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Covalent organic frameworks for radioactive
iodine capture: structure and functionality
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The adsorption of radioactive iodine is a critical concern in nuclear safety and environmental protection

due to its hazardous nature and long half-life. Covalent organic frameworks (COFs) have emerged as

promising materials for capturing radioactive iodine owing to their tunable porosity, high surface area,

and versatile functionalization capabilities. This review provides a comprehensive overview of the

application of COFs in the adsorption of radioactive iodine. We begin by discussing the sources,

properties, and hazards of radioactive iodine, as well as traditional capture techniques and their limitations.

We then delve into the intrinsic structures of COFs, focusing on their porosity, conjugated frameworks, and

hydrogen bonding, which are pivotal for effective iodine adsorption. The review further explores various

functionalization strategies, including electron-rich COFs, flexible COFs, ionic COFs, COF nanosheets, and

quasi-3D COFs, highlighting how these modifications enhance the adsorption performance. Finally, we

conclude with an outlook on future research directions and potential applications, underscoring the

significance of continued innovation in this field. This review aims to provide valuable insights for researchers

and practitioners seeking to develop advanced materials for the efficient capture of radioactive iodine.

1 Introduction

Since the beginning of the 21st century, the world has been
facing an energy crisis brought about by population and
industrial growth, as well as global warming due to greenhouse
gas emissions.1–3 In response, the number of nuclear power
plants has rapidly increased worldwide, with nuclear energy
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being tasked with meeting the rising energy demands and
achieving carbon peak and carbon neutrality goals.4–6 Typically,
a gigawatt nuclear power plant produces approximately 25–30 tons
of spent fuel annually.7 This spent fuel is temporarily stored as
radioactive waste or undergoes reprocessing. Nuclear spent fuel
reprocessing is crucial for enhancing the utilization of uranium
fuel and reducing the generation of high-level radioactive waste,8

thereby playing a vital role in the sustainable development of
nuclear energy. During reprocessing, spent fuel rods go through
processes such as cutting, dissolving, and extraction, eventually
separating into various nuclides.9,10

In the spent fuel dissolution solution, approximately 95% is
composed of 238U, 1% is 235U, about 1–2% consists of plutonium
isotopes, 2–3% are radioactive fission products (such as 85Kr, 129I,
3H, 137Cs, etc.), and less than 0.1% are transuranic element.7,9 To
date, most reprocessing plants worldwide use the PUREX (Pluto-
nium and Uranium Reduction EXtraction) process for spent fuel

reprocessing.11,12 This process is employed to separate and purify
uranium and plutonium from the spent fuel dissolution
solution.13 During reprocessing, a series of radioactive wastes
are inevitably generated. According to the lifetimes and radiation
properties of the nuclides, the International Atomic Energy
Agency classifies them into five categories:14 (1) very short-lived
waste, (2) very low-level waste, (3) low-level waste, (4) intermediate-
level waste, and (5) high-level waste. Different categories of radio-
active nuclide waste require different disposal methods, such
as short-term storage, near-surface burial, and permanent deep
geological disposal after concentration.8,15 These radioactive
nuclides not only directly damage the ecological environment
but can also be transmitted to humans through the food
chain,16,17 affecting metabolic processes and causing a range of
severe diseases. Consequently, once released into the environ-
ment, they can become a global disaster.

Among them, volatile radioactive iodine (129I and 131I) poses
a higher potential threat to the environment and ecology due to
their strong migration and diffusion capabilities and the difficulty
in controlling them.18–20 Therefore, they must be safely and
effectively separated, immobilized, and permanently isolated.
Covalent organic frameworks (COFs) offer promising character-
istics for this purpose due to their tunable porosity, high surface
area, chemical stability, and ease of functionalization.21–23 These
properties enable COFs to effectively capture and immobilize
radioactive iodine molecules,24,25 reducing their mobility and
potential impact on human health and the environment. Addi-
tionally, the modular nature of COFs allows for the design of
tailored materials with enhanced adsorption capacities and
selectivity,26,27 making them promising candidates for addressing
the challenges associated with radioactive iodine adsorption.

2 Covalent organic frameworks

Covalent organic frameworks (COFs) are a class of crystalline
materials characterized by their ordered porous structures.28–32
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They are formed by the polymerization of light elements (such
as C, H, N, O, S, and P) through thermodynamically controlled
reversible covalent bonds.33–36 Compared to traditional organic
polymer materials, COFs exhibit several advantageous proper-
ties, including low density, excellent chemical stability, high
specific surface area, well-defined porous structures, and ease
of functionalization.22,23,37–39 Leveraging these advantages,
COFs have recently gained prominence in the fields of gas
adsorption, storage, and conversion.21,28,40–44

COFs are constructed from rigid building block monomers with
symmetrical reactive groups at their vertices or edges, connected
through condensation reactions.45 They are denoted as Cn based
on the number of symmetrical reactive groups (n). These building
block monomers typically have specific topological structures, and
different combinations of these monomers result in various poly-
gonal framework structures (Fig. 1).46,47 For example, the combi-
nation of a C3 symmetric vertex (1,3,5-triformylphloroglucinol)
and a C2 symmetric vertex (1,4-phenylenediamine) forms a COF
with a hexagonal pore structure, such as TpPa.

COFs can be categorized into two-dimensional (2D) COFs
and three-dimensional (3D) COFs, each with unique porous
structures derived from their topological frameworks.48 In 2D
COFs, building units are periodically connected by covalent
bonds and stacked through p–p interactions, forming crystal-
line layered structures.49 These stacked structures feature one-
dimensional (1D) channels with sizes and shapes that can be
tuned by altering the building units.50 To form highly ordered
frameworks, the covalent bonds in COFs should exhibit a
certain degree of reversibility during synthesis to ensure self-
correction. Various types of linkage bonds are used in COFs,
with boronate ester, imine, nitrone and olefinic linkages being
the most common. These linkages directly affect the stability
and intrinsic properties of COFs.37

Boronate ester-linked COFs, for instance, often exhibit
luminescence due to the electron-deficient nature of boron,
but this also leads to instability in high humidity.51 Imine-
linked COFs, on the other hand, demonstrate greater stability
compared to boronate ester-linked COFs.52,53 In iodine adsorp-
tion studies, iodine molecules, as typical electrophilic species,
can be effectively adsorbed by the lone pair electrons on
nitrogen atoms in imine linkages.54,55 These electrons can
transfer to the antibonding orbital (s*) of iodine, forming
charge-transfer complexes.56,57 For enhanced stability, Yaghi
and colleagues29 synthesized COFs based on olefinic double
bonds, which showed significantly improved stability and
crystallinity under both strongly acidic and basic conditions.
However, the synthesis of these COFs is challenging and
requires stringent conditions.58 In contrast, imine-linked COFs
offer a balanced combination of ease of synthesis, good stabi-
lity, and inherent electron-rich sites, making them a focal point
in research on the adsorption of radioactive iodine.24,59

To date, over 100 imine-linked COF-based iodine adsorbents
have been reported.33,60,61 Typical examples of symmetrical
monomers with aldehyde and amino functional groups used
for synthesizing imine bonded COFs are shown in Fig. 2. These
COFs possess unique intrinsic porous structures, and their
physical and chemical properties can be tuned through appro-
priate functionalization. Various functionalization methods
effectively introduce active sites for iodine adsorption, enhan-
cing their capacity to capture iodine. In 2017, Zhao et al.62

reported the first COF adsorbent for iodine adsorption. They
introduced a novel hollow microspherical COF with heteropor-
ous 2D structures (SIOC-COF-7). Thanks to the large internal
cavity and inherent heteroporous structure of the COF micro-
spheres, SIOC-COF-7 achieved a saturated iodine adsorp-
tion capacity (Qe) of 4.81 g g�1. The study indicated that the

Fig. 1 Basic topological diagrams and connection types of some representative two-dimensional COFs.
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abundant aromatic rings, nitrogen heteroatoms, and orderly
framework network in the heteroporous SIOC-COF-7 facilitated
iodine adsorption. Additionally, the highly ordered pore struc-
ture within the hollow microspheres’ cavity and shell layer
significantly contributed to effective iodine capture. Following
this breakthrough, numerous successful cases of COFs for
gaseous iodine capture were reported. In 2018, Jiang et al.24

published an article in Advanced Materials highlighting the
unexpectedly high iodine adsorption capacity of 2D COFs,
drawing attention from material scientists and radiochemists
worldwide, and marking the initial development phase of COF-
based iodine adsorption. In 2020, Wang and Han et al.63

proposed nitrogen-rich functionalized COFs for dynamic iodine
adsorption. That same year, Ma et al.64 introduced the use of
the k80% value to describe the average adsorption rate of COF
adsorbents, which gained widespread recognition and applica-
tion in the academic community. In 2021, Ma et al.65 proposed
flexible COF adsorbents that adaptively regulate according to
the size of guest molecules, defining the concept of flexibility in
host–guest interactions. Han et al.66 reported the first ionic
COF-based iodine adsorbent in the same year, achieving a
breakthrough in Qe by reaching 10.21 g g�1, surpassing the
10 g g�1 mark for the first time. The current highest adsorption

capacity is 10.81 g g�1, maintained by ECUT-COF-13, as reported
by Luo et al.67 In 2023, Tao and He et al.68 reported the first
study on iodine adsorption using ionic COF nanosheets,
making significant progress in adsorption rates. Zhang et al.69

reported the synthesis of two novel nitrones-linked COFs (CityU-1
and CityU-2) through the Kröhnke oxidation reaction. Fig. 3
shows the timeline of key COF studies related to radioactive
iodine adsorption. Although research on COFs for iodine
capture is still in its early stages, COFs exhibit exceptional core
competitiveness in iodine capture due to their unique struc-
tural features, such as tunable pore sizes, high specific surface
areas, and high crystallinity. The potential for future applica-
tions is immense.

COFs utilize nitrogen atoms, oxygen atoms, and other
heteroatoms as the primary sites for iodine adsorption.34,70

These heteroatoms can form charge-transfer complexes with
iodine molecules, enhancing the adsorption capability.56,57,71

For instance, in COFs connected by imine bonds, the Lewis
acid–base interaction between polar C–N bonds and iodine
molecules improves the material’s iodine capture ability.24 The
well-ordered and regular pore structure of COFs facilitates
the thorough penetration and adsorption of iodine molecules
within the material.72 Compared to other porous materials,

Fig. 2 Typical examples of symmetrical monomers with aldehyde and amino functional groups used for synthesizing imine bonded COFs.
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the pores in COFs are less susceptible to clogging, enabling
them to maintain high adsorption efficiency.

The iodine adsorption process in COFs encompasses both
physical and chemical adsorption mechanisms. Physical
adsorption is primarily driven by van der Waals forces between
iodine molecules and the pore walls of COFs.24,72 Chemical
adsorption involves the formation of charge-transfer complexes
or ionic iodides (e.g., I3

� and I5
�) through interactions between

iodine molecules and heteroatoms in the COFs.25,73,74 COFs
generally exhibit a rapid iodine adsorption rate, often reaching
equilibrium within a short time. This adsorption rate is influ-
enced by factors such as the pore structure, heteroatom con-
tent, and iodine molecule concentration in the COFs.

The size, shape, and distribution of pores in COFs signifi-
cantly influence the entry and adsorption efficiency of iodine
molecules. Similarly, the type and content of heteroatoms play
a critical role in determining the iodine adsorption perfor-
mance of COFs. Environmental factors, such as temperature,
pressure, and humidity, also impact the adsorption capabil-
ities. To address these challenges, researchers have proposed
various optimization strategies. By tailoring the building blocks
and synthesis conditions of COFs, it is possible to fine-tune
their pore structures and heteroatom content, thereby enhan-
cing their iodine adsorption efficiency. Post-synthesis modifi-
cations or functionalization of COFs can introduce additional
adsorption sites or strengthen interactions with iodine mole-
cules. A Summary of the adsorption performance of various
COFs for radioactive iodine is shown in Table 1. This review
paper provides a comprehensive analysis of these approaches
in Sections 4 and 5.

3 Radioactive iodine

Understanding the generation, properties, hazards, and species
distribution of radioactive iodine is crucial for guiding the
design, synthesis, and practical application of COF-based
iodine adsorbents. Nuclear fission reactions in reactors pro-
duce fission and activation products, some of which are volatile
under spent fuel reprocessing conditions.91 Identified as
‘‘volatile radioactive nuclides’’ are rare gases (mainly isotopes
of Kr and Xe), 3H, 14C, and 129I.92,93 During wet reprocessing
processes, these radioactive nuclides mostly enter the off-gas

stream as tritiated water (3HHO or 3H2O), radioactive 14CO2,
rare gases (mainly 85Kr), and gaseous iodine (129I2, H129I, or
organic iodides).94,95 The United States was among the first
countries to research and implement nuclear fuel cycles. Over
the past 50 years, various materials have been developed and
tested for capturing and immobilizing volatile radioactive
nuclides. Despite these efforts, no material has yet achieved
the most satisfactory performance and economic viability.94

Their research indicates that controlling the release of 129I is
critical due to its long half-life of 1.57 � 107 years and
significant potential biological threat. Therefore, 129I emission
control is essential in managing volatile radioactive nuclides.

3.1 Sources of radioactive iodine

Human nuclear tests are one source of radioactive iodine.
Studies have found that each kiloton of TNT equivalent of
235U or 239Pu fission during an explosion produces approxi-
mately 0.17 grams and 0.28 grams of 129I, respectively.96

However, most radioactive iodine is generated in nuclear power
reactors. 129I is one of the longest-lived radioactive nuclides
produced in the nuclear fuel cycle.97 It is a fission product of
235U and 239Pu in reactors and continuously accumulates in
them. It is estimated that a nuclear power reactor generates
about 7.3 milligrams of 129I per megawatt-day of energy
produced.98 Due to its unique physical, chemical, and bio-
logical properties, without preventive measures, 129I would
eventually be released into the natural environment through
the emissions of off-gas from spent fuel reprocessing plants.
This would result in its distribution across various environ-
mental media such as the atmosphere, water bodies, soil, and
the food chain.19 Given the extremely long half-life of 129I, no
engineering barrier can permanently isolate it. Consequently,
since the inception of spent fuel reprocessing research, the
optimal capture technologies and final management strategies
for 129I have been focal points in the fields of reprocessing and
environmental radiochemistry, and this remains an evolving
frontier.

131I, produced in fast reactors, is a spontaneous fission
product of 244Cm and does not occur naturally.99 With a half-
life of only 8 days, conventional methods to control 131I release
involve increasing the cooling time of spent fuel and delaying
reprocessing (usually for 180–220 days).100 However, special

Fig. 3 A schematic diagram showing the timeline of key COF studies related to radioactive iodine adsorption.
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circumstances such as the extraction of specific fission pro-
ducts or transuranic elements (fast reactor reprocessing), or
cladding failures, necessitate the reprocessing of short-cooled
nuclear fuel. The development of materials or technologies for
the isolation of 131I is also a focus area, especially in radiation
medicine and radiopharmaceuticals.101

3.2 The properties and hazards of radioactive iodine

During the processes of cutting, dissolving, and extracting
spent fuel, various volatile and semi-volatile radioactive
nuclides are produced. These volatile radioactive iodine iso-
topes typically mix into the off-gas of the dissolution solution.
Their unique distribution and chemical properties make them
difficult to remove.102 129I is a long-lived nuclide with a half-life
of 1.57 � 107 years and a specific activity of 0.16 mCi g�1.
It undergoes spontaneous b-decay, producing stable 129Xe as a
daughter nuclide.103 While 131I is a short-lived nuclide with a
half-life of 8.02 days and a specific activity of 1.2 � 108 mCi g�1.
It also decays via b-decay, with stable 131Xe as the daughter
nuclide.104

Radioactive iodine is highly volatile; during spent fuel
reprocessing, it escapes from spent fuel or dissolution solutions
in gaseous forms, including I2, HI, and organic iodides (e.g.,
CH3I).105 In the off-gas of the dissolution solution, over 95% of
the radioactive 129I exists as 129I2.106 Iodine is a sensitive redox
agent and participates in the formation of numerous organic and
inorganic compounds in nature. It is also a bioactive element
involved in synthesizing various biological organic substances
such as proteins and polyphenols.96 The human body contains
numerous organs and tissues capable of absorbing iodine, with
thyroid cells being the most efficient at concentrating iodine.
Once radioactive iodine is inhaled or ingested, it deposits and
accumulates in the thyroid, potentially leading to thyroid dis-
orders due to prolonged internal radiation exposure.107 Studies
indicate that individuals living near early reprocessing plants
(without radioactive off-gas control systems) in the United States
had a higher relative risk of developing thyroid cancer.108,109

Table 1 Summary of the adsorption performance of various COFs for
radioactive iodine

No. COFs Qe (g g�1) k80% (g g�1 h�1) Ref.

1 Th-Bta COF 0.68 — 70
2 TpPaSO3H 1.5 0.51 68
3 USTB-4 1.5 — 34
4 COF-TpgTd 1.66 — 75
5 COF-TpgBD 1.81 — 75
6 Hz-COF(CQN) 2.05 — 76
7 TPT-Azine-COF 2.19 — 77
8 TP-PDA-COF 2.2 — 26
9 TPT-TAPB-COF 2.25 — 77
10 TpPa-1 2.45 — 78
11 NH-COF(C–N) 2.6 — 76
12 COF-TpgDB 2.75 — 75
13 BTT-TAPT-COF 2.76 — 74
14 QTD-COF-2 2.87 0.46 64
15 Micro-COF-1 2.9 — 72
16 COF-Ph 3 — 27
17 USTB-4c 3.02 — 34
18 C-TP-PDA-COF 3.05 — 26
19 USTB-3 3.14 — 34
20 USTB-3c 3.3 — 34
21 Meso-COF-4 3.3 — 72
22 DpTd-COF 3.43 — 79
23 Micro-COF-2 3.5 — 72
24 RIL-COF-4(CQN) 3.57 — 65
25 NH2-Th-Bta COF 3.58 — 70
26 RIL-COF-2(CQN) 3.72 — 65
27 TPT-DHBD COF 3.88 — 80
28 Meso-COF-3 4 — 72
29 TFPB-BPTA-COF 4.02 — 81
30 TAPD-DHTA COF 4.02 — 82
31 ECUT-COF-10 4.23 0.28 67
32 TP-BPDA-COF 4.3 — 26
33 FAL-COF-4(C–N) 4.36 — 65
34 USTB-2 4.38 — 34
35 TTF-TD-COF 4.38 — 83
36 FAL-COF-2(C–N) 4.41 — 65
37 USTB-1 4.45 0.22 34
38 COF-PA 4.47 1.3 27
39 DaTd-COF 4.48 — 79
40 AC4trimTpPaSO3 4.5 2.1 68
41 USTB-2c 4.57 — 34
42 RIL-COF-3(CQN) 4.62 — 65
43 QTD-COF-1 4.62 1.23 64
44 COF-DL229 4.7 — 84
45 SIOC-COF-7 4.81 0.26 62
46 TJNU-202 4.82 — 85
47 QTD-COF-4 4.85 1.29 64
48 DbTd-COF 4.93 — 79
49 RIL-COF-1(CQN) 4.94 — 65
50 TTA-TTB COF 4.95 — 24
51 TFB-Td 4.97 — 86
52 TTF-TAPT-COF 5.02 — 83
53 TAPD-PDA COF 5.09 — 82
54 TAPA-PDA COF 5.09 1.08 87
55 PA-TT-COF 5.1 — 88
56 QTD-COF-3 5.16 0.91 64
57 JUC-560 5.2 — 89
58 Bmim-TpPaSO3 5.25 2.86 90
59 COF-LZU1 5.3 — 78
60 TJNU-204 5.33 — 59
61 TPT-BD COF 5.43 — 80
62 FAL-COF-3(C–N) 5.46 — 65
63 FAL-COF-1(C–N) 5.49 — 65
64 TAPD-DMTA COF 5.54 — 82
65 ECUT-COF-11 5.62 0.45 67
66 TFPB-PyTTACOF 5.62 — 81
67 TJNU-201 5.625 0.225 85
68 iCOF-AB-100 5.76 1.56 66
69 USTB-1c 5.8 0.28 34

Table 1 (continued )

No. COFs Qe (g g�1) k80% (g g�1 h�1) Ref.

70 COF-OH-100 5.85 0.149 66
71 TJNU-203 5.885 — 59
72 PB-TT-COF 5.97 — 88
73 SCU-COF-2 6 0.25 63
74 C-TP-BPDA-COF 6.11 — 26
75 P-COF 6.19 — 73
76 TFB-BD 6.23 — 86
77 TPB-DMTP COF 6.29 0.17 24
78 QTD-COF-V 6.29 2.51 64
79 COF-OH-0 6.31 0.179 66
80 TFB-DB 6.4 — 86
81 COF-OH-50 6.49 0.189 66
82 ECUT-COF-12 7.85 0.6 67
83 COF-TAPB 7.94 0.33 25
84 JUC-561 8.19 — 89
85 COF-TAPT 8.61 0.48 25
86 iCOF-AB-50 10.21 1.195 66
87 ECUT-COF-13 10.81 1.4 67
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Besides, Radioactive iodine also possesses strong migration
and diffusion capabilities. Once released into the air, it cycles
through water bodies, soil, air, and living organisms (as shown
in Fig. 4). Radioactive iodine can be emitted into the atmo-
sphere as molecular iodine, inorganic iodides, or organic
iodides. During this process, molecular iodine can adsorb onto
submicron particles.110 All forms of radioactive iodine diffuse
in the atmosphere through natural processes such as turbu-
lence, thermal convection, and wind.18,20,111 They eventually
settle on the surfaces of plants, soil, and water bodies due to
environmental factors such as rainfall. Given the extremely
long half-life of 129I, its potential radiation threat is intolerable
for both natural ecosystems and human health. Therefore, all
possible measures must be taken to prevent the release of
radioactive iodine in off-gas into the air.

3.3 Species distribution of radioactive iodine

Fully understanding the causes and distribution of radioactive
iodine in the reprocessing process is crucial for designing and
constructing highly efficient and precise capture materials or
devices for radioactive iodine. The PUREX process is the pre-
dominant wet reprocessing method for spent nuclear fuel
worldwide, primarily used for the separation and purification
of uranium and plutonium from spent fuel.9,13 In this process,
the spent fuel undergoes cutting, and then the spent fuel
fragments are dissolved in boiling concentrated nitric acid in
a dissolution tank.

Studies conducted in both real and simulated experimental
environments have shown that in the highly oxidizing concen-
trated nitric acid environment, when all fission products and
actinides are completely dissolved, radioactive iodine almost
entirely volatilizes from the solution and is released into the
off-gas of the dissolution solution in the form of molecular
iodine (accounting for 95–99% of the total iodine).99 About
2–3% of radioactive iodine remains dissolved in the solution as
iodide.112 For instance, in the Karlsruhe reprocessing plant in
Germany, the concentration of soluble iodine in spent fuel
dissolution solution ranges from 1–4 mg L�1.106 During sub-
sequent reprocessing steps, particularly in the TBP (tributyl
phosphate) extraction process, this dissolved radioactive iodine
can escape from the solution as organic iodine compounds,

such as methyl iodide.113 Approximately 1–2% of the radio-
active iodine forms insoluble iodides or iodates with palladium
and silver among the fission products, presenting as fine
particles in the dissolution solution and eventually being
filtered out and concentrated.114 These insoluble radioactive
iodides are stored in temporary storage tanks or solidified with
other high-level wastes; traces of radioactive iodine have also
been found in the off-gas of the solidification process. Burger
and Scheele et al.115 summarized the distribution pathways
of radioactive iodine in typical wet reprocessing plants for
spent fuel.

3.4 Traditional capture techniques for radioactive iodine

The control of iodine involves removing as much iodine as
possible from the dissolution solution into the off-gas stream,
followed by its removal in the dissolution off-gas control
system; this step is referred to as iodine stripping.112 One
relatively mature technique for removing gaseous iodine from
the dissolution off-gas is caustic scrubbing. Caustic scrubbing
is commonly used in the dissolution off-gas control systems
of reprocessing plants such as the Hague reprocessing plant in
France, the Windscale reprocessing plant in the UK, and the
Rokkasho reprocessing plant in Japan.99,115 However, caustic
scrubbing is not effective in removing organic iodides. In the
reprocessing of sodium-cooled fast reactors, high-concen-
tration nitric acid is used to remove radioactive iodine from
the off-gas, known as the Iodox process.116,117 The strong
oxidizing property of concentrated nitric acid effectively cap-
tures iodine vapor and organic iodides. However, the Iodox
process requires additional steps for nitric acid concentration,
nitric acid recovery, and waste treatment. Additionally, some
reprocessing plants in the UK and the USA use the Mercurex
process in their dissolution off-gas control systems to remove
radioactive iodine.104,116 Similar to the Iodox process, the
Mercurex process uses a Hg(NO3)2–HNO3 solution for scrub-
bing. The gaseous iodine is effectively absorbed by the solution,
forming mercury iodate and iodide complexes. But the waste
treatment issues associated with the Mercurex process limit its
widespread application.

After acid scrubbing, trace amounts of radioactive iodine
often remain in the off-gas, with levels exceeding safe radio-
active limits. In such cases, additional methods, such as solid
adsorption,61 are needed to reduce the radioactive iodine
concentration to below safe levels. Traditional methods using
solid materials for capturing radioactive iodine, including
activated carbon,118 silver-based materials,117 zeolites,119 and
metal oxides,120 each have their own set of limitations despite
being widely used. Activated carbon, known for its high surface
area and porosity, physically adsorbs iodine through van der
Waals forces.118,121 However, its efficiency drops significantly in
the presence of moisture or other competing gases, and regen-
erating or disposing of spent carbon, especially when heavily
contaminated, is challenging.122 Silver-based materials, such as
silver-impregnated zeolites and filters, chemically react with
iodine to form stable silver iodide, offering high efficacy.123,124

But the high cost of silver, coupled with limited adsorption

Fig. 4 The global iodine cycle. Reproduced with permission from ref. 18.
Copyrightr2014 Elsevier Inc.
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capacity and non-regenerability, makes large-scale applications
expensive.123 Zeolites, which trap iodine through physical
adsorption and ion exchange processes, suffer from moisture
sensitivity, reduced selectivity in mixed gas environments,
and difficulties in regeneration and maintaining structural
integrity.119,125,126 Similarly, metal oxides like manganese oxide
and copper oxide chemisorb iodine, forming stable com-
pounds, but face slow reaction kinetics, limited capacity, and
challenges in regenerating without losing activity.120,127 These
significant drawbacks in traditional iodine capture methods
underscore the need for advanced materials like covalent
organic frameworks (COFs), which promise tunable properties
and potentially superior performance in addressing the limita-
tions of current technologies.

4 The intrinsic structure of COF

COFs are typical framework-type crystalline materials con-
structed by the extended connection of organic building blocks.
Their intrinsic structure plays a crucial role in determining
their iodine adsorption performance. Key structural features
that enhance the effectiveness of COFs in iodine adsorption
include porosity, conjugated structures, and hydrogen bonding.

4.1 Porosity

COFs possess highly ordered porous structures with fixed
pore sizes and well-defined shapes. These pores provide ample
surface area for iodine molecules to be adsorbed, thereby
enhancing the overall adsorption capacity. Liu et al.72 reported
four different 2D COFs synthesized from one amine monomer

and four aldehyde monomers, named Micro-COF-1, Micro-
COF-2, Meso-COF-3, and Meso-COF-4 (as shown in Fig. 5(A)).
The pore sizes of these COFs are 1.6 nm, 1.7 nm, 4.0 nm, and
4.7 nm, respectively, with increasing pore volumes accordingly.
The Qe of the four COFs are 2.9 g g�1, 3.5 g g�1, 4.0 g g�1, and
3.3 g g�1, respectively. Experimental results indicate that when
physical adsorption is predominant, pore volume and intrinsic
pore size are decisive factors for the iodine adsorption perfor-
mance of COFs. Jiang et al.24 reported two 2D COFs with
different topologies, TPB-DMTP [C3 + C2] and TTA-TTB [C3 +
C3] (as shown in Fig. 5(B)). The differences in their topological
structures result in different intrinsic pore sizes, 3.3 nm for
TPB-DMTP and 2.2 nm for TTA-TTB. Structurally, both have
continuous 1D channels without cross-linked pores and lack
specific iodine adsorption sites. Relying solely on van der
Waals forces for physical adsorption, TPB-DMTP exhibited an
impressive iodine adsorption capacity with Qe of 6.2 g g�1,
which may be attributed to its large pore volume (1.28 cm3 g�1);
TTA-TTB had a Qe of 5.0 g g�1. This work demonstrated that
high Qe could be achieved solely by utilizing the intrinsic pore
structures of COFs without specific framework functionaliza-
tion. However, the adsorption rate of TPB-DMTP was very low,
at only 0.15 g g�1 h�1, requiring 100 hours to reach saturation.

Additionally, the pore sizes of COFs are tunable. During
synthesis, the pore sizes can be controlled to precisely match
the size of iodine molecules. Mi et al.26 synthesized TP-PDA-
COF and TP-BPDA-COF using 2,5-diaminopyridine and 5,50-
diaminobipyridine with 1,3,5-triformylphloroglucinol (Tp), and
further quaternized the pyridine nitrogen with bromoethane
to obtain ionic framework structures C-TP-PDA-COF and
C-TP-BPDA-COF (as shown in Fig. 6(A)). The study found that

Fig. 5 By changing the monomer to regulate the pores of COF adsorbents. (A) The pore structure of Micro-COF-1, Micro-COF-2, Meso-COF-3,
and Meso-COF-4. Reproduced with permission from ref. 72, Copyrightr2019 American Chemical Society. (B) The pore structure of TPB-DMTP and
TTA-TTB. Reproduced with permission from ref. 24, Copyrightr2018 WILEY-VCH Verlag GmbH & Co.

Feature Article ChemComm

Pu
bl

is
he

d 
on

 0
2 

Ja
nu

ar
y 

20
25

. D
ow

nl
oa

de
d 

on
 1

/1
0/

20
26

 1
0:

05
:1

7 
PM

. 
View Article Online

https://doi.org/10.1039/d4cc06092j


This journal is © The Royal Society of Chemistry 2025 Chem. Commun., 2025, 61, 2235–2256 |  2243

C-TP-PDA-COF and C-TP-BPDA-COF, with similar pore struc-
tures, exhibited better adsorption performance; the ionic fra-
mework structure increased the COFs’ Qe by 1.3 times. Electron
cloud density analysis indicated that the strong electrostatic
interaction between the positively charged pyridine and I2 was
the main reason for the enhanced adsorption performance.
Among them, C-TP-BPDA-COF had the highest Qe of 6.1 g g�1,
but it took 72 hours to reach saturation. Wang et al.75 studied
the Tp-COF focusing on the relationship between the regulated
pore size and the (physical) adsorption performance of iodine.
As shown in Fig. 6(B), by varying the length of the amino
monomers, the intrinsic pore sizes of the COFs were system-
atically controlled. The pore sizes of COF-TpDB, COF-TpBD,
and COF-TpTd were 6.8 nm, 8.3 nm, and 9.9 nm, respectively.
Their Qe were 2.75 g g�1, 1.81 g g�1, and 1.66 g g�1, respectively,
with saturation times of about 80 hours. Similarly, Liu et al.86

investigated the adsorption properties of TFB-COF (TFB stands
for 1,3,5-triformylbenzene) using the same amino monomers
(DB, BD, and Td). In this study, TFB-DB, TFB-BD, and TFB-Td
COFs reached adsorption saturation in 54 hours, with Qe of
6.40 g g�1, 6.23 g g�1, and 4.97 g g�1, respectively. The pore
sizes measured by BET method were 0.9 nm, 2.8 nm, and
3.4 nm, respectively. The differences in properties between
Tp-COF and TFB-COF can be summarized as follows: (1) due
to the enol–ketone tautomerism in Tp-COF, the enol-imine part
of the Tp unit can convert to keto–enamine, reducing the p–p

conjugation characteristic of the COF framework; (2) the
adsorption in both types of COFs is primarily driven by weak
interactions, and the limited range of these weak interactions
means that excessively large pore sizes are not conducive to the
occurrence of these interactions, resulting in reduced iodine
desorption energy.

The tunability of COF pore sizes enhances their selectivity
for iodine adsorption, preventing the adsorption of unwanted
species. Although studies specifically on iodine-selective
adsorption have not yet been reported, the potential of tunable
pore-sized COFs as selective adsorption tools for gaseous iodine
is undeniable. Ma et al.128 reported the use of sub-nanoporous
COFs for the separation of radioactive gases xenon (Xe) and
krypton (Kr). They synthesized TFB-TAPA and TFP-TAPA with
pore sizes of approximately 13 Å through aldehyde–amine
condensation reactions. Further alkylation adjusted the sub-
nanopores to produce TFB-TAPA-Bu and TFP-TAPA-Bu with
pore sizes of approximately 7 Å. The resulting 7 Å sub-
nanopores, slightly larger than the dynamic diameters of
Xe/Kr, endowed the COFs with effective adsorption and separa-
tion capabilities for these gases. The maximum adsorption
capacity for Xe reached 85.6 cm3 g�1, and the selectivity for
Xe over Kr was up to 9.7.

In addition, the interlayer stacking structure of 2D COFs
directly influences their pore channels, with stacking modes
including AA, AB, and ABC. Taking imine COFs as an example,

Fig. 6 Post-modification strategy and de novo synthesis strategy regulate the pore structure of COF adsorbents. (A) The structures and iodine
adsorption curves of TP-PDA-COF, TP-BPDA-COF, C-TP-PDA-COF, and C-TP-BPDA-COF. Reproduced with permission from ref. 26. Copyrightr2016
Royal Society of Chemistry. (B) The synthesis strategies of COF-TpDB, COF-TpBD, and COF-TpTd with different pores. Reproduced with permission
from ref. 75. Copyrightr2020 American Chemical Society. (C) Synthesis strategies for TFB-DB, TFB-BD, and TFB-Td with different pores (from ref.).
Reproduced with permission from ref. 86. Copyrightr2021 American Chemical Society.
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the same reactants can yield three COF isomers with different
stacking structures (overlapping AA, staggered AB, and ABC
stacking) under varying reaction temperatures and solvent
environments. Experimental and theoretical studies show that
the ABC-stacked isomer obtained at room temperature is a
kinetic product, while the AA-stacked isomer prepared via
solvothermal methods is a thermodynamic product.129 The
differences in stacking modes arise from inconsistent tauto-
meric configurations, which, in turn, lead to variations in their
efficiencies for generating type I and type II reactive oxygen
species (ROS). Furthermore, the spatial steric hindrance of
the building blocks is a key factor influencing the stacking
modes.130 Although research on the impact of COF stacking
modes on iodine adsorption is limited, future studies should
consider this aspect to improve adsorption performance.

4.2 Conjugated structures

Two-dimensional COFs are stacked through p–p interactions
and van der Waals forces, making their conjugated p-electron
systems an intrinsic structural feature.37 This conjugated
p-electron system can enhance interactions with iodine mole-
cules, significantly increasing the adsorption affinity and capa-
city of COFs for iodine. Shui et al.81 reported two fully
conjugated COFs synthesized from 4,40,400,40 0 0-(pyrene-1,3,6,8-
tetrayl)tetrabenzaldehyde (PyTTA) and 1,2,4,5-tetrakis(4-formyl-
phenyl)benzene (TFPB), resulting in TFPB-PyTTA-COF and
TFPB-BPTA-COF (Fig. 7(A)). Their study found that both COFs
primarily utilize physical adsorption combined with some
chemical adsorption. The pyrene-containing TFPB-PyTTA-COF
exhibited a higher Qe (5.6 g g�1) than TFPB-BPTA-COF
(4.0 g g�1). This difference is likely due to the larger p–p
conjugation area provided by the pyrene units in PyTTA com-
pared to the benzene units in TFPB.

Luo et al.78 investigated the differences in static iodine
adsorption between the fully p–p conjugated COF-LZU1 and
COF-TpPa, which features both p–p and p–p conjugated struc-
tures. COF-LZU1 demonstrated a higher iodine adsorption
capacity than COF-TpPa. XPS and Raman spectroscopy studies
confirmed that COF-TpPa’s adsorption was entirely driven by
van der Waals forces and involved no iodine species other than
I2. In contrast, COF-LZU1’s adsorption was a combination of
physical and chemical adsorption, where the physical adsorp-
tion was attributed to the intrinsic pores of COF-LZU1 and the
chemical adsorption to its fully p–p conjugated structure. Zeng
et al.85 reported two p–p conjugated two-dimensional COFs,
TJNU-201 and TJNU-202 (Fig. 7(B)), which exhibited excellent
iodine adsorption capacities through combined physical
and chemical adsorption mechanisms, with Qe of 5.6 g g�1

and 4.8 g g�1, respectively. The superior adsorption capacity of
TJNU-201 compared to TJNU-202 is likely due to its higher
nitrogen content. Jiang et al.131 reported a hierarchically porous
covalent triazine framework, CTF-CTTD, which featured
abundant pore channels, triazine units, and a p–p conjugated
structure, resulting in an iodine adsorption capacity of 3.8 g g�1.

4.3 Hydrogen bonds

COFs can undergo noncovalent interactions to introduce addi-
tional adsorption sites. These noncovalent interactions can
form strong interactions with iodine,132,133 such as hydrogen
bonds or halogen bonds, further enhancing the adsorption
capacity, rate and selectivity of COFs. Hydrogen-bonded cross-
linked organic frameworks, which are rich in hydrogen bond
structures, are a prominent example of this approach.

Ke et al.134 developed a crystalline microporous hydrogen-bonded
cross-linked organic framework, HCOF-1, using a light-induced
assembly and single-crystal-to-single-crystal transformation strategy

Fig. 7 The typical conjugated structure COF adsorbents. (A) The synthesis of TFPB-PyTTA-COF and TFPB BPTA COF with conjugated structures.
Reproduced with permission from ref. 81. Copyrightr2022 Wiley-VCH GmbH. (B) Synthesis and iodine adsorption mechanism of TJNU-201 and
TJNU-202 with conjugated structures. Reproduced with permission from ref. 85. Copyrightr2020 Royal Society of Chemistry.
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(Fig. 8). In this system, ethane dithiol acts as a cross-linking agent,
forming C–S bonds between two alkyne groups. HCOF-1 can rapidly
adsorb I2 in an aqueous system with a high adsorption capacity of
290 wt%, primarily due to the formation of N–H� � �I hydrogen bonds
and N� � �I and S� � �I halogen bonds with I2 molecules. The highly
elastic framework of HCOF-1 allows its pores to expand spatially,
not only providing high iodine adsorption capacity but also excellent
recyclability, enabling it to return to its original crystalline form after
desorbing iodine. Amide groups, capable of forming infinite stacked
structures through hydrogen bonding, are advantageous in designing
hydrogen-bonded organic frameworks. Claverie et al.135 synthesized a
series of HOFs with 1D, 2D, or 3D hydrogen-bonded frameworks
using benzene-1,3,5-tricarboxamide and amide-containing triben-
zoic monomer as building blocks. Their study showed that three
porous HOFs, HOF-B-Hex, HOF-T-Pr, and HOF-T-Hex, exhibited
permanent porosity, demonstrating the effectiveness of the amide-
based HOF synthesis strategy. Among them, HOF-T-Hex stood out
with a pore volume of 42% and a gas-phase iodine capture capacity of
6.4 g g�1. The iodine capture capacity of HOFs is influenced not only
by pore volume but also by the surplus p-electrons in the material,
which do not participate in p–p stacking interactions.

In summary, the intrinsic structures of COFs, including their
tunable porous structures, p-electron conjugated systems, and
hydrogen-bonding frameworks, or their synergistic interactions,
contribute to their excellent performance in iodine adsorption
applications. These structural features enable COFs to effectively
capture and retain iodine molecules, making them highly promis-
ing materials for nuclear industry off-gas treatment.

5 Functionalization of COFs

Under conventional static adsorption conditions, most COFs
have equilibrium adsorption times that span tens to hundreds

of hours, which may not meet the requirements for capturing
radioactive iodine from off-gas streams. Reported 2D COFs
often prioritize high Qe, overlooking the adsorption rate.
In addition to Qe, k80% is an important metric to consider.
Ma et al.64 first proposed the metric k80% to describe the
adsorption rate of COF-based iodine adsorbents. The k80%

value, defined as the average adsorption rate when reaching
80% of the Qe, has gained widespread recognition and applica-
tion among researchers in the field. Therefore, improving the
k80% of COFs while maintaining Qe is a critical scientific
challenge in this area.

Rational design of COF structures is crucial in addressing
this issue. Physical adsorption typically depends on the pore
volume, pore size, and the cross-linking manner of the pore
channels in COFs,136,137 leading to long times to reach adsorp-
tion equilibrium. A current viewpoint suggests that combining
physical and chemical adsorption, or prioritizing chemical
adsorption, by introducing active adsorption sites is an effec-
tive strategy to improve both saturation capacity and adsorp-
tion rate.138 Electron-rich groups containing heteroatoms,
such as CQN, –NH2, N–H, triazine, pyridine, tetrathiafulvalene,
sulfur- or phosphorus-containing heterocycles, can serve as
active adsorption sites.139–141 The lone pairs on heteroatoms
can transfer to the s* antibonding orbital of iodine to form
charge-transfer complexes.57 The partial negative charge on the
iodine atoms due to this electron transfer facilitates the for-
mation of polyiodide ions, which are then fixed in place. The
same electron-rich group can exhibit significantly different
iodine affinities depending on the COF framework or the
adjacent connecting units.66 During chemical adsorption, the
electron-rich groups on the COF framework interact with I2,
promoting the transformation of adsorbed I2 in the COF
channels into polyiodide ions such as I3

� and I5
�.63,64 This

chemical interaction helps enhance both the adsorption

Fig. 8 Microporous hydrogen bonded cross-linked organic framework HCOF-1 and its adsorption of iodine. Reproduced with permission from ref. 134.
Copyrightr2017 American Chemical Society.
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capacity and rate. This concept has been validated in numerous
design and synthesis cases of COF-based iodine adsorbents.

5.1 Electron-rich COFs

Building blocks containing heteroatoms (N, S, O, P, etc.) can
endow COFs with local electron-rich characteristics, thereby
enhancing iodine adsorption capacity. Dong et al.83 synthesized
two COFs using monomers containing tetrathiafulvalene com-
ponents, namely, the 2D TTF-TD-COF and the 3D TTF-TAPT-
COF (as shown in Fig. 9(A)). Both COFs exhibit a combination
of physical and chemical adsorption for iodine, with Qe of
4.3 g g�1 and 5.0 g g�1, and k80% values of 0.39 g g�1 h�1 and
0.51 g g�1 h�1, respectively. Fang et al.89 reported two
tetrathiafulvalene-based COFs, JUC-560 and JUC-561 (as shown
in Fig. 9(B)), where the former is a 2D COF and the latter a 3D
COF. The results indicate that the synergy between physical and
chemical adsorption grants JUC-560 and JUC-561 high Qe and
k80%, with capacities of 5.2 g g�1 and 8.1 g g�1, and k80% of
0.49 g g�1 h�1 and 0.70 g g�1 h�1, respectively. JUC-560 and
JUC-561 are designed with large specific surface areas, effec-
tively enhancing the physical adsorption process within COF
channels. Additionally, the tetrathiafulvalene groups, rich in
sulfur heteroatoms, serve as chemical adsorption sites on the
COF framework. The electron-rich groups interact with I2,
facilitating the transformation of I2 into polyiodide ions such
as I3

� and I5
�, thereby improving the k80% of JUC-560 and JUC-

561. This combination of physical and chemical interactions

significantly boosts both the adsorption capacity and rate,
demonstrating the effectiveness of incorporating electron-rich
heteroatom groups in COF structures for iodine capture.

Chen et al.27 reported the grafting of Povarov reaction
products onto TPB-DMTP-COF. By utilizing the electron-rich
ethynyl groups of para-ethynylbenzene and the imine portions
of TPB-DMTP, an electrophilic aromatic substitution cycliza-
tion reaction generated a COF containing quinoline structures,
named COF-PA. The conversion of imine bonds to rigid quino-
line structures significantly enhanced the chemical stability of
COF-PA. It maintained its crystallinity and crystal structure
after seven days in strong acidic (12 M HCl) and alkaline
(14 M NaOH) environments as well as in organic solvents.
The introduction of electron-rich ethynyl and quinoline groups
facilitated chemical interactions between these groups and
iodine. XPS and Raman spectroscopy confirmed that during
the adsorption process, electrons transferred from the electron-
rich quinoline to the electron-deficient I2, and the ethynyl sites
also participated in chemical adsorption of I2. Although this
modification sacrificed some specific surface area and pore
size, it resulted in a significant improvement in iodine adsorp-
tion performance, with a k80% value of 1.30 g g�1 h�1 and a Qe

of 4.5 g g�1. Lin et al.88 synthesized two COFs, PB-TT-COF
and PA-TT-COF, using an aldehyde monomer containing ben-
zothiophene with tris(4-aminophenyl)benzene (PB) and tris(4-
aminophenyl)amine (PA), respectively. The Qe of PB-TT-COF
was 5.9 g g�1, while that of PA-TT-COF was 5.1 g g�1. The planar

Fig. 9 Tetrathiofulvalene-based COF adsorbents. (A) The chemical structure and adsorption mechanism of TTF-TD-COF and TTF-TAPT-COF.
Reproduced with permission from ref. 83. Copyrightr2022 Springer Nature. (B) Chemical structure and adsorption mechanism of JUC-560 and
JUC-561. Reproduced with permission from ref. 89. Copyrightr2021 Royal Society of Chemistry.
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conjugated structure of PB contrasted with the trigonal pyra-
midal shape of PA, resulting in significant differences in
morphology and specific surface area between PB-TT-COF
and PA-TT-COF. Despite the reduced specific surface area, the
sheet-like structure of PA-TT-COF endowed it with faster
adsorption rates and superior adsorption capacities in cyclo-
hexane solution, approximately 2.4 times that of PB-TT-COF.
This research inferred that the sheet-like structure created a
more abundant external surface, allowing adsorption sites on
this surface to more rapidly interact with and adsorb the
I2, compared to the benzothiophene (chemical) adsorption
sites within the pores, resulting in an enhancement in
adsorption rates.

Nitrogen-rich COFs have garnered significant attention in
the field of iodine adsorption, primarily due to the high
chemical affinity of units like CQN and nitrogen-containing
aromatic rings for iodine. However, the correlation between the
heteroatoms in the chemical environment of COF frameworks
and their iodine adsorption performance has not been fully
elucidated. Li et al.87 synthesized a stable nitrogen-rich TAPA-
PDA COF, which demonstrated high efficiency and reversibility
in gaseous iodine capture, with an adsorption capacity of
5.0 g g�1. The study found that the high density of
N-iodophilic sites uniformly distributed on the pore surfaces
of TAPA-PDA-COF facilitated efficient iodine capture. Enhan-
cing the density of electron-rich moieties to strengthen specific
host–guest interactions during adsorption is a novel COF

design strategy. Wang and Han et al.63 introduced bipyridine
building blocks to synthesize the nitrogen-rich SCU-COF-2
(as shown in Fig. 10(A)). Based on the enhanced electron pair
effect, SCU-COF-2 can capture both iodine and iodomethane.
Under static adsorption conditions, SCU-COF-2 exhibited an
Qe of 6.0 g g�1 with a saturation time of 96 hours, and an
iodomethane adsorption capacity of 1.45 g g�1. DFT calcula-
tions indicated that during adsorption, iodine tends to occupy
positions near the nitrogen atoms on the pyridine rings within
the hexagonal channels, forming charge-transfer complexes
through interactions with multiple nitrogen atoms, which is
the primary adsorption mechanism.

Ma and Li et al.82 designed multi-nitrogen nodes to con-
struct a series of COFs with dual channels and tertiary amine
active sites, including TAPD-PDA, TAPD-DMTA, and TAPD-
DHTA (as shown in Fig. 10(B)). The nitrogen atom counts per
repeating unit reached up to six, providing the COFs with
excellent iodine adsorption performance, with capacities of
5.09 g g�1, 5.54 g g�1, and 4.02 g g�1, respectively. Adsorption
experiments combined with DFT theoretical calculations con-
firmed that the adsorption affinity of nitrogen sites in COFs can
be further modulated by introducing different electron-
donating groups. Introducing –OCH3 can increase the electron
cloud density near nitrogen active sites via the inductive effect,
thereby enhancing binding energy with iodine. Conversely,
–OH tends to form intramolecular hydrogen bonds with adja-
cent imine groups, reducing the electron density around the

Fig. 10 Design and synthesis of COF adsorbents using nitrogen enrichment strategies. (A) Preparation of SCU-COF-2 and its adsorption mechanism
for iodine and iodomethane. Reproduced with permission from ref. 63. Copyrightr2020 Elsevier Inc. (B) Synthesis of TAPD-PDA, TAPD-DMTA, and
TAPD-DHTA and their mechanism for iodine capture. Reproduced with permission from ref. 82. Copyrightr2022 Elsevier Inc.
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nitrogen sites, ultimately decreasing iodine adsorption capacity.
The phenomenon of intramolecular hydrogen bond suppression
within the framework was also observed by Zeng et al.,59 who
reported two 2D COFs, TJNU-203 and TJNU-204, constructed from
1,3,5-trimethyl-2,4,6-tris(4-aminophenyl)benzene blocks with
spatial distortion characteristics. TJNU-204, being an –OH func-
tionalized version of TJNU-203, showed a lower adsorption capa-
city (5.3 g g�1) compared to TJNU-203 (5.8 g g�1), attributed to the
formation of intramolecular hydrogen bonds between –OH
groups and adjacent imine groups.

Fully elucidating the construction mechanism of regular
pores in COFs and enhancing the density of adsorption sites
while maintaining high iodine affinity and adsorption rates are
crucial for developing high-performance COF adsorbents.
Cheng et al.74 synthesized BTT-TAPT-COF using nitrogen-rich
and sulfur-rich units. Despite having abundant sulfur and
nitrogen sites and an extended p–p conjugated structure,
BTT-TAPT-COF exhibited an adsorption capacity of only
2.76 g g�1. This was attributed to the competitive interactions
among the electron-rich atoms, where the high-density uniform
distribution of these atoms in the conjugated structure reduced
their individual electron cloud density. Zhang et al.34 reported a
series of nitrogen/sulfur-rich COFs derived from porous organic
cages (as shown in Fig. 11(A)), with COF USTB-1c demonstrat-
ing the highest iodine adsorption performance at 5.8 g g�1.
Mechanistic studies indicated that the binding energies of I3

� and
I5
� with bipyridine units were �7.47 and �11.45 kcal mol�1,

respectively, compared to �6.92 and �11.14 kcal mol�1 with

bithiophene units. These results suggest that nitrogen atoms have
a superior iodine capture capability compared to sulfur atoms.
Cai et al.70 employed a selective adsorption site synthesis strategy
(as shown in Fig. 11(B)) and designed a novel monomer, 2-amino-
terephthalohydrazide (NH2-Th), which contains both amino and
hydrazide units. This monomer was reacted with benzene-1,3,5-
tricarbaldehyde to produce COF NH2-Th-Bta. Compared to the non-
amino functionalized counterpart COF Th-Bta, which had an
iodine adsorption capacity of 0.68 g g�1, NH2-Th-Bta showed a
significantly enhanced capacity of 3.58 g g�1.

Luo et al.67 reported the synthesis of quinazolinone-based
COFs using an in situ photocatalytic reduction and cyclization
post-modification strategy (Fig. 12(A)). Initially, two COFs with
independent vinyl groups, ECUT-COF-10 based on benzene and
ECUT-COF-12 based on triazine, were synthesized as structural
analogs. The in situ photocatalytic reduction and cyclization of
vinyl groups with adjacent aminobenzamide in the COF struc-
ture generated quinazolinone, resulting in ECUT-COF-11 and
ECUT-COF-13. The modification with quinazolinone units
expanded the 2D p–p conjugated network within the COF
structure and significantly increased its nitrogen content,
endowing the COF with electron-rich characteristics. Quinazo-
linone-based COFs showed marked improvements in both Qe

and k80%. The Qe were as follows: ECUT-COF-13 (10.81 g g�1) 4
ECUT-COF-12 (7.85 g g�1) 4 ECUT-COF-11 (5.62 g g�1) 4
ECUT-COF-10 (4.23 g g�1). The k80% values were: ECUT-COF-
13 (1.4 g g�1 h�1) 4 ECUT-COF-12 (0.60 g g�1 h�1) 4 ECUT-
COF-11 (0.45 g g�1 h�1) 4 ECUT-COF-10 (0.28 g g�1 h�1).

Fig. 11 Synthesis of COF adsorbents containing nitrogen/sulfur sites. (A) Rich nitrogen/sulfur COFs prepared by the transformation of nitrogen/sulfur
porous organic molecular cages. Reproduced with permission from ref. 34. Copyrightr2022 American Chemical Society. (B) Site-selective synthesis of
amino functionalized NH2-Th-Bta COFs at adsorption sites. Reproduced with permission from ref. 70. Copyrightr2021 American Chemical Society.
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Han et al.25 investigated the adsorption of iodine and methyl
iodide using nitrogen-rich COFs. They synthesized COF-TAPB
and COF-TAPT by reacting tris(4-formylphenyl)amine (TFPA)
with 1,3,5-tris(4-aminophenyl)benzene (TAPB) and 2,4,6-tris(4-
aminophenyl)-1,3,5-triazine (TAPT), respectively (Fig. 12(B)).
These COFs are structural analogs with identical crystal structures
and textural properties, differing only in nitrogen content, making
them ideal for studying nitrogen’s role in adsorption. Studies on
iodine adsorption showed that COFs provided multiple types of
electron-donor sites, including triazine, imine, sp3-N, and aromatic
rings. Iodine could be relatively easily adsorbed at these sites
through the formation of charge-transfer complexes and polyio-
dides. The properties of adsorption sites and pore structure
characteristics influenced iodine adsorption. For methyl iodide
adsorption, the process mainly involved N-methylation reactions
at nucleophilic N sites, and the adsorption capacity was positively
correlated with the distribution of strong binding sites. This
adsorption mechanism is more favorable for capturing organic
iodine at low concentrations. The static adsorption capacities of
COF-TAPB and COF-TAPT for iodine were 7.9 g g�1 and 8.6 g g�1,
respectively, with k80% of 0.33 g g�1 h�1 and 0.48 g g�1 h�1,
respectively. Additionally, the study found that ionic groups
strongly enhanced iodine adsorption, though they had a less
pronounced effect on methyl iodide adsorption.

5.2 Flexible COFs

Flexible COFs offer greater flexibility and adaptability com-
pared to traditional COFs, characterized by their self-adaptive

dynamic structural regulation.142 This trait enables flexible
COFs to adjust pore size and shape in response to environ-
mental changes such as temperature and solvents.143 During
iodine adsorption, flexible COFs can adjust their pores to
match the size of guest molecules, thereby achieving more
efficient adsorption.

Ma et al.65 were the first to report a series of flexible frame-
work COFs synthesized using formic acid and the Eschweiler–
Clarke reaction (as shown in Fig. 13(A)). Formic acid serves
both catalytic and reductive roles, not only catalyzing the
formation of rigid CQN bonds (typically achieved using acetic
acid) in COF synthesis but also reducing them to flexible C–N
bonds. The study found that flexible FAL-COF-1 had a higher Qe

(5.4 g g�1) compared to the rigid RIL-COF-1 (4.9 g g�1),
although FAL-COF-1 exhibited lower k80% value. The increased
adsorption capacity of FAL-COF-1 is attributed to its flexible
framework, which can adapt during the adsorption of guest
molecules. Chen et al.77 reported two examples of flexible 2D
COFs based on nitrogen-rich flexible building blocks, 2,4,6-
tris(4-formylphenoxy)-1,3,5-triazine, namely TPT-azine-COF
and TPT-TAPB-COF. The iodine adsorption capacities of these
COFs were 2.19 g g�1 and 2.25 g g�1, respectively.

Dinari et al.76 compared iodine adsorption between flexible
amine-linked COFs and rigid imine-linked COFs. They synthe-
sized Hz-COF with a rigid CQN structure using 2,4,6-tris(4-
formylphenoxy)-1,3,5-triazine (TPT) and hydrazine, and then
reduced it with NaBH4 to create NH-COF with a flexible C–N
structure. Adsorption experiments showed that NH-COF had a

Fig. 12 High-performance electron-rich heteroatom functionalized COF adsorbents. (A) Preparation of quinolone-based COFs using in situ photocatalytic
reduction cyclization strategy and their adsorption of iodine. Reproduced with permission from ref. 67. Copyrightr2023 Springer Nature. (B) Construction of
nitrogen rich COF-TAPB and COF-TAPT and their adsorption of iodine. Reproduced with permission from ref. 25. Copyrightr2022 Springer Nature.
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higher Qe (2.6 g g�1) compared to Hz-COF (2.0 g g�1) and
exhibited better adsorption rates. The flexibility of the NH-COF
framework and its N–H groups, which can form strong hydro-
gen bonds with iodine (N–H� � �I), contribute to its superior
iodine capture performance. Guo et al.80 reported the stabili-
zation of flexible TPT units with hydrogen bonds to enhance
the microstructural order and crystallinity of flexible imine-
linked COFs (as shown in Fig. 13(B)). They discovered that
controlling the hydrogen bond content in COFs could effec-
tively regulate crystallinity. However, they found that iodine
adsorption performance decreased with increasing hydrogen
bond content. Since the hydrogen bonds form between nitrogen
atoms in the imine linkages and hydrogen atoms on adjacent
hydroxyl groups, it is inferred that nitrogen atoms in the imine
linkages play a crucial role in effective iodine adsorption and
conversion. Ke et al.73 reported a flexible non-planar phosphine-
based COF, P-COF. The unique microspherical morphology of

P-COF endowed it with a high specific surface area (1056 m2 g�1).
Its abundant nitrogen and phosphorus adsorption sites, along with
an extensive p–p conjugated framework, contributed to a high
iodine adsorption capacity of 6.19 g g�1.

5.3 Ionic COFs

Incorporating ionic groups into COF structures to create ion-
functionalized COFs can significantly enhance iodine adsorp-
tion performance through Coulomb interactions, which induce
the formation of strong hydrogen bonds or halogen bonds and
charge transfer complexes, converting iodine molecules into
polyiodide anions.61,144,145 Several studies have reported nota-
ble improvements in iodine adsorption due to ionic sites.

Zhang et al.69 reported the synthesis of two novel nitrone-
linked COFs (CityU-1 and CityU-2) through the Kröhnke
oxidation reaction, by ingeniously designing precursors con-
taining multiple nitroso groups and precisely controlling

Fig. 13 Flexible COF adsorbents. (A) Using the Eschweiler–Clarke reaction to transform COFs from rigid to flexible, and their degree of flexibility and
iodine adsorption curve. Reproduced with permission from ref. 65. Copyrightr2021 Wiley-VCH GmbH. (B) Using hydrogen bonding to stabilize the
flexible skeleton, transforming COFs from flexible to rigid, and their iodine adsorption mechanism. Reproduced with permission from ref. 80.
Copyrightr2018 American Chemical Society.
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polymerization conditions. CityU-1 exhibits good iodine adsorp-
tion capacity (3.0 g g�1). Han et al.66 reported using a multi-
component synthesis strategy to construct ionic COFs with high
surface area, high pore volume, and a high density of iodine
capture sites (as shown in Fig. 14(A)). By adjusting the ratio of
aldehyde monomers, they tailored the proportions of –OH and –
OCH3 groups in the framework, synthesizing a series of COF-OH-
X. These were further modified with (2-bromoethyl) trimethy-
lammonium bromide to prepare iCOF-AB-X, using the –OH
groups as reaction sites. Among these, iCOF-AB-50 exhibited
the best performance, with a Qe of 10.2 g g�1 and a dynamic
adsorption capacity of 2.7 g g�1. Compared to the neutral
precursor COF-AB-50 (k80% = 0.18 g g�1 h�1), the iodine adsorp-
tion kinetics of iCOF-AB-50 (k80% = 1.19 g g�1 h�1) were signifi-
cantly improved. Raman spectroscopy and XPS analyses
indicated that ionic groups greatly enhance iodine adsorption
by interacting with different iodine species and calculating their
binding energies. Similarly, Bu, Li, and Han et al.146 synthesized
guanidine-based COF TGDM (as shown in Fig. 14(B)) using
thiourea hydrochloride and 2,5-dimethoxyterephthaldehyde as
monomers. Experimental characterization and theoretical calcu-
lations revealed multiple adsorption sites in TGDM, including
CQN, –OCH3, phenyl rings, and ionic sites, but only ionic sites
could capture and fix iodine at high temperatures through

strong Coulomb interactions. Under simulated industrial condi-
tions of 150 1C and 150 ppmv I2, TGDM achieved an iodine
adsorption rate of B30 wt%, significantly outperforming
industrial silver-based adsorbents such as Ag@MOR with a
17 wt% rate.

Ghosh et al.147 found that ionic frameworks have unique
advantages in immobilizing polyiodide ions. They reported two
ionic polymers, compound-1 and compound-2, which included
benzene rings, imidazolium cations, and bromide anions as
three synergistic adsorption sites, promoting the adsorption
of I2/I3

�. These polymers exhibited gaseous iodine adsorption
capacities of B7.0 g g�1 and B4.0 g g�1, respectively. The study
demonstrated that the ionic nature of the polymers endowed
them with exceptional iodine affinity, capable of capturing
iodine from seawater and removing I3

� from water with a
removal rate exceeding 99% within 30 minutes. Although ion-
functionalized COFs show remarkable iodine adsorption cap-
abilities, research on ionic COF adsorbents is still in its early
stages and requires further exploration.

5.4 COF nanosheets

Utilizing ionic sites through Coulomb interactions and hydro-
gen/halogen bond induction, COFs can achieve both high
iodine adsorption capacity and enhanced adsorption rates.

Fig. 14 Construction of ionic COFs adsorbents using quaternization strategy. (A) Study on the synthesis of ionic COFs and their adsorption mechanism
after ionic liquid grafting. Reproduced with permission from ref. 66. Copyrightr2021 Wiley-VCH GmbH. (B) Synthesis and interaction mechanism of
ionic guanidine-based COFs adsorbents. Reproduced with permission from ref. 146. Copyrightr2022 American Chemical Society.
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In principle, ionic site functionalization of COFs can be
achieved by designing suitable monomers or employing post-
synthetic modification strategies.145 However, practically inte-
grating ionic sites into COF frameworks while maintaining
crystallinity and inherent porosity presents significant
challenges.144 In several studies involving post-synthetic modi-
fications of COFs, introducing chemical adsorption sites often
leads to sacrifices in inherent structural characteristics, such as
reduced crystallinity, surface area, pore size, and pore volume,
for example resulting in COF nanosheets.148 Despite these
reductions, substantial improvements in both the Qe and
k80% have been observed.

Our group68 reported a method called Ionic Liquid Solution
Processing (ILSP), which can significantly increase the k80% of
COFs for gaseous iodine (Fig. 15(A)). In this study, an amino
triazolium ionic liquid was used to modify the oxygen-
containing acid COF, TpPaSO3H (k80% = 0.51 g g�1 h�1),
through the ILSP method for ion exchange modification.
This process successfully prepared ionic COF nanosheets,
AC4trimTpPaSO3-100, with its k80% value increased fivefold to
2.1 g g�1 h�1. The successful introduction of ionic sites led to
the transformation of AC4trimTpPaSO3-100 from bulk crystals
to COF nanosheets, sacrificing crystallinity and inherent pores.

A series of experimental results and theoretical analyses indi-
cated that the significant improvement in k80% was attributed
to the following two factors: (1) the morphology of COF
nanosheets exposed more ionic adsorption sites that could be
rapidly accessed; (2) the substitution of large-volume amino
triazolium cation led to the local charge separation of the COF
framework, promoting non-bonding interactions between ionic
sites and iodine. Additionally, our group90 also discovered a
mobile cationic hydrogen bond donor in Bmim-TpPaSO3 COF
nanosheets, which facilitated iodine adsorption (Fig. 15(B)).
It was found that Bmim-TpPaSO3 provided mobile hydrogen
bond donors in its nanochannels, significantly enhancing the
iodine adsorption performance (k80% is 2.86 g g�1 h�1, Qe

is 5.25 g g�1), compared to TpPa-SO3H with fixed hydrogen
bond donors (k80% is 0.51 g g�1 h�1, Qe is 1.5 g g�1). Both
experimental and theoretical studies demonstrated that the
introduction of hydrogen bond donors enhanced the inter-
action between Bmim-TpPaSO3 and iodine, facilitating the
fixation of polyiodide anions and inducing the sulfonic group
of Bmim-TpPaSO3 to convert iodine molecules into polyiodide
ions through a charge transfer mechanism. Further investi-
gation149 revealed that the ability of –SO3

� to interact with I2

could be controlled by changing the electrophilicity of the

Fig. 15 Preparation of ionic COF nanosheet adsorbents by Ionic Liquid Solution Process (ILSP). (A) Preparation of ionic COF nanosheet adsorbents using
ILSP strategy and analysis of their structure and adsorption mechanism. Reproduced with permission from ref. 68. Copyrightr2023 Wiley-VCH GmbH.
(B) ILSP construction of mobile hydrogen bonding donors in ionic COF nanosheet and analysis of their iodine adsorption enhancement mechanism.
Reproduced with permission from ref. 90. Copyrightr2024 Elsevier B.V.
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cation on the ionic site ‘‘–SO3
� [Cation]+’’ on the COF nano-

sheets. As the electrophilicity of the cation on the ionic struc-
ture approached I2, the COF nanosheets exhibited higher
iodine adsorption capacity and rate. During the process of
electrophilicity regulation, we observed that changes in the
cation caused alterations in the local electron distribution of
ionic sites, resulting in an effective positive correlation between
the local polarity changes of COF nanosheets and their actual
adsorption performance.

5.5 3D/Quasi-3D COFs

Compared to 2D COFs, 3D COFs often possess a higher surface
area, providing more active sites for iodine adsorption and
resulting in higher adsorption capacities. Cao et al.84 reported
the synthesis of 3D COF-DL229 with an octahedral diamond
structure using 1,3,5,7-tetra(4-aminophenyl)adamantane and
1,4-benzaldehyde as monomers. Structurally, the rigid adaman-
tane nodes support the 3D framework, while the imine-linked
phenyl edges introduce flexibility, giving COF-DL229 a ‘‘soft’’
3D characteristic. COF-DL229 effectively adsorbs iodine by
forming charge-transfer complexes with the pore walls, achiev-
ing an adsorption capacity of 4.7 g g�1. Liu et al.79 reported
three 3D imine COFs (DbTd-COF, DpTd-COF, and DaTd-COFs)
constructed from adamantane-based aldehyde monomers with
biphenylamine, 2,5-diaminopyridine, and p-phenylenediamine.
The 3D spatial structure and high surface area endowed these
COFs with excellent iodine adsorption capacities, with Qe of
4.9 g g�1, 3.4 g g�1, and 4.3 g g�1, respectively.

Subsequently, Ma et al.64 reported a series of wheel-shaped
COFs with quasi-3D topology, QTD-COF-X (X = 1, 2, 3, 4, V).
These COFs have unique stereoscopic triangular pores and
large interlayer spacings, attributed to their flexible structu-
ral unit CTP-6-CHO (hexakis(4-formylphenoxy)cyclotriphos-
phazene). These characteristics provide elastic pores and adap-
tive molecular transport. Among them, QTD-COF-V exhibited
both rapid adsorption rate (k80% is 2.51 g g�1 h�1) and high
adsorption capacity (Qe is 6.2 g g�1), with high radiation
stability, suggesting significant potential for rapid radioactive
iodine capture. The quasi-3D structures, with their more open
spaces and multidirectional interconnected pores, facilitate
effective iodine diffusion and penetration, accelerating mass
transfer rates and shortening adsorption saturation time.
Tong et al.71 conducted a theoretical computational study on
the structure and iodine adsorption performance of COFs,
systematically evaluating the iodine and methyl iodide adsorp-
tion properties of 187 experimentally reported COFs under
simulated conditions. The results indicated that 3D COFs
exhibited better iodine adsorption performance than 2D COFs.
The best iodine adsorbent was 3D-Py-COF, with the highest
theoretical adsorption capacity of 16.7 g g�1. The best methyl
iodide adsorbent was COF-301, with a theoretical value of
2.8 g g�1. Additionally, a new 3D-Py-COF-TANM was designed,
with a theoretical adsorption capacity of 19.9 g g�1. Despite the
theoretical advantages of 3D COFs in rapid adsorption and high
adsorption capacity, their complex monomer structures are
challenging to synthesize. Furthermore, the interpenetrating

pore characteristics of 3D COFs complicate structural analysis,
significantly limiting their development and application in
iodine adsorption.150,151

6. Conclusion and outlook
6.1 Conclusion

In this review, we have explored the potential of covalent
organic frameworks (COFs) for the adsorption of radioactive
iodine, emphasizing their structural characteristics, functiona-
lization, and performance. COFs offer a unique combination of
high surface area, tunable porosity, and chemical versatility,
making them highly effective for capturing gaseous radioactive
iodine. The intrinsic structural features of COFs, such as their
porous nature, conjugated frameworks, and hydrogen bonding,
play a crucial role in their adsorption efficiency. Functionaliza-
tion of COFs further enhances their performance, with
electron-rich, flexible, ionic, nanosheet, and quasi-3D COFs
demonstrating superior iodine capture capabilities. These
modifications enable COFs to accommodate different iodine
species and improve their stability and reusability, addressing
the limitations of traditional capture techniques.

In conclusion, COFs represent a promising solution for the
adsorption of radioactive iodine, offering potential for signifi-
cant improvements in nuclear waste management and environ-
mental safety. Continued innovation and research in this field
are crucial to fully realize the capabilities of COFs and address
the pressing challenges associated with radioactive iodine.

6.2 Outlook

The future of covalent organic frameworks (COFs) in the
adsorption of radioactive iodine looks promising, driven by
ongoing advancements in material science and engineering.
Several key areas warrant further exploration to fully harness
the potential of COFs for this critical application.

Enhanced functionalization techniques: developing novel
functionalization methods to introduce more diverse and effec-
tive functional groups can significantly enhance the adsorption
capacity and selectivity of COFs for different iodine species.
This includes the exploration of hybrid materials combining
COFs with other nanostructures or metal–organic frameworks
(MOFs) to create synergistic effects.

Scalable synthesis methods: to transition COFs from labora-
tory research to practical applications, scalable and cost-
effective synthesis methods must be developed. Innovations
in synthesis techniques, such as mechanochemical synthesis or
green chemistry approaches, could lower production costs and
environmental impact.

Real application testing: extensive testing of COFs under
realistic environmental conditions, including varying tempera-
tures, pressures, and radiation levels, is essential. This will
provide valuable data on the stability, durability, and reusa-
bility of COFs in real-world scenarios.

Integration into existing systems: research should focus on
integrating COFs into existing nuclear waste management and
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environmental protection systems. This includes designing
COF-based filters, coatings, or composites that can be easily
incorporated into current technologies.

Interdisciplinary collaboration: collaboration across disci-
plines, including chemistry, materials science, environmental
engineering, and nuclear science, will be crucial. Such inter-
disciplinary efforts can drive innovation and address complex
challenges more effectively.

Regulatory and safety considerations: addressing regulatory
and safety considerations is essential for the widespread adop-
tion of COFs in radioactive iodine management. Research
should include thorough assessments of the long-term safety,
environmental impact, and regulatory compliance of COF-
based solutions.

In summary, while significant progress has been made, the
continued development and optimization of COFs for radio-
active iodine adsorption require focused research and colla-
boration. By addressing the challenges and leveraging the
unique properties of COFs, we can advance towards more
efficient and sustainable solutions for managing radioactive
iodine and protecting the environment.
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J. Mol. Sci., 2021, 22, 1228.
110 R. T. Jubin, N. Soelberg and D. M. Strachan, Position Paper on

Practicable Performance Criteria for the Removal Efficiency of
Volatile Radionuclides, Report Report No. INL/EXT-12-25410,
Idaho National Lab. (INL), United States, 2012.

111 S. H. Bruffey, L. R. Martin, K. M. Peruski and N. R. Soelberg, Fuel
age impacts on gaseous fission product capture during separa-
tions, Report Report No. PNNL-22550, Pacific Northwest National
Lab. (PNNL), United States, 2012.

112 H. Mineo, M. Iizuka, S. Fujisaki, S. Hotoku, T. Asakura and
G. Uchiyama, Study on Gaseous Effluent Treatment for Dissolution
Step of Spent Nuclear Fuel Reprocessing, Waste Management 2002
Symposium, United States, 2002.

113 W. A. Reed, I. May, F. R. Livens, J. M. Charnock, A. P. Jeapes,
M. Gresley, R. M. Mitchell and P. Knight, J. Anal. At. Spectrom.,
2002, 17, 541–543.

114 T. Sakurai and A. Takahashi, Behavior of iodine in the reprocessing of
spent nuclear fuels. Research and survey, Report Report No. JAERI-
Review-97-002, Japan Atomic Energy Research Inst., Japan, 1997.

115 L. L. Burger and R. D. Scheele, Status of radioiodine control for
nuclear fuel reprocessing plants, Report Report No. PNL-4689,
Pacific Northwest National Lab. (PNNL), United States, 1983.

116 B. J. Riley, J. D. Vienna, D. M. Strachan, J. S. McCloy and
J. L. Jerden, J. Nucl. Mater., 2016, 470, 307–326.

117 C. Muhire, A. Tesfay Reda, D. Zhang, X. Xu and C. Cui, Chem. Eng. J.,
2022, 431, 133816.

118 C. Zhao, L. Ge, M. Zuo, L. Mai, S. Chen, X. Li, Q. Li, Y. Wang and
C. Xu, Energy, 2023, 282, 128450.

ChemComm Feature Article

Pu
bl

is
he

d 
on

 0
2 

Ja
nu

ar
y 

20
25

. D
ow

nl
oa

de
d 

on
 1

/1
0/

20
26

 1
0:

05
:1

7 
PM

. 
View Article Online

https://doi.org/10.1039/d4cc06092j


2256 |  Chem. Commun., 2025, 61, 2235–2256 This journal is © The Royal Society of Chemistry 2025

119 T. C. T. Pham, S. Docao, I. C. Hwang, M. K. Song, D. Y. Choi,
D. Moon, P. Oleynikov and K. B. Yoon, Energy Environ. Sci., 2016, 9,
1050–1062.

120 A. Tesfay Reda, D. Zhang, X. Xu and S. Xu, Sep. Purif. Technol., 2022,
292, 120994.
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