorption constant.

To assess the feasibility of adsorption, the fundamental characteristics of the Langmuir
isotherm equation can be elucidated by a dimensionless parameter known as the separation
factor Ry, which can be mathematically defined as follows:

Qe (16)

1

= — 17
1+ K Co (17)

Ry
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If Ry, > 1, the adsorption is unfavorable. If R;, = 1, the adsorption isotherm follows a
linear trend. If Ry, < 1, the adsorption is favorable. If Ry, = 0, the adsorption is irreversible.
The Freundlich isotherm equation is an empirical equation for multi-layer adsorption,
where the energy of each adsorption site varies. The nonlinear equation of the Freundlich

isotherm model is as follows: )
Q. = KpCer (18)

where K is the Freundlich adsorption constant.

A smaller value of 1/n indicates a higher degree of surface heterogeneity in the
adsorbent, while a value closer to 1 suggests a greater homogeneity in the distribution of
adsorption sites on the surface.

The fitting results of the adsorption process are shown in Figure 10, and the fitted
adsorption isotherm parameters are shown in Table 4. The R? values of the Langmuir
isothermal model were larger than those of the Freundlich isothermal model. The adsorp-
tion capacity calculated using the Langmuir isotherm is close to the actual value. Therefore,
the adsorption behavior of NS/Cd-NIP on Cd(II) is more consistent with the Langmuir
isotherm, which belongs to the monolayer adsorption. In addition, the Ry, was calculated
between 0 and 1, indicating that adsorption was favorable [32].
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Figure 10. Adsorption isotherm curves of NS/Cd-IIP and NS/Cd-NIP: (a) Langmuir isotherm;
(b) Freundlich isotherm.

Table 4. Langmuir and Freundlich isotherm parameters for NS/Cd-NIP.

Langmuir Isotherm Freundlich Isotherm

Adsorbent

1563 Om (mg-g~ 1) R? RL K 1/n R?
NS/Cd-1IP 0.026 36.33 0.99 0.13 7.10 0.27 0.89
NS/Cd-NIP 0.017 15.28 0.95 0.28 1.63 0.36 0.85

3.2.4. Adsorption Selectivity

The results of the selectivity experiment are presented in Figure 11, while the calcula-
tion results of selectivity parameters are shown in Table 5. The selectivity of NS/Cd-IIP for
Cd(II) is significantly higher than that for Cu(Il), Mn(II), Ni(II), and Pb(II). As the imprinted
cavities on the surface of the ion-imprinted composite match with Cd(Il), the active sites
on its surface interact preferentially with Cd(Il) [33]. Consequently, NS/Cd-IIP exhibits a
stronger affinity towards Cd(II) and thus displays high selectivity for it.
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Figure 11. Selective adsorption of Cd(II) by NS/Cd-NIP (a) and NS/Cd-IIP (b) (experimental
conditions: Cy = 100 mg-L~!; sample volume: 10 mL; time: 105 min; pH: 7; temperature: 298 K).

Table 5. Selectivity parameters of NS/Cd-IIP and NS/Cd-NIP for Cd(II).

D x
M(dI1) k
IIP NIP 1P NIP
Cdn 13.601 0.236 - - -
Cu(ID) 0.066 0.0521 207.0 4.53 45.70
Mn(II) 0.077 0.0459 170.3 5.14 33.13
Ni(II) 0.080 0.0481 170.4 491 34.70
Pb(II) 0.098 0.0633 139.5 3.73 37.40

3.3. Dynamic Adsorption Experiments
3.3.1. Breakthrough Curves under Different Conditions
Breakthrough Curves of NS/Cd-IIP and NS/Cd-NIP

The breakthrough curves of NS/Cd-IIP and NS/Cd-NIP are shown in Figure 12a.
The parameters of the adsorption process are shown in Table 6. The dynamic adsorption
capacities of NS/Cd-IIP and NS/Cd-NIP for Cd(II) were determined to be 1.32 mg- g’1 and
0.25 mg-g ! respectively. However, under the same conditions (Cd(II) solution concentra-
tion of 10 mg-L~1), the dynamic adsorption capacity was found to be lower than the static
adsorption capacity. This could possibly be attributed to insufficient contact time between
the adsorbents and Cd(II) solution during the dynamic adsorption process.

Influence of Microcolumn Filling Height on the Breakthrough Curve

To investigate the impact of microcolumn adsorbent height on dynamic adsorption,
three different heights were selected for testing at the same loading flow rate and initial
solution concentration. The results are shown in Figure 12b. As the height of the adsorbent
increases, the breakthrough time during the adsorption process lengthens, resulting in a
prolonged time to reach adsorption equilibrium and an increase in the total adsorption
amount. Due to the increased mass transfer area, there is more contact time between the
adsorbent and adsorbate [34]. The increased height of the microcolumn and mass of the
adsorbent lead to an increase in both the active area for ion adsorption and binding, thereby
enhancing its ability to adsorb Cd(II).

Influence of Initial Concentration on the Breakthrough Curve

The impact of the initial Cd(II) concentration on dynamic adsorption is presented in
Figure 12c. As the initial concentration increases, both the breakthrough time and the time
to reach adsorption equilibrium decrease, while the adsorption capacity increases. With an
increase in solution concentration, the mass transfer resistance of Cd(II) from the liquid
phase to the imprinted polymer is reduced. This reduction leads to a stronger driving force
and an enhanced adsorption capacity [35].
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Influence of Flow Rate on the Breakthrough Curve

In order to investigate the impact of Cd(II) solution flow rate on dynamic adsorption,
various flow rates were controlled during dynamic adsorption experiments. The results are
presented in Figure 12d, which indicate that a faster flow rate leads to a steeper slope in the
breakthrough curve. The adsorption equilibrium time decreased from 55 to 35 min due
to the increased flow rate, which resulted in a shorter contact time between the adsorbent
and the adsorbate. This limited the diffusion of Cd(II) on the surface of NS/Cd-IIP as it
passed through the adsorption microcolumn, ultimately leading to a decreased adsorption

capacity [36].
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Figure 12. Dynamic adsorption penetration curves under different conditions: (a) adsorbent; (b) the
filling height of the microcolumn; (c) initial solution concentration; (d) loading flow rate (experimental

conditions: Co = 10 mg-L~1; pH: 7; flow rate: 1 mL-min~!; temperature: 298 K).

Table 6. Parameters in dynamic adsorption experiment for Cd(II) adsorption by NS/Cd-IIP.

Co 4 v t te Ve e Gtotal
mg-L-1 cm mL-min—1 min min L mg-g~1 mg
10 1.5 1 10 45 0.045 2.32 0.023
10 3 1 15 50 0.050 1.29 0.026
10 45 1 20 55 0.055 0.98 0.029
10 1.5 1 10 45 0.045 2.32 0.023
10 1.5 1.5 8 40 0.035 1.94 0.019
10 1.5 2 5 35 0.025 1.24 0.012
10 1.5 2.5 3 30 0.020 0.97 0.097
10 45 1 20 55 0.055 0.98 0.029
15 45 1 15 50 0.050 2.36 0.071
20 4.5 1 10 45 0.045 3.77 0.113
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3.3.2. Dynamic Adsorption Model

The Adams-Bohart model postulates that the attainment of adsorption equilibrium
is not instantaneous and that the rate of adsorption depends on both the concentration of
the adsorbate and the remaining capacity for adsorption on the adsorbent. This model is
employed to fit various conditions in the adsorption process, as depicted in Figure 13, with
diverse parameters presented in Table 7 after computation. The results indicate that faster
adsorption rates can be achieved at lower filling heights, smaller initial concentrations, and
higher loading flow rates. However, theoretical values fitted by the Adams-Bohart model
significantly differ from experimental data, indicating that this model is not suitable to
describe the adsorption process of NS/Cd-IIP for Cd(II).
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Figure 13. Fitting of Adams—Bohart and Thomas model for dynamic adsorption penetration curves
under different conditions: (a) adsorbent; (b) the filling height of the microcolumn; (c) initial solution
concentration; (d) loading flow rate.

Table 7. Parameters of Adams—Bohart model.

Parameters Varied Kap (mL-min—1-mg—1) Np (mg-mL-1) R?
Column depth (cm)
1.5 3.28 0.749 0.692
3 2.86 0.538 0.801
45 1.99 0.518 0.861
Initial concentration
(mg-L™1h)
10 2.59 0.105 0.792
15 1.41 0.158 0.783
20 0.98 0.572 0.821
Flow rate (mL-min~1)
1 3.12 0.545 0.856
1.5 3.24 0.506 0.824
2 3.28 0.487 0.803

25 3.51 0.462 0.686
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The Thomas model assumes that the adsorption process conforms to the Langmuir
isotherm and quasi-second-order kinetic model while neglecting axial diffusion [37]. It
has been applied to fit the adsorption under various conditions, with results which are
presented in Figure 13. Table 8 displays the calculated parameters. These results indicate
that the dynamic adsorption process is better described by the Thomas model.

Table 8. Parameters of Thomas model.

Parameters Varied K1, (mL-min—1-mg—1) q (mg-g—1) R?
Column height (cm)
1.5 17.05 1.90 0.971
3 14.90 1.32 0.987
45 13.72 0.99 0.992
Initial concentration (mg-L_l)
10 14.23 1.33 0.979
15 7.84 2.39 0.983
20 4.89 3.81 0.991
Flow rate (mL-min~1)
1 14.14 2.33 0.992
1.5 15.11 1.96 0.988
2 17.23 1.31 0.984
2.5 17.96 1.01 0.969

3.4. Optimization of Elution Parameters
3.4.1. Influence of Eluent Type and Concentration on Desorption

Under acidic conditions, the functional groups of imprinted polymers can be pro-
tonated and replaced by metal ions. To desorb Cd(II) adsorbed on NS/Cd-IIP, common
desorption agents such as HCl, HNOj3, and HpSOy are typically used. In this study, we se-
lected these three acids at equal concentrations as eluents. The results shown in Figure 14a
demonstrate that all three acid solutions effectively eluted Cd(II). Among the 3 acids, HCl
exhibited the highest elution efficiency, with a desorption rate of 95.4%. This could be
attributed to the strong coordination effect between Cd(II) and CI~, making HCl an optimal

choice as a desorbing agent [38].
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3.4.2. Effect of Eluent Flow Rate on Desorption

To further optimize the desorption conditions, an investigation was conducted on the
effect of different desorption flow rates on elution efficiency. The results are presented in
Figure 14c. With an increase in flow rate, the desorption effect gradually weakened. At a
flow rate of 1 mL-min~!, the desorption rate reached 95.4%. When the flow rate is high, the
desorption effect is relatively weak due to the short contact time between the desorption
solution and Cd(Il) on the adsorbent surface. H" does not have sufficient time to displace
Cd(II) from the composite material surface [39]. Therefore, considering all factors, a flow
rate of ImL-min~! for the desorption solution was selected.

3.5. Adsorption Mechanism

To investigate the adsorption mechanism of Cd(II), FTIR and XPS analyses were
conducted on NS/Cd-1IIP after adsorption. The peak intensity and position of the composite
material changed significantly, as depicted in Figure 15a. Compared to the infrared spectra
prior to adsorption, the N-H absorption peak shifted from 1488 cm~! to 1498 cm ™!, and
the ~CO absorption peak shifted from 1730 cm ! to 1735 cm !, indicating that functional
groups provided adsorption sites for Cd(II). Figure 15b displays the full spectrum scan
of NS/Cd-IIP; the absorption peaks of C, N, O, and Si are observed in both imprinted
composite before and after adsorption. Additionally, a Cd absorption peak is detected in
the spectrum after adsorption, indicating the successful adsorption of Cd(Il) on NS/Cd-IIP.
The N 1s energy spectrum in Figure 15¢ indicates that the binding energy of —NH, shifts
from 399.8 eV to 400.6 eV after adsorption, which is attributed to the coordination between
the N atom and Cd(II). Moreover, Figure 15d of the O 1s energy spectrum reveals that the
binding energy of -CO-NH,; changes from 532.4 eV to 533.3 eV after adsorption, providing
evidence for the interaction between N and O atoms with Cd(II) [40].
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Figure 15. IR spectra of NS/Cd-IIP after adsorption Cd(II) (a); XPS full spectrum (b); N 1s spectrum
(c); O 1s spectrum (d).



Coatings 2023, 13, 1288

19 of 22

SiO2

The adsorption sites were determined through the plotting of surface electrostatic
potential, as shown in Figure 16, where the electrostatic potential decreases from red to
blue. At the molecular surface, atoms with more negative electrostatic potential are more
likely to donate electrons for electrophilic reactions [41]. The isosurface figure shows that
the minimum point of electrostatic potential around AM is located near the O atom in
the C=0 group, indicating a tendency for this atom to contribute its lone pair of electrons
to coordinate with Cd(II) [42]. The electrostatic potential surrounding the N atom of the
—NH,; group is relatively negative, indicating its involvement in coordinating Cd(II) ions.
A schematic of the adsorption mechanism is shown in Figure 17.

—49.35 kcal/mol
—49.35 kecal/mol

37.30
19.98
2.66
-14.66
-31.98

—49.30

—13.33 kcal/mol

Figure 16. ESP and isosurface of the AM surface.

Elution
-

Figure 17. Schematic of the adsorption mechanism.

3.6. Reusability of NS/Cd-1IP

The reusability of adsorbents is important for maximizing their economic benefits.
NS/Cd-IIP was desorbed with 1 mol-L~! hydrochloric acid at the end of the adsorption
experiment, followed by the repetition of the adsorption—desorption cycle. The results, as
shown in Figure 18, indicate that the adsorption capacity of NS/Cd-IIP for Cd(II) decreases
to 10.39 mg-g ! after eight cycles, which still exhibits favorable adsorption performance
and demonstrates the excellent reusability of NS/Cd-IIP.
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Figure 18. Reusability of NS/Cd-IIP.

3.7. Analysis of Actual Water Samples

The prepared NS/Cd-IIP was used as a solid-phase extraction material for the precon-
centration and determination of trace cadmium ions in actual water samples. The standard
addition method was employed to analyze the water samples, and the results are shown in
Table 9. The experimental results demonstrate that NS/Cd-IIP can be effectively utilized
for the preconcentration of Cd(II) in water samples, as evidenced by the recovery rates
exceeding 101% when 5 ug-L~! and 10 pg-L~! Cd(IT) were added to tap water.

Table 9. Determination of Cd(Il) in tap water.

Sample Added Found Recovery
P (ug-L~1) (ug-L—1) %
0 0.13 £ 0.02 -
Tap water 5.00 532 +0.16 103.8 £2.8
10.00 10.23 £ 0.18 1011+ 1.7

4. Conclusions

In this study, a cadmium-imprinted/natural sand composite was prepared using
surface imprinting techniques. The composite was characterized using UV-vis, FTIR, SEM,
EDS, and XPS analyses, which confirmed the successful preparation of the composite.
The adsorption behavior of both NS/Cd-IIP and NS/Cd-NIP was fitted to the Langmuir
adsorption isotherm. The adsorption process of NS/Cd-IIP at different temperatures
conformed to the quasi-second-order kinetic equation, indicating that it involved a chemical
process. Thermodynamic parameters revealed that the adsorption of Cd(II) by NS/Cd-IIP
was an exothermic, entropic, and spontaneous process. The results demonstrated that
NS/Cd-IIP exhibited high selectivity for Cd(Il). The dynamic adsorption capacity was
found to be inferior to the static adsorption capacity under the same conditions. The
adsorption process of NS/Cd-IIP for Cd(II) was consistent with the Thomas model. The
results of the adsorption and desorption cycle experiments demonstrated that NS/Cd-IIP
exhibited excellent regeneration performance. Coordination between N and O atoms and
Cd(II) primarily characterized the adsorption of Cd(Il) by NS/Cd-IIP.
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