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Ionic covalent organic framework (COF) materials with high specific surface areas and well-defined pore
structures are desired for many applications yet seldom reported. Herein, we report a cationic pyridinium
salt-based COF (PS-COF-1) with a Brunauer-Emmett-Teller (BET) surface area of 2703 m? g~!, state-of-
the-art for an ionic COF. Aided by its ordered pore structure, chemical stability, and radiation resistance,
PS-COF-1 showed exceptional adsorption properties toward aqueous ReOz (1262 mg g~ ') and ®°Tc0j. Its
adsorption performance surpassed its corresponding amorphous analogue. Importantly, PS-COF-1 exhib-

Il:?r/:;z;d:t:e ited fast adsorption kinetics, high adsorption capacities, and selectivity for ®TcOz and ReOj at high ionic
Pertechnetate strengths, leading to the successful removal of *TcOz under conditions relevant to low-activity waste

streams at US legacy Hanford nuclear sites. In addition, PS-COF-1 can rapidly decontaminate
Re03/°°TcOy polluted potable water (~10 ppb) to drinking water level (0 ppb, part per billion) within
10 min. Density functional theory (DFT) calculations revealed PS-COF-1 has a strong affinity for ReOy
and °°TcOj, thereby favoring adsorption of these low charge density anions over other common anions
(e.g., ClI7, NO3, S03 -, CO%’). Our work demonstrates a novel cationic COF sorbent for selective radionu-
clide capture and legacy nuclear waste management.
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1. Introduction

As alow-carbon emission technology, nuclear energy is expected
to play an important role in satisfying the energy needs of future
societies [1-3]. However, nuclear fission power plants generate
spent nuclear fuels and radionuclide-containing wastes, which
require careful management due to their extreme and persistent
toxicity [4-6]. If intentionally or accidentally released into the envi-
ronment, these radionuclides can accumulate in significant levels in
groundwater [7-12], thereby posing significant long-term risk to
humans, whilst being very difficult and expensive to remediate.

Technetium (°°Tc) is a radionuclide produced by the fission of
2354 or 23%Pu [4,13-15]. In water, it mainly exists as the pertechne-
tate ion (°°TcO3), representing one of the most important radioac-
tive anion hazards. Characteristics of °*TcOj include a very high
water solubility (11.3 mol L), high toxicity due to beta particle
emission, a long half-life (211,000 years), and extremely high mobil-
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ity, thus making it difficult to selectively separate and remove from
the nuclear waste and the environment [4,13-15]. Leaking of °°TcOz
from nuclear wastes into groundwater, leading to water contamina-
tion, results in concentration of the radionuclide in biological sys-
tems higher up the food chain [7-10,16,17]. Therefore, the most
important aspects in addressing the potential problems caused by
99Tc include (i) extraction of aqueous %°TcO7 from nuclear waste
streams, which generally tend to be acidic solutions; (ii) high-
efficiency selective removal of °TcO3 at low concentrations from
the contaminated water resources. However, it remains a huge chal-
lenge to develop sorbents capable of simultaneously realizing both
these goals, owing to extreme conditions of high acidity, B decay
by °°Tc which can damage sorbents, adsorption competition with
other anions, and the wide range of °*TcO; concentrations found
in nuclear wastes and contaminated water systems.

Traditional inorganic materials such as anion sodalite [18], lay-
ered double hydroxides [19-21], celluloses [22], silica [23-25],
metal borates [26,27], and carbons [28,29] have all been explored
as potential anion exchange adsorbents for 9°TcO; separation.
Whilst some of these sorbents can initially remove ®°TcOz from
aqueous acid solution at fast rates, they suffer in the longer term
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from issues such as poor acid stability, poor radiation resistance,
low %°TcO; adsorption capacity, and/or poor selectivity towards
99TcO; adsorption, thus limiting their practical applications.
Amorphous porous organic polymers (POPs) demonstrate potential
for selective anion adsorption, but buried anion sites resulting
from disordered geometric pore structures often compromise their
performance [30-36]. Metal—organic frameworks (MOFs) similarly
offer promise for removing the °°TcO; from aqueous solutions, but
maintaining structural integrity and initial adsorption perfor-
mance is difficult under acidic conditions [37-46].

Recently, covalent organic frameworks (COFs) have emerged as
a vibrant new class of crystalline porous materials, being well-
suited to heavy metal ion decontamination due to their chemical
inertness, periodic structures, and well-defined/tunable nanopores
[47-62]. In a notable recent contribution, a cationic COF (SCU-COF-
1) was developed for the selective adsorption of **TcOz (and its
non-radioactive analogue ReOz). Owing to the limited availability
and rarity of the purified radioactive °°TcOz, ReO; with identical
charge density and similar anion exchange properties is commonly
used as a ®*TcO; surrogate [14]. To our knowledge, SCU-COF-1 is
one of the few cationic COF-based sorbents developed to date for
99TcO; and ReO; separation [61]. However, the Brunauer-
Emmett-Teller (BET) surface area of SCU-COF-1 was only
22.98 m? g1, thus limiting the availability of anion exchange sites
for ®*TcOy or ReOj adsorption (resulting in a low adsorption capac-
ity). Most reported COFs are neutral frameworks [47-53,55-57,59~
61,63]. Unlike neutral structures, the synthesis of cationic COFs for
targeted anionic radionuclide remediation demands charged link-
ers. Constructing cationic COFs with well-defined architectures
(accurate porosity) and high specific surface areas has proved tech-
nically challenging to date.

As a step-change advancement in the design of cationic COFs,
we report herein a cationic 2D pyridinium salt-based COF (PS-
COF-1), which exhibits large porosity and high surface area
(2703 m? g7 1), good chemical stability, and excellent radiation
resistance. We selected pyridinium salt linkers since they bind
two chloride anions per molecular unit for charge balance, which
we hypothesized could be replaced by %°TcOz (or its surrogate
ReOy7) through the anion exchange processes. Structural character-
ization studies showed the COF adopted an eclipsed AA stacking
structure with a pore size of ~4.5 nm. When used as a sorbent
for ReO;/°°TcOg, PS-COF-1 exhibited outstanding adsorption per-
formance, delivering an uptake capacity of 1262 and 1180 mg g~!
at pH 6 and 3, respectively. Moreover, PS-COF-1 also exhibits excel-
lent ReOz/°*TcO; adsorption performance with a high uptake
capacity and selectivity in the presence of large amounts of CI-,
NO3, SO3~, Ac™, H,POgz, Br—, and CO%~ anions. Further, PS-COF-1
is able to reduce ReOz/%°TcO; polluted potable water (~10 ppb
(part per billion), 100 ppb, or 1 ppm (part per million)) to drinking
water level (0 ppb) within 10 min. In comparison, an amorphous
POP analogue showed inferior performance under similar condi-
tions. With a view towards practical applications, PS-COF-1 was
able to remove %°TcOj efficiently from a simulated Hanford low-
activity waste (LAW) stream, comparable to those found at US
legacy nuclear sites. These results demonstrate that our studies
offer valuable new insights for the rational design of sorbents for
the extraction and separation of ®*TcOz (and similar low charge
density anions like ReOz) from nuclear waste and polluted water.

2. Experimental
2.1. Synthesis of PS-COF-1
In a 5 mL glass tube, 1,3,5-tris(4-aminophenyl)benzene (TAPB,

28.1 mg) and 4,4-bipyridinium, 1,1’-bis(4-formylphenyl) (Bpys,
52.5 mg) were dissolved in 1.1 mL of a solvent mixture of mesity-
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lene/ethanol (EtOH)/acetic acid (AcOH, 6 mol L™!)in a 5:5:1 volume
ratio. The mixture was then frozen in a liquid nitrogen bath, and
sealed with a gas torch. After being heated at 80 °C for 72 h, the
product was washed several times with THF and acetone, collected
by filtration, and finally dried under vacuum overnight.

2.2. Synthesis of PS-Polymer-1

In a 5 mL glass tube, TAPB (28.1 mg) and 4,4'-bipyridinium,
Bpys (52.5 mg) were dissolved in 1.1 mL of a solvent mixture of
mesitylene/acetic acid (6 mol L™!) in a volume ratio of 10:1. The
mixture was then frozen in a liquid nitrogen bath, drained, and
sealed with a gas torch. After being heated at 80 °C for 72 h, the
product was washed several times with THF and acetone, collected
by filtration, and finally dried under vacuum overnight.

2.3. Analysis of PS-COF-1

Fourier transform infrared spectroscopy (FTIR, Shimadzu high-
resolution IRTracer-100), '3C solid-state nuclear magnetic reso-
nance spectroscopy (solid-state '3C CP-MAS NMR, Bruker AVANCE
III HD 600 MHz spectrometer), small angle X-ray scattering (SAXS,
Rigaku SmartLab 9 K), and powder X-ray diffraction (PXRD, Rigaku
SmartLab SE X-ray diffractometer equipped with a Cu Ko source)
were used to determine the structure of PS-COF-1. Additional
experimental and characterization details are included in the Sup-
plementary materials (online).

3. Results
3.1. Synthesis and characterization of PS-COF-1

The synthetic strategy used to prepare PS-COF-1 is shown in
Fig. 1. The FTIR spectrum of PS-COF-1 showed the disappearance
of the -CHO and -NH, groups in the Bpys and TAPB precursors,
respectively, whilst the appearance of a stretching vibration at
1677 cm™! indicated the formation of C=N bonds (Fig. 2a). The
solid-state 13C CP-MAS NMR spectrum further showed a character-
istic resonance signal at 161 ppm, confirming the presence of C=N
bonds formed by the condensation reaction of aldehyde and amino
groups in the starting materials (Fig. S1 online). The SAXS and PXRD
patterns exhibited peaks at 1.7, 2.9, 3.4, and 25.3°, corresponding to
the reflections from (100), (110), (200), and (001) planes (Fig. 2b
and Fig. S2 online) of a two-dimensional (2D) layered COF. The
Materials Studio software package was used to simulate the crystal
structure [64]. After a geometrical energy minimization, Pawley
refinement resulted in a hexagonal P6/m space group and unit cell
parameters of a=b=59.36 A, c=3.52 A, = #=90°, and y = 120°, with
Rp = 0.37% and Rwp = 0.61% (Tables S1 and S2 online). Compared to
the possible eclipsed stacking (AA) or staggered stacking (AB)
modes, the experimental data was a good match for the AA stacking
mode. On the basis of these results, PS-COF-1 demonstrated a 2D
structure with honeycomb-like pores with a theoretical dynamic
pore size of 4.5 nm (Figs. 1 and 2c). The interlayer distance is approx-
imately 3.6 A. Scanning electron microscopy (SEM) revealed PS-
COF-1 consisted of aggregated spherical particles (Fig. S3 online).
Transmission electron microscopy (TEM) and high-resolution TEM
(HRTEM) images revealed that the spherical particles were com-
posed of stacked 2D sheets (Fig. S4 online). The lattice fringe spacing
is around 3.7 A, close to the calculated interlayer distance in the AA
structure, confirming n-n stacking (Fig. S4c and d online). High-
angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) and corresponding elemental mapping images
revealed the C, N, and Cl elements were uniformly distributed
throughout the COF (Fig. 2d).
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Fig. 1. Synthetic scheme of PS-COF-1 through the condensation of TAPB and Bpys.
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Fig. 2. Structural characterization of PS-COF-1. (a) FTIR spectra of PS-COF-1 together with TAPB and Bpys ligands. (b) Experimental and simulated SAXS (and PXRD) profiles of
PS-COF-1. (c) Graphic view of the eclipsed AA stacking structure of PS-COF-1 (The C, N, and Cl atoms are represented by gray, blue, and magenta spheres in c). (d) HAADF-
STEM and corresponding elemental mapping images to show the distributions of C (green), N (yellow), and Cl (red) in PS-COF-1.

3.2. Porosity and stability characterization

Thermogravimetric analysis (TGA) of PS-COF-1 revealed the
structure was retained up to 430 °C, demonstrating the high stability
of the COF (Fig. S5 online). The specific surface area and porosity of
PS-CO-1 were determined by measuring N, adsorption-desorption
isotherms at 77 K (Fig. 3a). The adsorption measurements showed
a type IV isotherm, comprising sharp uptake at P/Py < 0.12, followed
by a further steep increase in uptake at P/P, from 0.32-0.41, suggest-

ing a narrow pore size distribution. The specific surface area was
determined to be 2703 m? g~ !, corresponding to a calculated micro-
pore area and external surface area of 588 and 2115 m? g~ !, respec-
tively (Table S3 online). To the best of our knowledge, PS-COF-1
showed the highest experimental BET surface areas to date for any
cationic COF [49,50]. The experimental total pore volume was deter-
mined to be 2.68 cm® g~! (Table S3 online). DFT pore size distribu-
tion analysis showed mesopores with an average diameter of
~4.52 nm (Fig. S6 online), which agreed perfectly with the simulated
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Fig. 3. Structural characterization of PS-COF-1, and schematic illustration of PS-COF-1 and PS-Polymer-1. (a) N, sorption isotherms measured at 77 K for PS-COF-1. (b) PXRD
patterns of PS-COF-1 after treatments under various conditions. (c) Schematic illustration of PS-COF-1, showing abundant exposed Cl~ (pink spheres) within uniform pores.
(d) Schematic illustration of PS-Polymer-1, showing partially collapsed pore channels and narrow bottlenecks. Due to the irregular pore diameters in PS-Polymer-1, many Cl~
sites were inaccessible to ReO; and °°TcOg, thus lowering the adsorption capacity for these anions.

crystallographic data. The high porosity of PS-COF-1 confirmed that
the mesopores in the material were retained after removing the sol-
vent molecules used in the COF’s synthesis.

The chemical stability of PS-COF-1 was next studied by immers-
ing the material into HNOs and NaOH aqueous solutions. The PXRD
patterns showed the framework remained intact upon immersion
in HNO3 (pH 1) and NaOH (pH 13) solutions (Fig. 3b), indicating
excellent chemical stability. To test the radiation resistance prop-
erties of PS-COF-1, the COF was subjected to y-ray treatment. PXRD
patterns indicate that the integrity of the framework was retained
after 200 and 400 KGy vy-ray doses. Taken together, the excellent
attributes of PS-COF-1 underscore its promise for applications such
as %°TcOy extraction from radioactive wastes, which relies on sor-
bents with good physicochemical stability, high radiation resis-
tance, and a high adsorption capacity through a porous structure.

The primary target of this research was the development of a
high-performance cationic COF framework for anionic radionuclide
remediation. As a control sorbent for PS-CO-1, an analogue sorbent
PS-Polymer-1 was synthesized and characterized for further com-
parison (Fig. 3c and d). The syntheses of PS-COF-1 and PS-
Polymer-1 were identical, except that the synthesis solvent was dif-
ferent (mesitylene/ethanol/acetic acid and mesitylene/acetic acid,
respectively). FTIR and PXRD results revealed PS-Polymer-1 pos-
sessed an amorphous structure (Figs. S9 and S11 online). N, sorption
measurements showed PS-Polymer-1 to have a BET surface area of
598 m? g~! and pore volume of 0.69 cm? g~', respectively
(Table S3, Figs. S7 and S8 online), both of which were much lower
than PS-COF-1, suggesting a disordered structure with partially
blocked pores.

3.3. ReOy uptake properties
Based on the above results, we next conducted a series of exper-

iments to assess the anionic radionuclide adsorption performance
of PS-COF-1 and PS-Polymer-1. Because of the scarcity of purified
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radioactive 9°TcOg, the preliminary adsorption studies were con-
ducted using ReO3 solutions (°°TcO; and ReOz are very similar
in terms of their structure, charge densities and water solubilities)
[14]. The ReOz adsorption abilities of PS-COF-1 were first exam-
ined at pH values ranging from 1 to 12 (Fig. 4a). A similar uptake
capacity was obtained at pH values between 1 and 7, indicating
the excellent adsorption properties of PS-COF-1 under acidic
(HNOs3) and neutral conditions. PS-COF-1 offered lower adsorption
capacities at high pH (10 to 12 range). Thus, PS-COF-1 is very well-
suited to ReO; (and thus °°TcOz) extraction from acidic nuclear
wastes and groundwater. As shown in Fig. 4b, PS-COF-1 could
remove over 95.8% of ReO; from dilute HNO; solutions (pH 6) at
an adsorbent to liquid ratio of 50 mg L™, hence this dispersion
concentration was used in subsequent studies. Equilibrium adsorp-
tion experiments were next conducted by varying the initial ReOz
concentrations from 0 to 800 ppm. After constant stirring over 15 h
at 25 °C, the solutions were filtered, and the ReO; concentrations
in the filtrate quantified by UV-spectrophotometry. The adsorption
capacity of PS-COF-1 was determined to be 1262 mg g~! using a
Langmuir model (calculated to be 1236 mg g~ ') (Fig. 4c, Tables
S5 and S8 online). The detected pH of the solution decreased from
6 to 5.2 after the adsorption study. Kinetic studies verified that PS-
COF-1 displayed fast ReOz adsorption kinetics, with an adsorption
equilibrium time of 180 min at pH 6 (Fig. 4d). In comparison, the
PS-Polymer-1 sorbent showed a much lower ReO; uptake capacity
under the same conditions (Fig. 4e and f). This is likely due to many
of the active sites (i.e., exchangeable Cl~ sites) being inaccessible,
thereby detrimentally impacting adsorption performance (Fig. 3¢
and d). Adsorption capacities were next determined in pH 3 nitric
acid solutions. Remarkably, a high ReO; uptake capacity of
1180 mg g~ ! was observed (Fig. 4g, h, and Table S7 online). The
equilibrium adsorption data could again be well-fitted using a
Langmuir isotherm model (calculated to be 1159 mg g~!), with
correlation coefficients >0.97 realized at pH 3 (c.f. >0.95 at pH 6)
(Tables S5 and S7 online). The ReOz adsorption ability of PS-COF-
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Fig. 4. ReO; adsorption results. (a) Effect of pH on the removal of ReOj. (b) ReO; removal by PS-COF-1 at various adsorbent-liquid ratios. (c, ) Equilibrium adsorption
isotherms for ReO4 on PS-COF-1 and PS-Polymer-1 at pH 6, respectively. (d, f) ReOs adsorption kinetics on PS-COF-—1 and PS-Polymer-1 at an initial ReO4 concentration of
~56 ppm (pH 6), respectively. (g, h) Equilibrium isotherms and adsorption kinetics of ReO; on PS-COF-1 at pH 3, respectively. (i) Recycle test data for ReO; removal in HNO3

(at pH 3) solutions by PS-COF-1.

1 was on par or surpassed the best sorbents previously reported in
the literature (Table S8 online). It is worth mentioning that PS-
COF-1 can readily be regenerated by elution with a NaCl solution,
with an adsorption capacity of 954 mg g~! maintained over five
cycles in pH 3 HNOs solution (Fig. 4i). The ReO; removal efficiency
of PS-COF-1 was unchanged after six test cycles at pH 6 (Fig. S12
online). PXRD confirmed the crystallinity of PS-COF-1 was retained
after the cycle tests, confirming good sorbent durability (Fig. S13
online).

Considering the coexistence of large excesses of competing
anions in nuclear wastewater and contaminated water, such as
NOs3, Cl-, Ac™, SO3~, Br, and so on, the effects of these anions on
the capture of ReOj (and by analogy °°TcO;) was explored. Nota-
bly, PS-COF-1 maintained an excellent ReO; uptake capacities in
the presence of the various competing anions at pH 6 (Fig. 5a).
As shown in Fig. 5b, the relative ReO; removal efficiency was
99%, 94%, and 81% at NO3:ReOz molar ratios of 1:1, 1:100, and
1000:1, respectively. Further studies revealed PS-COF-1 also
showed excellent selectivity for ReOz against other anions (such
as Ac™, C0%-, S03 -, Cl-, and H,PO3) under high ionic strength con-
ditions (Figs. S14-S18 online). In general, high charge density
anions demonstrate stronger electrostatic interactions with adsor-
bents than low charge density anions. The adsorption results
revealed that PS-COF-1 offered a strong affinity for ReO; and
99Tc0y, even at high ionic strengths. This latter behavior was quite
different to traditional anion exchange resins and MOFs, which
tend to show a higher affinity for anions with lower charge densi-
ties at high ionic strengths [34,39,41,43].

Compared to acidic nuclear waste, radioactively contaminated
potable water will generally contain a much lower concentration
of nuclides. Thus, we carried out further adsorption experiments
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at ReO; polluted potable water. PS-COF-1 demonstrated a fast
ReOz uptake at low concentrations, reaching over 99.9% of their
equilibrium adsorption capacity within 10 min in ~10, 100, and
1000 ppb ReOjz solutions, respectively (Fig. 5¢). The results high-
light the outstanding properties of PS-COF-1 as a sorbent for the
efficient and highly selective removal of ReO; (and °°TcOy) at
low concentrations from contaminated water resources.

3.4. *°TcO; uptake properties

Encouraged by the ReOz adsorption studies, we then performed
99TcO; adsorption studies to validate the adsorption performance
of PS-COF-1. In a ~14 ppm %°Tc0O3 solution, the removal efficiency
reached >97.8% in 20 min (>99% in 60 min, comparable to other
reported materials, Table S9 online) (Fig. 5d). As expected, the test
results were remarkably consistent with those of the ReOz adsorp-
tion studies, encouraging the potential use of PS-COF-1 for the effi-
cient removal of °°TcO; from nuclear waste and contaminated
water. Removing TcO; from Hanford low-activity waste (LAW)
melter recycle streams at US legacy nuclear sites is challenging,
though industrially relevant for nuclear waste remediation
[16,30,65]. In this context, we set about exploring the adsorption
properties of the PS-COF-1 under conditions relevant to LAW waste
solutions. LAW streams have a high ionic strength containing large
amounts of SO3~, NO3, NO3, Cl-, and CO%~, with total anions con-
centrations more than thousand times that of 9*TcO; (Table S10
online). Attractively, the removal efficiency of °TcO; was >75.3%
in 2 h under conditions relevant Hanford LAW streams (at a PS-
COF-1 to solution ratio of 5 mg mL~!). We further estimated the
cost of synthesizing PS-COF-1 to be ~$64.5 USD g~!, suggesting
its economic feasibility for nuclear waste management. These
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results indicate that PS-COF-1 could indeed be very useful for
removing %°TcO; efficiently from high ionic strength Hanford
LAW inventories.

3.5. Distinctive adsorption mechanism

After demonstrating the excellent perrhenate and pertechne-
tate extraction performance of PS-COF-1 in acidic and near-
neutral solutions, we sought to better understand the adsorption
mechanism by carrying out FTIR, HAADF-STEM/elemental map-
ping, X-ray photoelectron spectroscopy (XPS), solid-state '>C CP/
MAS NMR measurements, and DFT calculations. The FTIR spectrum
of the used PS-COF-1 sorbent revealed the appearance of a v3 Re-0
asymmetric stretch at 910 cm™! after the adsorption experiments
(Fig. 6a). HAADF-STEM/corresponding elemental mapping images
and XPS of the used sorbent showed the presence of Re signals
together with the complete disappearance of chloride, indicating
the saturation adsorption of ReOz by ion exchange (Figs. S19-
S21 online). The solid-state '3C CP/MAS NMR spectrum further
showed the structure of PS-COF-1 was retained, which indicated
that strong interactions between ReO; and pyridine N(+) sites
did not affect the skeleton structure of the material (Fig. 6b). Next,
we performed DFT calculations [66-68]. Since the anion exchange
processes will take place at the positively charged pyridine N(+)
sites, we considered the possible affinity contributions from all
surrounding atoms. The structural models of An~/M" (An~ = CI~,
NO3, HSOz, %°TcOz; M" = two layers of pyridine ring units) were
chosen to represent the 2D layered structure of PS-COF-1. Fig. 6¢
shows the model of °°TcOz/PS-COF-1. The Stuttgart/Dresden
(SDD) basis set was used for Tc atoms, and 6-311+G(d,p) was
employed for other atoms for geometry optimization before per-
forming calculations [67,69,70]. The solvent effect of water was
examined using the self-consistent reaction field (SCRF) method
based on SMD solvent model [68]. Subsequently, the binding free
energies (potential of mean force, AE) of PS-COF-1 with NO3, Cl-,
HSOZ, and °TcO; were calculated and compared. As shown in
Fig. 6d, the calculated binding free energy of °°TcOz/PS-COF-1
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was —0.424 eV. In comparison, the calculated energies for Cl~/
PS-COF-1, NO3/PS-COF-1, and HSOZ/PS-COF-1 (HSOz was used to
replace SO3~ for equal valence comparison) were —0.298, —0.361,
and —0.305 eV, respectively, all lower than **TcOz/PS-COF-1 (abso-
lute value). The calculations suggest that ion exchange will follow
the trend ®°TcOz > NO3 > HSOz > Cl~ (i.e. °°TcO; will readily
replace adsorbed Cl~ readily on the pyridine N(+) sites). The theo-
retical calculations are thus in excellent accord with the experi-
mental findings, further confirming the efficient and selective
99TcO4 /ReOy adsorption properties of PS-COF-1. The high selectiv-
ity towards %°TcO; and ReOz adsorption can be ascribed to the
strong electrostatic interaction between these low charge density
anions and the hydrophobic cationic pore structure of PS-COF-1
[27,34].

4. Discussion and conclusion

Considering the aforementioned findings, it can be concluded
that PS-COF-1 is an excellent sorbent for °TcO; and ReO; under
wide ranging conditions of pH, °*TcO;/Re0O; concentration, and
ionic strength, even in the presence of high concentrations of other
anions. The remarkable selective adsorption performance of this
material can be attributed to: (i) the good physicochemical stabil-
ity and radiation resistance of the COF, which allowed adsorption
studies under extreme conditions; (ii) the eclipsed AA stacking
structure of the COF with large honeycomb-like pores and super
high surface area, facilitating facile access of °TcOz and ReOj to
accessible pyridine N(+) sorption sites; (iii) the pyridine linkers
in the crystalline structure offered abundant cationic sites with rel-
atively low affinity for anions other than °*TcO; and ReOy in acidic
and neutral solutions; (iv) the surrounding atoms close to pyridine
N(+) sites in the framework which acted cooperatively to ensure
strong affinities for ®®*TcO; and ReO; during the adsorption pro-
cess. These results will encourage the future development of other
cationic pyridinium salt-based COFs as novel porous sorbents for
selective anion removal from nuclear wastes and other contami-
nated water sources.
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Fig. 6. Identification of the adsorption mechanism. (a) FTIR spectrum of PS-COF-1 after ReOz adsorption. (b) Solid-state '>*C CP/MAS NMR spectrum of PS-COF-1 after ReOz
adsorption. (c) Structural model of *TcOz/PS-COF-1 (C, gray; N, blue; O, red; H, white; and Tc, dark cyan). (d) Binding free energies (AE) of PS-COF-1 to different anions

determined by DFT calculations.

In conclusion, a cationic covalent organic framework PS-COF-1
was successfully constructed using a pyridinium salt-based linker.
Benefitting from extraordinary surface area and ordered porosity,
physicochemical, and radiation stability, PS-COF-1 exhibited excel-
lent ReOz and %°TcOj3 selective capture abilities in the presence of
large excesses of other anions under acidic/neutral conditions. PS-
COF-1 achieved a 100% ReO; and ®°TcOz uptake capacity at low
concentrations (<1 ppm) in contaminated water. DFT calculations
revealed that pore environments around cationic pyridine N(+)
sites in the COF framework showed a high affinity for ReO; and
99Tc0j, hence explaining the high adsorption selectivity for these
anions. This study conclusively demonstrates that pyridinium
salt-based COF materials have enormous potential for the separa-
tion of °*TcOz from nuclear waste, contaminated water, and envi-
ronmental remediation.
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