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Abstract: Effective remediation of radioactive 10; is highly desirable for fuel reprocessing, medical waste disposal, and
nuclear accidents. However, the nature of high solubility, strong mobility, and extremely hard to bind with minerals for 105"
makes this task an enormous challenge. Herein, a metal-organic framework material [Ce(IV)-MOF-808] with available Ce(IV)
sites was used to efficiently remove 105 . Ce(IV)-MOF-808 exhibits superior selectivity and one of the highest adsorption
capacities (623 mg-g ") for 10y removal. Moreover, Ce(IV)-MOF-808 shows great adsorption performance for 10, at low
concentrations, and the distribution coefficient (K,) value was calculated to be 2.60 x 10 mL-g . The exceptional 105 uptake
performance is attributed to the high affinity between Ce(IV) cluster and the oxyanion based on the comprehensive analysis of
zeta potential and X-ray photoelectron spectroscopy (XPS) results, in which 105 can easily replace the weakly coordinated
ligand and form a strong coordination structure of Ce-O-I-O,. More importantly, Ce(IV)-MOF-808 exhibits excellent uptake
performance for 105 from both the simulated Beishan groundwater system and Hanford groundwater system in the dynamic
column separation test, indicating the highly promising practical application of Ce(IV)-MOF-808 in 10; remediation from
actual radioactive wastes.
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INTRODUCTION

Radioiodine is a great risk driver for human health due to its high toxicity and specific bioaccumulation in the
thyroid gland [1-3]. "®I is one of the most detrimental radioisotopes with a high fission yield and a long half-
life (1.57 x 10’ years) [4] and as a result, leads to a large inventory in nuclear wastes. However, the highly
soluble and mobile nature of radioiodine in aqueous solution endows it with an extremely high risk of release
during nuclear waste disposal, waste storage, or nuclear accidents. In fact, a large amount of radioiodine has
been leaked into the environment in the Fukushima disaster [5] and several regions where nuclear wastes are
processed or stored. For example, groundwater from the Department of Energy’s Savannah River Site (SRS)
is highly contaminated with 11 16]. As one kind of medical radionuclide, "*' (t;,, = 8 d) has been well-used in
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cancer diagnosis and treatment, resulting in a large quantity of medical radioiodine wastewater. With the
development of nuclear medicine, there will be an increasing risk of radioiodine contamination from the
growing volume of medical wastewater [7-10]. Radioiodine primarily exists in the form of iodide (I") and
iodate (I03) in an aqueous solution. I0; is the dominant species in highly aerobic conditions, which
accounts for approximately 70.6% of the total iodine in the groundwater at the Hanford site [11]. Therefore,
the safe and effective removal of radioactive iodate is crucial for radioactive waste management, medical
waste disposal, and contaminated water remediation.

Recently, numerous works have been dedicated to the investigation of diverse iodine sorbents for the
efficient removal of radioactive iodine under aqueous and/or gas environments, such as minerals [12,13],
zeolites [14,15], activated carbon [16—19], and covalent organic frameworks (COFs) [20-23]. However,
compared with I', I,, and CH;l, research on IO; removal is seriously inadequate. Metal oxides and their
composite materials [24—26], anion exchange resins [27], and layered double hydroxides (LDHs) [3,28] are
the most commonly used sorbents for the separation of 10; . Metal oxides and metal composites, such as
Cu,0O@CH, a Cu,O-loaded three-dimensional bulk cationic hydrogel composite exhibit excellent radiation
resistance in radioiodine removal, but show poor capability and low distribution coefficient for I0; (K, =
5.33 x 10°mL-g ") [1]. Traditional anion exchange resins, such as Purolite A530E, show an inferior ad-
sorption capacity for 10;, and exhibit low uptake selectivity and poor radiation resistance in 10; removal
[27]. LDHs are a class of well-used water remediation sorbents with the merits of low cost, high adsorption
capacity and good radiation resistance. However, it shows poor uptake selectivity and low K, values for IO;
removal [29]. Therefore, it is of great significance to develop promising sorbents with the virtues of high
uptake capacity, excellent selectivity, and high K, values aiming at radioactive 105 .

According to Pearson’s theory of hard-soft-acid base (HSAB), high-valent metal ions such as Ce**, which
are characterized as hard Lewis acids, show high affinity to hard Lewis bases, such as 105 [30]. In addition,
the extremely low solubility of Ce(10;), in aqueous solution (K, = 5 1077y [31] reveals the strong
combination between Ce(IV) and IO; in aqueous solution. Therefore, Ce(IV)-based adsorbents will be
promising sorbents for remediating IO; contamination. However, most Ce(IV)-based sorbents, such as
CeO,, show extremely poor uptake capacity for IO; remediation due to the lack of available coordination
sites in the structure. Therefore, aiming to make the Ce(IV) site available, metal ions and ligands with open
metal sites or weak coordination bonds are highly desirable. Metal-organic frameworks (MOFs) constructed
by organic ligands bridging inorganic nodes (metal ions or clusters) are one of the most promising materials
for fabricating Ce(IV)-based adsorbents with accessible Ce(IV) clusters due to the variability of ligands and
coordination structures. However, the systematic design and development of MOFs with open metal sites or
weak coordination bonds for the efficient removal of radioactive 105 is still in its infancy.

Herein, MOFs with Ce(IV) hexanuclear clusters [Ce(IV)-MOF-808] [32] were selected for the removal of
radioactive 10; due to the capability to make the Ce(IV) site available through the unsaturated coordination
of Ce(IV) and the weak coordination groups upon Ce(IV) (OH and H,0). Ce(IV)-MOF-808 not only
exhibits ultrahigh capture capacity (623 mg-g') and superior distribution coefficient (K; = 2.60 x
10° mL-g™") for 105 but also shows high selectivity for IO;” under the condition of superabundant competing
ions. More importantly, it exhibits an excellent capability for [O; remediation in the simulated Beishan and
Hanford groundwater system, indicating the powerful potential application of Ce(IV)-MOF-808 for the

efficient removal of 105 from nuclear waste liquid solutions or contaminated natural water systems.

Page 2 of 15



Natl Sci Open, 2025, Vol.4, 20240003

®

Ce(IV)-MOF-808

Transmittance (%)

v(c=0);

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Ce(IV)-MOF-808

Simulated Ce(IV)-MOF-808

10 20 30 40
20 (degree)

Figure 1 Crystal structure of Ce(IV)-MOF-808. Ball-and-stick model (a) and polyhedral model (b) of the Ce, cluster. The flat sheet (c) and
3D framework (d) of Ce(IV)-MOF-808. Atom colors: Ce = purple; C = gray; O = red; O (OH/H,0) = green; H atoms are omitted for clarity.

(e) FT-IR spectra of Ce(IV)-MOF-808 (blue) and H;BTC (black). (f) PXRD pattern of Ce(IV)-MOF-808: simulated (black) and synthesized
(red).

RESULTS AND DISCUSSION

Characterization of Ce(IV)-MOF-808

Ce(IV)-MOF-808 [Ceg(113-0)4(13-OH)4(BTC),(OH)4(H,O)s] was obtained under a solvothermal reaction
from a mixture of the corresponding organic ligand (H;BTC) dissolved in DMF and an aqueous cerium
ammonium nitrate solution (Figure la, 1b) [32]. In this structure, each [Ce6(u3—O)4(M3—OH)4]12+ cluster is
consisted with six hydroxyl groups and six HyO molecules through weak coordination. Ce(IV)-MOF-808
exhibits a 3,6-connected 3D framework with spn and tetrahedral cages of approximately 4 A and large
adamantane pores of 18 A in diameter (Figure 1c, 1d). The crystalline structure of Ce(IV)-MOF-808 was
characterized by Fourier transform infrared (FT-IR) and Powder X-ray diffraction (PXRD). As shown in
Figure le, the presence of a wide band range of 2500-3700 cm ™' in Ce(IV)-MOF-808 indicates the presence
of the —OH group in the Ce(IV)-MOF-808 structure [33]. The w(C=0) of the COOH group disappears at
1717 em™, while W(COO-) appears. At the same time, the v,(C=0) of ¥(COO-) in Ce(IV)-MOF-808 is split
into three peaks (1647 cm ™, 1610 cm™ and 1551 cm™) and v(C=0) into two peaks (1434 cm™ and
1366 cm ') [34]. The new peak at 556 cm ' is caused by the tensile vibration of Ce—O in Ce(IV)-MOF-808
[35]. These results indicate the formation of a coordination bond between H;BTC and Ce(IV). Furthermore,
the PXRD pattern of synthesized Ce(IV)-MOF-808 (Figure 1f) is consistent with that of the simulated result,
confirming the successful synthesis of Ce(IV)-MOF-808.
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Figure 2 (a) Effect of pH value on the sorption properties of 10; by Ce(IV)-MOF-808 (Conditions: contact time = 12 h, [ =
50 mg~L’l, Myorvent’ Vsolution = 1 g-L’]). Adsorption kinetics curve under the condition of pH 7 (b) and pH 2 (¢) (Conditions: [I];y = S0 mg-L’],
Mgorvent/ Vsolution = 1 g-Lfl). Adsorption isotherm curve under the condition of pH 7 (d) and pH 2 (e) (Conditions: contact time = 12 h, mgpend

Viowtion = 1 gL ™). (f) Comparison of equilibrium time and the maximum capacity for reported adsorbents and Ce(IV)-MOF-808 in this work.
The detailed experimental conditions, including the solid/liquid ratio and pH values, are listed in Table S6.

pH effect analysis

Considering the high concentration of H/OH ™ in radioactive waste, the influence of different pH conditions
on the adsorption of I0; by Ce(IV)-MOF-808 was first investigated. As shown in Figure 2a, the uptake
percentage of 105 by Ce(IV)-MOF-808 shows negligible changes and over 95% of I0; can be removed in
the range of pH 4-10. Besides, when the pH value changed to 2, the removal of 10; obviously increased and
nearly 99% of 10; was removed. To further explore the relation between pH and adsorption behavior, the
zeta potential of Ce(IV)-MOF-808 was measured. As shown in Figure S2, Ce(IV)-MOF-808 exhibits po-
sitive charge under acidic conditions (pH < 7.6) and shows a strong attraction toward 105 through elec-
trostatic interactions. Besides, the high uptake capability of Ce(IV)-MOF-808 for 10, removal is likely
attributed to the vast —OH sites on the surface of the material that can be exchanged with 10; (Ce-OH + 105"
— Ce-0-1-0, + OH "), leading to a high capture rate of 105 . Therefore, the subsequent batch experiments
(except the related experiments of simulated waste liquid) explored the adsorption effect of Ce(IV)-MOF-
808 on IO; solutions at unregulated pH (pH~7) and pH 2, respectively.

Sorption kinetics analysis

The sorption kinetics analysis of Ce(IV)-MOF-808 for 10; was studied in neutral and acidic solutions
(pH 2). Ce(IV)-MOF-808 was mixed with IO, solution (pH 7 or pH 2) at a solid-liquid ratio of 1 g-L™" and
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stirred at room temperature. I0; was converted to I; at 2% Kl and 0.1 M H;PO, (Figures S3, S4) [27], and
the concentration of IO; in aqueous solution was monitored by the characteristic absorption peak of I in the
UV-Vis spectrum at 350 nm (Figure S5). The characteristic peak of I; at 350 nm in the UV absorption
spectrum disappeared at 60 min in both neutral and acidic solutions, indicating that Ce(IV)-MOF-808 can
reach adsorption equilibrium (pH 7, > 93%; pH 2, > 98%) within 60 min (Figure 2b, 2¢). This rapid
adsorption kinetics may be attributed to the accessible and replaceable hydroxyl sites in Ce(IV)-MOF-808
[36]. The kinetics of Ce(IV)-MOF-808 for 105 is faster than most of the previously reported materials, e.g.,
dried duckweed powder (5760 min) [37], DNTD (1440 min) [38], and pomelo peel (5760 min) [39]. In
addition, pseudo-first-order and pseudo-second-order kinetic models were used to fit the adsorption pro-
cesses in both environments. As shown in Table S3, the kinetics data is in line with the pseudo-second-order
kinetic model, indicating that the uptake of 10; on Ce(IV)-MOF-808 is accord with the chemisorption
process (Figure S6). Additionally, the distribution coefficient (K;) of Ce(IV)-MOF-808 toward 10; reaches
as high as 2.60 x 10°mL-g"' (Table S4), indicating the powerful applications of Ce(IV)-MOF-808 in

practical 10; remediation.

Sorption isotherm analysis

The adsorption capacity of Ce(IV)-MOF-808 toward IO; was further evaluated by adding Ce(IV)-MOF-808
to a series of 105~ solutions with initial concentrations ranging from 0 to 750 mg-L™"' (pH 7 or pH 2), and the
adsorption isotherm curve was fitted by the Freundlich and Langmuir models (Figure 2d, 2¢). The adsorption
curve plotted by the equilibrium concentration and adsorption capacities conform to the Langmuir model.
The saturated adsorption capacities for pH 7 and pH 2 were calculated to be 361 mg-g ' and 623 mg-g,
respectively (Table S5). More importantly, the adsorption capacity at pH 2 is slightly higher than the reported
highest capacity (ZrSbO,: 612.5 mg-g ") [40], setting a new record in adsorption capacity towards IO; . The
high adsorption capacity under acidic conditions is attributed to the positively charged surface of Ce(IV)-
MOF-808 under acidic conditions which introduces more adsorption sites into Ce(IV)-MOF-808 based on
electrostatic interactions. In fact, this capacity is significantly higher than most of previously reported
adsorbents, including oxide composites (Cu,O@CH, 313.4 mg-g") [1], natural materials (dried duckweed
powder, 5.1 mg-g ") [38], resins (Purolite A530E, 53.3 mg-g ') [27], naturally occurring porous minerals
(HDPy-bent, 50.2 mg-g ') [41], and LDHs (NiAl LDH, 395.5 mg-g ') [29] (Figure 2f and Table S6). This
result indicates that Ce(IV)-MOF-808 may be a promising candidate for practical 10; remediation from
nuclear waste with the virtue of generating less amount of secondary radioactive waste.

Selectivity

Since competing anions, such as SO,%, NO;, and CI, often excessively coexist with IO; in the radioactive
waste solutions. The uptake selectivity of Ce(IV)-MOF-808 for 10; was studied under the condition of
different concentrations of competing anions. As shown in Figure 3a, the removal rate of 10; shows
negligible changes as the concentrations of NO; or Cl increased under the condition of pH 7. When the
concentration of NO; and CI increases to 100 times than that of IO;", the removal rates of I0; by Ce(IV)-
MOF-808 remain above 92.1% and 91.8%, respectively. Meanwhile, Ce(IV)-MOF-808 shows the same trend
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Figure 3 Effect of competing anions on the removal percentage of 10; by Ce(IV)-MOF-808 under the condition of pH 7 (a) and pH 2 (b)
Conditions: contact time = 12 h, [I]iisa = 20 mg<L_l, Morvent Vsolution = 1 g-L_l.

on 10; removal under the condition of pH 2 that 94% of 105 is removed under 100 times excess of both
NO; and CI', indicating the excellent uptake selectivity of Ce(IV)-MOF-808 for IO; removal (Figure 3b).
Moreover, anions (SO,*) with higher charge density usually have greater competition than lower charge
density anions IO; according to the anti-Hofmeister bias [42]. However, Ce(IV)-MOF-808 can still remove
46.6% and 47.1% of 105 when the molar ratio of SO,* to I0;  is as high as 100: 1 under the condition of pH

7 and pH 2, respectively. This excellent uptake selectivity of Ce(IV)-MOF-808 for IO; makes it a promising
candidate to selectively remove 105 from wastes with high ionic strengths.

Radiation stability

Considering the high radioactivity of nuclear wastes, the radiation resistance of Ce(IV)-MOF-808 was
evaluated by comparing the FT-IR spectrum, PXRD pattern and adsorption capacity of Ce(IV)-MOF-808
before and after irradiation. As shown in Figure S7, the FT-IR spectrum and the PXRD pattern of Ce(IV)-
MOF-808 remain almost unchanged after being irradiated for different doses, showing that the structure of
Ce(IV)-MOF-808 remains stable under irradiation. In addition, Ce(IV)-MOF-808 shows a high uptake
capacity for 105 after undergoing an extremely high dose of B-ray irradiation (200 kGy) as the original
sample (Figure 4a, 4b). These results indicate the outstanding radiation resistance of Ce(IV)-MOF-808.

10; removal from simulated nuclear wastes

To further explore the practical application of Ce(IV)-MOF-808 in the treatment of radioactive waste, we
analyzed the capture capacity of Ce(IV)-MOF-808 towards 10 in the simulated groundwater at the Hanford
site in the United States and the Beishan high-level waste disposal site in China. As shown in Table S1, high
amounts of competing ions coexist in the simulated wastes. For example, the amounts of Cl” and SO, far
exceed than that of IO; by more than 1200 times in the simulated BGW (Table S2), which presents a huge
challenge for the selective removal of 10; . Exhilaratingly, over 99% IO; in both simulated systems was
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Figure 4 The removal percentage of I0; under the condition of pH 7 (a) and pH 2 (b) after  irradiation compared with the original Ce
(IV)-MOF-808 sample (Conditions: contact time = 12 h, [I];;ija = 200 mg‘L", Msorpent! Viotution = 1 2-L 1. The removal percentage of I0;” by Ce
(IV)-MOF-808 from the simulated Hanford groundwater (c) and Beishan groundwater (d) (Conditions: contact time = 12 h, [I]i =
1 mg-L™"). Dynamic adsorption curve of Ce(IV)-MOF-808-packed column for IO;” capture from the simulated Hanford groundwater (e) and
Beishan groundwater (f) (Conditions: [IJiia = 1 mg-L ™", Mgomen = 200 mg, flow rate = 0.15 mL-min ).

removed by Ce(IV)-MOF-808 with a solid/liquid ratio of 5 g-L™" (Figure 4c, 4d and Table S7). These results
show the bright practical application of Ce(IV)-MOF-808 in I0; remediation from actual radioactive waste.

Dynamic column separation

To further validate the potential of Ce(IV)-MOF-808 in practical scenarios, we evaluated the uptake per-
formance of Ce(IV)-MOF-808 via a dynamic column breakthrough experiment. Ce(IV)-MOF-808 (200 mg)
was packed in a plastic column with an inner diameter of 12.5 mm and further connected to the peristaltic
pump for the dynamic column experiment (Figure S8). The flow rate of the simulated HGW or BGW solution
was set to 0.15 mL-min "' through the control system. As shown in Figure 4e, almost complete adsorption of
105 by Ce(IV)-MOF-808 is observed within the initial 40 mL in the simulated HGW. Then, the con-
centrations of 10; in the effluent increased continuously, hinting that the adsorption sites were gradually
occupied by 10; and the remaining adsorption sites gradually decreased during this period. The dynamic
adsorption process reached equilibrium after being carried out with ~72 mL of IO5 stock solution, and the
effluent concentration (C,) was very close to that of the stock solution (Cy). Similarly, for the simulated BGW
(Figure 4f), Ce(IV)-MOF-808 could almost completely adsorb IO; within the initial 100 mL and reached
equilibrium after being carried out with 120 mL of IO; stock solution. The above results show that Ce(IV)-
MOF-808 exhibits excellent uptake selectivity for [O; and is highly desirable for actual 105 separation from
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Figure 5 XPS spectra of Ce(IV)-MOF-808 before and after IO; adsorption. (a) Full survey XPS spectra. (b) I 3d of Ce(IV)-MOF-808
before and after adsorption. (¢) O 1s of Ce(IV)-MOF-808 before and after adsorption.

radioactive wastes.

Investigation of the adsorption mechanism

To further explore the adsorption mechanism, the structure of Ce(IV)-MOF-808 before and after 105
adsorption was characterized by energy-dispersive X-ray spectroscopy (EDS) mapping, FT-IR spectroscopy,
and X-ray photoelectron spectroscopy (XPS). In the EDS mapping of Ce(IV)-MOF-808 IO; , the uniform
distribution of element I indicates its homogeneous adsorption (Figures S9 and S10). The FT-IR spectra of Ce
(IV)-MOF-808 before and after I0; adsorption were collected in the range of 4000-500 cm™" (Figure S11).
The characteristic peak of ~OH on Ce(IV)-MOF-808 decreased significantly after adsorption, indicating that
the excellent I0; uptake capability possibly originates from the replacement of -OH. The changes of surface
elements and interaction mechanism before and after Ce(IV)-MOF-808 adsorption I0; were analyzed by
XPS (Figure 5). As shown in Figure 5a, new peaks identified at 624 and 54 eV in full XPS spectra appear
after adsorption of IO; and correspond to the characteristics of I 3d orbitals and I 4d orbitals, respectively
[43]. This result indicates that 10; is successfully captured onto Ce(IV)-MOF-808. Meanwhile, 1 3d;,
(pH=7,635.80 eV; pH=2, 635.73 eV) and I 3ds, (pH="7, 624.38 eV; pH =2, 624.24 ¢V) in the I 3d spectra
after adsorption (Figure 5b) also confirm the above conclusion.

The I 3d and O 1s spectra were widened and studied in detail to obtain a better understanding of the
adsorption mechanism. The binding energies of I 3d3, and I 3ds, in Ce(IV)-MOF-808 after adsorption are
shifted toward higher binding energies compared to KIO; (Figure 5b), suggesting that the electron cloud
density around I decreases after adsorption, likely because of the reduction of electrons given to I by O in IO5
after adsorption caused by the formation of strong coordination between O in IO; and Ce in Ce(IV)-MOF-
808.

The O 1s spectrum of the original Ce(IV)-MOF-808 can be divided into three peaks at 532.72, 531.25, and
529.46 eV, which were associated with Ce-OH, Ce-O-C, and Ce-O-Ce, respectively (Figure 5c). The peak of
Ce-OH on Ce(IV)-MOF-808 decreases obviously after adsorption compared with that of the original Ce(IV)-
MOF-808, accompanied by the new peaks of Ce-O-1[530.44 eV (pH =7) and 530.51 eV (pH =2)] caused by
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the coordination between O in I0; and Ce in Ce(IV)-MOF-808. This result illustrates that the weak
coordination functional group, —OH, is replaced by IO; in the adsorption process and forms a strong
coordination between 10; and Ce in Ce(IV)-MOF-808. Therefore, combined with the XPS result of I 3d, the
adsorption mechanism can function as following equation:
Ce-OH + 103 — Ce-0-1-O, + OH" (1)
Besides, the peak area of Ce-O-1 adsorbed in the acidic environment (22.68%) is larger than that of Ce-O-I1
in the neutral environment (19.55%). This is due to high hydroxyl protonation on the surface of Ce(IV)-
MOF-808 under acidic conditions, making the formation of Ce-O-I easier. This result is consistent with the
bath adsorption results that the adsorption capacity of Ce(IV)-MOF-808 for 105 in the acidic environment is
higher than that in the neutral environment.

CONCLUSIONS

In summary, Ce(IV)-MOF-808 exhibits excellent adsorption properties toward 10; removal including fast
adsorption kinetics, ultrahigh adsorption capacity (623 mg-g™'), excellent selectivity, and high K, value.
Moreover, superior I0; remediation is achieved both in static adsorption and dynamic column breakthrough
from the simulated Hanford groundwater and Beishan groundwater, coupled with decent radiation resistance,
endowing Ce(IV)-MOF-808 with promising application prospects in practical scenarios. The XPS results
demonstrate that the excellent adsorption performance of Ce(IV)-MOF-808 is attributed to the high affinity
between [I0; and Ce that the weakly coordinated hydroxyl groups in Ce(IV)-MOF-808 can be easily
replaced by IO;, leading to the strongly coordinated Ce-O-I between 10; and Ce. This work not only reports
a promising candidate for IO; remediation from complex radioactive water systems, but also highlights new
opportunities for the rational design of promising adsorbent materials for efficient removal of 10; .

EXPERIMENTAL

Materials and reagents

Cerium ammonium nitrate [(NH,),Ce(NO;)s, purity > 99.0%] was supplied by Shanghai Macklin Bio-
chemical Technology Co., Ltd. 1,3,5-Benzenetricarboxylic acid (H;BTC, purity > 99.0%) and potassium
iodate (KIO;, purity > 99.0%) were purchased from Shanghai Titan Scientific Co., Ltd. N, N-Di-
methylformamide (DMF) was supplied by Jiangsu Qiangsheng Functional Chemical Co., Ltd. Formic acid
(HCOOH) was purchased from Sinopharm Chemical Reagent Co., Ltd. Acetone (CH;COCH;) was supplied
by Shanghai Lingfeng Chemical Reagent Co., Ltd. NaCl, NaNOj;, Na,SO,, HCI, NaOH, H3PO,, KI and other
reagents were purchased and used from suppliers in analytically pure form.

Synthesis of Ce(IV)-MOF-808

Ce(IV)-MOF-808 was synthesized based on previous reports [32]. Ce(IV)-MOF-808 was prepared by a
solvothermal method, as shown in Scheme S1. H;BTC (22.4 mg, 106 umol), (NH,),Ce(NOs)s (175.3 mg,
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318 umol), H,O (0.6 mL), DMF (1.2 mL) and HCOOH (257 pL) were successively added to a 10 mL
scintillation bottle, and heated at 100°C on an oil bath magnetic stirring heater for 15 min. The products were
separated by centrifugation, washed with DMF (2 mL % 2) and acetone (2 mL X 4), and dried at 70°C for 2 h
to obtain a light yellow solid (Figure S1).

Characterizations

The P irradiation of materials was performed using the electron irradiation accelerator device of Shanghai
Institute of Applied Physics (1.5 MeV; 1.4 mA; 80 kW). Scanning electron microscopy (SEM) images and
energy dispersive X-ray spectroscopy (EDS) were obtained by an EVO 18 scanning electron microscope
from Carl Zeiss, Germany. Fourier transform infrared (FT-IR) spectra in the range of 4000-400 cm ™' were
recorded by a Thermo Nicolet iS50 conventional Fourier infrared spectrometer (USA). Power X-ray dif-
fraction (PXRD) datas were collected at 26 from 3° to 40° with a step of 0.02° by D8 Advance X-ray powder
diffraction instrument in Bruker, Germany (Cu Ka rays (A = 1.54056 A; 40 kV; 40 mA)). The zeta potential
was measured with Malvern Zetasizer Nano ZS90 (UK). X-ray photoelectron spectroscopy (XPS) spectra
were measured using Thermo Scientific ESCALAB Xi+ (USA). A monochromatic Al Ko source (Mono Al
Ka) with an energy of 1486.6 eV was used as the excitation source. The data were fitted and analyzed by
Avantage XPS software, and the binding energies were calibrated through C 1s hydrocarbon peak at
284.8 eV. The concentrations of 10; in the solution were determined by monitoring the characteristic
absorption peak of I3~ derived from 105 at 350 nm by a UV-2600 Vis-spectrometer in Shimadzu, Japan.

Batch experiments

All adsorption experiments were performed at 25°C by using the batch adsorption method. Typically, Ce
(IV)-MOF-808 (5 mg) was placed into aqueous solution containing certain contents of IO; (5 mL). The pH
was adjusted with diverse concentrations of NaOH and/or HCI solutions. After stirring the mixture on a
magnetic mixer at 300 r-min”' for desired adsorption time, the solid-liquid phase was separated with a
0.22 um nylon membrane filter (SANJIA Biochemical Supplies). Taking into account the phenomenon that
105 has no UV characteristic absorption peak in UV-Vis spectrum, the concentration of I0; was measured
by the characteristic peak of I3 at 350 nm based on the reaction that 105 is converted into I after mixing
2 mL of sample with 1 mL of 0.1 M H;PO, solution and 1 mL of 2% KI solution. In an acidic solution
containing excess |, 105 reacts with I and converts to elemental iodine, which then interacts with I to form
I [44]. The specific reactions are as follows:

105 +51 +6H —31,+3H,0 (2)
L+ —I; (3)
105 +81 +6H —31; +3H,0 4)

The removal percentage (77) and sorption amount (g.) of Ce(IV)-MOF-808 for IO; were calculated by the
following formulas:
Cy—C,

1=l X 100% (5)
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gmGC ©)

where C, (mg-L™") is the initial concentration of IO,  in solution; C, (mg‘Lfl) is the residual concentration of
105 after adsorption; /' (mL) and m (mg) are the volume of IO; solution and the mass of Ce(IV)-MOF-808,
respectively.

Effect of pH study

The pH values were adjusted by adding negligible volumes of HCI and/or NaOH solutions. Ce(IV)-MOF-
808 (5 mg) was added to 105 aqueous solution (5 mL, 50 mg-L™") at different pH values (2 to 10). The
suspension was separated with a 0.22 um nylon membrane filter after being stirred for 6 h, and the con-

centration of 105 in aqueous solution was measured by a UV-Vis spectrometer.

Sorption kinetics study

The kinetics experiments were performed at pH 7 or pH 2 with a solid/liquid ratio of 1 g-L". Typically, Ce
(IV)-MOF-808 (100 mg) was added to 105 solution (100 mL, 50 mg-L™"). After being stirred for a certain
time (0, 1, 2, 5, 10, 20, 30, 40, 50, 60, 90, 120, 150, 180, 210, 240, 270, and 330 min), the liquid phase was
separated with a 0.22 pm nylon membrane filter and the concentration of 10;” was analyzed by a UV-Vis
spectrometer.

Two kinetic models, pseudo-first-order (PFO) and pseudo-second-order (PSO) models, were used to fit the
kinetics data. The linearized forms of the two models are as follows [45]:

Pseudo-first-order model:

In(g.~q,) = Ing,~ kit (7)
Pseudo-second-order model:
t 1 t
= +
9 kgl e ®)

where ¢, (mg-g™") and ¢, (mg-g ") are the sorption amount at equilibrium time and time ¢ (min), respectively;
ki (min") and k, (g-mg'1~min_1) are the kinetic rate constants of PFO and PSO, respectively. The linearized
plot of PFO and PSO was obtained when we plotted In(q. - ¢,) and #¢, against ¢, respectively.

The distribution coefficient (K,) of Ce(IV)-MOF-808 toward IO; was calculated by the following equa-
tion:

Co—C )V
Kd:% )

Sorption isotherm study

The sorption isotherm experiments of Ce(IV)-MOF-808 were carried out by varying the initial IO; con-
centrations from 0 to 750 mg-L™". In each sample, Ce(IV)-MOF-808 (5 mg) was added into 105~ aqueous
solution (5 mL) under the condition of pH 7 or pH 2 with a solid/liquid ratio of 1 g-L™". After being stirred for
6 h, the suspension liquid was separated and the concentration of 10; was measured by a UV-Vis spec-
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trometer.

Two isotherm models, the Freundlich and Langmuir isotherm models were used to fit the sorption process.
The Freundlich equation is based on the empirical equation for heterogeneous surface adsorption. The
stronger binding sites are occupied first, and the binding strengths are gradually decreased as the occupation

of the active sites. The Freundlich isotherm model is expressed in the following equations:

(10)

e

1
Ing, = InK - + 5-InC,

—1/n

where K (mg-g ") x (L""mg ™) and # are the Freundlich constants corresponding to the sorption capacity

and strength, respectively. The linearized plot was obtained by plotting Ing, against InC,, and Kr and n could
be calculated from the slope and intercept.

The Langmuir isotherm model assumes that the sorption process is based on monolayer and that all sites

are equal. The linear equation of the Langmuir isotherm model is expressed as follows [46]:

o o an

where ¢,, (mg-g ") is the maximum sorption amount of 105 corresponding to complete monolayer coverage;

K; (L-mg") is a constant related to the sorption capacity and energy of sorption, which characterizes the
affinity of the adsorbate with the adsorbent. The linearized plot was obtained when we plotted C,./q, against
C,, and g,, and K| could be calculated from the slope and intercept.

Anion selectivity study

The effects of competing anions, including NO;, SO,*, and CI’, were determined by adding different
concentrations of NaNOj3, Na,SO,, or NaCl solutions (0.157 mM, 0.785 mM, 1.57 mM, and 15.7 mM) into a
0.157 mM 105 solution. Ce(IV)-MOF-808 (5 mg) was added to the above solution (5 mL) under the con-
dition of pH 7 or pH 2. The suspension was separated after being stirred for 6 h, and the concentration of 105,
after sorption in aqueous solution was measured by a UV-Vis spectrometer.

Radiation resistance measurements

The B irradiation experiment was conducted using an electron beam by an electron accelerator. Ce(IV)-MOF-
808 powder was exposed to B-irradiation for four doses (50, 100, 150, and 200 kGy). The anti-irradiation
property of Ce(IV)-MOF-808 was characterized by FT-IR and PXRD spectroscopy, while the irradiated
samples were further subjected to 10; adsorption experiments (pH 7 or pH 2) to determine the irradiation
stability of Ce(IV)-MOF-808.

Removal of 105 in simulated nuclear wastes

The simulated Hanford groundwater (HGW) and Beishan groundwater (BGW) were prepared according to
Table S1 and Table S2. Ce(IV)-MOF-808 (5 mg/25 mg) was added to the above simulated solutions (5 mL).
The suspension was separated after being stirred for 6 h, and the concentration of 105 after sorption in
aqueous solution was measured by a UV-Vis spectrometer.
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Dynamic column adsorption experiments

Typically, Ce(IV)-MOF-808 (200 mg) was packed in a plastic column (12.5 mm 1.D.). The simulated BGW
or HGW solution flowed through the column at a flow rate of 0.15 mL-min . The concentrations of IO; in
the effluent were evaluated by a UV-Vis spectrometer.
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