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Abstract: In this work, a novel metal–organic frameworks (MOFs)-based ion-imprinted polymer
(MIIP) was prepared to remove Co(II) from simulated radioactive wastewater. The batch experiments
indicated that the sorption was well described by the pseudo-second-order kinetic and Langmuir
models, and it is monolayer chemisorption. The theoretical maximum sorption capacity was esti-
mated to be 181.5 mg·g−1, which is by far the reported maximum value of Co(II) sorption by the
imprinted materials. The MIIP presented an excellent selectivity for Co(II) in the presence of common
monovalent and divalent metal ions, and the selectivity coefficients were 44.31, 33.19, 10.84, 27.71,
9.45, 16.25, and 7.60 to Li(I), K(I), Mg(II), Ca(II), Mn(II), Ba(II), and Cd(II), respectively. The sorption
mechanism was explored by X-ray photoelectron spectroscopy (XPS) technology and density func-
tional theory (DFT) calculations, suggesting that Co(II) was adsorbed by the MIIP via the chelation
of 4-vinylpyridine (VP) ligands with Co(II), which was a spontaneous process, and the optimal
coordination ratio of VP to Co(II) was 6. This work suggested that the MIIP has a high sorption
capacity and excellent selectivity for Co(II), which is of great significance for the selective separation
of Co-60 from radioactive wastewater.

Keywords: removal; Co(II); radionuclide; MOFs; ion-imprinted polymer; DFT calculations

1. Introduction

With the rapid development of nuclear technology, more and more radioisotopes
have been produced for radiochemotherapy, scientific research, and other aspects. 60Co
is one of the most common radioactive isotopes and is often used in irradiation breeding,
non-destructive testing, and radiotherapy [1]. During the production and use of 60Co, a
large amount of radioactive wastewater containing 60Co will be produced. If not treated
effectively and discharged directly into the environment, it will cause serious harm to
humans and ecology such as aplastic anaemia and leukaemia [2]. For this reason, many
methods were adopted to remove cobalt ions from wastewater, such as extraction [3],
precipitation [4], membrane separation [1], sorption [2], etc. Among them, sorption is
considered to be one of the most simple and effective processes due to its high enrichment
factor, low organic reagents consumption, and operational flexibility. Various sorbents
including grapheme oxide [5], silica gel [6], inorganic salt [7], clay mineral [8], polymer [9],
and the doped materials [10] have been prepared for the uptake of Co(II). However, several
major obstacles, such as lack of active sites, low porosity, and stability, limit seriously the
practical applications in Co(II) separation. Thus, improving the sorption performance
including sorption capacity, selectivity, and stability is an important issue to be resolved
urgently for the sorbents.
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Metal–organic frameworks (MOFs) are a kind of complex polymers based on the
coordination of organic linkers with metal ions/clusters [11,12]. It has the advantages
of large surface area and adjustable or easily modified pore structures [13,14]. Currently,
hundreds of MOFs are prepared annually for the separation of various metal ions, such
as U(VI) [14], Cr(VI) [15], Hg(II) [16], etc. More importantly, some MOFs have high
sorption capacities, achieving hundreds of milligrams per gram, such as the adsorption
amount by Fe3O4@TMU-32 to Hg(II) [16] and ZIF-67 to U(VI) [17], all showing a great
potential of MOFs in metal ion separation. We have also prepared various MOFs materials
by post-synthetic modification, such as the UiO-66-Schiff base, which greatly improved
the adsorption capacity of MOFs on cobalt ions. Unfortunately, MOFs were generally
functionalised to improve the sorption performance by modifying the porous structures
and coordination groups, which in turn weakens the selectivity of specific metal ions.
Consequently, how to improve the selectivity of MOFs is the key that must be solved for
potential candidates for desirable sorbents.

Ion-imprinted polymers (IIPs) are usually polymerised with metal ions and organic
molecules under the action of crosslinking agents [16,18]. These two units are used as
templates and functional monomers, respectively. After removing the metal ions in
the imprinted materials by eluent, the obtained IIPs have good selectivity for the tar-
get metal ions. Recently, although several IIPs have been reported for the separation of
Co(II) [19,20], some problems including low sorption capacity still need to be solved. In
addition, preparing new IIPs with high selectivity for the separation of Co(II) is also an
urgent task for the treatment of 60Co-containing wastewater.

In this work, a new MOF-based IIP (MIIP) was successfully prepared and used to
separate of Co(II) from simulated radioactive wastewater with UiO-66-NH2 with good
stability and high specific surface area as the matrix and 4-vinylpyridine (VP) as the
ligand monomer, and it was detected based on the technology of XRD, FTIR spectroscopy,
zeta potentials, N2 sorption–desorption measurements, and SEM. The resultant MIIP was
first employed to systematically investigate the removal of Co(II) using batch sorption
experiments, and a currently reported maximum sorption value of 181.5 mg·g−1 for Co(II)
at pH 8.3 was achieved with excellent selectivity under the experimental condition. The
sorption mechanisms were also explored by the XPS and DFT methods. This work provided
a novel insight into the preparation of IIPs based on MOFs and paved a new way for the
tailoring of MOFs-based IIPs with high sorption performance and excellent selectivity
to radionuclides.

2. Materials and Methods
2.1. Materials

Zirconium tetrachloride (ZrCl4), NH2-H2BDC, 3-bromopropene (BP), 4-vinylpyridine
(VP), azobisisobutyronitrile (AIBN), and ethyleneglycol dimethacrylate (EGDMA) were
purchased from Shanghai Macklin Technology Factory. N,N-Dimethylformamide (DMF),
ethanol (EtOH), HCl, HNO3, NaOH, and the other metallic salts including Co(NO3)2
were obtained from Chongqing Chuandong Chemical Reagent Factory. All reagents were
directly used without further purification.

2.2. Synthesis of MIIP

A schematic illustration to prepare the MOF-based IIP (MIIP) is shown in Figure 1.
According to our previous work [21], UiO-66-NH2 was prepared using hydrothermal
technology, followed by propylene functionalised UiO-66-NH2 preparation (named UiO-
66-PP). Briefly, 0.5 g BP and 1.0 g UiO-66-NH2 were dissolved in 50.0 mL EtOH, stirring for
1.0 h, and 1.0 g K2CO3 was then added into the above solution with reflux for 3.0 h. The
solid was washed with EtOH at least 3 times and dried in a 60 ◦C environment for 4.0 h
to obtain UiO-66-PP. After that, the MIIP was prepared by surface imprinting technology.
Specifically, 1.0 g UiO-66-PP, 0.6 mL VP, and 0.3 g Co(NO3)2 were added into a 250 mL flask
and stirred for 2.0 h, followed by the addition of 0.1 mL EGDMA and 50 mg AIBN with
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crosslinking polymerisation reaction under nitrogen atmosphere for 4.0 h. The resultant
particles were eluted with 1.0 mol·L−1 HNO3 and deionised water until no cobalt ions
were detected in the filtrate. The target product of the MIIP was obtained after vacuum
drying at 60 ◦C. As a control, the MOF-based non-IIP (MNIP) was also prepared with a
similar process, except that Co(NO3)2 was not added during the reaction.
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Figure 1. Schematic illustration for the preparation of the MIIP.

2.3. Characterisation

The crystal structure and the functional groups of sorbents were detected based on
XRD (CuKa radiation at 40 kV and 30 mA, Shimadzu, Kyoto, Japan) and FT-IR (Thermo,
Waltham, MA, USA) technology. The SEM (JSM-5610LV, JEOL, Japan) was applied to
measure the surface morphology of samples. The pore volume and pore size were detected
based on Brunauer–Emmitt–Teller (BET) measurements (Quantachrome, MA, USA). The el-
emental types of sorbents before and after Co(II) sorption were analysed by XPS (XSAM800,
Kratos, UK).

2.4. Bath Sorption Experiments

These experiments were carried out based on mixing 10.0 mg sorbent (MIIP or MNIP)
with 100 mL Co(II) solution of a certain concentration in a conical flask. After adjustment
of pH by NaOH or HNO3, the flask was placed in a rotary shaker to stir at 150 rpm at a
certain temperature. After centrifugation, Co(II) concentration was detected by ICP-MS
spectrometry (XSERIES 2, Thermo, Waltham, MA, USA). The sorption capacity (qe) was
determined by the following equation.

qe =
(C0 − Ce)× V

m
(1)

In which C0 and Ce refer to Co(II) initial and equilibrium concentrations. V (L)
represents the solution volume, while m (g) refers to sorbent mass.

2.5. DFT Calculations

To study the interaction mechanism of Co(II) and the MIIP, the DFT calculations were
conducted based on the B3LYP functional with London-dispersion correction [22–24]. The
specific DFT calculation process was presented in part S1 of the Supporting Information (SI).
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3. Results and Discussion
3.1. Characterisations

The XRD results of UiO-66-NH2, UiO-66-PP, MIIP, and MNIP are displayed in Fig-
ure 2a. The peaks of the sample of UiO-66-NH2 are consistent with the simulated one,
indicating its successful preparation. The XRD patterns of UiO-66-PP, MIIP, and MNIP
are almost the same as UiO-66-NH2, suggesting unchanged crystal structures after the
crosslinking reaction. FTIR spectroscopy was performed to verify the structure of the
prepared MIIP and MNIP. In Figure 2b, the peaks at 1575 and 665 cm−1 correspond to the
interaction of –COOH with Zr(IV), and the stretch vibrations at 1259 and 768 cm−1 are
ascribed to C–N and N–H, respectively [21,25,26]. After crosslinking, a new peak at 1548
cm−1 associated with the stretching vibration of pyridine was observed for both the MIIP
and MNIP, indicating that the crosslinking reaction was successful and the ligands were
grafted onto the sample [27].
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The surface area and pore structure of the MIIP and MNIP were investigated by
N2 sorption–desorption isotherms and the results can be seen in Table 1. Clearly, the
surface area, pore diameter, and volume of UiO-66-NH2 were estimated to be 964.2 m2·g−1,
3.8 nm, and 0.35 cc·g−1. After crosslinking, the surface area (SA) and pore volume (PV) of
the MIIP (672.8 m2·g−1 and 0.28 cc·g−1) and MNIP (399.1 m2·g−1, 0.20 cc·g−1) decreased
substantially, resulting from the occupied pores of UiO-66-NH2 by dispersed pyridines.
Moreover, the porosity of MNIP is lower than MIIP due to the lack of cobalt ions template,
leading to a large number of pyridines being crosslinked to MNIP.

Table 1. The N2 sorption–desorption data of UiO-66-NH2, MIIP, and MNIP.

Samples Surface Area
(m2·g−1) Pore Diameter (nm) Pore Volume (cc·g−1)

UiO-66-NH2 964.2 3.8 0.35
UiO-66-PP 812.6 3.7 0.32

MNIP 399.1 4.0 0.20
MIIP 672.8 3.7 0.28

The morphology of UiO-66-NH2, UiO-66-BP, MIIP, and MNIP were characterised by
SEM in Figure 3. According to the result, it can be seen that the UiO-66-NH2 structure in
Figure 3a is a regular hexagonal structure with smooth surfaces. When grafted by BP, its
surface morphology is likely to remain unchanged (Figure 3b). However, after crosslinking,
the surfaces of MIIP and MNIP gradually become rough (Figure 3c,d); especially, the MNIP
surface almost lacks the ribbed structure of crystals. This is mainly caused by the lack of a
template agent, resulting in the abundant polymer crosslinking on the crystal surface. The
composition distribution of MIIP and MNIP is presented in the EDS images (Section S3 of
SI), including C, N, O, and Zr.
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3.2. Sorption Experiments
3.2.1. Effect of pH

The sorption of Co(II) by MNIP and MIIP in the range of pH 4.0 to 9.0 is shown in
Figure 4a. It is found that the sorption volume of Co(II) on both samples was enhanced
significantly with increasing pH from 4.0 to 8.3 and then decreased at pH 9.0. This may be
because at pH < 8.5, the cobalt ions are present in the ionic state, and the precipitation of
Co(OH)2 would appear at pH > 8.5 [28]. In addition, the sorption sites on materials may
be occupied by H+ in an acidic media with pH < 6.5 (Section S4 of SI), resulting in a low
sorption capacity. Therefore, the optimal pH of the MNIP and MIIP for Co(II) sorption was
chosen to be 8.3 in subsequent experiments. Moreover, the maximum sorption value of
Co(II) by MIIP (61.5 mg·g−1) is significantly larger than that by MNIP (45.6 mg·g−1). This
is mainly due to the more suitable pore structures of MIIP for Co(II) sorption originating
from the template effect of cobalt ions. For MNIP, the lack of templates in the preparation
resulted in a low sorption capacity owning to the excessive crosslinking with low porosity.
These results were consistent with the analyses of SEM and BET.
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3.2.2. Sorption Kinetics

Figure 4b shows the influence of contact time on Co(II) sorption by MIIP and MNIP.
It can be seen that the sorption amount grew rapidly in the first 3 h, then decreased to
equilibrium after 12 h. The sorption kinetics were investigated by the following models, the
pseudo-order kinetic model and the intra-particle diffusion model. The kinetic equations
and fitted curves were shown in Section S5 of SI, while the kinetic parameters were collected
in Table 2. The higher R2 values for the MNIP (0.984) and MIIP (0.990) indicated that the
Co(II) sorption by MIIP and MNIP conformed to the pseudo-second-order kinetic model,
which is a complexation exchange process in which the ligand groups acted as complexation
exchangers [29].

Table 2. Kinetic parameters for Co(II) sorption by the MIIP and MNIP.

Samples
Pseudo-First-Order Pseudo-Second-Order Intra-Particle Diffusion

qe,cal k1 R2 qe,cal k2 R2 kint C R2

MNIP 46.7 6.18 ×
10−2 0.977 53.2 1.31 ×

10−4 0.984 1.25 10.7 0.753

MIIP 62.5 5.98 ×
10−2 0.981 71.9 9.48 ×

10−5 0.990 1.69 13.8 0.795

3.2.3. Sorption Thermodynamics

The effect of temperature on Co(II) sorption by the MIIP and MNIP was displayed in
Figure 4c,d. Clearly, the sorption amount increased significantly with the increasing tem-
perature. The thermodynamic parameters including ∆H0 (standard enthalpy change), ∆S0

(standard enthopy change), and ∆G0 (standard Gibbs free energy change) were calculated
according to the sorption isotherms (Section S6 of SI), and the thermodynamic equilibrium
constant (Kd) was calculated based on the Khan method [30]. The resultant thermodynamic
parameters are tabulated in Table 3. The ∆H0 and ∆G0 value indicated that the sorption of
Co(II) by the MNIP and MIIP was spontaneous.

Table 3. Thermodynamic parameters for the Co(II) sorption by MIIP and MNIP.

Samples T (K) ln Kd
∆G0

(kJ·mol−1)
∆H0

(kJ·mol−1)
∆S0

(J·mol−1·K−1)

MNIP
288 2.38 −6.0

40.2 160.4298 3.36 −7.6
308 3.46 −9.2

MIIP
288 3.77 −8.9

20.5 102.1298 3.89 −9.9
308 4.33 −10.9

3.2.4. Sorption Isotherms

The influence of initial Co(II) content on Co(II) sorption by the MIIP and MNIP was
also studied in Figure 4c,d. Apparently, both sorption capacities increased substantially
and gradually reached saturation with the increasing initial Co(II) content. The sorption
volume of Co(II) by MIIP is significantly higher than that of MNIP. To evaluate the max
sorption volume and obtain the sorption model of MNIP and MIIP for Co(II), the Langmuir
isotherm and Freundlich isotherm models were used to fit the above sorption data, shown
in Section S7 of SI and Table 4. It is found that the fitted parameters by the former model
have higher correlation coefficients compared to those fitted by the later model, suggesting
that the sorption of Co(II) by MIIP and MNIP are slightly more in line with the former
model, which is homogeneous sorption. The maximum sorption capacity (qmax) of Co(II)
by MIIP can be calculated to be 181.5 mg·g−1 at 308 K, which is by far the maximum value
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in the imprinted materials (Table 5), indicating that MOFs as a matrix for the preparation of
imprinted materials have high application value for efficient removal of Co(II).

Table 4. Parameters of models for Co(II) sorption by the MIIP and MNIP.

Samples T
Langmuir Constants Freundlich Constants

KL qmax R2 1/n KF R2

MNIP
288 K 0.064 111.1 0.998 0.456 14.9 0.983
298 K 0.114 120.2 0.999 0.360 26.6 0.972
308 K 0.104 139.9 0.995 0.365 29.8 0.989

MIIP
288 K 0.126 130.4 0.998 0.332 32.4 0.987
298 K 0.131 167.5 0.994 0.351 39.8 0.975
308 K 0.150 181.5 0.994 0.324 48.5 0.989

Table 5. Co(II) sorption capacity by various IIP sorbents.

Sorbents T (K) pH qe (mg·g−1) Ref.

Fe3O4@TiO2@SiO2-
IIP / 8.0 35.2 [31]

Co(II)-MIIP 298 8.0 74.0 [20]
Mag@silica-CIP 298 5.0 78.9 [32]

MIP / 4.8 92.2 [33]
IIPs / 6.0 105.0 [19]

MIIP 308 8.3 181.5 This work

3.2.5. Selectivity and Reusability

Since 60Co often coexists in radioactive wastewater with other metal ions, the selec-
tivity of sorbents to separate Co(II) from a mixed metal ions solution is the key for the
treatment of this kind of wastewater. Therefore, we replace Co-60 with cobalt ions and
configure simulated radioactive wastewater, that is, radioactive wastewater containing
various metal ions in the real environment. In order to make the interfering ions in solution
closer to the actual case of radioactive wastewater, the initial concentration of each metal
ion in solution is chosen to be 1.0 ppm and the solution pH is 7.5.

As illustrated in Figure 5a, the sorption amounts of the MIIP for all metal ions are
higher than those of the MNIP, and the sorption efficiency of Co(II) by the MIIP is also
significantly higher than those of other competitive ions. As illustrated in Table 6, the Kd
values of the MIIP for all ions are relatively high when compared with the MNIP. Especially
for Co(II), the distribution coefficient of the MIIP is 60.42 mL·g−1, which is significantly
larger than other competitive ions, and its selectivity coefficient for Li(I), K(I), Mg(II), Ca(II),
Mn(II), Ba(II), and Cd(II) is 44.31, 33.19, 10.84, 27.71, 9.45, 16.25, and 7.60, respectively.
These results indicate that the preparation of MIIP using cobalt ions as templates and VP as
ligand is successful and has an excellent selectivity for Co(II) as expected.

The reusability of sorbents is also one of the most important parameters to evaluate
potential applications in actual radioactive wastewater. This performance has a significant
impact on the economy of the adsorbent, which directly determines its application value
in the field of actual polluted wastewater treatment. Therefore, this paper conducts some
experimental comparative studies in the research process to determine the change in the
adsorption capacity of this adsorbent under the condition of a certain number of repeated
adsorption cycles, providing support for its practical application. Herein, the adsorbed
MIIP was eluted by HNO3 solution with a content of 1.0 mol·L−1 and used directly for
Co(II) sorption after drying. In Figure 6b, the sorption amount of the MIIP is more than 90%
of the original sorption capacity even after five cycles, and XRD (Figure S8) and BET (Table
S1) remain almost constant, suggesting that the prepared MIIP is a stable and efficient
sorbent with a great potential for the separation of 60Co from radioactive wastewater.
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Table 6. Selectivity coefficients of the MIIP and MNIP.

Metal Ions
MIIP MNIP

Kd k Kd k

Co(II) 60.42 3.48
Li(I) 1.36 44.31 1.11 3.12
K(I) 1.82 33.19 1.55 2.24

Mg(II) 5.58 10.84 3.66 0.95
Ca(II) 2.18 27.71 1.48 2.34
Mn(II) 6.39 9.45 2.66 1.31
Ba(II) 3.72 16.25 3.35 1.04
Cd(II) 7.95 7.60 3.21 1.08
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3.3. Sorption Mechanism

To probe the sorption mechanism of Co(II) by the MIIP, XPS test was used to conduct
the characterisation of sorbents before and after Co(II) sorption. Based on the structural
characteristics of MIIP, the typical XPS survey was shown in Figure 6. Clearly, a new
peak of Co 2p in Figure 6a was observed after Co(II) sorption by the MIIP (MIIP@Co),
confirming that Co(II) was adsorbed on the MIIP surface. In Figure 6c, it can be seen that
the N 1s spectra could be divided into two main peaks: the nitrogen on MOFs (Ar–N at
400.7 eV) and on the ligand of pyridine ring (N–Pyridine at 399.5 eV). After Co(II) sorption,
the binding energies of the two peaks enhanced by 0.7 (Ar–N) and 0.2 eV (N–Pyridine),
respectively, indicating that both kinds of nitrogen atoms have been complexed with cobalt
ions. A previous study has shown that [34] a nitrogen atom can form coordination bonds



Polymers 2023, 15, 2150 9 of 12

with metal ions because of the lone pair electrons on the N atom. Therefore, the shifts from
the binding energies of nitrogen atoms in Figure 6b can be supposed to be the simultaneous
chelation of Co with two kinds of N atoms, which also could improve the sorption property
of the sorbent.

An excellent Imprinted polymer sorbent usually requires monomers with strong
complexation ability to metal ions. Therefore, to further investigate the sorption mechanism
of this process, the interaction between the preselected imprinting monomer (VP) and
cobalt ion was investigated using DFT calculations. In an aqueous solution, the Co(II) is
surrounded by six water molecules to form Co(H2O)6

2+, and the average bond length of
water (OW) is about 2.115 Å [26]. Since the N atoms on the VP monomer can coordinate
to Co(II), the possible structures between Co(II) and different amounts of VPs (from one
to six) were optimised and the stationary points are displayed in Figure 7. It is clear
that with the addition of one VP monomer, the nitrogen atom on VP can coordinate with
Co to form a monodentate complex Co(VP)(H2O)5

2+ by taking Co2+ from Co(H2O)6
2+

(Figure 7a), and the bond lengths of Co–Ow and Co–NVP are 2.134 and 2.208 Å, respectively.
In Table 7, the change of Gibbs free energy with a negative value (∆G = −4.85 kJ·mol−1)
indicated a spontaneous sorption process, and the negative sorption energy (∆E = −10.95
kJ·mol−1) suggests a strong affinity of VP to Co(II). As more VP monomers got involved
in the coordination, both ∆G and ∆E became increasingly negative. It can be judged that
the reaction speed will be significantly improved when the VP monomer increases in the
reaction process, and the corresponding spontaneous tendency will be stronger, which
can promote the adsorption process. The lower values indicate that the reaction is more
likely to occur [35], and the most stable coordination structure, Co(VP)6

2+, is presented in
Figure 7f, which contains six VP ligands and a cobalt metal centre. In addition, the natural
bond orbital research was conducted to investigate the Wiberg bond indices (WBIs) in
Figure 7, and the result can be seen in Section S8 of SI. The average WBIs of Co–NVP in
complexes are in the range of 0.082–0.111, which are noticeably more than those of Co–OW
(0.067–0.088), which further confirmed that the nitrogen atoms of VP monomer have a
strong bonding ability with Co(II), resulting in the formation of the hexadentate complex
Co(VP)6

2+ by six VP monomers. These results indicated that the VP molecule can be an
alternative candidate as an imprinting monomer and may exhibit huge potential for the
efficient elimination of cobalt ions.
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Table 7. Thermodynamic data for Co(II)–VP complexes in an aqueous solution by DFT calculations.

Path Sorption Reaction ∆G ∆E

1 Co(H2O)6
2+ + VP = Co(VP)(H2O)5

2+ + H2O −4.85 −10.95
2 Co(H2O)6

2+ + 2 VP = Co(VP)2(H2O)4
2+ + 2 H2O −8.46 −19.11

3 Co(H2O)6
2+ + 3 VP = Co(VP)3(H2O)3

2+ + 3 H2O −14.02 −31.96
4 Co(H2O)6

2+ + 4 VP = Co(VP)4(H2O)2
2+ + 4 H2O −10.05 −35.01

5 Co(H2O)6
2+ + 5 VP = Co(VP)5H2O2+ + 5 H2O −23.26 −51.74

6 Co(H2O)6
2+ + 6 VP = Co(VP)6

2+ + 6 H2O −23.31 −59.73

4. Conclusions

An effective metal–organic frameworks-based MIIP was first prepared for the selective
separation of Co(II). The batch sorption experiments indicated that at pH 8.3, the sorption
equilibrium of Co(II) by the MIIP was reached after 12 h and the equilibrium sorption
capacity was 157.7 mg·g−1 at 308 K. The spontaneous sorption process can be fitted by
the pseudo-second-order kinetic and Langmuir models, and the theoretical maximum
sorption volume was 181.5 mg·g−1 at 308 K, which is by far the maximum value in the
imprinted materials. Meanwhile, the MIIP exhibited an excellent selectivity for Co(II) with
a distribution coefficient of 60.42 m·Lg−1 under the condition of metal ions presented,
including Li+, K+, Mg2+, Ca2+, Mn2+, Ba2+, and Cd2+. Moreover, XPS analysis and DFT
calculations revealed that the sorption mechanism of Co(II) by MIIP was the chelation of
VP ligands with Co(II), which was a spontaneous process, and the optimal coordination
ratio of VP to Co(II) was calculated to be 6. This work provided novel insights into the
design of IIPs with MOFs as the matrix for the preparation of an MIIP with high sorption
performance and excellent selectivity and radionuclides in the applications of practical
wastewater treatment.
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Table S2: Bond length (R, Å) and Wiberg bond indices (WBIs) of Co–Ow and Co–NVP bonds in
the Co(II)–VP complexes. The Ow represents the oxygen atoms of water and NVP represents the
nitrogen atoms of the ligand VP. The average value is in blue. References [36–40] are cited in the
supplementary materials.

Author Contributions: Investigation, experimental: L.Y.; DFT calculation: T.L.; Writing—review and
editing: T.L., G.Y., N.L., C.D. and X.P.; Funding acquisition: G.Y., N.L. and X.P. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (22106012
and 21876122), the Foundation of Key Laboratory of Radiation Physics and Technology of the Ministry
of Education (2021SCURPT05), and the Natural Science Foundation of Chongqing (CSTB2022NSCQ-
MSX1408).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: All the authors are grateful to the Key Laboratory of Radiation Physics and
Technology of the Ministry of Education (Sichuan University).

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/polym15092150/s1
https://www.mdpi.com/article/10.3390/polym15092150/s1


Polymers 2023, 15, 2150 11 of 12

References
1. Jia, F.; Yin, Y.; Wang, J. Removal of cobalt ions from simulated radioactive wastewater by vacuum membrane distillation. Prog.

Nucl. Energy 2018, 103, 20–27. [CrossRef]
2. Kazemi, Z.; Marahel, F.; Hamoule, T.; Mombeni Goodajdar, B. Removal of Ni(II) and Co(II) ions from aqueous solutions utilizing

Origanum majorana-capped silver nanoparticles. Desalin. Water Treat. 2021, 213, 381–394. [CrossRef]
3. Gras, M.; Duclos, L.; Schaeffer, N.; Mogilireddy, V.; Svecova, L.; Chaînet, E.; Billard, I.; Papaiconomou, N. A Comparison of Cobalt

and Platinum Extraction in Hydrophobic and Hydrophilic Ionic Liquids: Implication for Proton Exchange Membrane Fuel Cell
Recycling. ACS Sustain. Chem. Eng. 2020, 8, 15865–15874. [CrossRef]

4. Ichlas, Z.T.; Mubarok, M.Z.; Magnalita, A.; Vaughan, J.; Sugiarto, A.T. Processing mixed nickel-cobalt hydroxide precipitate by
sulfuric acid leaching followed by selective oxidative precipitation of cobalt and manganese. Hydrometallurgy 2020, 191, 105185.
[CrossRef]

5. Xing, M.; Xu, L.J.; Wang, J.L. Mechanism of Co(II) adsorption by zero valent iron/graphene nanocomposite. J. Hazard. Mater.
2016, 301, 286–296. [CrossRef]

6. Awual, M.R.; Alharthi, N.H.; Hasan, M.M.; Karim, M.R.; Islam, A.; Znad, H.; Hossain, M.A.; Halim, M.E.; Rahman, M.M.;
Khaleque, M.A. Inorganic-organic based novel nano-conjugate material for effective cobalt(II) ions capturing from wastewater.
Chem. Eng. J. 2017, 324, 130–139. [CrossRef]

7. Zhang, M.; Gu, P.; Yan, S.; Liu, Y.; Zhang, G. Effective removal of radioactive cobalt from aqueous solution by a layered metal
sulfide adsorbent: Mechanism, adsorption performance, and practical application. Sep. Purif. Technol. 2021, 256, 117775.
[CrossRef]

8. Anirudhan, T.S.; Deepa, J.R.; Christa, J. Nanocellulose/nanobentonite composite anchored with multi-carboxyl functional groups
as an adsorbent for the effective removal of Cobalt(II) from nuclear industry wastewater samples. J. Colloid Interface Sci. 2016, 467,
307–320. [CrossRef] [PubMed]

9. Wang, G.; Zhang, Y.; Jiang, S.; Ma, X.; Wei, B. Removal and recovery of cobalt from Co(II)–containing water samples by
dithiocarboxyl polyethyleneimine. Sep. Purif. Technol. 2020, 251, 117338. [CrossRef]

10. Yuan, G.; Yu, Y.; Li, J.; Jiang, D.; Gu, J.; Tang, Y.; Qiu, H.; Xiong, W.; Liu, N. Facile fabrication of a noval melamine derivative-doped
UiO-66 composite for enhanced Co(II) removal from aqueous solution. J. Mol. Liq. 2021, 328, 115484. [CrossRef]

11. Liang, Y.; Zhang, Q.; Li, S.; Fei, J.; Zhou, J.; Shan, S.; Li, Z.; Li, H.; Chen, S. Highly efficient removal of quinolones by using the
easily reusable MOF derived-carbon. J. Hazard. Mater. 2022, 423, 127181. [CrossRef] [PubMed]

12. Duan, C.; Liang, K.; Lin, J.; Li, J.; Li, L.; Kang, L.; Yu, Y.; Xi, H. Application of hierarchically porous metal-organic frameworks in
heterogeneous catalysis: A review. Sci. China Mater. 2022, 65, 298–320. [CrossRef]

13. Mirzaei, K.; Jafarpour, E.; Shojaei, A.; Khasraghi, S.S.; Jafarpour, P. An investigation on the influence of highly acidic media on the
microstructural stability and dye adsorption performance of UiO-66. Appl. Surf. Sci. 2023, 618, 156531. [CrossRef]

14. Ahmadipouya, S.; Mousavi, S.A.; Shokrgozar, A.; Mousavi, D.V. Improving dye removal and antifouling performance of
polysulfone nanofiltration membranes by incorporation of UiO-66 metal-organic framework. J. Environ. Chem. Eng. 2022,
10, 107535. [CrossRef]

15. Zhang, Y.; Xu, X.; Yue, C.; Song, L.; Lv, Y.; Liu, F.; Li, A. Insight into the efficient co-removal of Cr(VI) and Cr(III) by positively
charged UiO-66-NH2 decorated ultrafiltration membrane. Chem. Eng. J. 2021, 404, 126546. [CrossRef]

16. Su, S.; Che, R.; Liu, Q.; Liu, J.; Zhang, H.; Li, R.; Jing, X.; Wang, J. Zeolitic Imidazolate Framework-67: A promising candidate for
recovery of uranium (VI) from seawater. Colloids Surf. A 2018, 547, 73–80. [CrossRef]

17. Abdollahi, N.; Akbar Razavi, S.A.; Morsali, A.; Hu, M.L. High capacity Hg(II) and Pb(II) removal using MOF-based nanocom-
posite: Cooperative effects of pore functionalization and surface-charge modulation. J. Hazard. Mater. 2020, 387, 121667.
[CrossRef]

18. Hu, H.; Ren, Z.; Xi, Y.; Fang, L.; Fang, D.; Yang, L.; Shao, P.; Shi, H.; Yu, K.; Luo, X. Insights into the role of cross-linking agents on
polymer template effect: A case study of anionic imprinted polymers. Chem. Eng. J. 2021, 420, 129611. [CrossRef]

19. Biswas, T.K.; Yusoff, M.M.; Sarjadi, M.S.; Arshad, S.E.; Musta, B.; Rahman, M.L. Ion-imprinted polymer for selective separation of
cobalt, cadmium and lead ions from aqueous media. Sep. Sci. Technol. 2019, 56, 671–680. [CrossRef]

20. Adibmehr, Z.; Faghihian, H. Preparation of highly selective magnetic cobalt ion-imprinted polymer based on functionalized
SBA-15 for removal Co(2+) from aqueous solutions. J. Environ. Health Sci. Eng. 2019, 17, 1213–1225. [CrossRef]

21. Yuan, G.; Tian, Y.; Liu, J.; Tu, H.; Liao, J.; Yang, J.; Yang, Y.; Wang, D.; Liu, N. Schiff base anchored on metal-organic framework for
Co (II) removal from aqueous solution. Chem. Eng. J. 2017, 326, 691–699. [CrossRef]

22. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Mennucci, B.;
Petersson, G.A.; et al. Gaussian 09; Gaussian, Inc.: Wallingford, CT, USA, 2009.

23. Becke, A.D. Density-functional thermochemistry. III. The role of exact exchange. J. Chem. Phys. 1993, 98, 5648–5652. [CrossRef]
24. Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and accurate ab initio parametrization of density functional dispersion

correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010, 132, 154104. [CrossRef] [PubMed]
25. Fu, L.; Wang, S.; Lin, G.; Zhang, L.; Liu, Q.; Fang, J.; Wei, C.; Liu, G. Post-functionalization of UiO-66-NH2 by 2,5-Dimercapto-

1,3,4-thiadiazole for the high efficient removal of Hg(II) in water. J. Hazard. Mater. 2019, 368, 42–51. [CrossRef] [PubMed]

https://doi.org/10.1016/j.pnucene.2017.11.008
https://doi.org/10.5004/dwt.2021.26727
https://doi.org/10.1021/acssuschemeng.0c04263
https://doi.org/10.1016/j.hydromet.2019.105185
https://doi.org/10.1016/j.jhazmat.2015.09.004
https://doi.org/10.1016/j.cej.2017.05.026
https://doi.org/10.1016/j.seppur.2020.117775
https://doi.org/10.1016/j.jcis.2016.01.023
https://www.ncbi.nlm.nih.gov/pubmed/26844393
https://doi.org/10.1016/j.seppur.2020.117338
https://doi.org/10.1016/j.molliq.2021.115484
https://doi.org/10.1016/j.jhazmat.2021.127181
https://www.ncbi.nlm.nih.gov/pubmed/34844338
https://doi.org/10.1007/s40843-021-1910-2
https://doi.org/10.1016/j.apsusc.2023.156531
https://doi.org/10.1016/j.jece.2022.107535
https://doi.org/10.1016/j.cej.2020.126546
https://doi.org/10.1016/j.colsurfa.2018.03.042
https://doi.org/10.1016/j.jhazmat.2019.121667
https://doi.org/10.1016/j.cej.2021.129611
https://doi.org/10.1080/01496395.2019.1575418
https://doi.org/10.1007/s40201-019-00439-x
https://doi.org/10.1016/j.cej.2017.06.024
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.3382344
https://www.ncbi.nlm.nih.gov/pubmed/20423165
https://doi.org/10.1016/j.jhazmat.2019.01.025
https://www.ncbi.nlm.nih.gov/pubmed/30665107


Polymers 2023, 15, 2150 12 of 12

26. Zeng, Y.; Lan, T.; Li, M.; Yuan, G.; Li, F.; Liao, J.; Yang, J.; Yang, Y.; Liu, N. Removal of Co(II) from Aqueous Solutions by Pyridine
Schiff Base-Functionalized Zirconium-Based MOFs: A Combined Experimental and DFT Study on the Effect of ortho-, meta-, and
para-Substitution. J. Chem. Eng. Data 2020, 66, 749–760. [CrossRef]

27. Liu, C.; Shi, L.; Zhang, J.; Sun, J. One-pot synthesis of pyridine-based ionic hyper-cross-linked polymers with hierarchical pores
for efficient CO2 capture and catalytic conversion. Chem. Eng. J. 2022, 427, 131633. [CrossRef]

28. Yuan, G.; Tu, H.; Liu, J.; Zhao, C.; Liao, J.; Yang, Y.; Yang, J.; Liu, N. A novel ion-imprinted polymer induced by the glycylglycine
modified metal-organic framework for the selective removal of Co(II) from aqueous solutions. Chem. Eng. J. 2018, 333, 280–288.
[CrossRef]

29. Yuan, G.; Tu, H.; Li, M.; Liu, J.; Zhao, C.; Liao, J.; Yang, Y.; Yang, J.; Liu, N. Glycine derivative-functionalized metal-organic
framework (MOF) materials for Co(II) removal from aqueous solution. Appl. Surf. Sci. 2019, 466, 903–910. [CrossRef]

30. Khan, A.A.; Sing, R.P. Adsorption Thermodynamics of Carbofuran on Sn (IV) Arsenosilicate in H+, Na+ and Ca2+ Forms. Colloids
Surf. 1987, 24, 33–42. [CrossRef]

31. Khoddami, N.; Shemirani, F. A new magnetic ion-imprinted polymer as a highly selective sorbent for determination of cobalt in
biological and environmental samples. Talanta 2016, 146, 244–252. [CrossRef]

32. Lee, H.-K.; Choi, J.-W.; Choi, S.-J. Magnetic ion-imprinted polymer based on mesoporous silica for selective removal of Co(II)
from radioactive wastewater. Sep. Sci. Technol. 2020, 56, 1842–1852. [CrossRef]

33. Nishad, P.A.; Bhaskarapillai, A.; Velmurugan, S.; Narasimhan, S.V. Cobalt (II) imprinted chitosan for selective removal of cobalt
during nuclear reactor decontamination. Carbohydr. Polym. 2012, 87, 2690–2696. [CrossRef]

34. Yuan, G.; Tian, Y.; Li, M.; Zeng, Y.; Tu, H.; Liao, J.; Yang, J.; Yang, Y.; Liu, N. Removal of Co(II) from aqueous solution with
functionalized metal–organic frameworks (MOFs) composite. J. Radioanal. Nucl. Chem. 2019, 322, 827–838. [CrossRef]

35. Lai, W.; Zhang, K.; Shao, P.; Yang, L.; Ding, L.; Pavlostathis, S.G.; Shi, H.; Zou, L.; Liang, D.; Luo, X. Optimization of adsorption
configuration by DFT calculation for design of adsorbent: A case study of palladium ion-imprinted polymers. J. Hazard. Mater.
2019, 379, 120791. [CrossRef]

36. Dolg, M.; Wedig, U.; Stoll, H.; Preuss, H. Energy-adjusted ab initio pseudopotentials for the first row transition elements. J. Chem.
Phys. 1987, 86, 866–872. [CrossRef]

37. Xia, M.; Yang, X.; Chai, Z.; Wang, D. Stronger hydration of Eu(III) impedes its competition against Am(III) in binding with
N-donor extractants. Inorg. Chem. 2020, 59, 6267–6278. [CrossRef]

38. Barone, V.; Cossi, M.; Tomasi, J. Geometry optimization of molecular structures in solution by the polarizable continuum model. J.
Comput. Chem. 1998, 19, 404–417. [CrossRef]

39. Reed, A.E.; Weinhold, F. Natural bond orbital analysis of near-Hartree-Fock water dimer. J. Chem. Phys. 1983, 78, 4066–4073.
[CrossRef]

40. Guo, W.L.; Chen, R.; Liu, Y.; Meng, M.J.; Meng, X.G.; Hu, Z.Y.; Song, Z.L. Preparation of ion-imprinted mesoporous silica SBA-15
functionalized with triglycine for selective adsorption of Co(II). Colloid Surf. A 2013, 436, 693–703. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/acs.jced.0c00852
https://doi.org/10.1016/j.cej.2021.131633
https://doi.org/10.1016/j.cej.2017.09.123
https://doi.org/10.1016/j.apsusc.2018.10.129
https://doi.org/10.1016/0166-6622(87)80259-7
https://doi.org/10.1016/j.talanta.2015.08.046
https://doi.org/10.1080/01496395.2020.1797798
https://doi.org/10.1016/j.carbpol.2011.11.061
https://doi.org/10.1007/s10967-019-06764-7
https://doi.org/10.1016/j.jhazmat.2019.120791
https://doi.org/10.1063/1.452288
https://doi.org/10.1021/acs.inorgchem.0c00374
https://doi.org/10.1002/(SICI)1096-987X(199803)19:4&lt;404::AID-JCC3&gt;3.0.CO;2-W
https://doi.org/10.1063/1.445134
https://doi.org/10.1016/j.colsurfa.2013.08.011

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of MIIP 
	Characterisation 
	Bath Sorption Experiments 
	DFT Calculations 

	Results and Discussion 
	Characterisations 
	Sorption Experiments 
	Effect of pH 
	Sorption Kinetics 
	Sorption Thermodynamics 
	Sorption Isotherms 
	Selectivity and Reusability 

	Sorption Mechanism 

	Conclusions 
	References

