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SUMMARY 

Anion-scavenging materials tailored for 99TcO4
− trapping are urgently needed for both nuclear related environmental remediation 

and management of spent nuclear fuel. For the first time, we report here an ultra-robust imidazolium decorated covalent organic 

framework (COF) conjugate fabricated by an ionizing radiation strategy, for efficient capture of 99TcO4
−. The charged imidazolium 

moieties are controllably anchored into the channel of the COF by simply adjusting the γ-ray dose, thereby leading to tunable ReO4
− 

uptake up to 952 mg g−1 with high selectivity and fast kinetics. More importantly, the high porosity and ultra-robust nanofiber 

structure of the COFs make them ideal packing materials for dynamic column experiments. >99.98% ReO4
−/TcO4

− can be efficiently 

separated and re-collected, even after four adsorption-desorption cycles, ranking a new record of the elimination rate for ReO4
− 

adsorption. The performance of these materials suggests attractive opportunities in practical applications for TcO4
− removal from 

the environment and nuclear waste. 

INTRODUCTION 

99Tc, the most prevalent isotope of technetium, is a toxic β-emitting radionuclide with a long half-life (t1/2 = 2.1×105 a)1. Due to its high 

fission yield of 6% in a typical uranium fission reactor, about 2.5 g 99Tc is produced per day in a 100 MW reactor, resulting in high 

radiation conditions for waste repositories2. 99Tc is predominately presented as stable pertechnetate anion, 99TcO4
−, which is highly 

water soluble and can readily migrate into and through the environment3. During vitrification of nuclear waste, 99Tc can escape as 

volatile 99Tc2O7, resulting in low 99Tc loading in the ultimate glass waste form4. Moreover, the catalytic redox activity of 99Tc can 

disrupt control of oxidation states of other key components of spent nuclear fuel5, 6. Separation of 99TcO4
− is thus increasingly crucial 

for spent nuclear fuel reprocessing and environmental contamination remediation. 

Since 99Tc is radioactive and cannot be handled in common laboratories, ReO4
− is often employed as chemical analogue for TcO4−. 

Several approaches have been investigated for TcO4
−/ReO4

− removal7, including reductive immobilization by zero-valent iron (ZVI)8-10, 
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and direct separation by solvent extraction11-14 or solid phase adsorption15-18. Solid phase adsorption approaches can offer simplicity, 

reliability, high capacity, low cost, low pollution and regeneration ability. Early efforts towards designing and synthesizing high 

performance anion-exchange adsorbents for TcO4
−/ReO4

− trapping included inorganic cationic framework materials, such as 

biochar19, modified Al2O3
20, LDHs21, 22, Y2(OH)5Cl23, and NDTB-117. Despite high surface areas, these materials lack specific surface 

functional groups and thus exhibit low adsorption capacity and poor selectivity. Organic materials including polymeric anion-exchange 

resins24-26 and gels27-29 exhibit efficient uptake of TcO4
−/ReO4

− even under acidic conditions, but some of them often suffer from poor 

radiation resistance30, 31 and/or slow adsorption kinetics27. Cationic metal-organic frameworks (MOFs), self-assembled by metal 

cations and neutral organic ligands, have become promising candidates for TcO4
−/ReO4

− remediation, due to high adsorption 

capacity, fast kinetics, excellent selectivity, and high radiation stability32-36. However, these MOF materials cannot survive highly 

acidic conditions required for spent nuclear fuel reprocessing, and furthermore do not comply with the CHON principle37 to avoid 

secondary contamination caused by metals. More stable and useful adsorbents for efficient TcO4
−/ReO4

− capture clearly remain a 

goal for the sustainable development of nuclear energy.  

A new class of porous crystalline materials constructed by strong covalent bond linkages with extended structures, so called covalent 

organic frameworks (COFs), have increasingly attracted attention38-41. Benefitting from structural diversity, permanent porosity and 

excellent stability, COFs have been developed for many applications42-48. When conferred with charged moieties on the skeleton or 

side chain attachments49-51, COFs exhibit potential as excellent ion-exchange adsorbents for TcO4
−/ReO4

−. COF attributes include the 

following: (1) Controllable molecular design permits precise integration of functional modules into porous structures, and crystallinity 

provides high accessibility of functional groups in ordered pores30, 52, 53; (2) The local hydrophobic environment in COF pores can 

enhance selectivity for less hydrophilic TcO4
−/ReO4

− over common anions such as NO3
−, CO3

2−, SO4
2− and PO4

3−; (3) Strong covalent 

bonds render COFs ultra-robust under harsh chemical conditions54, and highly conjugated frameworks stabilize radicals generated 

during the irradiation30, 31 to mitigate radiation damage; (4) Compared with metal-based materials such as MOFs, COFs are free of 

metal atoms while only composed of light elements, so secondary pollution caused by metals can be avoided. In other words, COFs 

comply with the CHON principle, thus can be incinerated completely. Based on these merits, several previous reports have showed 

brilliant results upon TcO4
− scavenger by batch experiments30, 31, 55, 56. However, if we really expect to put a COF material into 

practical application, it would be quite necessary to conduct column tests before declaring the success of one applicable adsorbent. 

Up to now, the dynamic column experiments using COFs to remove ions have never been reported probably due to the high column 

pressure caused by the very small COF grains57 and the difficulty in elution. The rational construction of COFs conjugates with 

suitable structure and porosity is thus a key issue. 

On the other hand, introduction of functional groups into COFs can be challenging because chemical functionalities may be 

incompatible with the COF, and may disrupt COF crystallinity58. Post-synthesis COF functionalization by grafting is an appealing 

alternative synthetic strategy52, 59-61, among which radiation-induced grafting polymerization represents a typical and mature method 

of post-synthesis with a long history62-69. Compared with chemical initiation, γ-ray radiation-induced grafting possesses advantages of 

environmentally green, effective, energy efficient and operationally simple for functional modification of substrates. γ-rays are also 

penetrative enough to ensure the homogeneity of the grafting reaction and thus the excellent mechanical properties of the COFs, 



which allows continuous and stable operation of the column experiments by maintaining the intrinsic structure of the adsorbent. 

Again, radiation methods can initiate bulk phase reactions in the absence of initiators, which can reduce impurities in systems. 

Radiation techniques have been utilized in large scale to easily commercialize the products. The combination of the controllable 

grafting method and well-defined COFs will definitely achieve truly controllable TcO4
−/ReO4

− trapping, yet we are unaware of any 

results on this topic. 

Herein, we present a new strategy to construct cationic COFs for TcO4
−/ReO4

− trapping. For the first time, an imidazolium-based ionic 

liquid, 1-vinyl-3-ethylimidazolium bromide (C2vimBr), is radiation-induced grafted onto a vinyl-rich COF, designated as TbDa-COF. 

The resulting modified COF, designated [C2vimBr]x%-TbDa-COF where x% is the grafting yield (with detailed definition in supporting 

information), shown in Figure 1(a), displays rapid adsorption kinetics, high capacity, good selectivity for TcO4
−/ReO4

−, and stability 

under harsh conditions. 

More importantly, given the high porosity and ultra-robust nanofiber structure of as-synthesized COF conjugates as well as the very 

fast adsorption kinetics, dynamic adsorption column experiments based on our COF were successfully conducted, which 

substantiates the applicability of the COFs for practical TcO4
−/ReO4

− trapping. The present results demonstrate that >99.98% ReO4
−/

TcO4
− can be efficiently separated and re-collected, even after four adsorption-desorption cycles, recording the elimination rate for 

ReO4
− adsorption in literatures. To the best of our knowledge, this is also the first report on dynamic adsorption column experiments 

based on COFs. The performance of these materials suggests enticing opportunities in practical applications for TcO4
− removal from 

the environment, and liquid waste or process streams in spent nuclear fuel reprocessing. 

RESULTS AND DISCUSSION 

Material design, synthesis and characterization 

TbDa-COF was synthesized via imine condensation reaction of 2,5-divinylterephthalaldehyde (DVA) and 1,3,5-tri(4-

aminophenyl)benzene (TAPB) (see NMR spectra in Figure S34) in flamed-sealed tubes at 120 oC for 3 days in solvent 1,2-

dichlorobenzene/n-butylalcohol (o-DCB : n-BuOH = 1:1) with 9 vol% of 6 M acetic acid as catalyst. Fourier transform infrared (FT-IR) 

spectra of TbDa-COF show characteristic C=N vibrations around 1608 cm-1 52, 70, and disappearance of the N-H (3355, 3436 cm-1) 

and aldehydic C-H (2781, 2874 cm-1) modes of the precursors (Figure S1). Besides, the C=C vibration is red-shifted from 1049 cm-1 

to 1033 cm-1, proving the formation of the conjugated structure. 13C cross-polarization/magic-angle spinning (CP/MAS) NMR spectra 

confirm C=N bonds at 161 ppm, and disappearance of aldehydic carbon at 186 ppm (Figure S2). Scanning electron and transmission 

electron microscopy (SEM and TEM) show TbDa-COF morphology of uniform porous nanofibers (Figure 1(b), Figures S3 and S4). 

Crystallinity of TbDa-COF was verified by powder X-ray diffraction (PXRD) in conjunction with multi-scale computational simulations 

and Pawley refinement. As shown in Figure 2(a) and Figure S5, TbDa-COF exhibits a strong PXRD peak at 2.98° and weaker peaks 

at 5.86° and 7.64°, corresponding to the (100), (200) and (210) facets, respectively. The simulations suggest that the AA stacking 

mode better fits the PXRD pattern than AB stacking (Table S1 and S2). The (001) facet corresponds to a π-π stacking distance of 

about 3.6 Å along the direction perpendicular to the 2D layers. Porosity of TbDa-COF was determined from nitrogen adsorption-

desorption isotherms at 77 K (Figure 2(c)), with the Brunauer−Emmett−Teller (BET) surface area calculated as 1222 m2 g-1. Nonlocal 

density functional theory (NLDFT) modeling suggests both micropores and mesopores in TbDa-COF (Figure S6). Besides, the 



chemical stability of TbDa-COF in various solvents and radiation resistance are demonstrated by the maintenance of its crystallinity 

(Figure S7(a), Figure S25(a)). 

A robust structure and high crystallinity suggested TbDa-COF as a substrate to modify to provide an adsorption material tailored for 

TcO4
−/ReO4

−. Radiation grafting was employed as an effective green method to initiate COF functionalization. The charged moieties 

of imidazolium-based ionic liquid C2vimBr were anchored onto the COF channel walls by radical grafting polymerization with the 

products designated [C2vimBr]x%-TbDa-COF, where x% is the grafting yield. The influence of absorbed dose and solution 

concentration of C2vimBr on grafting yield was assessed using thermogravimetric analysis (TGA) to determine the yield x% in 

[C2vimBr]x%-TbDa-COF (Figure 2(f), Figure S8-S10). TGA curves for samples soaked in a solution of 50 wt.% C2vimBr/MeOH with 

different exposure times at constant dose rate providing different absorbed doses, exhibit three stages of decomposition (Figure S8): 

(1) loss of solvent below 200 oC; (2) imidazolium decomposition around 300 oC; and (3) degradation of the COF framework around 

450 oC. The weight loss in the second stage provides the grafting yield, which increases with increasing absorbed dose. The 

calculated grafting yields increase from approximately 28% to 119% upon increasing the absorbed dose from 5 kGy to 40 kGy. The 

grafting yield also increases with concentration of C2vimBr for a fixed absorbed dose (Figure S9). 

Grafting was confirmed by FT-IR and X-ray photoelectron spectroscopy (XPS) (Figure 2(e) and Figure S11). FT-IR of [C2vimBr]28%-

TbDa-COF exhibits a characteristic imidazolium band at 1167 cm-1, along with disappearance of vinyl bands at 2955 and 1033 cm-1. 

XPS reveals the Br 3d signal at 67.5 eV for [C2vimBr]28%-TbDa-COF. In addition, fitting of the N 1s signal indicates imidazolium at 

401.7 eV after grafting. PXRD of [C2vimBr]x%-TbDa-COF shows similar patterns as pristine COF (Figure 2(b)), indicating negligible 

changes in crystallinity and structure upon radiation-induced grafting. Nitrogen adsorption measurements give a BET surface area of 

[C2vimBr]x%-TbDa-COF that continues to decrease as the grafting rate increases (Figure S12) due to the introduction of imidazolium 

functional groups into the COF pores, but there is still a preservation of porosity after grafting (Figure 2(d) and Figure S13). SEM 

images of [C2vimBr]x%-TbDa-COF show uniform nanofibers with rough surfaces (Figures 1(c), 1(d) and Figure S14), demonstrating 

retention of morphology in the grafted materials. Besides, the chemical stability of the grafted COFs after treatment in various 

solvents is demonstrated by the maintenance of their crystallinity and morphology (Figure S7(b) and Figure S23(a-c)). 

ReO4
− sorption studies 

To access trapping performance for TcO4
−/ReO4

−, adsorption kinetics were investigated using [C2vimBr]24%-TbDa-COF and 

[C2vimBr]119%-TbDa-COF as representative of low and high grafting yields. 5 mg of the COF material was added to 10 mL aqueous 

solution; ReO4
− concentrations were measured by ICP-AES. As shown in Figure 3(a), Figures S15 and S16, adsorption kinetics 

depend on both grafting yield and initial Re concentration. For all samples, equilibrium was achieved within 30 min, with [C2vimBr]24%-

TbDa-COF attaining equilibrium in 2 min for initial concentration of 500 ppm Re (rate constant k2 = 1.05×10-2 g·mg-1·min-1). The 

adsorption kinetics is much faster than that of commercial anion-exchange resins such as Purolite A532E and Purolite A530E (~2.5 

h)30, and is comparable to the fastest reported in the literature including those for SCU-COF-130, DhaTGCl
55, SCU-CPN-1-Cl31, PQA-

pN(Me)2Py-Cl56 and HPS-P71. Such efficient adsorption reflects accessible functional groups in ordered COF pores, an effect that 

would facilitate rapid sequestration in the event of a radiological release into the environment. 
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Trapping capacity of [C2vimBr]x%-TbDa-COF for ReO4
− was further evaluated by determining equilibrium Re concentrations after 

exposure to aqueous ReO4
− solutions at initial concentrations from 25 to 800 ppm. The adsorption isotherm curves in Figure 3(b) give 

saturated adsorption capacities fitted by the Langmuir model (correlation coefficient 0.99) in the range of 199 to 952 mg ReO4
− g-1 

[C2vimBr]x%-TbDa-COF. For comparison, the adsorption by ungrafted TbDa-COF is fitted by the Freundlich model (Figure S17), with 

a capacity of only 74 mg ReO4
− g-1. The maximum saturated adsorption capacity here of 952 mg ReO4

− g-1 (Figure 3(c)) is higher 

than those of commercial anion-exchange resins such as Purolite A532E (446 mg ReO4
− g-1) and Purolite A530E (706 mg ReO4

− g-

1)30, and most reported cationic materials (Table S4) including LDHs (130 mg g-1)34, UiO-66-NH3
+Cl− (159 mg g-1)72, SCU-101 (217

mg g-1)33, SCU-102 (291 mg g-1)36, PAF-1-F (420 mg g-1)73, DhaTGCl (437 mg g-1)55, SCU-100 (541 mg g-1)32, SLUG-21 (602 mg g-1)74, 

SCU-COF-1 (702 mg g-1)30, and SBN (786 mg g-1)34, but is somewhat lower than for SCU-CPN-1 (999 mg g-1)31 and PQA-pN(Me)2Py-

Cl (1127 mg g-1)56. Such a high capacity for ReO4
− sets the grafted COFs as a significant anion-exchange material with one of the 

highest reported exchange capacities. Besides, to provide a further insight into the effect of grafting on the ReO4
−/TcO4

− removal, we 

have compared the Re uptake by different grafted COFs with respect to the theoretical maximum adsorption capacity, experimental 

adsorption capacity, and their ratio, as given in Table S5. As can be seen, with the increase of grafting yield, the ratio of experimental 

capacity to theoretical maximum capacity decreases. This is understandable given that high content of grafted imidazolium causes 

steric hindrance effect, and prevents ReO4
− approaching the internal adsorption sites for effective ion exchange, thereby reducing the 

utilization opportunity of adsorption sites. Overall, control of grafting and resultant adsorption, as demonstrated by the results in 

Figure 3(c), bodes well for utility of the new COF materials in TcO4
− removal applications. 

Given the presence of various anions in radioactive waste streams, anion exchange selectivity is needed for practical applications of 

TcO4
− adsorbents. Therefore, the adsorption properties of [C2vimBr]24%-TbDa-COF and [C2vimBr]119%-TbDa-COF for ReO4

− in the 

presence of NO3
−, Cl−, SO4

2−, CO3
2− and PO4

3− was evaluated (Figure 3(d), Figure S18). With the competing anions at the same 

concentration as ReO4
−, the removal percentages remained as high as 92% to 96% for 1 mg adsorbent per mL solution, while the 

values for all the competing anions were less than 57% (determined by ion chromatography), representing a priority in uptake for 

ReO4
−. The selectivity shown here is comparable to that of SCU-COF-130, SCU-10032, and SCU-CPN-1-Cl31, but much better than 

most of the reported materials including commercial resins such as A520E and IRA-40155. Considering the typical excess of NO3
− 

and SO4
2− in certain types of nuclear waste solutions, we also investigated the uptake of ReO4

− as a function of their concentrations 

(Figures 3(e),3(f)), Figures S19, S20). As can be seen, even for concentrations of NO3
− : ReO4

− = 100 : 1, and SO4
2− : ReO4

− = 

1000 : 1, the removal of ReO4
− was still as high as ~50% and ~65%, respectively, which further confirms the high selectivity of the 

COF adsorbent for ReO4
−. The high selectivity can be rationalized from the hydrophobic nature of the COF channels constructed by 

benzene-rich ligands. Specially, ReO4
− is a large, monovalent anion, thereby resulting in a low charge to radius ratio and an overall 

low charge density. The standard Gibbs energy of hydration of ReO4
− (-330 kJ mol-1) is also greatly lower than those of SO4

2− (-1090 

kJ mol-1) and PO4
3− (-2773 kJ mol-1)7, 75, which is in favor of its extraction from the water media. In other words, ReO4

− appears less 

hydrophilic, which is more favored by the hydrophobic COF channels, thus leading to a better selectivity. Besides, it is worth noting 

that under the same condition, NO3
− made the removal percentage of ReO4

− decrease more than SO4
2−. This phenomenon follows 

the principle of anti-Hofmeister bias that can also be attributed to the hydrophobic nature of the COF skeleton. NO3
− with lower 

charge density possesses a higher affinity with the hydrophobic skeleton to compete with ReO4
− than SO4

2−, thus gives more 
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negative effect on the removal of ReO4
−. Overall, it can be concluded that construction of hydrophobic pores in an adsorbent not only 

improves the selectivity for ReO4
− but also affects the affinity for those anions with different charge densities. 

The adsorption properties and the zeta-potential of the COF adsorbent as a function of pH were also studied in detail, and the results 

are shown in Figure S21 and Figure S22. As can be seen, the grafted COF shows positive zeta potential in the whole test pH range 

(3~11), revealing a definite positively charged surface. This guarantees the grafted COF to maintain a good adsorption performance 

over a wide pH range, which is consistent with the adsorption results of no clear changes in the ReO4
− uptake at pH 3~9. At pH 1, 

however, the ReO4
− uptake is significantly decreased. Since the content of anions in a solution with pH = 1 is approximately 100 times 

higher than that of ReO4
−, the decrease in the adsorption capacity is probably due to the competition of anions in the system but not 

the effect of the hydrogen ions. Stability performance of the grafted COFs in acid and other solvent media was then tested. The 

grafted COFs maintained their high adsorption capacities for ReO4
− after being soaked in various media (Figure S24). Combining the 

adsorption results in Figure S21 and SEM images in Figure S23 (a-c), it can be concluded that the COF material maintains stable in 

various solvents or aqueous solutions ranging from of 1 M HCl to pH 9.0. To assess the radiation stability of the grafted COFs, dry 

samples and samples soaked in water were subjected to 60Co gamma irradiation using a dose rate of 160 Gy min-1, up to a maximum 

dose of 200 kGy. No discernable changes in morphology, PXRD patterns and FTIR spectra (Figures S23(d-g), S25(b), S26) indicate 

the maintenance of COF framework during the irradiation. And no decrease in Re(VII) adsorption (Figure S27) was observed for all 

the test samples even following 200 kGy irradiation, which confirms excellent radiation stability. The stability of the COFs can be 

rationalized from their unique structures involving extended π-conjugation frameworks and close π-π stacking, which has been 

demonstrated by the previously reported works30, 58. 

Sorption mechanism 

The adsorption mechanism of grafted COFs was investigated using various probes. The new FT-IR peak at 908 cm-1 in Figure 4(a) 

after ReO4
− adsorption corresponds to Re-O stretching vibrations. The FT-IR spectrum after subsequent treatment with 1 M KBr at 

room temperature indicates near complete elimination of ReO4
−, confirming an anion exchange mechanism. XPS spectra in Figure 

4(b) and Figure S28 show new Re 4f peaks after adsorption, with those due to Br 3d essentially gone. For [C2vimBr]x%-TbDa-COF 

with higher grafting yields, residual Br 3d peaks remained, presumably due to internal COF defects such that not all anion-exchange 

sites are utilized. The N 1s peak at 401.7 eV was essentially unaffected by ReO4
− adsorption, suggesting little effect of Br−/ReO4

− 

exchange on the imidazolium groups. SEM-EDS and ion chromatography also support the postulated anion exchange mechanism 

(Figures 1(e), 4(e) and Figure S29). From Figure 4(e) it is apparent that the equilibrium concentration of exchanged-out bromide ions 

is inversely related to ReO4
− removal, with the ratio of adsorbed ReO4

− to released Br− close to 1:1. Extended X-ray absorption fine 

structure (EXAFS) spectra in Figure 4(d) show raw and Fourier transformed Re LIII-edge k3 weighted EXAFS spectra for Re(VII)-

loaded COF and KReO4; the similar EXAFS spectra and metric parameters (Table S3) indicate essentially the same speciation and 

coordination structure of Re(VII) upon adsorption, in accord with Re 4f XPS results in Figure 4(c). 

We further explored the adsorption dynamics of ReO4
− anions into the structure of the COF adsorbent and the underlying uptake 

mechanism using all-atom molecular dynamics (MD) simulations in combination with first principles calculations (see details in the the 

Supporting Information SI-Computational methods and analysis of ion-exchange process). The comparison of Figure S30 and Figure 
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S31 clearly shows the occurence with time evolution of the ion exchange between ReO4
− and Br− anions. The interaction energies 

between different components of the simulation system at the last several ns were then analyzed. The binding energy of ReO4
− with 

water (-66 kcal/mol) is clearly lower than that of Br− (-76 kcal/mol), which is well consistent with the reported results75 that ReO4
− has 

a lower hydration energy, thus being in favor of its extraction from water. To uncover the driving forces for the anion-exchange 

process, density functional theory calculations with the BHLYP functional using Gaussian 16 software were also performed (see 

details in the Supporting Information SI-Computational methods and analysis of ion-exchange process and Figure S32). The results 

suggest that compared to Br−, ReO4
−/TcO4

− show slightly larger binding energy by 3.1 kcal/mol with the side chain of the COF. We 

thus conclude by combining the MD simulations that ReO4
−/TcO4

− have slightly higher binding ability with the COF while significantly 

weaker solvation ability in water than Br−. That is to say, the less hydrophilic nature of ReO4
−/TcO4

− than Br− dominates the ion 

exchange process, which is in line with our deduction in the previous section and the conclusion drawn from the recently published 

works on ReO4
−/TcO4

− removal via ion exchange30, 31, 56. 

Dynamic adsorption column experiments for 99TcO4
− remediation 

To evaluate dynamic adsorption performance relevant to applications, experiments were performed with grafted COF adsorbents 

packed into columns, with details in Figure 5(b) and supporting information. Experiments were first conducted with ReO4
− aqueous 

solutions using TbDa-COF and [C2vimBr]16%-TbDa-COF (Figure S33), with complete breakthrough for the latter taking much longer 

due to enhanced adsorption after grafting. Reusability of [C2vimBr]16%-TbDa-COF was evaluated using aqueous solutions of 25 ppm 

Re(VII) for adsorption, and 1 M KBr for elution, which was pumped through the column at a flow rate of 1.0 mL min-1. After complete 

adsorbent saturation followed by washing with pure water, ReO4
− was readily desorbed by 20 mL of 1 M KBr and the column was 

then washed by pure water and recovered for the next of the four cycles (Figure 5(a)). Notably, the results in Figure 5(c) indicate 

>99.98% adsorption removal of ReO4
− in all four cycles, with the residual concentration of Re (measured by ICP-MS) decreased to as

low as 0.8 ppb. This value is lower than the maximum concentration limit of World Health Organization (WHO) set for heavy metal ion 

in drinking water. From this point of view, the material reported here and its packed column are effective and feasible for water 

purification. Furthermore, the result in Figure 5(d) that over 91% ReO4
− is recovered in desorption stages indicates good recycling 

efficiency. The high separation efficiency is believed to result from the high porosity and nanofiber structure of the COFs, and anion 

exchanger present in large quantities in the COFs, whereas the good recycling efficiency can be attributed to the ultra-robust nature 

of the COFs, and the excellent mechanical properties of the COFs due to radiation-induced homogeneous grafting, as evidenced by 

the stable column pressure and the maintenance of their morphology (Figure S23(h)) during several column separation cycles. 

Finally, we directly demonstrated usability of the [C2vimBr]16%-TbDa-COF column for TcO4
− remediation using aqueous solutions of 

10 ppm Tc(VII) with the same flow rate of 1.0 mL min-1. In order to reduce the amount of radioactive waste, only 10 mL of Tc solution 

was fed in the adsorption stage, which was far from saturation. And only 5 mL of 1 M KBr and 5 mL of water were used in the 

desorption stage where TcO4
− was stripped from the column into the eluent and then detected by a liquid scintillation counter. As 

shown in Figure 5(e), in the adsorption stage, TcO4
− is almost completely immobilized with an adsorption rate of over 99.98%, while 

in the subsequent desorption stage, the desorption rate is about 70%. This value is lower than that for Re column experiments where 

the adsorption stage was saturated and 20 mL of 1 M KBr was used for desorption. We believe that if the same procedure as that in 



8 

Re column experiments was adopted, a high desorption rate over 90% can be achieved. Overall, these results confirm promise for 

applications of the grafted COF and its packed column in TcO4
− removal.

Conclusions 

In summary, using radiation-induced grafting we synthesized imidazolium modified 2D COFs [C2vimBr]x%-TbDa-COF for ReO4
−/TcO4

− 

trapping. As a result of accessible and flexible cationic sites in highly ordered and stable hydrophobic channels, these adsorbents 

exhibit tunable ReO4
− adsorption capacities up to 952 mg g-1 and unparalleled fast kinetics, with equilibrium in as low as 2 min. The 

adsorbents retain satisfactory uptake performance for ReO4
−/TcO4

− even with large excesses of common competing anions. Dynamic 

adsorption experiments demonstrated effective trapping of ReO4
−, recyclability, and applicability to separation of radioactive TcO4

−. 

The results reveal enormous potential for spent nuclear fuel reprocessing and environmental remediation, which should motivate 

further exploration of this family of COF materials. 

EXPERIMENTAL PROCEDURES 

Resource Availability 

Lead Contact 

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Weiqun 

Shi (shiwq@ihep.ac.cn). 

Materials Availability 

This study did not generate new unique reagents. 

Data and Code Availability 

The published article includes all datasets generated or analyzed during this study. 

Synthesis, Characterization, Adsorption experiments and Modeling 

TbDa-COF was synthesized by TAPB and DVA through vacuum solvothermal reaction. The modified [C2vimBr]x%-TbDa-COF was 

synthesized by radiation-induced grafting C2vimBr onto TbDa-COF. The structure, morphology, porosity and grafting yield of the 

materials were characterized by FTIR, solid state NMR, XPS, XRD, SEM, TEM, N2 adsorption, TGA, et al. Batch adsorption 

experiments were performed by mixing the prepared adsorbents with KReO4 aqueous solution. After shaken at 25 oC at a rate of 180 

rpm for the specified contact time, the samples were separated with a 0.22 μm nylon membrane filter, diluted and subjected to ICP-

AES for concentration measurement. The adsorption mechanism was illustrated by FTIR, XPS, EXAFS, supplemented by 

computational simulation. The flow rate of the dynamic adsorption column experiments was 1.0 mL min-1, and the feed solution 

contains 25 ppm Re(VII) or 10 ppm Tc(VII). Full details can be found in the Supplemental Experimental Procedures. 

SUPPLEMENTAL INFORMATION 

Supplemental information includes synthetic procedures, characterization data, fitting results of experimental sorption data, 

modeling details, liquid and solid NMR data and can be found with this article online. 
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Figure 1. Preparation schematic and electron micrographs of [C2vimBr]x%-TbDa-COF, where x% is the grafting yield. (a) Synthetic procedures for TbDa-

COF and [C2vimBr]x%-TbDa-COF. SEM images of (b) TbDa-COF, (c) [C2vimBr]28%-TbDa-COF and (d) [C2vimBr]119%-TbDa-COF. (e) EDS mapping of 

[C2vimBr]28%-TbDa-COF before (above) and after (below) ReO4
− adsorption. (scale bar 10 μm) 

Figure 2. COF characterization. (a) PXRD patterns of TbDa-COF; experimental data in red, Pawley refinement in black, computational simulation in blue, and 

refinement/experiment difference in olive-green. Inset: AA stacking mode of TbDa-COF with C atoms in purple and N in blue (H omitted for clarity). (b) PXRD 

patterns of TbDa-COF, [C2vimBr]28%-TbDa-COF, [C2vimBr]52%-TbDa-COF and [C2vimBr]94%-TbDa-COF. 77 K N2 adsorption/desorption isotherms of (c) TbDa-COF 

and (d) [C2vimBr]28%-TbDa-COF. (e) FT-IR spectra of TbDa-COF, [C2vimBr]28%-TbDa-COF and C2vimBr. (f) Grafting yield versus absorbed dose. 

Figure 3. ReO4
− adsorption results. (a) Adsorption kinetics of ReO4

− (initially 500 ppm) by [C2vimBr]24%-TbDa-COF. (b) Adsorption isotherms of [C2vimBr]x%-

TbDa-COF having different x%. (c) Saturated adsorption capacity versus grafting yield. (d) Effect of competing anions on ReO4
− removal by [C2vimBr]24%-TbDa-

COF. (initially 26 ppm, molar ratio = 1 : 1) (e) Effect of NO3
− on removal of ReO4

− (initially 26 ppm) by [C2vimBr]24%-TbDa-COF. (f) Effect of SO4
2− on removal of 

ReO4
− (initially 26 ppm) by [C2vimBr]24%-TbDa-COF. 

Figure 4. Assessing the adsorption mechanism. (a) FTIR and (b) XPS spectra of [C2vimBr]28%-TbDa-COF before and after anion-exchange with ReO4
−, and 

after ReO4
− desorption using 1 M KBr. (c) Re 4f XPS spectrum for Re(VII)-loaded COF. (d) Raw and Fourier transforms of Re LIII-edge k3 weighted EXAFS spectra 

of (A) Re(VII)-loaded COF and (B) KReO4. The best fits are indicated by orange and green traces. (e) Dependence of the concentration of removed ReO4− (blue) 

and released Br− (pink) from [C2vimBr]28%-TbDa-COF on the initial concentration of ReO4
−, with the concentrations of ReO4

− and Br− measured by ICP-AES and ion 

chromatography, respectively. 

Figure 5. Dynamic adsorption column experiments. (a) Dynamic elution curve of [C2vimBr]16%-TbDa-COF packed column for ReO4
− separation, with the 

concentrations of ReO4
− measured by ex-situ ICP-AES. (b) Photo of the dynamic adsorption experiment. Efficacy of ReO4

− (c) Removal and (d) Desorption for each 

cycle. (e) Dynamic elution curve of [C2vimBr]16%-TbDa-COF packed column for TcO4
− separation. The feed solution was ReO4

− or TcO4
− aqueous solutions 

containing 25 ppm Re or 10 ppm Tc, which was pumped through the column at a flow rate of 1.0 mL min-1. 
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