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A B S T R A C T

Efficient extraction of radioactive 99TcO4- from strong acid/base solutions by porous adsorbents is extremely de-
sirable but remains a great challenge. To overcome the challenge, here we report the first example of an olefin-
linked cationic covalent organic framework (COF) named BDBI-TMT with excellent acid, base and radiation sta-
bility is synthesized by integrating robust imidazolium salt-based linkers with triazine building blocks. BDBI-
TMT shows an ultra-fast adsorption kinetics (equilibrium is reached within 1 min) and an excellent ReO4- (a non-
radioactive surrogate of 99TcO4-) capture capacity of 726 mg g−1, which can be attributed to the abundance of
precisely tailored imidazolium salt-based units on the highly accessible pore walls of the ordered pore channels.
Furthermore, the formation of the highly conjugated bulky alkyl skeleton enhances the hydrophobicity of BDBI-
TMT, which significantly improves not only the affinity toward ReO4-/99TcO4- but also the chemical stability, al-
lowing selective and reversible extraction of ReO4-/99TcO4- even under extreme conditions. This work demon-
strates the great potential of olefin-linked cationic COFs for ReO4-/99TcO4- extraction, providing a new avenue to
construct high-performance porous adsorbents for radionuclide remediation.

1. Introduction

With a low-carbon footprint, nuclear power is expected to
play an irreplaceable role in meeting global energy demands
[35,49,58,61]. However, the development of the nuclear indus-
try has produced a large amount of radioactive waste, such as
technetium-99 (99Tc), one of fission products with extreme tox-
icity [17,59], high fission yield (6.06% in the typical uranium
fission reactor), and persistent radioactivity (half-life of 2.13 ×
105 years) [11,27,30]. So far, how to effectively dispose of ra-
dioactive 99Tc is still in a preliminary exploration stage [38].
99Tc mainly exists in the environment as the pertechnetate an-
ion (TcO4-), which exhibits almost non-complexing nature, ex-
tremely high water-solubility and high mobility, and can easily
enter into the ecosystem, causing serious radioactive pollution
concern [18,45,55]. In addition, 99Tc also disrupts the extrac-
tion of plutonium, uranium, and neptunium through its cat-

alytic redox activity, and the volatile nature of 99TcO4- to
99Tc2O7 during the vitrification of nuclear waste causes a seri-
ous risk of leakage [15,43,57]. Thus, exploring high-
performance materials for the remediation of 99TcO4- is crucial
for environmental remediation and nuclear fuel reprocessing.
However, this mission represents a significant challenge given
the combined severe conditions of high salinity, strong ionizing
radiation (β, γ, and neutron irradiations, etc.), and extremely al-
kalinity/acidity in nuclear wastes.

Ion exchange is considered to be an effective method to sepa-
rate 99TcO4- from nuclear waste, and various anion exchangers
have been developed and shown high extraction efficiency for
ReO4-/99TcO4- [8,33,51,54]. Owing to the limited availability
of radioactive 99TcO4- in common laboratories, ReO4- with
identical charge density is usually used as a non-radioactive
surrogate of 99TcO4- [37,44]. Inorganic cationic absorbents
such as layered rare-earth hydroxides (LRHs) [12], thorium bo-
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rates (NDTB-1) [52], and layered double hydroxides (LDHs)
have been developed as good anion exchangers for ReO4-
/99TcO4- extraction [1]. Despite low costs and easy prepara-
tion, their relatively poor selectivity and low extraction capac-
ity toward ReO4-/99TcO4- hinders practical application [1,52,
8]. The commercialized available anion-exchange resins, such
as Puroilte A532E and A530E, exhibit efficient extraction of
ReO4-/99TcO4-, but still inevitably suffer from poor radiation
resistance, limited adsorption capacity and/or slow adsorption
kinetics [31]. Porous organic polymers (POPs) show good po-
tential for efficient ReO4-/99TcO4- extraction, while their per-
formance was often compromised by buried anion exchange
sites due to disordered pore structures [16,32, ,50,63]. Re-
cently, cationic metal organic frameworks (MOFs) are consid-
ered as promising candidates for ReO4-/99TcO4- extraction
[22,23], showing good radiation resistance and selectivity, but
these adsorbents can hardly survive under extreme alkaline/
acidic conditions [33,44,46,64]. Therefore, new adsorbents
with the traits of high capacity, fast kinetics, remarkable chemi-
cal stability, and excellent selectivity are urgently needed for
99TcO4- extraction from nuclear wastes.

Recently, covalent organic frameworks (COFs) have at-
tracted increasingly attention as a dynamic new class of crys-
talline network polymers constructed by stable covalent link-
ages, being well suited for metal ion extraction due to their ex-
cellent stability, well-defined/tunable pore channels, and per-
manent porosity [20,21,28,34,39-41]. COFs have the following
unique natures: (1) tunable network structure allows precise
anchoring of functional groups into ordered pore channels and
provides high accessibility of binding sites on open pore walls
[6]; (2) the local hydrophobic environment constructed by the
bulky alkyl skeleton can significantly improve selectivity for
more hydrophobic ReO4-/99TcO4- over common anions such
as SO42-, NO3-; (3) the highly conjugated framework linked by
covalent bonds render COFs with high stability under acidic, al-
kaline and radiation conditions [4]; (4) compared with metal-
based absorbents such as MOFs, COFs conform to the CHON
principle and can avoid secondary pollution caused by metals
[5]. Based on the above advantages, so far, several COFs based
on dynamic imine bonds (such as SCU-COF-1 [15],
[C2vimBr]x%-TbDa-COF [55], DhaTGCl [7], and PS-COF-1
[14]) have shown good performance in ReO4-/99TcO4- extrac-
tion. However, their main covalent bonds (imine bonds) are still
susceptible to strong alkaline, acidic, and radiation, which sig-
nificantly limit their regeneration and practical applications
[7]. High stability is especially critical for 99TcO4- extraction,
since the nuclear waste is usually strongly alkaline, acidic, and
radioactive (Li, J. et al., 2021). Thus, it remains a significant
synthetic challenge for regeneration and efficient 99TcO4- ex-
traction.

Currently, the synthesis of robust olefin-linked COFs by aldol
condensation has attracted considerable attention [13,19,29,
36,48,62]. Benefiting from the extremely stable olefin linkages
and highly conjugated structures, these COFs exhibited excel-
lent stability even under highly alkaline/acidic, high salinity,
and strong radiation conditions [36,56]. Although the olefin
linkages are robust, the poor reversibility of Aldol condensation
is an inevitable problem in the synthesis of olefin-linked COFs
[2,5]. In particular, the synthesis of olefin-linked cationic COFs
is still in the preliminary exploration stage [5], and its applica-
tion in ReO4-/99TcO4- extraction has not yet been explored.

We herein report a robust olefin-linked cationic COF (named BDBI-
TMT) for efficient extraction of ReO4-/99TcO4- by integrating 5,6-bis(4-
formylbenzyl)− 1,3-dimethyl-benzimidazolinium bromide (BDBI) with
2,4,6-trimethyl-1,3,5-triazine (TMT). Benefiting from the abundant

precisely tailored imidazolium salt-based units on the highly accessible
pore walls of the ordered pore channels, BDBI-TMT showed fast ion ex-
change kinetics and excellent ReO4- capture capacity of 726 mg g−1.
Furthermore, the formation of the highly conjugated bulky alkyl skele-
ton enhances the hydrophobicity of BDBI-TMT, which significantly im-
proves not only the affinity toward ReO4-/99TcO4- but also the chemical
stability, allowing selective and reversible extraction of radioactive
ReO4-/99TcO4- even under extreme conditions (Fig. 1). To the best of
our knowledge, our work represents the first example of the application
of olefin-linked cationic COFs for selective ReO4-/99TcO4- extraction,
providing a new avenue for constructing high-performance materials
for radionuclide remediation.

2. Experimental

2.1. Materials

4,7-Bis(4-formylphenyl)− 1,3-dimethyl-1 H-benzo[d]imidazole-3-
ammonium bromide (BDBI) was purchased from Jilin Chinese Academy
of Sciences-Yanshen Technology Co., Ltd. 2,4,6-Trimethyl-1,3,5-
triazine (TMT) was purchased from Shanghai Tensus Bio-tech Co., Ltd.
Trifluoroacetic acid, 1,4-dioxane, acetonitrile, ammonia water, ace-
tone, and mesitylene were purchased from Energy Chemical Technol-
ogy (Shanghai) Co., Ltd.

2.2. Synthesis of BDBI-TMT

4,7-Bis(4-formylphenyl)− 1,3-dimethyl-1 H-benzo[d]imidazole-3-
ammonium bromide (BDBI, 32.6 mg, 0.075 mmol), 2,4,6-Trimethyl-
1,3,5-triazine (TMT, 6.0 mg, 0.05 mmol), 0.45 mL mesitylene, 0.45 mL
1,4-dioxane, 0.2 mL acetonitrile, and 0.2 mL trifluoroacetic acid were
charged into a 10 mL Pyrex tube. The tube was evacuated through three
freeze-pump-thaw cycles, and then flame sealed. After sealing, the tube
was heated at 150 °C for 3 days. The collected solid was neutralized
with 0.1 mol L−1 NH4OH solution in aqueous methanol (50 wt%),
washed several times with methanol and acetone, respectively, and
then vacuum-dried at 80 °C to obtain the crystalline BDBI-TMT
(32.1 mg, 83%).

Fig. 1. Schematic illustration of the robust olefin-linked cationic COF for highly
selective removal of ReO4-/99TcO4- under extreme conditions.
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3. Results and discussion

3.1. Design and synthesis of olefin-linked cationic COF

To obtain a highly stable adsorbent for rapid, selective and re-
versible extraction of ReO4-/99TcO4-, the following factors need to be
considered when designing the COF. Currently, many COFs had been
developed for the adsorption of ReO4-/99TcO4- [14,15,55,7]. However,
all previously reported COFs for removal of ReO4-/99TcO4- constructed
by polarized dynamic covalent bonds, resulting in relatively weak π-
conjugation of the skeleton and poor stability under harsh conditions.
Olefin bonds are robust and highly conjugated, which can significantly
enhance the framework stability [56], thereby overcoming the above
challenges. Furthermore, their open porous structure and relatively hy-
drophobic framework improve the accessibility of binding sites and se-
lectivity for ReO4-/99TcO4-. Therefore, by introducing highly selective
imidazolium salt-based units on the bulky alkyl skeleton, olefin-linked
cationic COF may serve for high performance ReO4-/99TcO4- removal
under extreme conditions.

To achieve the olefin-linked cationic COF for high-performance
ReO4-/99TcO4- removal under harsh conditions, a robust imidazolium
salt-based linker (BDBI) was designed by integrating several bulky alkyl
groups to N1, C2, N3, C4, and C5 positions of imidazole to synergistically
improve the selectivity and stability through the formation of hy-
drophobic cavity and steric hindrance. Our synthesis is depicted in Fig.
2. BDBI with TMT were polymerized by Aldol condensation, yielding a
robust imidazolium salt-based COF (BDBI-TMT). High-quality BDBI-
TMT was synthesized in a mixture of 1,4-
dioxane/mesitylene/trifluoroacetic acid/acetonitrile (9:9:4:4 by vol.)
at 150 °C for 3 days. Our synthetic strategy not only integrated abun-
dant imidazolium salt-based units on the highly accessible pore walls as
the ReO4-/99TcO4- adsorption sites, but also tailors a locally hydropho-
bic and highly conjugated framework as a high-performance platform
for ReO4-/99TcO4- removal. The synergistic effects of these advantages
of BDBI-TMT are promised to realize better selectivity, faster kinetics,
and higher capacity.

The chemical composition of BDBI-TMT was investigated by Fourier
transform infrared (FT-IR) and solid-state 13C CP/MAS NMR spec-
troscopy. In the FT-IR spectrum of BDBI-TMT (Fig. S1), the two new
stretching vibration bands of the olefin bond in trans-configuration (at
ca. 1642 cm−1 and ca. 984 cm−1) were observed and the intense stretch-

ing vibration band of C O (at ca. 1692 cm−1) completely disappeared,
confirming that BDBI and TMT were highly condensed and the olefin
bond was successfully formed in BDBI-TMT. The 13C CP/MAS NMR of
BDBI-TMT further confirmed the successful formation of the olefin
bond, supported by the peaks located at ca. 168 ppm and ca. 141 ppm
ascribed to the carbon atoms in the triazine moiety and olefin-linked
phenyl carbon (Fig. S2), respectively.

BDBI-TMT is highly crystalline with sharp powder X-ray diffraction
(PXRD) peaks at 2.79, 4.83, 5.59, and 7.40 (2θ) correspond to the
(100), (110), (200), and (210) facets of the space group PM (No. 6; Fig.
3a, black cross; Fig. S3). An optimized unit cell with parameters of
a= 37.5543 Å, b= 4.9054 Å, c= 36.8452 Å and α = γ = 90°,
β = 120° was generated based on geometrical energy minimizations of
the eclipsed (AA) stacking structures (Fig. 3a inset; Table S1). The ex-
perimental PXRD pattern agreed well with the simulated PXRD profile
(Fig. 3a, pink curve), and the full Pawley refined PXRD pattern matched
well with the experimental data, as supported by the low values
(Rwp≤3.83% and Rp≤2.62%) and negligible differences (Fig. 3a, purple
curve).

To determine the permanent porosity of BDBI-TMT, N2 adsorption-
desorption isotherms were measured at 77 K. The Brunauer-Emmett-
Teller (BET) surface area of BDBI-TMT was calculated to be 344.92 m2

g−1 (Fig. 3b; Fig. S4). The pore size distribution of BDBI-TMT was
mainly centered at 3.0 nm (Fig. S5), which matched well with the
eclipsed (AA) stacking model (Fig. 3a inset). Scanning electron mi-
croscopy (SEM) image showed that BDBI-TMT had a spherical morphol-
ogy with a diameter of ca. 5 µm (Fig. S6). Thermogravimetric analysis
(TGA) indicated that BDBI-TMT was thermally stable up to ca. 349 °C
(Fig. S7), revealing the excellent thermal stability of the olefin-linked
skeleton. To further investigate the excellent chemical stability of our
COF, we treated BDBI-TMT under various severe conditions for 3 days,
such as 6.0 M NaOH, 6.0 M HCl, 6.0 M HNO3, 600 kGy β-ray irradiation
and 600 kGy γ-ray irradiation. After the treatments, the FT-IR spectrum
and PXRD pattern of BDBI-TMT remained unchanged (Figs. S8-11).
More importantly, SEM images showed that the morphology of BDBI-
TMT remained almost unchanged even after soaking in a strong acid/
alkali solution, retaining a uniform microsphere morphology (Fig. S12).
Confirming its excellent chemical stability.

All of these confirmed that BDBI-TMT possesses regular pore chan-
nels and ultra-high stability, which are crucial for efficient and re-
versible ReO4-/99TcO4- removal.

Fig. 2. Strategy for preparing olefin-linked cationic COF (BDBI-TMT).
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Fig. 3. (a) PXRD profiles of BDBI-TMT: experimental results (black cross), and the Pawley refined (red curve), simulated AA-stacking (pink curve), refinement differ-
ences (purple curve), and the Bragg positions (blue bar). Inset: Space-filling model of BDBI-TMT in eclipsed (AA) stacking. (b) Nitrogen adsorption–desorption
isotherms of BDBI-TMT at 77 K.

3.2. Efficient and selective removal of ReO4-

Owing to the limited availability of radioactive 99TcO4- in common
laboratories, ReO4- with identical charge density is usually used as a
non-radioactive surrogate of 99TcO4-. The ReO4- removal efficiency was
investigated by contacting 10 mg BDBI-TMT with 10 mL ReO4- aqueous
solution (10 ppm). Surprisingly, we observed an extremely fast removal
process (Fig. 4a), more than 99% of ReO4- was removed within 30 s. No-
tably, BDBI-TMT is also prominent in terms of adsorption kinetics. The
adsorption kinetics can be well described by the pseudo-second-order
model (Fig. 4b, Table S2). The experimental results show that the ad-
sorption of ReO4- by BDBI-TMT can reach dynamic equilibrium within
1 min, which is superior to most reported COFs adsorbents [14,15,7].
This prominent adsorption kinetics can be attributed to the abundance
of precisely tailored imidazolium salt-based units on the highly accessi-

ble pore walls of the ordered pore channels to facilitate rapid mass
transfer of ReO4- and interaction with imidazolium salt-based groups.

We further investigated the adsorption capacity of BDBI-TMT for
ReO4-. According to the adsorption experiments (Fig. 4c), the functional
relationship between adsorption capacity and equilibrium concentra-
tion is in good agreement with the Langmuir model (correlation coeffi-
cient 0.998, Table S2). It was determined by ICP analysis of ReO4- ad-
sorbed samples that almost 100% of the anions in BDBI-TMT could be
quantitatively replaced by ReO4- when there was a slight excess of
ReO4- in solution, with a maximum adsorption capacity of 726 mg
ReO4- g−1 BDBI-TMT. To highlight the significance of the precisely tai-
lored imidazolium salt-based units on BDBI-TMT, we synthesized imi-
dazolium-free TMT-COF (TDA-TMT) previously reported by our group
for ReO4- removal [3]. As shown in Fig. S13, TDA-TMT had almost no
adsorption capacity toward ReO4-, indicating that the introduction of

Fig. 4. (a) Time-dependent removal of ReO4- on BDBI-TMT (initial ReO4- concentration of 10 ppm). (b) ReO4- adsorption kinetics and (c) isotherm of ReO4- on BDBI-
TMT. Inset show the fitting results by means of pseudo-second-order model and Langmuir model. (d) Comparison of adsorption capacity and adsorption equilibrium
time between BDBI-TMT and other COFs.
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imidazolium salt-based units in BDBI-TMT is crucial for the efficient re-
moval of ReO4-. To the best of our knowledge, this exceptional adsorp-
tion capacity is significantly higher than most reported COF materials
(Fig. 4d), including DhaTGCl (437.0 mg g−1) [7], Tp-BDOH-AB
(439.0 mg g−1) [60], and SCU-COF-1 (702.4 mg g−1) [15], etc. Al-
though, the recently reported PS-COF-1 has a higher adsorption capac-
ity (1262 mg g−1) than our COF, it requires contact with ReO4- for more
than 15 h [14], which greatly limits its potential for practical applica-
tions. The above results demonstrated the great potential of olefin-
linked cationic COFs for efficient extraction of ReO4-/99TcO4-.

For practical applications, the BDBI-TMT needs to eliminate ReO4-

/99TcO4- under extremely irradiation, acidic, or alkaline conditions. Im-
pressively, the adsorption rate of ReO4- by BDBI-TMT was not affected
by strong radiation, even after irradiation with large doses of 600 kGy
of γ-ray and β-ray (Fig. 5a). We also demonstrated that BDBI-TMT still
maintained exceptional removal efficiency (>87%) over a wide pH
range from 2 to 12 (Fig. 5b), which is superior to most of the reported
ReO4-/99TcO4- absorbents, such as SCU-COF-1 [15], IM-WS [10], TZ-
PAF [18], and TFPM-EP-Br [42]. In addition, the N2 adsorption-
desorption isotherms, pore-size distribution and SEM image after ad-
sorbing ReO4- also indicated that the porous structure and spherical
morphology of BDBI-TMT were well preserved (Figs. S14-17). In actual
radioactive waste, there are always numerous competing anions, such
as NO3-, PO43- and SO42-, which usually coexist with TcO4-. NO3- is pre-
sent in highly acidic spent fuel solutions, while SO42- is usually con-
tained in high-level waste liquids. Therefore, we then investigated the
adsorption selectivity of BDBI-TMT for ReO4-. The results demonstrate
that when NO3- ions concentration is 1000 times of ReO4-, the removal
rate of ReO4- is still higher than 90% (Fig. 5c). Furthermore, even when
the molar concentrations of PO43- and SO42- are 1000 times that of
ReO4-, the removal rate of ReO4- is still higher than 83% (Fig. 5d and
Fig. S18). This outstanding selectivity is unexpected because during an-
ion exchange, the highly charged anions typically compete with lower
charged anions due to their stronger electrostatic interactions with the

host material. This might attributable to the formation of the highly
conjugated bulky alkyl skeleton enhances the hydrophobicity of BDBI-
TMT (Fig. S19), which significantly improves the affinity toward ReO4-

/99TcO4-.

3.3. Removal from simulated nuclear wastes

Encouraged by the high stability and excellent adsorption perfor-
mance of BDBI-TMT, we were then motivated to investigate the applic-
ability of BDBI-TMT for the separation of ReO4- in simulated nuclear
waste solutions. In the Hanford LAW stream (Table S3), the content of
Cl-, NO2-, and NO3- far exceed that of TcO4- by more than 300 times. Af-
ter treatment with BDBI-TMT under similar experimental conditions,
BDBI-TMT was found to separate 89.13% of available ReO4- from the
waste in a solid/liquid ratio of 5 (Table S4), which is clearly better than
the removal using NDTB-1 (13% at a solid/liquid ratio of 5) and SCU-
101 (75.2% at a solid/liquid ratio of 10) that have been previously re-
ported [47,52,53]. The above results highlight the great potential of
olefin-linked cationic COFs materials as promising candidates for effi-
cient extraction of 99TcO4- from nuclear waste solutions.

3.4. Adsorption mechanism

The adsorption mechanism can be well studied by FT-IR and X-ray
photoelectron spectroscopy (XPS) analysis. The FT-IR spectrum of
BDBI-TMT after adsorption of ReO4- (BDBI-TMT-Re) showed a new
peak at ca. 906 cm−1, corresponding to the characteristic asymmetric
stretch vibration of Re−O ν3 (Fig. S20). After adsorption of ReO4-, dis-
tinctive Re 4 f, Re 4d, and Re 4p binding energy peaks appeared in
BDBI-TMT-Re at 46, 265, and 452 eV [24,25], while the Br 3d binding
energy peak disappeared (Fig. 6a), confirming the ion-exchange mecha-
nism between BDBI-TMT and ReO4-. Furthermore, the Re 4 f high-
resolution spectrum in BDBI-TMT-Re is consistent with that of ReO4-

(Fig. 6b), further verifying that the Re species were mainly ion-

Fig. 5. (a) Sorption kinetics of BDBI-TMT before and after irradiation with 600 kGy of β-rays or γ-rays. (b) Effect of pH on the adsorption of ReO4− by BDBI-TMT.
(c) Effect of competing NO3- and (d) SO42- anions on the anion-exchange of ReO4- by BDBI-TMT.
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Fig. 6. (a) XPS survey spectra of BDBI-TMT and BDBI-TMT-Re. (b) XPS analysis of Re 4 f in ReO4- absorbed on BDBI-TMT.

exchanged and the species remained unchanged during the adsorption
process [26].

We then performed DFT calculations to further investigate the ultra-
high stability of BDBI-TMT and the high selectivity of BDBI-TMT to-
ward ReO4-. A typical fragment of BDBI-TMT containing its most impor-
tant structural features was chosen as a theoretical model (named M+).
As shown in Fig. 7a, we first analyzed the electrostatic potential (ESP)
of M+. It is not difficult to found that the van der Waals surface of the
electron density near the imidazolium salt-based unit exhibits a rela-
tively concentrated positive ESP distribution. Second, the calculated
solvation energy of M+ is relatively small compared with previous stud-
ies, indicating that the integration of bulky alkyl groups can effectively
enhance the hydrophobicity of the M+. Third, the molecular dynamics
(MD) simulation studies demonstrate that methyl and benzene groups
can effectively wrap the imidazolium salt-based unit (Fig. 7b), thereby
providing a certain degree of additional steric hindrance protection. In
brief, we conclude that the synergistic effect of the highly conjugated
framework, the enhanced hydrophobicity, the concentrated positive
ESP distribution, and the additional steric effects significantly increase
the stability of BDBI-TMT and the selectivity of BDBI-TMT toward
ReO4-.

Adsorption results demonstrate that BDBI-TMT still exhibits excel-
lent adsorption selectivity for TcO4- in the coexistence of SO42- or NO3-.
To further verify this excellent selectivity, the structures of M+TcO4-,
M+SO42-, and M+NO3- were optimized and the corresponding ΔH val-
ues of the corresponding complexes were obtained. Unsurprisingly all
negatively charged anions were adsorbed on the positively charged imi-
dazolium salt-based unit (Fig. 7c). It is worth noting that the calculated
ΔH value of M+TcO4- is − 18.03 kcal/mol, which is much higher than
that of M+SO42- (−11.58 kcal/mol) and M+NO3- (−13.60 kcal/mol), in-
dicating that TcO4- is more favorable for binding to M+ than SO42- and
NO3-. This is mainly attributed to TcO4- being relatively more hy-
drophobic than other anions, resulting in a much higher ΔH value for
M+TcO4- and improving the specific selectivity of BDBI-TMT for TcO4-

adsorption.

3.5. Material recyclability

Another key advantage of forming a highly conjugated bulky alkyl
skeleton is that it provides a significant prerequisite for the recycling of
BDBI-TMT. The adsorbed ReO4- on BDBI-TMT could be eluted by hot
saturated sodium bromide solution and the elution efficiency remains

Fig. 7. (a) Electrostatic potential map (ESP) obtained of the M+ fragment. (b) The superimposed structure of M+ fragment during the 2000 fs trajectory. Extract
the structure every 4 fs. (c) The optimized adsorption complexes of M+SO42-, M+NO3- and M+TcO4-. The enthalpy changes (ΔH) of the compounds are marked be-
low.
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93% even after 6 adsorption/desorption cycles (Fig. 8a). Owing to the
outstanding stability of the olefin-linked skeleton, BDBI-TMT functional
groups and crystal structures were well preserved after multiple cycles,
as demonstrated by FT-IR, SEM and PXRD results (Fig. S21, Fig. S22
and Fig. 8b). Notably, such regeneration is almost impossible for previ-
ously developed imine-based COFs materials. So far, this is the first ex-
ploration of olefin-linked cationic COFs selective and reversible extrac-
tion of ReO4-/99TcO4-. This work demonstrates the great potential of
olefin-linked cationic COFs for ReO4-/99TcO4- extraction, providing a
new avenue to construct high-performance porous adsorbents for ra-
dionuclide remediation.

4. Conclusion

In summary, robust olefin-linked cationic COF (BDBI-TMT) was ra-
tionally designed by the formation of the highly conjugated skeleton
and the installation of hydrophobic steric hindrance on the core imida-
zolium salt-based unit for selective and reversible removal of ReO4- un-
der extreme conditions. Different from previous COFs materials relying
on polarized dynamic covalent bonds, BDBI-TMT used robust and
highly conjugated olefin linkages. The well-tailored BDBI-TMT pos-
sesses ultra-high chemical stability, which benefits from steric hin-
drance and excellent conjugation effect, and additionally exhibits excel-
lent selectivity for ReO4- due to enhanced hydrophobicity. This work
shows the unprecedented adsorption performance of BDBI-TMT includ-
ing high adsorption capacity, ultra-fast kinetics, superior selectivity,
and excellent reusability. Based on extensive experience with radioac-
tive waste-specific ligands design, this grand design could potentially
be extended to address other nuclear waste contaminants.
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