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ARTICLE INFO ABSTRACT
Keywords: Nuclear energy continues to be an important supplier of electricity, but it has problems with
Nuclear power waste management and the possibility to leak radioactive material. Iodine, a potentially harmful

Iodine capture
COF
Adsorption capacity

byproduct of uranium fission, is hazardous to both the environment and human health. Therefore,
developing safe, effective, and affordable storage facilities for iodine waste is crucial. Owing to
their well-controlled pore structure and substantial certain surface area, covalent organic
frameworks (COFs) show promise for the adsorption of radioactive iodine. The newly developed
COFs (SJ-COF, YA-COF, and AA-COF) shown amazing properties, including strong thermal and
chemical stability, which made them ideal for efficient iodine capture. Notably, the ultrahigh
iodine capture capacities of these COFs—8.52 g g1, 8.12 g g ! and 7.01 g g~ —were signifi-
cantly greater than most previously reported materials. And The % removal efficiency for SJ-COF,
YA-COF and AA-COF from Iy/cyclohexane solutions were 87.9 %, 88.6% and 82.6 % respectively.
It is noteworthy that the three COFs have high selectivity, reusability, and iodine retention
abilities, maintaining iodine even after five recyclings. Based on the outcomes of the experiments,
the adsorption processes of the three COFs were examined, and it was discovered that iodine was
bound through physical-chemical adsorption. The findings of our work provide a ground-
breaking standard for the removal of nuclear waste and demonstrate the enormous potential of
COFs as adaptable porous structures that may be specifically designed to address major envi-
ronmental concerns.

1. Introduction

Nuclear energy is a pivotal alternative to fossil fuels, offering a higher energy density and significantly lower emissions of CO5, SOy,
NOy, and particulate matter, thus representing a more ecologically sustainable option at the point of use. In 2020, 440 nuclear power
reactors globally accounted for 10% of the world’s electricity generation, with expectations of substantial growth over the next decade
[1-3]. However, the management of radioactive waste, particularly volatile radionuclides such as iodine-129 and iodine-131, presents
a significant challenge. These isotopes pose serious risks to human health and the environment due to their long half-lives and high
mobility [1,4,5]. Historical nuclear accidents, such as those at Three Mile Island, Chernobyl, and Fukushima, highlight the urgent need
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Scheme 1. Designing and Synthesizing SJ-COF, YA-COF, and AA-COF.
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for effective radioactive waste management strategies [2,4]. Traditional inorganic adsorbents for radioactive iodine, like zeolites and
Ag-doped silica, are limited by cost, efficiency, and stability issues in humid environments [6]. Recent advancements have focused on
alternative materials, including carbon-based adsorbents, algae, and modified bagasse, for their potential in pollutant removal due to
their cost-effectiveness and high adsorption capacities [7-9]. Efforts to address iodine contamination have spurred the investigation of
various materials and methods. Notably, cost-effective adsorbents like rice husks, coconut shells, sawdust, bentonite, and zeolites have
been repurposed for environmental clean-up. Concurrently, methods such as ozonation, oxidative techniques, ion exchange, and
adsorption have been assessed for their iodine removal efficacy. Each approach has its merits and drawbacks: ozonation may not
ensure complete pollutant removal and risks byproduct formation [10], while oxidative techniques need optimization for radioactive
iodine [11]. Ion exchange offers ion replacement but struggles with selectivity and longevity [3,12]. This exploration underscores the
diverse strategies in mitigating iodine pollution, emphasizing the necessity for efficient and sustainable solutions.

Despite the variety of available methods, the adsorption technique stands out for its simplicity, ease of operation, and high effi-
ciency, making it a focal point of current research efforts. Metal-organic frameworks (MOFs) and porous organic polymers (POPs),
including covalent organic frameworks (COFs), have shown great promise in iodine capture due to their vast surface areas and sta-
bility. MOFs, despite their potential, are limited by low stability in high temperatures and aqueous environments [13]. In contrast,
POPs—comprising COFs, conjugated microporous polymers, porous aromatic frameworks, and hypercrosslinked polymers—benefit
from robust covalent bonds, offering enhanced stability [14]. COFs, in particular, stand out for their covalent bonds, crystalline
structure, and adjustable porosity, contributing to their superior iodine adsorption capability. Their notable features include high
stability, organized channel structures, and large surface areas, akin to MOFs, but with added benefits like low density and functional
versatility [16]. This makes COFs highly effective for various applications beyond iodine capture, such as gas storage, catalysis, and
semiconduction. Recent studies highlight COFs’ exceptional performance in trapping iodine from fission reactor waste, with notable
examples like TFB-DB COF and COF-DL229 demonstrating significant gravimetric porosities [15,16]. Recent studies underline the
critical role of COFs in environmental remediation, offering groundbreaking insights into their applications in capturing volatile
pollutants [17,18]. This work builds on these advancements, positioning COFs at the forefront of research on sustainable methods for
managing radioactive contaminants. This study addresses the environmental and health hazards posed by the disposal of radioactive
iodine, a byproduct of uranium fission. It introduces covalent organic frameworks (COFs) as innovative adsorbents for radioactive
iodine, focusing on specific COFs (SJ-COF, YA-COF, and AA-COF) synthesized through Schiff base reactions. These COFs, featuring rich
heteroatoms, extended n-conjugations, and abundant pore structures, demonstrate superior stability and efficiency in iodine capture,
both in vapor and in cyclohexane solution, with removal efficiencies between 82.6% and 88.6% and vapor adsorption capacities up to
8.52 g g L. Their high selectivity, reusability, and retention abilities after multiple recycling processes underscore their potential for
long-term radioactive iodine management. The study also explores the adsorption mechanisms, highlighting the role of
physical-chemical interactions and the synergistic effects of TTF and TPE-based COFs in enhancing iodine capture through a com-
bination of physical adsorption and chemisorption. Overall, this study explores into the efficient capture of hazardous iodine using
COFs, investigating the structural framework’s relationship with their adsorption performance.

2. Results and discussion

Designing COFs with very effective iodine absorption capacity depends critically on selecting the right linkers. For improving
iodine adsorption, linkers that permit the production of large and uninterrupted conjugated n-systems as well as the insertion of
electron-rich groups suchlike -NH-, -NH,, -C=N-, aromatic system, tetrathiafulvalene, and heterocycles moities, are particularly
desired. These electron-rich groups promote the development of charge-transfer complexes with electron-deficient I, which enhances
the contact and affinity between the COF and iodine as well as the capacity and rate of adsorption [19,20]. We designed and created
three COFs with outstanding stability and porosity by Schiff base reactions, as shown in Scheme 1, to accomplish significant iodine
sorption capacity. We presented a TTF-based group called tetrathiafulvalene-tetrabenzaldehyde (TTF-TBA, Scheme 1A) as a 4-con-
nected planar construction block (as aldehyde linker). Radical cations are known to arise when TTF-based derivatives interact
aggressively with electron acceptors such I [15]. We anticipated that adding TTF-based units to the COF materials will improve iodine
adsorption through this powerful connection. In our design, we employed 4,7-diaminobenzo [c] [1,2,5]thiadiazole (DABTH, Scheme
1A) as a linear building unit and 1,3,6,8-tetra (aminophenyl)pyrene (TAPA, Scheme 1B) as a 4-connected building unit, functioning as
amine linkers. Due to the condensation of TTF-TBA with linear DABTH and 4-connected TAPA, respectively, two structures—the
two-dimensional (2D) SJ-COF and YA-COF—were created. In addition, AA-COF was produced as Yellow crystals by solvothermal
reaction of 4,4,4",4"-(ethane-1,1,2,2-tetrayl)tetra benzaldehyde (ETBA) (ETBA, Scheme 1C) with hydrazine. The details of organic
linkers synthesis methods, including reagents, reaction conditions, and purification techniques. Additionally, comprehensive char-
acterization techniques, such as spectroscopic analysis (e.g., NMR) are included in the supporting data (SI, Section S2, Scheme S1-54
and Section 3, Figs. S1-58). A solvothermal technique was used to create the three targeted COFs. Acetic acid was used as a catalyst and
the building blocks were suspended in a solution composed of a mixture of (mesitylene/1,4-dioxane) or o-(dichlorobenzene/n-butanol)
and exposed to solvothermal conditions at 120 °C for three days (SI, Section S4). The successful creation of imine bonds was shown by
the FT-IR spectroscopy study of SJ-COF, YA-COF, and AA-COF, which showed strong stretching vibrations of the C=N unit in the range
of 1619-1626 cm™!. Further evidence of the success of the Schiff-base condensation process was provided by the spectra, which also
revealed the removal of the N-H (3437 and 3350 cm ™ ?) stretching vibrations from the amino group in the amine linker and the C=0
(1648 cm™!) vibration from the aldehyde linker (SI, Section S5, Fig. S9). For COFs to be used in practical applications, stability is
essential. In our research, we successfully synthesized SJ-COF, YA-COF, and AA-COF and looked into their chemical and thermal
stability. The findings showed that these COFs had extraordinary stability, making them very attractive materials for uses requiring
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Fig. 1. A) Nitrogen sorption isotherms of YA-COF, AA-COF and SJ-COF, at 77 K, with @ representing adsorption and o representing desorption.
Samples were pre-treated by degassing at 100 °C for 12 h. The profiles, exhibiting type I isotherms with microporous structures; B) Pore size
distributions of YA-COF, AA-COF and SJ-COF determined through Nonlocal Density Functional Theory (NLDFT) from the adsorption data, high-
lighting the uniform and specific pore sizes of each COF, showcasing the uniformity and primary pore sizes of each COF, essential for selective

adsorption applications.
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Fig. 2. PXRD analysis of SJ-COF, YA-COF, and AA-COF: Experimental data (black dashed lines), Pawley refinement (red lines), Bragg positions
(blue lines), and difference plots (green lines) illustrate structure accuracy and crystallinity.

resistance to chemical reactions and high temperatures. The COFs had outstanding thermal stability, as measured by thermogravi-
metric analysis (TGA), since they maintained their structural integrity even at high temperatures without significantly losing weight or
decomposing. Notably, these COFs did not start to break down until they reached 400 °C in a nitrogen environment. Additionally, we
tested the chemical stability of the SJ-COF, YA-COF, and AA-COF samples over a 24-h period at room temperature in a variety of
solvents, including boiling water, ethanol, N,N-dimethylformamide, dimethylsulfoxide, 3 M HCI at 25 °C, and 3 M NaOH at 25 °C.
Surprisingly, following this procedure, the PXRD patterns of the SJ-COF, YA-COF, and AA-COF samples remained robust and in their
initial positions, demonstrating that the remarkable crystallinity of these COFs can be successfully maintained even under difficult
circumstances (SI, Section S5, Figs S10-S12). These findings confirm the good chemical stability of SJ-COF, YA-COF, and AA-COF,
which makes them suitable candidates for functionalization. The COFs’ attractiveness as chemically and thermally stable materials
is further boosted by their crystalline structure, and porous features. Using nitrogen sorption isotherms at 77 K, the porous archi-
tectures of SJ-COF, YA-COF, and AA-COF were examined (Fig. 1). The COF samples received overnight pre-treatment at 100 °C in
vacuum prior to the nitrogen sorption measurement. The nitrogen absorption of SJ-COF, YA-COF, and AA-COF increased quickly at
lower pressures (P/Py = 0 to 0.1), demonstrating their microporous characteristics. SJ-COF, YA-COF, and AA-COF were found to have
870m?g},1098 m?2 g7}, and 620 m? g ! of Brunauer-Emmett-Teller (BET) surface area, respectively. At P/Pg = 0.99, which was used
to compare the three COFs’ total pore volumes, The YA-COF showcased an impressive pore volume of 1.22 em® g*l, outperforming the
SJ-COF and AA-COF, which had pore volumes of 0.93 cm® g~'and 0.98 cm® g™}, respectively. The pore sizes of SJ-COF, YA-COF, and
AA-COF were computed using the nonlocal density functional theory (NLDFT) and were found to be 12 A, 17.2 A, and 20 A,
respectively.
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Fig. 3. Gravimetric iodine uptake of SJ-COF, YA-COF, and AA-COF varies over time at 80 °C and under ambient pressure conditions. Iodine vapor
exposure was consistent across samples in a sealed environment, with uptake monitored over time to assess adsorption kinetics. Error bars indicate
standard deviations from three parallel experiments, affirming data reliability. This experiment underscores the COFs’ efficacy in gas capture,
evident from their iodine uptake capabilities.

The crystallinity characteristics of SJ-COF, YA-COF, and AA-COF were examined using a powder X-ray diffraction (PXRD) study
(Fig. 2). Six different peaks were seen for SJ-COF (Fig. 2A), each representing the 100, 110, 200, 210, 300, and 001 facets. They were
found at 4.06°, 6.93°, 10.89°, 12.05°, 16.34°, and 24.06°. Similar to this, YA-COF (Fig. 2B) showed five peaks at 2.68°, 5.58°, along
with others at 9.82°, 11.54°, and 15.35°, which were attributed to the 110, 102, 200, 004, and 204 facets, respectively. Regarding AA-
COF (Fig. 2C), six distinct peaks were seen, with the peak with the highest intensity being at 5.58°. The other peaks were at 6.98°,
7.32°,9.62°,11.24°, and 13.88°, and they corresponded to the 100, 110, 210, 220, 300, and 001 facets, respectively The powder X-ray
diffraction (PXRD) patterns of the analyzed COFs were simulated using the Pawley refinement approach to acquire a fuller knowledge
of their structures. The simulated PXRD patterns (Fig. 2A-C, red curve) closely resemble the experimental PXRD patterns (Fig. 2A-C,
black curve), as evidenced by the difference pattern (Fig. 2A-C, green curve). For SJ-COF (Fig. 2A), the experimental PXRD pattern
aligned well with the simulated patterns obtained from the AA-staggered stacking model, showing good agreement factors (Rp =
2.43% and Rwp = 3.45%) with the optimized parameters (a =b =19.86 A, ¢ = 3.54 A, a = p = 90°, and y = 120°). For YA-COF, the cell
parameters were optimized using the Pawley refinements, and there was little difference between the experimental curve and the
simulated profiles produced by the AA-staggered stacking model (a = b = 30.13 A, ¢ = 3.50 A, a« = § = 90°, and y = 120°) was
negligible (Rp = 1.43% and Rwp = 3.47%) (Fig. 2B). Additionally, the experimental patterns and the XRD pattern generated from the
AA-eclipsed stacking models of AA-COF (Fig. 2C) were in excellent agreement. On the other hand, the pattern derived from their
corresponding AB’ staggered stacking model significantly deviated from the experimental results. The refined unit cell of AA-COF is a
=21.22 A, b =21.21 A, and ¢ = 4.40 A with o = p = y = 90° (residuals Rwp = 4.47% and Rp = 3.43%) (S, Section S5, Fig. S13).

3. Iodine uptake experiment

Gas-phase. The design and building of large n=—n-conjugated systems can be used to create COF materials with strong iodine
absorption characteristics. Incorporating electron-rich groups like -C=N-, -OCH3s, aromatic rings, tetrathiafulvalene, and heterocycles
is one possible strategy. The development of charge-transfer complexes is made possible by these additions, increasing the adsorption
capacity and rate. Furthermore, the total iodine capture efficiency of functional group-modified COF absorbers is significantly
enhanced by this adjustment of the adsorption-driving force between them. The potential of this approach lies in the ability to create
COF materials with exceptional iodine uptake capabilities. Given the ongoing rise in iodine pollution in nuclear waste, SJ-COF, YA-
COF, and AA-COF were employed to capture iodine vapor. These synthetic COFs are very rich in sulfur and nitrogen atoms, which
makes them excellent in adsorbing iodine. The three activated COFs (SJ-COF, YA-COF, and AA-COF) were evaluated for gaseous iodine
absorption capability utilizing triple parallel tests at varied time intervals. These COF samples were subjected to an iodine adsorption
experiment that involved iodine vapor at a temperature of 80 °C and at standard atmospheric pressure. To ascertain the iodine intake,
gravimetric measurements were taken at various time intervals. The iodine uptake patterns of the three COFs (SJ-COF, YA-COF, and
AA-COF) throughout a 27-h period are shown in Fig. 3. The sample weights for SJ-COF, YA-COF, and AA-COF increased significantly
during each period of time. Notably, the iodine absorption in all three COFs was quick, with adsorption saturation being reached in 10
h for SJ-COF, 15 h for YA-COF, and 15 h for AA-COF (Fig. 3). Iodine uptakes were shown in AA-COF to be as high as 7.01 g g}, SJ-COF
to be as high as 8.12 g g%, and YA-COF to be noticeably higher at 8.52 g g~*. The inset photos in Fig. 3A, B, and 3C show an interesting
color shift following the end of the adsorption process. Further proof of iodine absorption may be seen in the transformation of AA-COF
from light yellow, SJ-COF and YA-COF from brown to dark black. In our study, we synthesized three distinct covalent organic
frameworks (COFs) as potential adsorbents for iodine capture: tetrathiafulvalene (TTF)-based COFs represented by SJ-COF and YA-
COF, and a tetraphenylethene (TPE)-based COF, AA-COF. Our research aimed to investigate the relationship between the COF
structures and their iodine uptake capabilities.

Role of Functional Groups: In summary, YA-COF’s exceptional iodine capture performance (8.52 g g~1) can be attributed to the
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Fig. 4. Iodine Removal Efficiency of COFs in Cyclohexane Solution. Removal efficiency curve of iodine by YA-COF, SJ-COF and AA-COF in various
times in cyclohexane solution (300 mg L™!) during 24 h; The inset images show the gradual color change from purple to colourless by immersing
COFs composite in Iy/cyclohexane solution. Error bars denote standard deviations from three replicates, ensuring result reliability. This highlights
COFs’ applicability in pollutant adsorption.

strategic incorporation of Tetrathiafulvalene (TTF) and pyrene groups within its structure. Tetrathiafulvalene (TTF) groups incor-
porated into YA-COF play a crucial role in enhancing its iodine capture capabilities. TTF is known for its electron-donating properties,
facilitating charge transfer interactions with iodine molecules. Within YA-COF, these TTF groups readily donate electrons to iodine
atoms, forming charge transfer complexes. This chemical interaction significantly increases YA-COF’s affinity for iodine. The electron-
donating nature of TTF not only promotes chemical bonding with iodine but also boosts YA-COF’s overall iodine uptake capacity,
making it highly effective in capturing iodine gas. The introduction of pyrene groups into YA-COF enhances its iodine capture ca-
pabilities through n-n stacking interactions. Pyrene, known for its fused aromatic ring structure, provides a unique platform for these
interactions. In the context of iodine capture, where iodine molecules are held together by weak van der Waals forces and possess
electrons, the aromatic rings of pyrene are well-suited for n-r stacking. This physical adsorption mechanism complements the chemical
interactions facilitated by the Tetrathiafulvalene (TTF) groups in YA-COF, collectively boosting its ability to capture iodine. In essence,
the synergy between chemical bonding (TTF groups) and physical adsorption (pyrene groups) within YA-COF significantly enhances its
iodine capture efficiency. This combination of functionalities underscores the material’s effectiveness in capturing iodine gas, making
it a promising adsorbent for such applications.

Pore Structure and Surface Area: The differences in iodine uptake can also be linked to variations in the pore structure and surface
area of these COFs. YA-COF, with its specific pore dimensions and high surface area (1098 m? g~!) with a remarkable pore volume of
1.22 cm® g1, provided ample space for iodine molecules to be adsorbed. The porous network within YA-COF likely facilitated physical
adsorption. In summary, the observed variation in iodine uptake among SJ-COF, YA-COF, and AA-COF can be attributed to a com-
bination of factors, including functional groups, pore structure, surface area, and conformational flexibility. YA-COF, with its specific
functional groups and optimal pore structure, emerged as the most effective iodine adsorbent in our study. This underscores the
importance of understanding the structure-activity relationship in designing COF-based materials for gas adsorption applications, such
as iodine capture. Further investigations into the detailed interactions and structural features of these COFs can provide valuable
insights for the design of highly efficient adsorbents for specific applications. When YA-COF is compared to previously reported
materials, it has remarkable iodine absorption capabilities. It greatly exceeds other known materials with a high sorption capacity of
8.52 g g~ L. For instance, it uptakes iodine more efficiently than standard silver-doped zeolite mordenite (Ag-MOR) by 29 times (0.28 g
g~ 1) [21]. Furthermore, YA-COF’s adsorption capacity is nearly two orders higher more than that of nonporous materials and far better
than typical porous structures, comprising zeolitic imidazolate framework-8 (ZIF-8, 1.20 g g~!) [22], porous aromatic framework
(PAF-24, 2.76 g g~1) [171, and azo-bridged porphyrin—phthalocyanine network (AzoPPN, 2.90 g g~ 1) [23]. Moreover, it also has a
certain competitiveness compared with other COFs with various pore volumes, surface areas, and pore diameters for iodine absorption
as can be seen in (SI, Section S6, Table S1) making YA-COF attractive candidate in the field of iodine containment.

Liquid-phase. Due to their exceptional chemical and thermal stability, as well as their high porosity, the SJ-COF, YA-COF, and AA-
COF materials have demonstrated tremendous potential as efficient water pollutants capture agents. we chose to quantitatively
evaluate their capacity to adsorb iodine from a cyclohexane solution after being encouraged by their good performance in adsorbing
iodine vapor. For this test, powdered samples of SJ-COF, YA-COF, and AA-COF were submerged for 24 h in a sealed vial of cyclohexane
solution containing 300 mg L ™! iodine. Then, using UV-visible spectra to track changes in absorption intensity, the adsorption capacity
was determined. The fact that the concentration of iodine decreased over time as shown in (SI, Section S7, Fig S14) suggests that the
COFs successfully absorbed iodine. The pattern in the color shift is confirmed by the time-dependent UV-vis spectroscopy data, which
demonstrates iodine absorption at 528 nm. The effectiveness of iodine removal was estimated and presented in Fig. 4. It was evident
from the removal efficiency curve that the sorption of iodine by COFs experienced a significant increase within 3-4 h. Due to the
significant iodine molecule occupancy of active sites on the sorbent, the resting time rate was extended to 24 h. After this time, the
system gradually attained a stable equilibrium condition. Remarkably high removal efficiencies were achieved, with almost complete
removal of iodine at approximately 87.9%, 88.6%, and 82.6% using only 10 mg of SJ-COF, YA-COF, and AA-COF adsorbents,
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Table 1
Lists the parameters determined using various isotherm models.
Pseudo first-order kinetic model Pseudo second-order kinetic model
K1(1/h) Qc(%) R K (1/h) Q. (%) R?
SJ-COF 0.06742 95.64 0.9168 8.41 x 107* 87.90 0.997
YA-COF 0.06303 92.95 0.9242 8.10 x 10~ 88.60 0.990
AA-COF 0.06013 90.83 0.8923 7.14 x 107* 82.61 0.987

Table 2
Calculated parameters obtained using various models of adsorption kinetics.
Langmuir model Freundlich model
Qum (mg/g) ky, (1/mg) R Kp(1/mg) n R2
SJ-COF 960.15 0.0035 0.990 13.40 1.03 0.9628
YA-COF 895.20 0.0033 0.990 13.21.02 0.9721
AA-COF 768.43 0.0030 0.990 12.6 1.04 0.9753

respectively, in a 300 mg L™ I,/cyclohexane solution. The original purple-colored solution changed over time and became colorless.
Simultaneously, the color of the COFs powder gradually changed from yellow or brown to black, demonstrating the efficiency with
which SJ-COF, YA-COF, and AA-COF gathered iodine from the cyclohexane solution.

Pseudo-first-order and pseudo-second-order kinetic models were used to examine the experimental data in order to acquire a
clearer understanding of the link between removal efficiency and time. Eqgs. (1) and (2), which are linear representations of these
models, are as follows:

n(Q. — O/ )=IQ. — kit ¢h)
t 1 t
0 koe Q. @

Table 1 lists the kinetic parameters and corresponding coefficients for the pseudo-first-order and pseudo-second-order models of
the adsorption process. The mass percent of iodine adsorbed at time t and equilibrium, respectively, are represented in these models by
Q¢ and Q.. The pseudo-first-order rate constant of the adsorption process is denoted as k;, with units of h’l, while the pseudo-second-
order rate constant is denoted as ks, with units of (% h)~1. The investigation showed a significant match of the adsorption kinetics to
the pseudo-second-order model in contrast to the pseudo-first-order model, as demonstrated by large correlation coefficient (R?) values
of 0.997, 0.990, and 0.987 for SJ-COF, YA-COF, and AA-COF, respectively. These findings suggested that the pseudo-second-order
kinetic model may adequately represent the existing adsorption system. The validity of this conclusion was further reinforced by
examining the fitting curve of the pseudo-second-order kinetic model, as demonstrated in the Supplementary Information (SI, Section
S7, Fig S15). The findings showed a strong connection between the molecules of the adsorbent and iodine, suggesting that the rate-
controlling step is probably controlled by a chemical interaction mechanism. This finding emphasizes how the adsorbent and
iodine form strong bonding and affinity interactions throughout the adsorption process [24].

The ability to calculate the saturated iodine adsorption capacity of COFs was made possible by the adsorption isotherm in-
vestigations, which were vital in understanding the interaction between COFs and iodine [25]. In the adsorption isotherm evaluations,
where the starting iodine concentrations varied between 60 mg L~ !and 180 mg L1, the results are shown in (SI, Section S7, Fig S16).
The figure shows that the equilibrium adsorption capacity first showed a linear climb, followed by a steady rise, as the initial con-
centration of the iodine solution rose. For the purpose of describing solid-liquid adsorption systems, the Langmuir and Freundlich
adsorption isotherm models are both often utilized [25]. The Langmuir and Freundlich adsorption isotherm models were used to fit the
isotherm curve in order to obtain further understanding of the interaction between COFs and iodine in aqueous solution. Egs. (3) and
(4) serve as representations of their linear forms.
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In this study, Ce (mg/L) stands for the equilibrium iodine solution concentration, Qy, (mg/g) is the theoretical maximum adsorption
value, K;, (L/mg) and K (mg/g) are the adsorption constants for the Langmuir and Freundlich isotherm models, respectively, and n is
the Freundlich linearity index [26]. The computed values are represent in Table 2 after the experimental data were fitted using the
Langmuir and Freundlich models. Comparing the two models, it was found that the Langmuir model offered a better match to the
experimental findings with higher correlation coefficients (R? values of 0.990 for SJ-COF, YA-COF, and AA-COF), indicating that the
iodine sorption by COFs followed the Langmuir model (SI, Section S7, Fig S17). Usually, the affinity constant (Ry) derived from the
Langmuir model is employed to assess the isotherm’s favorability and is represented by Eq. (5).
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Fig. 5. Iodine Release Kinetics from COFs in Ethanol. Depicts the time-based evolution of UV-Vis absorption spectra for the release of iodine from
SJ-COF (A), YA-COF (B), and AA-COF (C) in ethanol. Additionally, Panel D quantifies the rate of iodine release for each COF, providing a
comparative analysis of their desorption dynamics. Error bars, representing standard deviations from three replicate measurements, affirm the
precision of the data.
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Fig. 6. COFs Reusability and Selectivity for Iodine Adsorption. Panel A and B show iodine adsorption from solution and gas phase over multiple
cycles, proving COFs’ effectiveness and reusability. Panel C highlights the selective adsorption of I, over H,O, EtOH, and cyclohexane, demon-
strating COFs’ specificity. This underscores their potential in targeted pollutant removal and separation tasks.
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The highest initial iodine concentration is given as Cp, (mg/L). The value of Ry reveals the nature of the isotherm: when Ry, = 0, the
isotherm is believed to be irreversible; the isotherm is linear when Ry, = 1, and it is unfavorable when Ry, > 1 [27]. The Ry, value for
iodine in the present study was discovered to be 0.078, demonstrating the effectiveness of the adsorption process. According to the
Langmuir model, monolayer adsorption takes place on a homogenous surface with uniform adsorption sites [28]. This suggests that the
adsorption of iodine onto the COFs was significantly influenced by the development of monolayers. The maximum adsorption ca-
pacities (Qp,) for SJ-COF, YA-COF, and AA-COF in terms of iodine adsorption were determined by Langmuir isotherm analysis to be
960.15 mg/g, 895.20 mg/g, and 768.43 mg/g, respectively.

Iodine release. It is essential to ensure the reversibility of a possible iodine absorbent. In order to evaluate the iodine release from
iodine-loaded SJ-COF, YA-COF, and AA-COF, we used a procedure that was identical to the iodine adsorption experiment. We also
acquired the iodine-ethanol-dissolved standard curve (SI, Section S8, Fig S18). UV-vis spectroscopy was used to examine the iodine
release from the iodine-loaded materials (Fig. 5A-C). lodine was released from the channels as the black crystals were submerged in
anhydrous ethanol, resulting in a progressive darkening to brown of the solution. The absorbance at 290 and 360 nm increased with
the period of soaking. The iodine release curves of I,@SJ-COF, I,@YA-COF, and I,@AA-COF exhibited a linear increasing trend, with
81.6%, 70.3%, and 60.4% of iodine being rapidly released within 40 min, and 87.4%, 78.3%, and 70.1% within 180 min (Fig. 5D). The
behavior seen suggests that the SJ-COF, YA-COF, and AA-COF network and iodine have substantial interactions. The high affinity of
iodine molecules for our COFs is further supported by the abundance of remaining iodine in the COFs. Furthermore, the recovered SJ-
COF, YA-COF, and AA-COF in ethanol exhibit PXRD patterns that closely resemble those of the original COFs, confirming their stability
and renewability.

Recovery and reusability. Adsorbents must be reusable in order to be used in real-world applications. The cyclic experiment was
conducted to assess the three COFs’ ability to recycle iodine capture. For the desorption experiment, the I,@SJ-COF, [,@YA-COF and
I,@AA-COF adsorbents were soaked in ethanol for 24 h after each run, centrifuged, dried at 85 °C for 12 h, and then COFs undertook
another round after the initial gas phase adsorption to assess their suitability for further gas phase adsorption. For the removal of iodine
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Fig. 7. FT-IR and Raman Spectra of COFs Before and After Iodine Adsorption. Illustrates the Fourier-transform infrared (FT-IR) spectra (A) and
Raman spectra (B) of SJ-COF, YA-COF, AA-COF, as well as [,@SJ-COF, I,@YA-COF, and [,@AA-COF. These analyses reveal the structural changes
and interactions between COFs and iodine, critical for assessing adsorption efficacy and material integrity.

from the solution phase and after every cycle, the mixture was centrifuged to separate the adsorbent from the solution. The separated
adsorbent was after that carefully washed with ethanol, and it was dried at 70 °C to ensure complete removal of the solvent and
prepared for its next usage. Fig. 6A and B shows how COFs can be reused. Surprisingly, even after 5 repeated adsorptions and
desorption cycles, the regenerated COFs maintained significant iodine sorption capabilities more than 6.7 g g~!, highlighting its
considerable adsorption potential. PXRD and FT-IR measurements verified that even after the fifth cycle, the regenerated COFs
retained their crystallinity, even with discernible reductions (SI, Section S8, Fig S19-S21). The PXRD patterns of the regenerated COFs
showed no change after cyclic application, proving that their crystallinity was not disrupted. The chemical stability of these COFs
during the cyclic process was further confirmed by FT-IR spectroscopy. The similar finding was seen during the iodine removal from
solution phase as well. The previously mentioned experimental findings along with earlier research show that the COFs iodine ad-
sorbents have a number of outstanding attributes, including extraordinary capacity, quick kinetics, high adsorption stability, and great
reusability. These characteristics make them very practical for radioiodine capture applications, and outstanding efficiency cycles
indicate that these materials had oxidative iodine resistance even after prolonged exposure. A selective experiment utilizing iodine,
water, ethanol, and cyclohexane as the adsorbents was carried out at temperature of 75 °C at atmospheric pressure, and the outcomes
revealed that COFs had higher adsorption capacities toward iodine than toward water, ethanol, and cyclohexane (Fig. 6C), which was
crucial for practical applications because COFs contain a lot of moisture in nuclear fuel reprocessing.

The iodine capture mechanism. To better comprehend the three COFs’ iodine adsorption mechanisms, we conducted charac-
terization using FT-IR and Raman spectroscopy. This allowed us to study the COFs both before and after the adsorption of iodine, which
gave us important information on the underlying interactions between the COFs and iodine molecules. We first performed FT-IR
spectroscopic investigation on Io@SJ-COF, I,@YA-COF, and I;@AA-COF. The vibrational stretch of the -C=N group has shifted
significantly when compared to the FT-IR spectra of the pristine COFs and the COFs that had been loaded with iodine. The peak
changed for SJ-COF from 1646 ¢ cm " to 1626 cm™?, for YA-COF from 1648 cm™'-1619 cm ™!, and for AA-COF from 1652 cm™'-1621
cm™! (Fig. 7A). The detected FT-IR shifts strongly implied the occurrence of a chemisorption process, likely arising from the presence
of charge-transfer interactions among the nitrogen atom of the imine linkage in the COFs and iodine. Fig. 7B shows the findings of our
Raman spectroscopy, which we used to further analyze the adsorbed iodine species. I,@SJ-COF, I,@YA-COF, and I;@AA-COF all
exhibited unique peaks at 108 and 169 cm ™}, 108 and 168 cm ™!, and 107 and 169 cm ™, respectively, but pure COFs did not show any
distinguishable peaks. The symmetric stretching vibration of polyiodide I3 and polyiodide I5 are responsible for the observed peaks,
respectively. In accordance with the outcome, the three COFs’ adsorbed iodine species exist as I molecules as well as polyiodine
anions. The data discussed above allow us to deduce the mechanism behind iodine vapor capture. Iodine vapor first undergoes
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Fig. 8. XPS Analysis of Iodine-Loaded COFs: XPS of iodine for (A) SJ-COF, B) YA-COF and C) AA-COF after iodine uptake.

Fig. 9. SEM Analysis of COFs Before and After Iodine Absorption. This figure presents scanning electron microscopy (SEM) images showing the
morphology of YA-COF (A), SJ-COF (B), and AA-COF (C) before iodine absorption, and the corresponding changes post-absorption in images YA-
COF (D), SJ-COF (E), and AA-COF (F). These images visually demonstrate the impact of iodine uptake on the surface and structural characteristics of
each COF, highlighting potential physical changes or stability post-adsorption, crucial for evaluating the suitability of these materials for iodine

capture and storage applications.
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physisorption and then is absorbed into the pores of COFs. The existence of chemisorption is then demonstrated by the formation of
charge complexes with heteroatoms in the framework of the COFs. The extremely large iodine capture capacity is made possible by the
combination of physisorption and chemisorption. These results support earlier research and offer important new understandings of the
adsorption mechanism [29].

To examine the presence of iodine within the three COFs, we utilized X-ray photoelectron spectroscopy (XPS). In the figure, we
observed distinct peaks situated at 629.3 eV and 617.3 eV for SJ-COF, 627.6 eV and 616.2 eV for YA-COF as well as 629.0 eV and 619.3
eV for AA-COF. These peaks correspond to the I 3ds/» and I 3ds/, orbitals of iodine molecules, suggesting that the captured iodine
primarily exists in a molecular form. Additionally, we identified two more peaks at 629.9 eV and 618.6 eV for SJ-COF, 632.1 eV and
618.7 eV for YA-COF as well as 630.3 eV and 618.1 eV for AA-COF, indicative of the presence of polyiodine anions, including I3 and I5
[30] (Fig. 8A-C). Theoretical insights and literature evidence highlight the pivotal role of nitrogen (N) and sulfur (S) atoms within the
functional groups of adsorbent materials in facilitating iodine adsorption. The electron-rich nature of N and S atoms is crucial for
interactions with electron-deficient species like iodine (I3), predominantly through charge-transfer complexes or electrostatic in-
teractions. Specifically, the lone pair of electrons on N atoms and the capability of S atoms to act as soft Lewis bases enhance the
adsorption capacity and selectivity of materials towards iodine. This theoretical framework is supported by existing studies that
underscore the significance of N/S-containing functional groups as active sites for efficient iodine binding [31,32]. Although our study
did not directly analyze the electronic environment of N and S atoms through XPS, the literature supports their expected contribution
to the adsorption mechanism [33]. Future studies using XPS and other spectroscopic methods could empirically confirm these in-
teractions, enhancing our grasp of iodine adsorption mechanisms. This aligns with our goal to further understand the role of
N/S-functional groups, supported by theoretical and literature insights.

To achieve a comprehensive understanding of the adsorption mechanism of three COFs for iodine, we performed SEM analysis on
both free COFs and iodine-adsorbed COFs. The SEM image illustrates that I,@SJ-COF, I,@YA-COF, and I, @AA-COF mainly maintain
their original loose porous networks, with only slight agglomeration (Fig. 9). YA-COF, AA-COF, and SJ-COF are significant candidates
for iodine adsorption because of their distinctive characteristics and properties. These COFs have large surface areas and well-defined
pore architectures, which promote enhanced iodine molecule adsorption by offering more active sites. Significantly, their strong
thermal and chemical stability ensures that they are effective in capturing iodine even in harsh environments, which is an essential
characteristic of adsorbents for radioactive waste. With exceptionally high iodine capture capacities and demonstrated selectivity
coupled with multiple reuse cycles, these COFs exhibit a remarkable efficiency pivotal for nuclear waste management. Furthermore,
the strong physical-chemical adsorption mechanism elucidates a potent interaction between the COFs and iodine molecules, elevating
their adsorption efficacy to optimize the process.

4. Conclusion

In summary, a one-pot Schiff-base condensation process was used to create three COFs that are rich in heteroatoms. In addition to
exhibiting outstanding performance in terms of thermal and chemical stability, the produced COFs also displayed great specific surface
area. These benefits added together to provide the three COFs remarkable iodine sorption efficiency in both gaseous and liquid phases.
With a large specific surface area, the YA-COF was able to collect more iodine in the vapor phase (8.52 g g1) than most previously
reported adsorbents. The three COFs demonstrated extremely strong iodine adsorption capability with up to 80% removal efficiency in
cyclohexane solution. As part of our investigation into the adsorption process, we reviewed relevant studies that showed iodine
binding occurred by a combination of physisorption, chemisorption, as well as quick adsorption kinetics. Three COFs, in the mean-
while, have demonstrated strong recycling usage capabilities and can be recycled and utilized at least five times. This research offers a
fresh concept for creating practical COFs that can capture iodine. Based on these findings, it is clear that functionalized COF materials
have enormous potential for effectively removing iodine, especially during environmental emergencies and incidents that require for
quick response to harmful substances. Our research serves as an initial step in demonstrating the adsorption capabilities of these COFs
and their potential for addressing iodine contamination. Further investigation and collaboration with experts in the relevant fields will
be necessary to assess their applicability on a larger scale.
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