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Abstract

The efficient separation of thorium (Th) from chemically similar rare earth elements (REESs) is technically
challenging. In this work, a stable coordination polymer (Ni-tfc-CP) was fabricated by adopting the
strategy of in-situ incorporation of hydrophobic groups. Ni-tfc-CP exhibits excellent structural stability
over a wide pH range of 2—11 and under high-temperature conditions up to 247°C. The abundant
carboxyl oxygen active binding sites on the surface of Ni-tfc-CP, provides favorable environment for
Th(1V) uptake. The maximum adsorption capacity was calculated to 518.9 mg g, by fitting the
equilibrium data to the Langmuir model. Moreover, it showed an ultra-fast adsorption rate and reached
equilibrium within 5 minutes. Notably, competitive tests confirmed the superior selectivity of Ni-tfc-CP
for Th(IV), with a high distribution coefficient of 6x10° mL g-". This study provides meaningful guidance
for the rational development of functional materials toward nuclide separation.

Introduction

Against the backdrop of booming rare-earth industry, large quantities of tailings containing radioactive
thorium (Th) are produced during ore beneficiation and separation processes [1-4]. Thorium embedded
in rare-earth tailings may enter the ecological environment via leaching, dust diffusion and surface
runoff, bringing potential threats to the ecological system and human health [5-7]. Therefore, effective
removal of radioactive thorium from rare-earth tailings is of great practical significance for
environmental safety. Nevertheless, thorium removal still faces multiple technical and practical
challenges owing to the complex mineral composition of tailings.

Adsorption has become a research hotspot in the field of radioactive nuclide separation due to its simple
operation, high removal efficiency and easy integration with existing processes [8, 9]. The core of
adsorption technology lies in the design of adsorbent materials. Although traditional adsorbents such as
activated carbon[10-12], zeolite composite [13], metal oxide [14-16], and ion exchange resins [17, 18]
have been widely used, they often face challenges such as limited adsorption capacity, low selectivity,
difficult regeneration or insufficient stability when dealing with actual radioactive waste liquid with
complex components [19-21]. To address these issues, researchers have focused on the development
of advanced porous materials with well-defined pore structures and designable surfaces, such as metal-
organic frameworks (MOFs), Covalent Organic Frameworks (COFs), have shown excellent potential in the
separation of actinide nuclides [22-24]. But their often limited in practical applications by harsh
synthesis conditions, difficulty in large-scale preparation, high cost, and insufficient framework stability
in extreme environments such as strong acid and high irradiation [25, 26]. Thus, developing materials
that maintain high stability, large adsorption capacity, and outstanding selectivity under real water matrix
conditions is urgently needed.

Coordination polymers, assembled from multifunctional organic linkers and metal ions or metal clusters,
exhibit potential applications in radionuclide remediation, due to their abundant adsorption sites, highly
designable/modifiable structures, and good batch reproducibility [27-30]. Shi et al. employed carboxyl-
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grafted UiO-66 for the removal of thorium from solution [31]. The results show that although the specific
surface area and pore volume decrease significantly, the adsorption performance toward Th(lV) is
greatly enhanced. Ui0-66-(COOH), delivers an adsorption capacity of 350 mg g-* for Th(IV), which is
considerably higher than those of UiO-66 and UiO-66-COOH. Mechanistic studies reveal strong
coordination interactions between carboxyl groups and Th(lV). Subsequently, Xiao et al. reported an
oxygen-rich ion trap (IEF-11), further confirming the unique chelating interaction between oxygen and
Th(IV) [32]. However, these metal-organic framework materials suffer from drawbacks such as low
adsorption capacity and poor chemical stability, which makes them difficult for practical engineering
applications.

To address this challenge, researchers try to introduce hydrophobic groups into the structure to enhance
the stability of materials [33]. For example, Ding et. al. systematically summarized various strategies for
enhancing MOF stability, pointing out that introducing hydrophobic groups into ligands can construct
hydrophobic microenvironments within pores and block the attack of water molecules on metal nodes
[26]. Abbas et al. demonstrated that the incorporation of fluorine-containing groups into rare earth
metal-organic frameworks (RE-MOFs) enhances the water stability of the materials [34]. Therefore, 4-
trifluoromethylnicotinic acid, which bearing carboxylic acid and trifluoromethyl substituents, was chosen
as the organic ligand to provide active sites and boost material stability via hydrophobic interactions.

Herein, a chemically stable coordination polymer (Ni-tfc-CP) was synthesized from Ni(OAc),-4H,0 and 4-
trifluoromethylnicotinic acid (Fig. 1). The Ni-tfc-CP exhibits fast adsorption rate, high removal efficiency,
excellent selectivity and superior cyclic stability toward Th(IV). It provides a facile and low-cost strategy
for developing stable adsorbents, with good application potential in thorium-containing radioactive
wastewater treatment.

Experimental

Chemical reagents and materials

Nickel(ll) acetate tetrahydrate (Ni(OAc),4H,0, 98%) was obtained from Anhui Senmei Technology Co.,
Ltd., and 4-trifluoromethylnicotinic acid (Htfc, 98%) was purchased from Shanghai Titan Scientific Co.,
Ltd. Methanol and deionized water were adopted as solvents throughout the experiments.

Synthesis of Ni-tfc-CP

The Ni-tfc coordination polymer (Ni-tfc-CP) was prepared by a hydrothermal method. Briefly,
Ni(OAc),"4H,0 (0.1 mmol,24.9 mg), Htfc (0.1 mmol,19.1 mg), 3 mL water, and 1T mL methanol were
added to a PTFE reactor. Then heated at 140°C for 72 h, and cooled to room temperature within 24 h, and
green block crystals were obtained.
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Adsorption Experiments

Batch adsorption experiments were carried out with the solid/liquid ratio of 1 g L™ '. The influences of
solution pH, adsorption kinetics, isotherms, selectivity and reusability were systematically studied. All
detailed experimental procedures, test conditions and calculation formulas are presented in the
Supporting Information.

Results and Discussion

Structural Characterization and Stability Analysis

The structure Ni-tfc-CP was characterized via scanning electron microscopy, powder X-ray diffraction,
and Fourier-transform infrared spectroscopy. SEM (Fig. S1) images show a block morphology with a
diameter of ~ 100 um. As shown in Fig. 2a, Ni-tfc-CP exhibited distinct diffraction peaks at 7.5° and
24.2-27.9°, significantly differ from those of the free Htfc ligand, confirming the formation of a new
phase rather than a simple precursor mixture. In the FT-IR spectrum (Fig. 2b), the stretching vibration of
C =N are located at ~ 1139 cm™ ' [35]. After coordination, the C = N in Ni-tfc-CP has great blue shift to
1146 cm™ 1. A new characteristic band at 467 cm-" is assigned to Ni-N stretching [36], confirms the
pyridine nitrogen in Htfc coordinates with Ni2* ions. The asymmetric stretching of COOH at 1700 cm™ '
was obviously weakened, as well as shifted to 1693 cm™ ' [37], indicate the carboxyl functional groups of
Htfc coordination with Niions. In the N 1s spectra of Ni-tfc-CP, the peaks at 399.9 eV and 399.4
corresponding to Ni-N bond and C = N signal (Fig. 2c) [38]. As shown in Fig. 2d, two peaks can be
observed at 530.8 eV and 531.6 eV in O 1s XPS spectra were attributed to Ni-O and COOH, respectively
[39]. Moreover, XPS data show that the atomic ratios of N and O to Ni are 3 and 7, respectively. (Table
S1). Therefore, it can be concluded that each Ni?* ion is coordinated by one pyridine N atom from one
Htfc ligand, four carboxylate O atoms from two Htfc ligands, and one water molecule, adopting a six-
coordinate configuration.

To evaluate the structural stability of Ni-tfc-CP under different environmental conditions, the pH stability
was investigated by immersing the sample in aqueous solutions with different pH values. The PXRD
patterns (Fig. S2) show that the main characteristic diffraction peaks of Ni-tfc-CP remain almost
unchanged across the entire pH range of 2-11, suggesting that the framework of Ni-tfc-CP is well
preserved under these conditions. The FT-IR spectra (Fig. S3) further confirm this conclusion, as the
characteristic absorption bands of the functional groups in Ni-tfc-CP do not show obvious shifts or
disappearances after treatment at different pH values. This superior chemical stability of Ni-tfc-CP is
primarily ascribed to the strongly hydrophobic trifluoromethyl groups introduced at ortho positions.

The thermal stability of Ni-tfc-CP was studied by thermogravimetric analysis (TGA) under a nitrogen
atmosphere. The TGA curve reveals that Ni-tfc-CP maintains its structural integrity up to approximately
247°C, with only a slight weight loss of 1.96% below this temperature, which is attributed to the removal
of adsorbed water or residual solvent molecules (Fig. S4). It indicates that Ni-tfc-CP possesses good
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thermal stability, sufficient to withstand the temperature conditions encountered in typical adsorption
applications.

Adsorption Performance

The solution pH is a critical factor affecting the adsorption behavior, as it influences both the surface
charge of the adsorbent and the existing species of Th(1V) [40]. Accordingly, we investigated the Th(IV)
removal efficiency of Ni-tfc-CP across aqueous solutions of varying pH. As shown in Fig. 2a, the removal
efficiency of Ni-tfc-CP for Th(IV) increases gradually with increasing pH from 2.5 to 4.0, reaching a
maximum value (99.8%) at pH 4.0, and then slightly decreases at pH 4.5. This trend can be attributed to
the competition between H* and Th(IV) ions for active sites at low pH, as well as the hydrolysis of Th(IV)
ions at higher pH [41]. Therefore, pH 4.0 was selected as the optimal condition for subsequent
adsorption experiments.

To investigate the ability of Ni-tfc-CP to capture Th(lV), isothermal adsorption experiments were
conducted. As shown in Fig. 2b, the Langmuir isotherm adsorption model fits the experimental data
better, with a higher fitting coefficient (R? = 0.99, Table S2), suggesting uniform adsorption on a
monolayer surface. The maximum adsorption capacity of Ni-tfc-CP was calculated to be 518.9mg g™,
which is close to the experimental value (497.7 mg g~ '), demonstrating the high adsorption potential of

Ni-tfc-CP for Th(IV) [42]. Energy dispersive X-ray spectroscopy (EDS) mapping confirms that Th(lV) ions
penetrate the material structure and distribute uniformly across the samples (Fig. S5).

The rapid kinetics of adsorbents are essential for the effective sequestration of radionuclides. Therefore,
kinetic experiments for the Th(IV) capture by Ni-tfc-CP were implemented. As presented in Fig. 2c, the
thorium removal efficiency increases rapidly within the first few minutes and reaches equilibrium within 5
minutes, surpasses most adsorbents (Table S3), such as, Ca-NDA (50 min) [43], IEF-11 (100 min) [32],
and DBT-DHTA-Cd (30 min) [44] The kinetic data can be better fitted with the pseudo-second order
kinetic model with the R? of 0.99 (Fig. S6-7, Table S4), which suggests that chemical adsorption plays a
dominant role in the adsorption of Th (IV) by Ni-tfc-CP [45]. The rapid equilibration indicates that Ni-tfc-
CP is well suited to long-term treatment of radioactive wastewater.

To evaluate the practical applicability of Ni-tfc-CP, adsorption selectivity experiments were carried out in
the presence of various competing metal ions (Na(l), Mg(ll), Al(lI1), K(1), Ca(ll), Cr(1l1), Mn(l1), Fe(ll1), Co(ll),
Cu(ll), Zn(I1), Pd(11), Cd(11), Hg(l1), Pb(l1), La(ll), Ce(l), Pr(ll), Nd(l11), Sm(l1), Eu(lil), Tb(lI), Dy(ll1), Ho(lll),
Er(ll1), Lu(Ill)). As depicted in Fig. 2d, Th(1V) delivers an extraordinarily large distribution coefficient (K)
of 6.0x10° mL/g, which is over three orders of magnitude greater than other metal species. Such a huge
discrepancy in (K;) unambiguously demonstrates that Ni-tfc-CP achieves exceptional adsorption

selectivity toward Th(IV) against a broad spectrum of interfering metal ions [46].

We also investigated the recycling performance of Ni-tfc-CP for Th(IV) removal. The desorption
experiments were then carried out with a 0.1 mol/L Na,CO, solution. As illustrate in Fig. S8, the removal
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efficiency of Th(IV) remains nearly 100% even after five cycles, demonstrating that Ni-tfc-CP has
excellent stability and recyclability.

Elucidation of the Th(IV) Adsorption Mechanism

The XRD, FT-IR, and XPS were applied to evaluate the structure-performance relationship of Ni-tfc-CP in
the effective capture of thorium ions. The obtained PXRD patterns of Ni-tfc-CP@Th exhibited consistent
diffraction peaks with the pristine ones (Fig. S9), indicating that the adsorption of Th(IV) would not
disrupt the structures. After adsorption Th(1V), the signal of -COOH shows a large blue shift of 16 cm™’
(from 1716 cm™ " to 1700 cm™'). A weak band at ~ 505 cm~" corresponds to Th-0 stretching vibration
(Fig. 4a). These results illustrating that the robust interaction between thorium and carboxyl groups in Ni-
tfc-CP. To further examine the binding behavior of thorium ions in Ni-tfc-CP, XPS measurement was
carried out. The full survey spectrum shows a distinct Th 4f signal after adsorption, verifying the
introduction of Th(IV) (Fig. 4b). The high-resolution Th 4f spectrum displays two characteristic peaks at
334.1 eV and 343.4 eV, corresponding to Th 4f,/, and Th 4f,/, [47], respectively (Fig. 4c), indicating that
thorium species kept tetravalent oxidation states loaded without redox reaction. In the high-resolution O
1s spectra (Fig. 4d), the signal of COOH at 531.6 eV had a significant positive shift to 532.5 eV [48], after
capturing thorium. Meanwhile, a new peak at 529.9 eV is assigned to the Th—0 bond [12, 31], proving
strong interactions between thorium and the carboxyl in Ni-tfc-CP.

Conclusion

In summary, A new stability coordination polymer Ni-tfc-CP with abundant carboxyl functional groups
was constructed for Th(IV) capture. The introduction of hydrophobic trifluoromethyl groups can greatly
enhance the chemical resistance of compound Ni-tfc-CP. Owing to the abundant carboxyl groups in its
structure, Ni-tfc-CP demonstrated impressive adsorption capacities of 553 mg g~ '. Remarkably, Ni-tfc-
CP exhibits superior selectivity for Th(IV), achieving a distribution coefficient of 6x10° mL g-', 4-5 orders
of magnitude higher than competing ions. This work highlights the in-situ introduction of hydrophobic
moieties into the framework to enhance stability and adsorption performance, offering a promising
strategy for the remediation of Th(IV)-contaminated water.
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Figure 1
Synthesis route of Ni-tfc-CP.
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Figure 2

a XRD pattern of Htfc and Ni-tfc-CP, b FT-IR spectra of Htfc and Ni-tfc-CP, ¢ N 1s XPS spectra of Ni-tfc-CP,
dO 1s XPS spectra of Ni-tfc-CP.
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Figure 3

a Results of pH-dependent removal of Th(IV) at Ni-tfc-CP, b Adsorption isotherms of Ni-tfc-CP for Th(IV)
fitted by the Langmuir and Freundlich models, ¢ Adsorption kinetics of Th(IV) on Ni-tfc-CP, d Distribution
coefficients (K,) of Th(IV) and coexisting metal ions on Ni-tfc-CP.
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Figure 4

a FT-IR spectra and b XPS spectra of Ni-tfc-CP before and after Th(IV), ¢ The deconvoluted peaks of Th
4f in Ni-tfc-CP after Th(IV)-adsorption, d XPS O1s spectra after Ni-tfc-CP adsorption of Th(IV).
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