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The separation of radionuclides is critical for the sustainable development of nuclear energy. It is urgent to design and prepare
functionalized materials for efficient radionuclides separation. Porous materials are considered excellent candidates for the separation
of radionuclides under complex conditions due to their high specific surface areas, tunable pore structures and controllable func-
tionalities. In this review, we summarized the design, preparation and functionalization of porous materials and their application for
separation of radionuclides in the past five years, discussed the separation performance and analyzed the structure-activity relationship
between various radionuclides and porous materials, and systematically clarified their characterization and mechanism of different
type porous materials. We also introduced the detection, irradiation and chemical toxicity of different reflective radionuclides.
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1 Introduction

Nuclear energy, as a safety, clean, economical and reliable
energy, plays an important role in building low-carbon
emission and efficient energy systems [1]. Effectively sol-
ving the two problems of front uranium fuel supply and tail
spent fuel reprocessing is a key way to ensure the sustainable
development of nuclear energy [2,3]. The proven uranium
reserves on land cannot meet the demand for nuclear power
generation for a long time, which has become one of the
main factors restricting the sustainable development of nu-
clear energy [4]. In addition, the rapid development of nu-
clear power inevitably leads to a sharp increase in the total
amount of spent fuel, and the separation of valuable radio-
nuclides is of great significance for improving the utilization
of nuclear resources [5,6]. It is of great scientific significance
to develop the technology of uranium extraction from sea-
water and the separation of useful radionuclides from spent
fuel [7]. The concentration of uranium in seawater is about
3.3 ppb, and there are large numbers of competitive ions and
marine microorganisms. Thereby, the development of high
selectivity, high extraction efficiency, effective resistance to
marine biological fouling, and low-cost seawater uranium
extraction technology are crucial to meet the actual appli-
cation requirements [8,9]. Revealing the interaction me-
chanism between the structures of functional materials and
uranyl ions clarifies the influencing factors and the structure-
activity relationship, which is important to guide the design
and synthesis of new porous materials and optimize the
process of uranium extraction from seawater [10,11]. In the
spent fuel reprocessing process, high acidity, irradiation and
ionic strength bring many difficulties to the separation of
radionuclides in the reprocessing process [12]. The selective
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separation of target radionuclides has the following diffi-
culties and challenges, i.e., to overcome the problems of poor
selectivity, slow adsorption rate and low adsorption capacity
in complex environments such as high acid, alkali and ionic
strength, and to achieve selective separation of radionuclides
[13]. Moreover, nuclear accidents cause leakage of radio-
nuclides, and they have chemical toxicity and radiotoxicity,
which enter the ecosystem through environmental migration
processes and cause long-term harm to soil, water, atmo-
sphere and human health [14,15]. In general, actinide ele-
ments and long-lived fission products are the core scientific
problems of nuclide separation (Figure 1). Their position in
the periodic table determines the physicochemical properties
of the elements, which is important to guide the synthesis of
porous materials for nuclide separation.

It has become a focus of research to develop efficient and
operable methods for the separation of radionuclides [16,17].
At present, the methods for radionuclide separation include
adsorption [18-22], solid phase extraction [23], ion ex-
change [24-26], electrochemistry [27-29], photocatalysis
[30], and biological treatment [31,32]. In addition, the
combination of multiple methods, such as adsorption-pho-
tocatalysis and adsorption-electrocatalysis [33-36], firstly
captures the target ions, then catalyzes for conversion of the
radionuclides and provides a new path for the separation of
radionuclides. Extracting target nuclides from the complex
environment requires the design of novel functional mate-
rials with high adsorption capacity, selectivity, reusability
and stability. Traditional materials are difficult to be used for
efficient separation of nuclides owning to the poor porosity,
low capacity and selectivity [37]. In recent years, porous
materials have been widely studied for the separation of
radionuclides due to their large specific surface area, ad-
justable pore size, high adsorption capacity and specific
functional groups [38-40]. Metal-organic frameworks
(MOFs) [41-44], covalent organic frameworks (COFs) [45—
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53], porous organic polymers (POPs) [54-57], graphene-
based materials [58], porous carbon [59,60], carbon quantum
dots (CQDs) [61-63], graphitic carbon nitride (g-C;N,)
[64,65], MXenes [66,67] and biomimetic materials (BIMs)
[68,69] have been developed for radionuclides extraction.
Through careful structural design, it has special physical and
chemical properties to enhance the uptake of target radio-
nuclides, which provides a new solution for radionuclides
separation.

Recently, the extraction of radionuclides by novel porous
materials has been extensively studied and reported, but most
reviews mainly focus on the separation of one kind of
radionuclides or by one type of material, and systematic
reviews of novel materials are still lacking on the separation
of radionuclides [70—75]. In this review, we summarized the
optimal design of porous materials and provided effective
strategies for the efficient separation of radionuclides. We
aim to cover a variety of different porous materials for
radionuclides extraction, which is suitable for detecting and
separating different classes of radionuclides (such as Sr, Cs,
I, Kr, Xe, Tc, U), classify and summarize the design and
synthesis methods of different porous materials and their
performance evaluation, focusing on the key factors for the
separation of target radionuclides, including (i) structural
relationship between materials and target radionuclides, (ii)
characterization of porous materials and evaluation of se-
paration properties, (iii) extraction mechanism of target nu-
clides by porous materials. At the same time, we also discuss
the effective strategies to improve the selectivity extraction
of target nuclide, and to analyze the challenges and per-
spectives of porous materials. Moreover, we systematically
describe the toxicity of different radionuclides and the degree
of radiation damage to human health. We believe that it is of
great significance for the long-term development of nuclear
energy to review the emerging applications of new porous
materials in the separation of radionuclides.

2 Radionuclide detection

Porous materials exhibit excellent optical, magnetic, elec-
tronic, physicochemical, and adsorption properties, making
them widely applicable for detecting persistent pollutants,
heavy metal ions, radioactive nuclides, and other environ-
mental contaminants [67,76—78]. Among these, porous ma-
terials are primarily employed for sensing and detection
applications, including MOFs, COFs, and carbon-based
materials (such as graphene and CQDs) (Figure 2). Before
delving into the application of porous materials in the re-
moval of radionuclides, we will first summarize their current
applications in the rapid detection of such nuclides. MOFs,
which are documented for their high porosity, stability, large
surface area, and tunability, have emerged as one of the most
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Figure 2 Common porous materials for the detection of radionuclides
[61,78,79,91-98] (color online).

promising materials across various applications. Moreover,
targeted MOFs can be synthesized and structurally tailored
by intentionally modifying metal ions, ligands, or functional
groups.

Due to these advantages, MOFs have garnered popularity
across diverse research fields and have recently attracted
intensive interest in the field of analytical detection
(Figure 3). Ju et al. [79] devised a pioneering Th-based MOF
(Th-MOF) for detecting radioiodine, boasting a detection
limit of 1.367 uM. Following interaction with radioiodine,
the luminescence quenching of Th-MOF could be discerned
by the naked eye, rendering it promising for practical ap-
plications. Liu et al. [80] innovatively synthesized a lumi-
nescent MOF-based probe exhibiting exceptional selectivity
and immunity to interference, capable of detecting Th(IV)
across a wide concentration range from 24.2 pg/L to
300 mg/L.

COFs are 2D or 3D crystalline porous materials con-
structed from organic monomers via robust covalent bonds
[81-83]. As porous and crystalline materials, COFs and their
composites exhibit significant promise for radionuclide de-
tection [84]. In contrast to MOFs, COFs offer atomic or
molecular scale tunability and greater predictability [85].
COF-based fluorescence sensors have found widespread use
in detecting heavy metal ions [86], ensuring food safety [87],
identifying viruses [88], and more. Among these, the de-
tection of radionuclides has garnered considerable attention
due to their strong association with cancer. Niu et al. [89]
synthesized a fluorescent COFs (TFPPy-BDOH) with an
ultrafast fluorescence response (2 s) and an ultralow detec-
tion (8.8 nM), demonstrating its potential practical applica-
tion. Cui et al. [90] successfully fabricated a 3D COF with
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Application of Metal Organic Framework in Radionuclides Detection
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Figure 3 Application of various MOFs in radionuclides detection [79,80,109-112] (color online).

strong fluorescence and interconnected pore channels, en-
abling trace detection of U022+ with a detection limit of 4.08
nM.

Carbon-based materials also provide an enticing platform
for constructing innovative radionuclide detection due to
their cost-effectiveness and stability [99]. Graphene, the
latest generation of carbon materials, exhibits tremendous
potential for radionuclide detection [100]. Lin et al. [101]
prepared a novel graphene-based material complex (GO-
U022+), which was capable of catalyzing the H,0,-TMB
system to display a dark blue color, thereby establishing a
sensitive uranyl sensor via a colorimetric method. With a
detection limit of 4.7 uM, this approach was effectively ap-
plied to detect uranyl in environmental water samples. Li et
al. [102] designed an ion-imprinted carbon material elec-
trochemical sensor by modifying H,L-ion polymers with

graphene oxide (GO) to detect trace uranyl ions, achieving a
detection limit as low as 1.32 nM. Dewangan et al. [103]
synthesized graphene quantum dots (GQDs) for qualitative
and quantitative analysis of U(VI) based on their fluorescent
properties, with a detection limit as low as 1.5 ppb. The
functional groups of GQDs, such as the hydroxyl groups,
bind with U(VI), and the coordination is responsible for the
fluorescence quenching process. 2D transition metal car-
bides, nitrides, and C;N,, collectively known as MXenes
[104], represent a newly emerging class of 2D functional
materials. They are considered ideal materials for nuclear
wastewater treatment due to their outstanding chemical sta-
bility, high hydrophilicity, abundant surface functional sites,
high resistance to intense radiation, and environmental
friendliness [105,106]. Various types of MXenes with dif-
ferent structures have been synthesized in recent years for the
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detection and selective adsorption of radionuclides, such as
Sr, Th, Cs, Tc, and others [67,107]. The current study pri-
marily focuses on the selective adsorption of various ions by
MZXenes. In the future, it may be possible to incorporate
fluorescent materials onto MXenes to enable fluorescence-
based detection and adsorption visualization, thereby al-
lowing modified MXenes to achieve simultaneous detection
and removal ability, offering significant advantages for
radioactive nuclides treatment.

In addition to the aforementioned porous materials, other
common materials utilized for detecting radioactive nuclides
include ionic liquid membranes, nanopores, and nano-
needles. Depauw et al. [108] integrated calixarene sensors
into microfluidic sensor chips, enabling the detection of Cs
() ions in water samples at parts per billion (ppb) levels.
Roozbahani ef al. [91] developed a fast, real-time, and label-
free nanopore sensor for Th(IV) detection. The aspartic acid-
containing peptide was used as a chelating agent to adjust the
electrolyte solution pH to control the net charge of the
peptide ligand and its metal ion complexes. This method
exhibited high sensitivity with a detection limit of 0.45 nM.
Gomaa et al. [92] designed a novel fluorescent ligand named
CFBS, which was grafted onto mesoporous y-Al,O; nano-
needles (CFBS@AINNSs). Fluorescence detection of Th(IV)
ions using CFBS-ligands achieved a detection limit as low as
0.19 ppm. Despite the effectiveness of these methods, MOFs
remain the most widely investigation and utilization.
Therefore, we specifically examine the applications of MOF's
in various radionuclide detections, including uranium, io-
dine, thorium, cesium, and strontium.

2.1 Detection of uranium (U022+) by rare-earth MOFs

Uranium, a major naturally occurring radionuclide, is uti-
lized as a crucial raw material for various sectors within the
nuclear industry, encompassing nuclear energy, weaponry,
and medicinal applications [113,114]. However, due to un-
sustainable exploitation, nuclear waste from power plants
and incidents such as nuclear accidents, radioactive and toxic
uranium gradually leak into water, soil, and atmosphere,
ultimately entering the biosphere and posing a significant
threat to human health [115,116]. Uranium chemical and
radiological toxicity can result in damage to the kidneys,
lungs, liver, and potentially skeletal effects [117]. Uranium
can exist in four oxidation states in aqueous solution, in-
cluding +3, +4, +5, and +6, with uranyl (U022+) being the
most common and stable species [118]. The U.S. Environ-
mental Protection Agency (USEPA) mandates a maximum
uranium content of 1.3 x 10~ mol/L in drinking water to
safeguard environmental and human health [119]. Hence,
rapid and sensitive detection of uranium is paramount for
ensuring environmental and human safety.

In recent years, porous materials have provided re-
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searchers with significant opportunities to detect and remove
uranyl ions effectively. Li et al. [120] prepared a europium
MOF (Eu-MOF) using a one-step hot solvent method. The
Eu-MOF demonstrated characteristic fluorescence of triva-
lent Eu’", which was remarkably quenched by the combi-
nation of uranyl ions and the abundant nitrogen atoms in
ligands. The detection limit for uranyl ions using the Eu-
MOF was 0.9 uM. Chen et al. [121] synthesized a robust 3D
pcu Co(II) MOF with exposed pyramidal Lewis base sites,
which emitted light and could be quenched by low-con-
centration uranyl ions, with a detection limit of 0.7 uM. This
study demonstrated the practical application of MOF-based
fluorescent sensors through ligand tailoring to achieve low
detection limits. To further improve the sensitivity, Hou ef al.
[122] successfully prepared a carboxyl-functionalized Zn(II)
MOF, which was capable of sensing U022+ in aqueous so-
lutions through fluorescence quenching for resonance energy
transfer, achieving a detection limit of 0.4 pM. Similarly, Qin
et al. [110] synthesized a fluorescent zinc-based MOF
(HNU-50) for simultaneous detection and removal, with
fluorescence quenching resulting from U(VI) adsorption,
allowing for more selective and sensitive detection of UO22+
with a detection limit of 1.2 x 10°° M (12 nM). Furthermore,
Zhang et al. [123] successfully developed a MOF-based ra-
tiometric fluorescent sensor incorporating Eu(IIl), which
exhibited excellent turn-on fluorescence sensing for uranyl
ions with a limit of detection at 3 nM, significantly lower
than the standard level for drinking water. In addition, the
probe also demonstrated high selectivity for U022+ even in
the presence of multiple environmental interfering sub-
stances.

Meanwhile, MOFs can be combined with other materials
to improve and enhance their sensing performance. For ex-
ample, to address the weak affinity of Au atoms for uranyl,
Wang et al. [115] modified ZIF-8 porous structures onto a
magnetic surface-enhanced Raman spectroscopy (SERS)
substrate, resulting in a magnetic MOF substrate which was
capable of detecting uranyl and removing radioactive sub-
stances. It has been shown that the addition of ZIF-8 coating
had minimal impact on the detection performance, main-
taining a detection limit of 5 x 10° M (0.5 nM).

2.2 Detection of iodine by bifunctional MOFs

During nuclear fuel cycle reprocessing, numerous iodine
isotopes are emitted, notably short-lived P and long-lived
2 [52,124]. The iodine isotope %1, characterized by its
significantly extended half-life, poses considerable toxicity,
particularly in the form of anionic iodate ions (IO; ), which
are extremely water-soluble and mobile in aquatic environ-
ments [125]. Radioactive iodine can exert long-term impacts
on soil and water within the environment. Moreover, it can
accumulate in the thyroid gland, directly affecting human
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metabolic processes and potentially causing thyroid cancer
[126]. Consequently, it is urgent and imperative to develop
rapid detection methods for radioactive iodine.

In recent years, numerous researchers have utilized MOFs
to develop fluorescent probes or components for electro-
chemical sensors, enabling rapid and sensitive detection of
radioactive iodine [79,127—129]. Based on previous studies,
Ju et al. [79] utilized actinide to hydrothermally synthesize a
Th-based MOF (Th-BDAT), serving as a bifunctional plat-
form for both iodide ion adsorption and iodate detection. Th-
BDAT conjugated aromatic m-electrons and high porosity
facilitate electron transport between host and guest, thereby
increasing iodine adsorption capacity. The abundant co-
ordination geometry of Th*" and the availability of 5f orbitals
enable the creation of diverse topologies, offering it re-
markable photo-switching capabilities for iodate detection
via fluorescence burst, achieving a detection limit of
1.367 uM. Small et al. [130] coated ZIF-8 onto a platinum
cross-electrode to develop a solid-state sensor with a direct
electrical response to iodine gas. This all-solid-state sensor
device exhibited a prolonged signal lifespan [131]. They
evaluated the sensor sensitivity and structural integrity under
various temperature and duration time conditions. It has been
demonstrated that a change in impedance of at least 10° upon
exposure to I, was observed. The MOF-based sensors
showed exceptional selectivity and low reaction time under
all conditions and variables, enabling direct electrical de-
tection of the target gas.

2.3 Detection of thorium by La-based MOFs

Thorium (Th), a naturally occurring radioactive heavy metal,
finds common use in gas hoods, kerosene lamps, welding
operations, and refractory materials. It is also considered a
potential nuclear fuel for molten salt reactors [93,132,133].
However, significant quantities of radioactive thorium waste,
which is predominantly in the form of Th(IV), are often
released into the environment during mining and processing,
leading to Th(IV) contamination [134]. This contamination
poses a threat to human health through ecological cycles or
the food chain. Research has shown that Th(IV), when in-
haled or ingested, can cause liver and lung diseases, urinary
tract disorders, or various types of cancers, highlighting the
importance of detecting and monitoring Th(IV) content in
the environment [135-137].

Song et al. [138] successfully synthesized a 3D lumines-
cent lanthanide organometallic framework (compound 1),
which showed excellent water stability and sensitivity for
detecting Th(IV) ions. Compound 1 exhibited high stability
even in low-pH systems. The sensitive response to Th(IV)
was mainly achieved through direct interaction with the
emission center, inducing energy transfer and competitive
absorption of excitation light, with a detection limit of
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3.49 x 10 mol/L. Meanwhile, complete adsorption of Th
(IV) was also achieved during the detection process. Liu et
al. [80] utilized rare earth elements (Eu(Ill)) to prepare a
self-calibrating fluorescent probe (ThP-1). This probe ef-
fectively eliminated measurement interference caused by
internal factors, enabling sensitive detection of Th(IV)
within a wide range concentration (24.2 ug/L-300 mg/L)
and achieving a detection limit of 24.2 pg/L. This limit was
far lower than the maximum contamination standard for Th
(IV) in drinking water (246 pg/L) regulated by the World
Health Organization (WHO) [139]. The selective uptake and
efficient enrichment of Th(IV) were elucidated by intra-
sphere coordination between the ThP-1 backbone and Th
(IV) through XAS and DFT calculations.

2.4 Detection of cesium by In-based MOFs

Cesium (137Cs), a radioactive thermal radiation element, re-
presents one of the primary sources of contamination in
nuclear waste. It emits strong -y radiation with a half-life
period of 30.17 years and a high fission rate (6.3%) [70,140].
Moreover, Cs' exhibits chemical properties similar to Na"
and K, enabling it to block Na'/K' channels or gradually
accumulate in the soft tissues of animals, leading to kidney,
central nervous system, or liver damage [141]. Hence, it is
urgent to develop a convenient way to monitor and detect Cs
(D) rapidly.

Gao et al. [142] successfully synthesized an In-MOF
(FISM-InMOF) with exceptional resistance to B and y ra-
diation. This material could be easily prepared via a one-step
solvent-thermal method and exhibited a high ion-exchange
capacity. Investigations into the ion exchange mechanism
revealed a single-crystal to single-crystal structural transition
of the material during Cs' ion exchange, facilitating the
potential detection and adsorption of Cs™ via ion exchange.
The FJSM-InMOF has demonstrated a maximum adsorption
capacity of 198.63 £ 10.62 mg/g and exhibited high se-
lectivity for Cs" adsorption, even in the presence of NaCl and
NaNO;, establishing a solid foundation for the development
of environmentally friendly Cs  detection and capture
methods.

2.5 Detection of strontium and radioactive gas by oxi-
dic MOFs

Strontium (9OSr) is one of the main radioisotopes with a half-
life period of 28.9 years, and ranks among the primary
radioisotopes in nuclear waste [77]. It stands as a major
source of radioactive toxicity in nuclear fuel and was notably
released into seawater during the Fukushima accident in
2011. Zhang et al. [109] found an unusual oxidic ion-ex-
change material, SZ-4, which effectively detected and re-
moved "’Sr in acidic solutions and seawater. The SZ-4
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exhibited a distinctive two-step intercalation mechanism,
revealing a novel type of selectivity towards soft cations,
which was used as a soft N-donor ligand through the colla-
borative coordination of the oxide layer and the dimethyla-
mine intermediate layer.

Anthropogenic radionuclides stemming from fission
(133Xe and 85KI‘) and activation (BH) products demand careful
and continuous monitoring. Orfano et al. [112] demonstrated
the capability of Hf-based MOFs containing DPA as a
scintillating ligand for gas-radioactivity detection. These
MOFs displayed rapid scintillation, a fluorescence yield of
approximately 40%, and accessible porosity suitable for
hosting inert gas atoms and ions. The device based on MOF
material exhibited excellent sensitivity in the detection and
adsorption of %Kr, *Rn, and H radionuclides, surpassing
the limits of commercial systems. Furthermore, Mauree ef al.
[143] proved that MOFs could serve as a highly effective
material for detecting radioactive gases and could be utilized
as both porous gas sponges and scintillators. A unique TDCR
was established to test the three most crucial radioactive
gases (85Kr, **Rn, and 3H), offering a practical solution to
the challenge of radioactive gas measurements and out-
performing commercial detectors with its compact, cost-ef-
fective, and easy-to-handle architecture.

From this, it can be inferred that the current applications of
porous materials in radioactive nuclide detection are still
evolving, and there is ample room for advancement. In-
tegrating the capabilities of existing porous materials for
removing radioactive nuclides can offer valuable insights for
further enhancing the sensitivity and selectivity of nanoscale
porous probes in the future.

3 MOFs for radionuclides separation

The effective management and remediation of uranium (U),
thorium (Th), and their fission products, including cesium
(Cs), strontium (Sr), technetium (Tc), iodine (I), krypton (Kr)
and xenon (Xe) are crucial for ensuring the safe running of
nuclear reactors and reprocessing of spent fuel. MOFs con-
structed from inorganic metal ions or metal oxide clusters
with various organic building blocks, have attracted sig-
nificant concern for their potential in efficient separation of
the abovementioned radionuclides. This interest stems from
their high specific surface area, finely adjustable pore size,
and favorable chemical stability. Chemical modifications
and charge adjustments impart pristine MOFs and MOF-
based composite materials with exceptional adsorption ca-
pacity and selectivity. In this section, we highlight re-
presentative works on functional MOFs for radionuclides
capture since 2019, summarizing both the adsorption per-
formances and interaction mechanisms.
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3.1 Uranium

The construction of MOF materials for selective extraction
of U(VI) from seawater is pivotal to supplying the strategic
element. Inspired by the spatial structures in superb-uranyl
binding protein, Yuan et al. introduced 4-aminoisophthalic
acid into UiO-66 and constructed selective nano-pockets for
uranyl capture (Figure 4a). Given the carboxyl and amino
groups in the confined pores, the MOF shows an adsorption
capacity of 6.85 mg/g from natural seawater (Figure 4b)
[144]. Two years later, the same group fabricated an adaptive
nanocage for U(VI) extraction by a MOF via in-situ mole-
cular imprinting. Due to the combination of the coordination
interaction of four oxygen atoms in the material with U(VI)
and the hydrogen bonds between the phenolic hydroxyl
groups and axial oxygens of uranyl, the adsorbent demon-
strates an enhanced adsorption capacity of 7.35 mg/g for U
(V) from seawater [145]. Apart from pristine MOFs, Wang’s
group [146] at Hainan University also prepared a MOF-
based composite for U(VI) extraction from seawater. They
elaborately synthesized a cellulose nanofiber aerogel an-
chored with the UiO-66-NH,/black phosphorus quantum
dots heterojunctions (BP@CNF-MOF). The good photo-
catalytic activity not only provides a decent adsorption ca-
pacity of 6.77 mg-U per g-Ads via uranyl reduction, but also
endows it with excellent antibacterial properties due to the
in-situ generation of reactive oxygen species.

U(VI) capture is also significant for environmental pro-
tection. Wang’s group [147] at Soochow University synthe-
sized a rare polyoxometalate (POM)-organic framework
(SCU-19) for the efficient removal of uranyl with three sy-
nergic mechanisms of ligand complexation, chemical re-
duction and photocatalytic reduction (Figure 4c). With the
rational screening of five phenolic hydroxyl group-contain-
ing organic ligands, Luo’s group [148] proved that 1,3,5-
triformylphloroglucinol exhibited extraordinary U(VI) re-
moval performance with in-situ formation of n-f conjugated
2D uranium-organic framework (Figure 4d). 1,3,5-Tri-
formylphloroglucinol can extract U(VI) from high and low
uranyl solutions (50 or 1 ppm) to below 0.15 ppb. The ex-
cellent removal depth is also evidenced by the 97% uranyl
trap from natural seawater with an unprecedented removal
efficiency of 0.64 mg/(g d). In addition, the high binding
affinity endows the superior separation selectivity in a mixed
solution containing 21 competitive ions. Via a post-mod-
ification approach, Diwu’s group [149] synthesized UiO-66-
(COOH),-180 with a high density of carboxyl groups. Due to
the partial accumulation of this MOF material in kidneys and
femurs, UiO-66-(COOH),-180 can remove 55.4% and
36.5% uranyl in two organs respectively by in-vivo mice
experiments.



Xie et al.

(@) . R - 4-

(c)
— g —o

|.Adsorption

I1l.Photocatalytic
Reduction

Il.Chemical
Reduction

Sci China Chem  November (2024) Vol.67 No.11

(k A (b) 741 685 mg g
64
{}4' "‘_{'1 High affinity o

2- 2
[UO,(CO,)," [-’x*-] 3 . 4 N S 4l
i 8 £,
& <7 =
I ®ece @eoce 2
d @ Ce0 @ Geo 7
Interfering ions

High selectivity 0

3523

U V Co Cr As Ag Cd Ba Hg Ti Pb
Elements

o N & o

Blank Na® K' Cs' Mg* Ba* Sr** Ca® Th*

Figure 4 (a) The selective capture of uranyl in the nano-pocket in MOFs. (b) Uranyl selectivity in natural seawater [144]. (¢) The synergic mechanisms of
adsorption, chemical reduction and photocatalytic reduction for uranyl separation by SCU-19 [147]. (d) The proposed structure of 2D uranium-organic
framework and TEM-HADDF images of UOF-TFP [148]. (e) Single layer of the structure of ThP-1 and (f) topological structure. (g) luminescence response

of ThP-1 [80] (color online).

3.2 Thorium

In 2019, Wang’s group [80] prepared a luminescent Eu-based
MOF material (ThP-1) for the sensitive detection of Th(IV)
ions. Owing to the self-calibrated sensing approach and the
inner-sphere coordination with the framework, ThP-1 shows
a detection limit as low as 24.2 pg/L coupled with superior
anti-interference capabilities (Figure 4e—g). Sun’s group
[150] designed and synthesized a Zn-based 4-fold inter-
penetrated MOF material (1a) with mixed carboxyl and
pyridyl-based ligands containing O and amide groups, re-
spectively. On account of the high binding affinity of O
groups with Th(IV), 1a achieves a high uptake capacity of

165.61 mg/g and distribution coefficient of 3.16 x 10° mL/g.
In addition, 1a exhibits high selectivity to various metal ions,
such as Sm(III), La(Il), Ho(IIT), Cd(II) and K(I). Recently,
Qiu et al. [151] developed a fluorescent MOF (DBT-DHTA-
Cd) with unique thorium nanocavity traps including azole
and hydroxyl groups. The synergistic effect of the appro-
priate pore size and dense hydroxyl-N traps results in ex-
tremely low binding energy (£,4 = —602.7 kJ/mol) for Th
(IV). DBT-DHTA-Cd achieved fast adsorption kinetics
(30 min) and rapid fluorescence response (1 min) toward Th
av).
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3.3 Strontium

In 2019, Wang’s group [109] developed a layered oxidic
coordination polymer SZ-4 for efficient capture of *Sr from
both acidic solution and seawater with a distinct selectivity
against hard cations such as H', Na', and Ca®". The ion-
exchange material demonstrates an ultrahigh uptake capacity
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(4.06 x 10° mL/g) (Figure 5a). The X-ray crystallography
analysis combined with DFT calculations revealed a unique
two-step intercalation mechanism. The conspicuous removal
performance is attributed to the synergic coordination of O
and F atoms in the host layer and the interlayer dimethyla-
mine (DMA) acting as a soft N donor (Figure 5b). Peng et al.
[152] introduced sulfate and oxalate to MOF-808, respec-
tively. The introduction of trapping groups leads to high
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Figure 5 (a) Adsorption isotherm of Sr(Il) by SZ-4. (b) The ion exchange process of Sr(II) removal by SZ-4 [109]. (c) The adsorption mechanism of Sr by
MOF-18Cr6. (d) The selectivity K, value for removing Sr(II) and inset is the removal kinetics of MOF-18Cr6 [153]. (¢) Removal of TcO4 by Ag-TPPE in the
presence of SO427, (f) simulated SRS tank waste, (g) DFT calculations hydrogen interaction in Ag-TPPE [44]. (h, i) XANES spectra of Fe-MIL-lOl-SeOf
and the theoretical spectra of type F [155]. (j) The Xe and Kr atom interacts with H atoms from the hydroxyl group and O atoms from organic ligands. (k)
Microscope images of single crystals 1a treated at pH 1. (1) Thermodynamic Xe/Kr separation performance [156] (color online).
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adsorption capacities of 176.46 and 206.34 mg/g for MOF-
808-SO, and MOF-808-C,0,, respectively.

Unlike the common strategy of attaching functional groups
on the pore wall, Yuan and coworkers [153] decorated 18-
crown-6-ether into the channel walls of a Ni-based MOF
(MOF-18Cr6), which avoids the blockage of the spatial
space and facilitates the transport of metal ions (Figure 5c).
Given the elaborate structural design, the 1D channel was
formed by using an 18-crown 6-ether ligand as the channel
wall for the separation of Sr(II). In contrast to the traditional
MOFs designed by grafting functional chelating group in the
framework pores, this MOF adsorbent possessed 18-crown-
6-ether cavities on the channel walls as functional binding
sites for strontium ions, which not only facilitated the
transport and uptake of Sr(I) ions through the channels, but
also prevented occlusion of the channels following the ad-
sorption of Sr(II) ions. Consequently, the functional sites are
fully utilized to achieve a high Sr(II) removal rate of 99.73%
in simulated nuclear wastewater (Figure 5d). For the removal
of Sr(II) from strong alkaline solutions, Wang’s group [154]
constructed an ultra-stable MOF material SZ-7 (SZ = Suz-
hou) combined with the enhanced coordination bond be-
tween zirconium and phosphonate, as well as the
employment of hydrophobic phenyl groups. Thus, SZ-7 can
remove Sr(I) ions from 1 M NaOH solution with a high
adsorption capacity of 183 mg/g and K; value of
3.9 x 10’ mL/g.

3.4 Cesium

Due to the high affinity of ferrocyanide (FC) to Cs, Le and
Cho [157] combined FC with a zeolitic imidazolate frame-
work (ZIF-8), resulting in a composite adsorbent ZIF-8-FC.
ZIF-8-FC exhibits an outstanding adsorption capacity of
422.42 mg/g, which is 15.9 times higher than that of pristine
ZIF-8. In addition, Asgari et al. [158] synthesized a stable
Nd-based MOF, which displays modest capacities of 86 and
58 mg/g for Cs™ and Sr™, respectively.

3.5 Palladium

The extraction of palladium (Pd) from radioactive waste
solution is beneficial not only for the safe processing of high-
level liquid waste but also for providing another supply of
Pd. Lin et al. [159] compared the PdCl427 adsorption per-
formance of various Zr-based MOFs, namely MOF-802,
UiO-66 and MOF-808. Among these MOFs, due to the
presence of plentiful binding sites, MOF-808 shows the
largest adsorption capacity of 163.9 mg/g. In addition, MOF-
802 exhibits the highest adsorption affinity for low con-
centration of PdC142_ on account of the largest binding en-
ergy of pronated amine with PdCl42_. Tang et al. [160]
designed and prepared a new Zr-based MOF for Pd capture,
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in which the pre-modified ligand contains both hydroxyl and
imine groups. The MOF displays a superior capacity of
242.5 mg/g, mainly attributing to the synergetic coordination
and the reduction effect of the two functional groups. Hu et
al. [161] reported rare earth elements (REEs) nanotrap that
feature dense uncoordinated carboxyl groups and triazole N
atoms in a two-fold interpenetrated MOF (named NCU-1).
NCU-1 showed high selectivity toward light REE, a high
separation factor of SFp,;, = 796 and SFygg, = 273. This
strategy achieved efficient and selective separation of REEs
from mine tailings.

3.6 Technetium

Wang’s group [162] synthesized a robust SCU-102 (SCU =
Soochow University) for the efficient remediation of ReO, /
TcO, . The cationic MOF achieves a high uptake capacity of
291 mg/g for ReO, . More importantly, SCU-102 can almost
quantitatively remove ReO, in the presence of 6,000 times
SO42_. The ultrahigh selectivity was ascribed to the hydro-
phobic pockets within the channels, which exhibit a higher
binding energy compared with competing ions. To further
improve the selectivity, Xiao’s group synthesized a fourfold
interpenetrated MOF material Ag-TPPE (TPPE = 1,1,2,2-
tetrakis(4-pyridylphenyl)ethylene), which can be fast syn-
thesized within 1 min at room temperature via mixing, stir-
ring or sonicating. Ag-TPPE exhibits superior selectivity at
1,000-fold NO;~ or 5,000-fold SO,> (Figure 5e). In addition,
the MOF shows an outstanding removal percentage from
simulated Hanford or Savannah River Site tank waste com-
pared with reported adsorbents at the same solid-to-liquid
ratio (Figure 5f). The DFT calculations (Figure 5g) demon-
strated that the extraordinary selectivity derives from the
entrance of TcO, into the framework by breathing effect and
capture in the channel via multiple hydrogen bonds [44]. A
cationic MOF (TJNU-216, TINU = Tianjin Normal Uni-
versity) synthesized by Du’s group [163] shows a high ad-
sorption capacity of 417 mg/g and excellent selectivity in the
presence of excess SO427 (20,000 times). The trapped per-
rhenate (ReO, ) was anchored by three hydrogen bonds be-
tween the protons in imidazolyl groups and the oxygen in
ReO, , evidenced by the single crystal structure.

In order to increase the MOFs uptake capacity, Zhao’s
group [164] prepared a radiation-resistant MOF material
under the assembly of [ThygNi4] nanocages. The adsorbent
shows an outstanding capacity of 807 mg/g, which was at-
tributed to the anion exchange and adsorption of [ThygNig4]
nanocages. Xiong’s group [165] developed a MOF compo-
site material with ionic liquids (ILs) to improve the adsorp-
tion performance. Via the immersion grinding coupled with
in-situ polymerization, a bisimidazolium-based IL was loa-
ded inside and outside of the MOF matrix. The composite
shows enhanced capacity of 673 mg/g compared with the
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pristine poly(ionic liquid)s (215 mg/g).

The stability of MOFs is important for their practical ap-
plications. Wang’s group [166] constructed a Ni-based 2D
MOF material (SCU-103) for the extraction of TcO, from an
alkaline solution. Due to the concave-convex layered struc-
ture thwarting the attack of OH , the alkaline-stable MOF
can remove more than 90% TcO, in a pH 12 solution. In
addition, SCU-103 shows an extraction percentage of ~90%
at the solid-liquid ratio of 40 mg/mL from actual Savannah
River Site high-level waste streams. For the sensitive de-
tection of TcO, , Xiao’s group [167] rationally synthesized a
fluorescent ZJU-X8 (ZJU = Zhejiang University) with the
employment of tetraphenylethylene pyrimidine as the ag-
gregation-induced emission (AIE) ligands. Different from
the common anions, the addition of TcO, or ReO, could
cause an obvious color change from brilliant blue to flavo-
virens, which indicates a macroscopic recognition for TcO, .

3.7 Selenium

Ghosh’s group [168] synthesized a cationic MOF for sele-
nate removal. The MOF material can selectively capture
selenate (Se042_) and exhibits an extraordinary adsorption
capacity of 100 mg/g. Yang’s group [155] prepared a Fe-
based MIL-101 with numerous free coordination sites and
large pore structures for Se0327 adsorption. The high uptake
capacity (183.7 mg/g) and outstanding selectivity are at-
tributed to the formation of Fe-O-Se bond, as evidenced by
the DFT calculations and EXAFS analysis (Figure 5h, i). In
addition, Ghosh’s group [169] rationally designed and syn-
thesized a cationic MOF (iMOF-3C) as an effective sca-
venger for both SeO,> and SeO,” . The iMOF-3C displays a
superior distribution coefficient value of larger than
10° mL/g for both selenium species, which is ascribed to the
relatively high binding energies of these oxo-anions with the
framework of iMOF-3C.

3.8 Iodine

Moissette’s group [170] compared the iodine adsorption
performance of UiO-66 with different Zr or Hf ratios (0, 51%
and 100% Hf). The uptake capacities of these UiO-66s are
ranked as follow: UiO-66(Hf) (285 g/mol) > UiO-66(51%
Hf) (250 g/mol) > UiO-66(Zr) (230 g/mol). The higher
acidity of Hf*" could stabilize I, in the BDC™ (BDC = 1,4-
benzenedicarboxylic acid) radical. Zhang’s group [171] in-
vestigated a series of Zr-based MOFs constructed with Zrg
(13-0)4(n3-OH), cluster and different organic ligands for
iodine removal, including UiO-66, UiO-67, MOF-808,
MOF-867, and NU-1000. Among these MOFs, MOF-808
displays the highest adsorption capacity of 2.18 g/g at 80°C,
which is ascribed to the high binding affinity of the terminal
hydroxyl groups with I, (=54 kJ/mol). Even though the
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electron-donating imidazole or pyridine groups have im-
proved affinity to iodine, the incorporation of these groups in
MOF-808/NU-1000 decreases the adsorption capacity due to
their low stability and smaller pore volume.

In addition, various MOF-based composites have also
been synthesized for iodine capture. Zhao et al. [172] pre-
pared Cu-BTC@poly(ether sulfone) composite beads (BTC
= 1,3,5-benzenetricarboxylate). When doping 71.9% Cu-
BTC, the composite bead achieves a capture capacity of
639 mg/g. Via modifying nanoscale ZIF-8 to polyphenylene
sulfide (PPS) nonwoven fabric, Xu’s group [173] synthe-
sized two functional membranes (PPS-ZIF-8 and PPS-ZIF-8-
BSA), which showed the maximum adsorption of 2.51 and
2.07 g/g, respectively.

3.9 Rare gases (krypton, xenon, and radon)

L 85y, 133
The capture of radioactive rare gases such as "' Kr, ~~Xe, and

*Rn from complex atmospheric environments remains a
formidable challenge due to their weak interactions with host
materials and ultra-low concentrations. Tailored MOFs,
achieved through fine regulation of pore size/shape and
channel polarization, demonstrate high affinity for these rare
gases with varying kinetic diameters and polarizability [174—
184]. Data-driven computational modeling and screening
have proven invaluable in discovering efficient adsorbents
for rare gas separation. For instance, with the guidance of
theoretical screening alongside thermodynamic and kinetic
equilibrium principles, ZIF-7-Im with a quasi-open aperture
exhibits superior Rn capture performance under normal
temperature and pressure, surpassing commercialized acti-
vated carbon [185]. Additionally, benefiting from the sui-
table pore size and polar hydroxyl groups decorating in the
channel surface, a stable squarate-based MOF selectively
discriminates Xe over Kr (Figure 5j, k), showcasing an ul-
trahigh Xe Henry coefficient (192.1 mmol/(g bar)) and Xe/
Kr Henry selectivity (54.1) (Figure 51) [156].

In summary, MOFs have emerged as promising porous
adsorbents for the removal of various radionuclides. Com-
mon strategies include decorating coordination groups and
ion-exchange sites for efficient removal of ionic radio-
nuclides. For rare gases, selective capture can be achieved by
pore size match and enhanced channel polarity. The booming
deep machine learning (ML) algorithms provide new ave-
nues for developing effective MOFs tailored to specific re-
quirements. To improve the practical applications of MOFs
in real-world scenarios, their stability must be further ele-
vated, particularly under severe acid and radiation condi-
tions. Additionally, addressing the low availability of
powdery MOFs necessitates easy and feasible approaches to
shape modification while maintaining their exceptional ad-
sorption performances.
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4 COFs for radionuclides separation

4.1 Introduction of COFs

In 2005, Yaghi’s group [186] applied topological design to
synthesize porous organic polymers linked by reversible
chemical bonds and reported the first group of COF materials
(COF-1 and COF-5). On a fundamental level, COFs are 2D
or 3D crystalline materials formed by the combination of a
variety of organic building monomers, which are connected
by covalent bonds and form a long-range ordered extended
structure whose backbone is composed entirely of light
elements (B, C, N, O, Si). The intrinsic structures and the
tailorable organic monomers endow COFs with high surface
area, tunable pore size, and facilely-tailored functionality,
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attracting increasing interest in multidisciplinary areas, in-
cluding heterocatalysis, gas storage and separation, energy
storage, pollutant removal and optoelectronic applications
[187—-189]. With the development of COFs, researchers are
working on the design and preparation of COFs with a
variety of different connecting bonds, including imine, hy-
drazone, triazine, vinylene, efc. (Figure 6a). The topological
diagram makes it possible to design COFs with different
skeletons and pore structures, which is the source of COF
diversity (Figure 6b). In the topology diagram, COFs with
different functions are designed by suitable monomer
structure matching and realize efficient selective separation
of different radionuclides, which greatly enriches the types
of functional materials for radionuclides separation.
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4.2 Synthetic methods

COFs are regularly constructed via strong dynamic covalent
bonds from simple organic ligands. Regulating the thermo-
dynamic equilibrium in the formation of covalent bonds is
the key to forming highly ordered covalent networks [188].
Polymerization conditions, including reaction time, pressure,
temperature, solvent, pH, catalyst, oxygen-free and mono-
mer concentration, should be considered in the formation of
thermodynamically stable polymeric crystalline archi-
tectures [190].

4.2.1 Solvothermal synthesis

The solvothermal method is one of the most commonly used
techniques for the synthesis of COFs, which needs to be
completed in a closed system at a certain temperature [188].
The organic monomers, solvents, and catalysts are placed in
Pyrex tube and degassed through several freezer pump-
thawing cycles. The tube is then sealed and heated to an
appropriate temperature for a certain reaction time (72 h for
most of the time). The product is collected, washed with
several suitable solvents, and dried under vacuum to obtain
flufty, powdered COFs. The reaction conditions of this kind
of synthesis method are highly dependent on the reactivity,
solubility and reversibility of the condensation reaction of
the organic building monomer. In addition, reaction time,
temperature, solvent type, catalyst type and monomer con-
centration are all important factors to be considered in the
preparation of COFs by solvothermal method [191,192].

4.2.2 Interfacial synthesis

Interfacial polymerization is a widely used approach for the
preparation of polymer thin films. Compared to COF powder
obtained by traditional solvothermal methods, this method is
mainly used to prepare COF nanosheets (CONs), which has
the advantage of easy control of thickness. The nanosheets
are able to grow gradually in an independent form without
any support, and can be transferred to any matrix. Dey et al.
[193] introduced the water-organic interface to prepare
CONs for the first time. Two monomers were dissolved in
different solvents (amine monomer dissolved in aqueous
solution, and aldehyde monomer dissolved in CH,Cl,). The
two solvents were insoluble to each other, and an obvious
interface was formed at the junction of the two solvents. The
COF growth is limited to the confined interface region,
leading to the formation of thin films with good thermal
stability, and high crystallinity. The interface method is
beneficial in expanding the application of 2D COFs and also
realizes the transformation of polymer materials such as
COFs from powder to film.

4.2.3  Microwave synthesis
Microwave synthesis is a promising method of integral
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heating. Ritchie et al. [194] developed a high-performance
method for the preparation of COF-5 and COF-102 in a
microwave reactor, and the reaction speed of this method
was 200 times higher than that of solvothermal. Microwaves
can effectively improve the reaction rate and solve the pro-
blem of long reaction times in traditional solvothermal
synthesis. In addition, it can remove residues and impurities
from the framework more effectively, resulting in higher
porosity. Therefore, microwave synthesis is expected to be-
come the most effective method for industrial fabrication of
COFs in the future.

The traditional synthesis processes of COFs are harsh and
cumbersome (high temperature and pressure, long reaction
time), and they are difficult to adapt to industrial production.
High-energy ionizing radiation (electron beams and y-rays)
can be used to prepare and modify COFs. Compared with the
traditional solvothermal method, electron beam irradiation
ultrafast synthesis can reduce energy consumption, and the
whole process can be completed in a few minutes. Zhang et
al. [195] used a traditionally unperceived strategy to syn-
thesize highly crystalline COFs by controlling electron
beam irradiation of the received dose. This irradiation
synthesis can be completed in minutes under ambient con-
ditions, and the process can be used for large-scale produc-
tion (Figure 7a).

4.2.4 Other synthesis methods

In addition to the above-mentioned methods for the pre-
paration of COFs, rapid preparation methods such as the
grinding method [196], ultrasonic method [197], photo-
catalysis method and ionothermal synthesis method
[198,199] have been developed one after another. Large-
scale and rapid preparation of high-quality COFs is a pre-
condition for actual applications. Current synthesis methods
of COFs are far from meeting the requirements of practical
applications in terms of economic cost, time and yield [200].
Thus, strategies for scale-up and rapid preparation of COFs
should be explored in further study.

4.3 Functional design of COFs

4.3.1 Bottom-up strategy
Bottom-up means that monomers are modified before COF
preparation to obtain functional monomers, and then COFs
are prepared by polymerization. Monomer modification is a
general bottom-up synthesis strategy. Since the successful
preparation of COF using alkyl functionalized monomers,
this bottom-up method has been widely proved to be a simple
and effective strategy for the synthesis of functionalized
COFs [201,202].

So far, various COFs modified with monomer functional
groups have been widely reported [203—207]. The significant
advantage of this method is that functional groups could be
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Figure 7 (a) COFs synthesized by electron beam irradiation [195]. (b) Construction of D-A systems by introducing functional building blocks in
multivariate COF photocatalysts [225]. (c) The degree of flexibility, (d) iodine uptake and (e) controlled release of FAL-COF-1 and RIL-COF-1 [226]. (f)
Pore partition strategy in imine-linked multivariate COFs [227]. (g) Antiparallel AA stacking COFs for constructing a multi-N nano trap [228]. (h) One-pot
synthesis NKCOF-42-Br and (i) photos graph of synthesis NKCOF-41 on the kilogram scale [229]. (j) Synthesis of Py-TFIm-25 COF, (k) the distribution
coefficients of Th(IV) and (1) DFT calculation on [Th(OH)3(H20)3]+—Py—TFImI—25 COF [230] (color online).

evenly dispersed on the COF skeleton, and the number of
active sites can be precisely controlled by adjusting the
number of building monomers [208,209]. However, for some
specific applications, it is difficult to synthesize functional
monomers. Sometimes, specific functional monomers have
been successfully prepared, but it is difficult to synthesize
COFs with sufficient crystallinity. In addition, the active part
of the functionalized monomer may need to be protected to

avoid side reactions with other active sites in the structure.
These problems hinder the formation of long-range ordered
frameworks, and thus limit the application of bottom-up
synthesis strategy.

4.3.2 Top-down strategy
The top-down strategy refers to the introduction of additional
functional groups on the COF skeleton to improve its phy-
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sical and chemical properties. In 2011, post-synthetic mod-
ification of COFs was first reported [210], and researchers
introduced azides into the COF skeleton, after various al-
kynes can be reacted by clicking reactions, and large func-
tional groups such as pyrene units can be further introduced
into the framework. The amount of groups introduced after
synthesis can be controlled by adjusting the proportion of
azide fed in the first step [211]. In addition, changing the
connecting bonds of COFs through oxidation and reduction
is also a common post-functionalization strategy. Yaghi’s
group [212] reported the conversion of COF-connecting
bonds from imines to amide bonds by direct oxidation. In
addition to changing the connecting bond, cyclization reac-
tion between the connecting bond and the adjacent group is
also a commonly used method, leading to good crystallinity,
improved stability and multiple functionalities [213-219].
Compared with the bottom-up strategy, the top-down
strategy has several advantages, such as the fundamental
COF can be simply prepared, the crystallinity can be guar-
anteed, and the suitable monomer combination can be se-
lected according to the actual demand. However, active sites
may not be fully exposed due to overlapping accumulation
structures, resulting in incomplete functionalization.

4.4 COFs for radionuclides separation

4.4.1 COFs for uranium extraction
Nuclear energy is widely considered to be one of the cleanest
energies. However, the development of nuclear energy has
given rise to the excessive exploitation of U(VI) and the
improper disposal of nuclear waste, resulting in a significant
amount of U-containing waste [220]. Anchoring functional
groups in adsorbent pores is an effective approach for pre-
paring materials with specific adsorption properties [221].
Wu et al. [222] synthesized amidoxime-functionalized anti-
bacterial COFs (AF Anti-COF). They attached the broad-
spectrum antibiotic kanamycin to a stable sp2 carbon cou-
pling framework for gaining antibacterial properties. The AF
Anti-COF, which was decorated with antibiotics, showed an
excellent anti-biofouling property. The saturation adsorption
capacities of AF Anti-COF were 406 mg/g in simulated
seawater and 6.64 mg/g in natural seawater. Meanwhile, with
fully m-conjugated frameworks, the material showed ex-
cellent luminescence properties. Thus, sensitive detecting of
U022+ could be achieved with the detection limit of 6.13 nM.
The competitive adsorption of V(V) and Cu(Il) ions in
seawater increases the difficulty of U(VI) extraction. Wang’s
group designed a series of COFs adsorbents with alternative
chelating strategies, including hydrazine-carbonyl sites and
assistant groups to enhance U(VI) adsorption. Among them,
COF-Rs containing hydroxypropoxy assistant groups
showed fast U(VI) adsorption kinetics and as high uptake
capacity of 11.3 mg/g with a distribution coefficient ex-
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ceeding 9.2 x 10° mL/g in seawater [223]. Based on reticular
chemistry, Chen et al. [224] constructed a class of iso-
reticular hydrazine-based COF photocatalysts. The photo-
electric properties and local pore characteristics of COFs
were adjusted by different hydroxyl linkers. Batch experi-
ments and theoretical calculations explored the excited state
electron distribution and transport pathways at the molecular
level. COF-4 has significant excited state electron utilization
efficiency and charge transfer performance, and achieves
photocatalytic =~ U(VI)  extraction performance  of
~6.84 mg/(g-d) in natural seawater. This study brings a new
way to operate COF-based photocatalysts, guiding the de-
velopment of new COFs for U(VI) extraction from seawater.

Benefit from the n-m stacking between the obviously or-
dered columnar array and 2D sheets, there is great promise
for COFs to exhibit exceptional potential in the field of
photocatalysis [231-234]. Recently, Li et al. [235] synthe-
sized an amino-functionalized benzodiimidazole COF
(BBCOF) via one-step cyclization and aromatization. The
introduction of benzodiimidazole rings significantly en-
hanced the stability of BBCOF, leading to unchanged crys-
tallization in both extreme acid and base solutions. At the
same time, the enhanced conjugation degree and free amino
groups endowed BBCOF with an efficient photocatalytic
reduction to remove U(VI). The removal rate of U(VI) by
BBCOF reached up to 96.6% in the single-ion system
without sacrificial agents. In addition, the BBCOF exhibited
a high selectivity of 85.3% towards U(VI) in a multi-ion
system containing 11 coexistent ions (Co, Ni, Sr, Nd, Sm,
Gd, etc.) with K, as high as 4.9 x 107 L/g. Yang et al. [225]
created novel intramolecular donor-acceptor systems by
turning the charge separation of the framework. Among their
synthesized COFs, COF 4P demonstrated an extremely high
U(VI) uptake capacity of 8.02 mg/(g-d) in natural seawater
(Figure 7b). COFs also show great potential in adsorption-
electroextraction of U(VI) from seawater. Zhang et al. [236]
designed a novel stable sp2 carbon-linked 3D COF (TFPM-
PDAN-AO). The regular 3D pore channel of 7.12 A provides
a specific channel for uranyl diffusion, amidoxime group
exhibits high selectivity and fast kinetics for U(VI) adsorp-
tion, applying alternating voltages between —5~0 V for U
(VI) electroextraction. Uranyl migrates to the electrode of
TFPM-PDAN-AOQ, then inducing the electrodeposition of U
(VD) compounds to form the charge neutral species (Na,O
(UO;H,0),) with an unprecedentedly high adsorption capa-
city of 4,685 mg/g.

Membrane-based processes have the potential to push rare
earth separation towards sustainable and environmentally
friendly development owing to the associated energy-effi-
ciency, eco-friendliness, ease of operation and excellent se-
paration efficiency [237]. In the past decade, COF-based
membranes, with the advantages of pore-ordered structure,
porosity, and functionality, have attracted continuous atten-
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tion [187,238,239]. Xiong et al. [240] prepared a sulfonated-
based COFs [NH,] [COF-SO; ]. The mixed matrix mem-
brane was fabricated by mixing polysulfone with [NH,]"
[COF-SO; ], and for the first time, the membrane-based
separation experiments of Th(IV) from U(VI) and rare earth
elements. In a multi-ion system containing Th, U, Eu, Ce (Th
and other metal ions with a concentration ratio of 5 ppm/
25 ppm), the removal rate of this COF-based membrane for
Th(IV) was 72.4%, with much lower removal rates for U
(28.5%), Ce (16.5%) and Eu (19.2%). The selectivity was
calculated as S,y = 6.9, indicating that COF-based mem-
branes had tremendous potential in the separation of nu-
clides. To design multifunctional COF composites for U(VI)
separation, Liu et al. [241] prepared bifunctional photo-
catalyst MOF525@BDMTp by in-situ covalent bridging
method. MOF525@BDMTp achieved the simultaneous re-
duction of U(VI) on BDMTp and the oxidation of CP on
MOF525, owning to the BDMTp interacted with S and N
atoms in CP to promote its hydrolysis and oxidation by h"
and ‘O, , MOF525@BDMTp had a U(VI) removal capacity
of 625.0 mg/g and CP removal rate of 99.8%. Furthermore,
Bi et al. [242] used a Ti-MOF as the core and in-situ growing
COF DATDp shells on its surface, which was used for si-
multaneous photocatalytic reduction of U(VI) and oxidation
tetracycline. The staggered energy levels between Ti-MOF
and DATp create a Z-Scheme heterojunction through cova-
lent bonds and promote the charge and hole transfer. Ti-
MOF@DATpD can effectively accomplish the simultaneous
photocatalytic removal of 96% U(VI) and 90% tetracycline
of their mixture. These bifunctional MOF/COF photo-
catalysts offer an effective approach to tackling complex
radionuclides separation.

4.4.2 COFs for iodine capture

In 2017, Yin et al. [243] synthesized a hollow spherical
hetero-pore COF (SIOC-COF-7) connected by imine bonds.
As the first case for COF-based iodine adsorbent, SIOC-
COF-7 exhibited highly volatile iodine capture capacity.
Under the combined action of rich aromatic rings and high
N-content, pore-orderly framework and inner cavities of the
hollow shell structure, an iodine uptake capacity of 481 wt%
was achieved. It is confirmed from plenty of studies on the
adsorption of iodine by COFs that there are strong charge
transfer interactions between electron-rich functional groups
and iodine. Specific electron-rich functional groups such as
free amine groups, alkynes and acetylene-imine bonds can
effectively enhance the adsorption capacity of materials for
volatile iodine [244-246]. Shreeraj et al. [247] explored two
N-rich COFs, TTPA-COF and TAPT-COF, with vapor phase
iodine saturation adsorption capacities of4.43 £ 0.01 g/g and
3.70 £ 0.017 g/g, respectively. The iodine adsorption of
TTPA-COF was better than that of TAPT-COF, which can be
attributed to the presence of pyridine functional groups. As
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an additional adsorption site for iodine, it has been reported
that electrons transfer from N in the pyridine part to iodine,
resulting in a strong interaction between the pyridine group
and iodine [248,249], which was consistent with the higher
nitrogen content in TTPA-COF in elemental analysis. Zhai et
al. [250] developed two cationic COFs (C-TP-PDA-COF
and C-TP-BPDA-COF) through post-synthetic modification.
The iodine capture capacity of modified COF was 1.3 times
higher than that of unmodified neutral COF. Mechanism
studies showed that I, and I; signals appeared simulta-
neously in X-ray photoelectron spectroscopy (XPS) of ca-
tionic COF, while only I, signals appeared in the
corresponding neutral COF, indicating that cationic COF was
the result of the synergistic effect of physical and chemical
adsorption, by contrast, it was typical physical adsorption for
the neutral COF. The problem of non-destructive processing
of powders, such as COFs, into macroscopic materials with a
wealth of structural and functional is still a challenge [251].
Li et al. [252] improved the preparation method, with Sc
(OTY); introduced as the catalyst, and pure COF aerogels
with layered interconnected pore networks were prepared.
The iodine uptake capacity of COFA-1 was 8.15 g/g in the
static experiment and 4.53 g/g in the dynamic condition, both
were over 30% higher than that of powder COFP-1. The
authors also carried out iodine adsorption experiments in
saturated I, aqueous solution, KI/I, aqueous solution and n-
hexane, the adsorption capacities of COFA-1 were 6.78, 7.13
and 6.90 g/g, respectively. In addition, a homemade purifier
was designed to evaluate the iodine adsorption capacity of
COFA-1 under simulated industrial conditions. As a result, a
recorded iodine uptake of 269 mg/g was achieved, con-
firming the promising potential of COFA-1 in practical ap-
plications.

Zhang et al. [226] first reported a series of flexible amine-
linked COFs with high crystallinity synthesized by formic
acid as a catalyst. In the process of imine bond formation, the
reaction mechanism is asynchronous in-situ reduction. The
flexibility of COFs makes them adaptable to guest molecules
and improves the iodine adsorption capacity. By comparing
the structural characteristics, it is found that the flexibility of
FAL-COF-1 comes from the rotation of the chemical bond of
the knot unit and the linker unit (Figure 7c). Since both FAL-
COF-1 and RIL-COF-1 are rich in N elements and have
ordered and abundant active sites in the pore structures, the
two materials exhibit a high ability for iodine capture.
Compared with RIL-COF-1, the adsorption rate of FAL-
COF-1 is slower, but its iodine adsorption capacity is sig-
nificantly improved (Figure 7d). The stronger host-guest
interaction also makes the desorption rate of FAL-COF-1
slower than that of RIL-COF-1 (Figure 7¢). This may be
because the flexible framework of FAL-COF-1 has certain
elasticity and adaptability, self-regulation and adaptive
structural adjustment for the entry of guest molecules, thus
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enhancing the adsorption capacity.

The pore structure and specific binding sites of COFs are
crucial for iodine capture. Hao ef al. [227] reported a specific
strategy for partitioning the micropores/mesopores of multi-
component COFs by pre-designing and synthesizing multi-
component COFs, immobilizing aldehyde groups in COF
pores through an imine condensation reaction and then in-
serting additional symmetrical building blocks (with C2 or
C3 symmetry) as pore partition agents (Figure 7f). This
method allows tetragonal or hexagonal pores to be parti-
tioned into two or three smaller micropores, respectively.
Based on the pore size matching and complexation of I, and
CH;I molecules with COFs, the pore size and the introduc-
tion of functional groups were precisely regulated, achieving
directional I, and CH;I capture. Furthermore, Wang’s group
[228] synthesized antiparallel stacked COFs with pyridine-N
and hydrazine groups, and converted pyridine-N sites to
cationic pyridinium moieties, yielding a cationic framework,
showing high adsorption capacity for I, and CH;l and effi-
ciently capture I; from contaminated water, and quickly
purify iodine-contaminated groundwater to reach drinking
water levels (Figure 7g).

4.4.3 COFs s for other nuclides separation

As a man-made radionuclide, '"'Lu is extremely difficult to
isolate from '"°Yb because of physicochemical properties of
Yb*" and Lu’* and huge content gap between "Yband "Lu
(>10°:1) [253]. Peng et al. [254] introduced alkyl chain with
different length in 2D COF holes. As a guest molecule, 2-
ethylhexylphosphonic acid mono-2-ethylhexyl ester (P507)
was introduced into the channels by the host-guest self-as-
sembly. Dynamic column experiments showed that efficient
separation of Yb/Lu can be achieved by employing 1.0 M
HNO; as eluent, in which ERCOF-1@P507 has the highest
decontamination factor (DF) of 18.10, and the recovery rate
of Lu’" is 98.05%.

Yang et al. [255] developed an electro-adsorption strategy
in which carboxy-functionalized COF-1 and cationic COF-2
were loaded onto the cathode and anode surfaces, respec-
tively. With the existence of electric field, the simultaneous
adsorption of cations and anions was realized through the
design of asymmetric electrode, and the maximum uptake
capacities were 411 and 984 mg/g for U(VI) and Re(VII),
respectively, which were both more than twice higher than
the physical chemical adsorption. Hao et al. [256] developed
a cationic pyridinium salt-based COF (PS-COF-1) with a
high surface area of 2,703 m’/ g. Well-defined nanochannels,
chemical stability, and radiation resistance endowed PS-
COF-1 with exceptional adsorption performance toward
ReO; (1,262 mg/g) and 99TCO47 from aqueous solution.
According to the consequence of DFT calculations, there was
a strong affinity between ReO{/gchO{ and framework,
which facilitated the adsorption of low charge density anions
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rather than other anions (e.g., Cl, NO;, SO427, CO327).
Large-scale and low-cost prepared COFs for industrial
radionuclides separation remains formidably challenge.
Zhang et al. [229] prepared a series of highly crystalline
olefin chain COFs by melt polymerization using 2,4,6-col-
lidine as monomer (Figure 7h). This method enables the
manufacture of kilogram-level self-shaped monolithic robust
foams. The cost of COFs is extremely low (50 USD/kg). In
addition, neutral COFs were easily converted into ionic
COFs by one-pot or post-modification method, which can be
used as efficient ion exchange adsorbents for ReO, ad-
sorption (Figure 7i).

Recently, Zu et al. [257] synthesized a COF with B-keto-
enamine structure (Tp-DTA), which had a saturation ad-
sorption capacity of 145.4 mg/g for Sr*". The Tp-DTA COF
exhibited high selectivity towards Sr" in multi-ion system
containing (Na', K', Cs’, Mg2+, etc.) with the removal effi-
ciency of S’ as high as 97%. Liu et al. [230] synthesized an
ionic COF (PyTFImI-25 COF) and its deionization analog
COF (Py-TFIm-25 COF), to investigate the influence of N
sites on the adsorption capacity and selectivity of Th(IV)
(Figure 7j). The introduction of TFTDA enhanced the mo-
lecular interlayer interaction between fluorinated building
blocks and other building blocks, thereby improving the
crystallinity and chemical stability of COFs. The selectivity
of Py-TFIm-25 COF for Th(IV), in the presence of com-
peting ions including U(VI), Sm(III), Nd(III), La(IIl), Gd
(I1I), Eu(IIl), Sr(Il), and Cs(I), exhibited a distribution
coefficient of 1.21x10* mL/g for Th(IV), the separation
factors SFryqyym Were 10°-10° for Th(IV) compared to other
competing ions (Figure 7k). The DFT calculation revealed
that Th(OH),(H,0)" episode interacted with the N _y_ in Py-
TFIml-25 COF, with the calculated Th-N bond distance of
2.586 A and binding energy of —105.5 kcal/mol, which is
comparable to the case of Th(IV) interaction with Py-TFImI-
25 COF. The absolute binding energies of Py-TFIm-25 COF
are greater than the corresponding energies of Py-TFImI-25
COF (Figure 71). This work provides insight into the re-
lationship between the structures and properties of thorium
COF adsorbents. For the recovery of Pd(Il) from waste
streams, Xie et al. [258] used a “single-ion trap” strategy to
synthesize an antiparallel stacked COF (ACOF-1) with hy-
drazine-carbonyl sites and pyridine sites for efficiently re-
covering Pd(Il) from super acidic wastes. The constructed
Lewis base site single ion trap had high affinity for Pd(II) and
achieved Pd(II) capture in a wide pH range. The developed
ACOF-1 adsorbent demonstrated fast kinetics, excellent se-
lectivity, and a high uptake capacity of 412.9 + 14.2 mg/g for
Pd(II) in 3 M HNOs; solution. The results provide ideas and
methods for material design and functionalization for the
directional separation of target nuclides in nuclear power
decontamination wastes.

Jia et al. [259] adjusted the pore size of COFs to match the



Xie et al.

diameter of Xe via multi-site alkylation strategy. Two ori-
ginal COFs and their corresponding functionalized products
were successfully prepared, named TFB-TAPA and TFP-
TAPA, TFB-TAPA-Bu and TFP-TAPA-Bu, respectively.
TFP-TAPA-Bu, as a typical case, exhibited the highest ad-
sorption and separation performance for Xe/Kr, the max-
imum adsorption capacity for Xe was up to 85.6 cm’/ g, and
the Xe/Kr selectivity can reach to 9.7. In addition, the syn-
thesized products had good irradiation stability, indicating
that TFP-TAPA-Bu was a promising adsorbent for Xe/Kr
adsorption and separation.

4.5 Mechanism of COFs for radionuclides separation

The introduction of functional groups, which can coordinate
with certain elements, into the structure of COFs can im-
prove the adsorption performance, for instance, phosphate
ester groups [260], carboxyl groups [261,262] and amidox-
ime groups [263,264]. Charge-transfer interaction is the most
widely reported mechanism of iodine adsorption. Electron-
deficient iodine molecules are partially or completely con-
verted to iodine ions after adsorption with the presence of
electron rich donors, such as free amine groups, alkynes and
imine bonds, thus the strong electrostatic interaction between
the adsorbent and iodine ions allows the iodine to be effec-
tively capture [265,266]. In addition to coordinate with
functional groups, electrostatic attraction/repulsion of ions is
also a separation mechanism, the charged side chain of ion
COFs allows them to capture the target ions by electrostatic
force. The semiconductor properties of COFs endow them
excellent photocatalytic performance [231], and there have
been many studies on UOZ2+ enrichment and separation.
Finally, the pore size of COFs can be adjusted through the
selection of building blocks and the modification of pore
walls, which is also the reason why COFs have outstanding
advantages in adsorption and separation applications.

4.6 Prospect of COFs for radionuclides separation

The research on the application of COFs in the separation of
radionuclides has only begun in recent years. COFs are
booming in the field of radionuclide removal. The practical
separation applications with advantages are difficult to
achieve with traditional methods. Up to now, the reported
COFs and the types of radionuclides involved are not sys-
tematic and comprehensive enough. Besides, the basic re-
search and mechanism exploration of COFs are still limited
to the laboratory stage, and there is still a long way to go
before they can be used in the separation of radionuclides in a
real environment. With regard to future studies, we believe
that:

(1) In terms of structure and performance, the flexible and
adjustable structural units, connection modes and pore size
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of COFs can be used to design and find new COFs with
functional components suitable for the separation of specific
radionuclides. On the other hand, COFs can also be used as
functional platforms, and corresponding functional groups
can be used for post-modification according to different se-
paration objects. In addition, in order to apply such materials
in extreme environments such as high acidity, high tem-
perature, and strong radiation in the nuclear fuel cycle pro-
cess, the physical and chemical stability of the materials
must be considered while taking into account the selectivity
and adsorption capacity of the target radionuclides.

(2) In terms of practical application, COFs in powder form
are difficult to handle and recycle, which may cause potential
pollution and further result in obstacles to the practical ap-
plication of COFs in the separation of nuclides. On the
premise of maintaining excellent adsorption capacity, shap-
ing COFs into films, foams, or aerogels may overcome this
obstacle to some extent. In addition, column separation is
also an effective means of using COF powder as a stationary
phase in the chromatographic column. Different distribution
coefficients of radionuclides between the stationary phase
and the mobile phase can achieve effective separation of
various radionuclides.

(3) In terms of economy, in order to promote the wide
application of COFs in the separation of radionuclides in
practical applications, great efforts need to be paid to exploit
strategies for large-scale and rapid preparations of COFs in
simple, mild and cheap paths.

S Porous organic polymers for radionuclides
separation

POPs are usually constructed by repeating one or several
structural units by connecting each other through strong
covalent bonds to form large relative molecular masses.
Recently, polymers have been widely used in separation of
radionuclides due to the following aspects. (1) POPs usually
have high thermal stability and excellent acid-base resistance
properties. (2) POPs exhibit high adsorption capacity and
selectivity for radionuclides. (3) The economic cost of pre-
paration offers the possibility of large-scale production. (4)
Functionalized POPs offer enhanced application potential.
To meet the demands for removing different radionuclides,
various polymers were constructed, such as hyper-cross-
linked polymers (HCPs), porous aromatic frameworks
(PAFs), porous polymer networks (PPNs), polymers of in-
trinsic microporosity (PIMs), and conjugated microporous
polymers (CMPs).

5.1 POPs for uranium extraction

Uranium is an important fuel for the production of nuclear
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energy [267-271]. Among the strategies for U(VI) treatment,
adsorption was proved to be an effective approach to sepa-
rate radionuclides. The most important factor affecting ad-
sorption is the adsorbent. Recently, various solid adsorbents
have been development for U(VI) extraction from waste-
water and seawater. Usually, the essence of U(VI) extraction
by adsorption, photocatalytic, or electrocatalytic method
relies on the active sites between ligand and uranyl ions.
Many groups, such as hydroxyl, carboxyl, amidoxime,
phosphate, and imidazole are conductive for interacting with
uranyl ions, enhancing U(VI) extraction (Figure 8) [272—
277].

Li et al. [278] prepared a highly phosphorylcholine (PC)-
functionalized fibrous (PAN-PC) as U(VI) adsorbent. Ben-
efiting from the strong coordination and electrostatic inter-
actions, PAN-PC exhibited a remarkable adsorption capacity
of 2,658 mg/g for uranyl ions. Yue et al. [279] synthesized
novel phosphate-based hypercrosslinked polymers (HCPs).
U(VI) can be extracted by HCPs with the maximum sorption
capacity of 302 mg/g at pH = 7. Amidoxime functional group
was considered another efficient group for U(VI) extraction.
Normally, this group is derived from the reaction of cyano-
containing substances with hydroxylamine. Ahmad et al.
[280] produced amidoxime-modified polymer (POP-AQF),
exhibiting the maximum U(VI) adsorption capacity of 725 +
3 ng/g. Tian et al. [281] reported amidoxime-functionalized
HCP-AO, the maximum U(VI) sorption capacity was
234.46 mg/g in pH = 7 solution owing to the strong co-
ordination between amidoxime groups and U(VI). Zhang et
al. [282] developed an imidazole-functionalized polymer
(PDVB-VIM) and the U(VI) adsorption capacity reached
689.9 mg/g, attributing to the high content of accessible
imidazole ligands. Xu et al. [283] constructed three per-
ylene-containing conjugated microporous polymers (PeMe,
PeEt and PePy) and post-modified by sulfonation reaction.
The results showed that the PePy-SO;H exhibited U(VI)
adsorption capacity of 579.0 mg/g owing to the strong affi-
nity toward U(VI). Li et al. [284] constructed a novel mal-
onamide-carboxyl  bifunctional crosslinked  polymer
(MCFCP), affording the largest adsorption capacity of
239.6 mg/g for U(VI) at pH = 4.0. Exploring excellent
functional materials for U(VI) extraction and detection is
highly desired. Leng et al. [285] synthesized a series of
amidoxime-functionalizing covalent organic polymers
(COPs) for U(VI) extraction and detection (Figure 9a). The
tPF-AO showed a theoretical maximum adsorption capacity
of 578.9 + 15.2 mg/g with compact steric structure, and U
(VI) selective binding sites endow tBPF-AO with selective
detection ability for U(VI). The detection limit is
24.2 nmol/L, which is much lower than the WHO standard of
U(V]) in drinking water.

Photocatalytic U(VI) reduction from seawater and nuclear
waste is considered one of the novel, efficient and non-pol-
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Figure 8 Polymer functionalization strategies for radionuclides proces-
sing (color online).

lutant technologies. Under sunlight irradiation, the photo-
catalyst obtains a certain amount of energy, and the electrons
(e) at the internal valence band position directionally
transfer to the conduction band, leaving an equal number of
holes (h") in the corresponding valence band. The electrons
and holes transfer to the surface of the catalyst, and the ad-
sorbed U(VI) on the catalyst surface will be reduced to U(IV)
by electrons. The generated holes can further synergistically
oxidize organic matter in water [94,224,286,287].

At present, research on photocatalytic U(VI) removal
mainly focuses on the development of new photocatalysts.
Constructing the highly polymerized donor-acceptor and
donor-acceptor-acceptor (D-A-A) motifs in polymers to
improve exciton dissociation and promote the separation of
electron-hole pairs has been popularly deemed as one of the
effective measures. Liang et al. [288] used perylene as the
donor and two different acceptors (9H-fluoren-9-one and
dibenzo[b,d]thiophene 5,5-dioxide) to prepare two different
polymers (ECUT-CO and ECUT-SO). The results showed
that ECUT-SO performed high reduction efficiency up to
97.8% within 60 min compared with ECUT-CO (72.2%).
The high reduction efficiency for ECUT-SO was mainly due
to the strong acceptor enhanced visible-light absorption and
improved interface electron-hole separation and transfer. Yu
et al. [289] used two acceptors, dibenzothiophene-S,S-di-
oxide (SO) and benzothiadiazole (TH), to design a series of
D-A-A polymers, achieving a photocatalytic U(VI) reduc-
tion of 99.2% within 120 min in 50 ppm solution. Moreover,
they also developed conjugated microporous polymers
(CMPs) with D-A,-A, terpolymers for exciton U(VI) pho-
toreduction (Figure 9b). CMPs have large dipole moments
and a built-in electric field, which can inhibit charge re-
combination and promote charge separation. Therefore,
PTrSO-2 with feed molar ratio 0.75/1.0/0.75 achieved 99.5%
photocatalytic U(VI) reduction efficiency within 120 min
[290]. Since most of the photocatalysts show comparatively
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poor stability in highly acidic environments, Wang et al.
[291] synthesized a new polymer (CTATP-DHBA) to realize
the reduction of U(VI) in pH = 1 solution. The results ex-
hibited the removal efficiency of 83.27% in 200 ppm solu-
tion. Chen et al. [287] designed a new D-A polymer (pTTT-
Ben) to realize the photocatalytic reduction of U(VI) in a
strongly acidic solution.

5.2 POPs for TcO, extraction

Technetium (99TcO47), belongs to B radionuclide substance
and is mainly derived from nuclear fission processes of u
and *’Pu in nuclear weapons and power plants [292-294].
When Tc element is exposed to the environment, it mainly
exists stably in the form of high “TcO,” with weak oxidizing
power. Due to its extremely high solubility (11.3 mol/L) and
good fluidity, *TcO,” can easily migrate through soil and
groundwater [292,295,296]. Therefore, the removal of
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99TCO47 is considered a significant task. However, this task is
difficult and challenging because 99Tc047 is usually located
in high salinity aqueous solutions and a large number of
coexisting anions such as NO;, SO,”, and CO;”_ interfered
with its removal. In addition, the waste liquid containing
99TCO47 also has extremely high ion strength and strong io-
nizing radiation, which raised the requirements for the sta-
bility and selectivity of separation materials. Therefore, the
synthesis of high-stability materials for removing 99Tc047
has become a hot topic. Since 99Tc047 is radioactive, it is
risky to use in common laboratories. Rhenium (Re) element
is in the same group as Tc and it has a similar atomic radius,
ionic radius and extranuclear electron distribution similar to
Tc. In addition, ReO, also has a similar physical structure
and chemical properties to *’TcO, . Therefore, ReO,  is of-
ten used as a substitute for *TcO, in experiments to avoid
radioactivity and toxicity [297,298]. At present, several
technologies, such as ion exchange, oxidation-reduction,
extraction, and precipitation, are developed to remove
99T004_ in large-scale processes [15,299,300]. Among these,
ion exchange is considered an effective method for removing
99TCO4_ from large amounts of nuclear waste due to its
simple operation and high-efficiency recovery rate. In this
section, we will focus on the removal of 99TCO4_ using the
ion exchange method.

Cationic organic polymers, especially those containing
imidazole, pyridine and methyl groups, are helpful for
99TCO47 removal according to the ion exchange. Zhou et al.
[301] synthesized an imidazolyl-based polymer TIB-TBPB,
exhibited a high capacity of 882 mg/g and rapidly removed
ReO, from solution within 20 min, 80% of ReO, was re-
moved in a short time of ~5 min. In addition, the selectivity,
recyclability and working ability of TIB-TBPB in 3 M HNO;
and the Hanford LAW simulated nuclear waste were also
excellent. Yang et al. [57] constructed a serious of ionic
COPs with cationic imidazolium sites (iCOP-1, 2, 3). The
parent iCOP-1 showed fast kinetics and high adsorption
capacities (up to 1,434.1 £ 24.6 mg/g). In addition, iCOP-2,
which is prepared by introducing F groups, exhibited high
ReO, removal efficiency up to 58% within 60 min in 3M
HNO; solution. Further, Br groups were also introduced to
prepare iCOP-3. It was found that iCOP-3 could remove
ReO, from the alkaline nuclear waste stream. This work
hints that the halogenation strategy could remove 99TCO47 in
a wide pH range. Sun et al. [302] prepared a series of pyr-
idine-functionalized POPs. Among them, PQA-pN(Me)2Py-
Cl possessed a sorption capacity of 1,127 mg/g and 95.3%
removal was achieved after 5 min for ReO, . Li ef al. [294]
synthesized a cationic polymeric network (SCU-CPN-1-Br)
and then immersed it into a saturated NaCl solution to re-
place toxic Br with CI" (SCN-CPN-1). The results showed
that SCU-CPN-1 had a high removal rate (99% of 99TcO4_
from aqueous solution in less than 30 s) and high selectivity
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from highly acidic solutions even in the existence of com-
peting anions. Yi et al. [303] reported a methyl-rich cationic
polymer network (TBT-TCB), exhibiting the high removal
efficiency of TcO, /ReO, (85%) in 1 M NaOH and 84% in
1 M H,SO, because the introduction of methyl groups could
enhance its hydrophobicity. Wang et al. [56] designed CPN-3
(CPN denotes cationic polymeric nanotrap) for selectively
removing *TcO, from concentrated alkaline nuclear wastes
(Figure 9c¢). It is worth noting that the adsorption capacity of
CPN-3 for ReO, in simulated Hanford and Savannah River
Site waste streams reached a record value of 1,052 mg/g
(Figure 9d), CPN-3 also had excellent stability in harsh al-
kaline and radioactive environments as well as had fast ki-
netics, achieved rapidly sorption equilibrium within 1 min,
with a removal rate exceeding 99.9% (Figure 9e).

In addition, guanidine and viologen-based cationic poly-
mers were also applied to 99TCO4_ removal. Da et al. [306]
reported that a guanidine-based cationic covalent organic
nanosheets (iICON) had a high uptake of 437 mg/g towards
99TCO4_ with the prominent distribution coefficient of 5.0 x
10°. DhaTG, showed ultrafast adsorption kinetics for ReO,
(initial concentration of 25 mg/L) with rapid removal of
98.0% within 5 min. Zhao et al. [307] also constructed
guanidine-based cationic covalent polymers (TG-TPAL-H),
which exhibited the sorption capacity to 549 mg/g for ReO, .
Ding et al. [308] prepared a viologen-based cationic organic
polymer (VBCOP). VBCOP obtained the removal efficiency
over 99% after 30s in ~"TcO, confirmatory experiment,
about 99.9% of 99TCO47 was removed after 5 min. Besides,
the K, of 99TCO47 was calculated as high as 7.2 x 10° mL/g.
To improve the stability and adsorption capacity of viologen-
based polymer, Huang et al. [309] used 4,4'-bipyridine and
tetraphenylmethane to design the diamond-like topology
structure of TZ-PAF, showing fast sorption kinetics and high
sorption capacity (982 mg/g for ReO, ) due to the high
density of sorption sites.

3D polymers are also synthesized to remove *TcO,/
ReO, . Yuan et al. [310] reported a 3D fluorinated pyr-
idinium-based COP (TBPM-Fpz), which possessed ultrafast
sorption kinetics for ReO, (equilibrium within 3 min). The
uptake capacity reached to 833.01 mg/g towards ReO, . Qi et
al. [311] constructed a 3D ionic olefin-linked polymer
(TFPM-EP-Br). It can not only act as a fluorescent sensor for
*TcO,” according to the electron transfer from TFPM-EP-Br
to 9()TCO{, but also remove 99TCO47 with adsorption capacity
of 345.68 + 10.37 mg/g.

5.3 POPs for iodine capture

Radioactive iodine (1291, 131I) has become one of the pollu-

tants that should be given special attention in the nuclear fuel
cycle [246,312-315]. Radioactive iodine mainly exists in the
form of organic iodine and inorganic iodine when escaping
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into nature. Organic iodine is represented by CH;l, while
inorganic iodine is represented by I,, I, and 105, all of
which have active chemical properties. Therefore, filtration
and purification treatment must be carried out before its
discharge [126,316]. Polymers are usually connected by ir-
reversible covalent bonds. Therefore, they can be applied in
extreme environments such as strong acid and alkali condi-
tions. In recent years, using polymers to adsorb radioactive
iodine has attracted widespread attention. The iodine ad-
sorption by polymers is influenced by their pore structures.
For example, polymers with a highly specific surface area
and appropriate pore size are helpful for iodine adsorption.
On the other hand, the affinity sites of iodine, including n-
conjugated structures such as aromatic rings, double bonds,
triple bonds and heteroatom groups containing electrons (N,
O, and S) are also considered important factors for iodine
adsorption due to the improving host-guest interaction be-
tween the network of polymers and iodine [317-319].

Pourebrahimi et al. [320] synthesized two conjugated
covalent triazine frameworks (CTF-DPA and CTF-TS)
through a facile Friedel-Crafts alkylation reaction. The io-
dine vapor capture capacity reached to 5.12 g/g for CTF-
DPA, higher than CTF-TS (3.75 g/g). In addition, the authors
found that C=C was more effective in adsorbing and stabi-
lizing the (poly)iodide species than C=C. Therefore, CTF-
DPA exhibited a more efficient platform for capturing iodine.
Wang et al. [321] constructed two hyper-crosslinked poly-
mers (PIHCP-1 and PIHCP-2) via the Friedel-Crafts alky-
lation reaction of the polyimides. The iodine uptake capacity
for PIHCPs reaches 6.73 g/g due to the great contribution of
hydroxyl groups and multiple electron donor sites in poly-
imide skeleton. Wang ef al. [322] obtained a novel electron-
rich hyper-crosslinked polymer (HCP) via a simple photo-
cycloaddition of the cinnamoyl-containing polyimide pre-
cursor. The material exhibited high iodine vapor capture up
to 5.28 g/g.

As we mentioned above, introducing heteroatom groups is
helpful for iodine adsorption. Zhang et al. [323] prepared a
thiourea-modified PET derivative (PEI-SIA) with abundant
N/S/O-heteroatoms and aromatic molecular fragments. Ex-
perimental results showed that iodine vapor adsorption ca-
pacity reached 6.48 g/g. Liu et al. [324] synthesized two
aniline-based hyper-crosslinked polymers (AHCPs), ex-
hibited the physical capture of iodine 2.5 g/g due to the rich
primary amine group. Li et al. [325] constructed HCP using
2,4,6-triphenyl-1,3,5-triazine and pyrrole. The nitrogen-en-
riched HCP possessed 2.57 g/g iodine uptake capacity, which
was ascribed to the synergistic interactions between iodine
and the lone pair electrons on nitrogen as well as extended n-
conjugations. Zhao et al. [326] constructed three porous
organic polymers through Schiff base condensation reac-
tions. Among them, POP-PDTE exhibited high I, adsorption
(3.81 g/g). Xie et al. [327] fabricated six calix[4]pyrrole-

November (2024) Vol.67 No.11

3537

based POPs based on Sonogashira-Hagihara cross-coupling
reactions. Among them, C[4P-BTP constructed by calix
[4pyrrole and bithiophene exhibited the largest iodine uptake
both in vapor (3.38 g/g) and aqueous source (3.24 g/g in KI/
I, solution). Wang et al. [328] used carbazole as the electron-
rich center to construct a new porous organic polymer (CTF-
CAR) based on Schiff-base polymerization. CTF-CAR ex-
hibited an uptake capacity of 2.86 g/g for iodine vapor due to
the strong electron donor ability and heteroatom binding
sites. Huan et al. [329] constructed two cyclophosphazene-
based inorganic-organic hybrid conjugated polymers (CPP-
Tp and CPP-Pyr), which were equipped with dual electron-
enriched m-conjugated blocks, exhibited iodine capture ca-
pacity up to 3.46 and 2.97 g/g, respectively. Niu et al. [330]
presented a series of bisimidazole-based POPs (BisImi-
POP@]1-6). Among them, BisImi-POP@]1 performed high
iodine capture capacity up to 9.5 g/g, ascribing to a large
number of imidazole N-heterocycle units in the skeletons.

Recently, Zhou et al. [304] reported two covalent organic
superphane cages as non-porous amorphous adsorbents for
the capture of iodine from water. In the static adsorption
system, the cage showed up to 8.41 and 9.01 g/g iodine ab-
sorption capacity in I, aqueous solution and I; (KI/I,) aqu-
eous solution, respectively, with a record-breaking iodine
adsorption capacity. The single-crystal structure of SUPE-
py-Imine-Cage showed that the water tetramer (4H,0) was
encapsulated in the lumen of the lantern-like superphane
cage (Figure 9f). The expansion of the cage can further
generate more intermolecular voids to capture more iodine
(Figure 9g). This is reminiscent of the balloon blowing event.
A limited gap is found inside and between the flat balloons,
but a large gap can be seen inside between the blowing
balloons. Fajal et al. [305] utilized a unique hybridization
synthetic strategy and fabricated an amino-functionalized
stable cationic discrete metal-organic polyhedra with dual-
pore containing imine-functionalized COFs (Figure 9h). The
ultra-light hybrid composite crystalline aerogel had a large
surface area, hierarchical macro-micro pores and multi-
functional binding sites. The adsorption capacities of the
prepared adsorbents for iodine in the gas phase and water
phase under static conditions were 9.98 and 4.74 g/g, re-
spectively.

5.4 Mechanism and expectation

Compared with traditional inorganic porous materials such
as zeolite and activated carbon, polymers have the ad-
vantages of cheap synthetic materials, lower skeleton den-
sity, larger specific surface area, good physical and chemical
stability, and reusability, making them a promising class of
porous materials in the removal of radionuclides in recent
years. As mentioned above, it can be seen that the polymers
can effectively separate radionuclides based on coordination
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reaction and ion exchange process. Therefore, different or-
ganic building units can be selected based on the different
effects of designing different functional polymers. For ex-
ample, introducing relevant functional groups can improve
the adsorption and selectivity of materials. After the design
and synthesis, batch experiments, advanced spectroscopy
analysis and theoretic calculations are used to check the ef-
fect and disclose the mechanism. In addition, in the process
of designing polymers, full consideration should be given to
the harsh environments required for practical applications,
such as strong acids and base and complex competition ions.
Since more and more attention is paid to removing radio-
nuclides, it is believed that polymers will play a crucial part
in the future.

6 Mxenes for radionuclides separation

6.1 Synthesis of MXenes

The deepening research on MXene synthesis mainly devel-
oped top-down and bottom-up methods, ranging from the use
of acid etching of MAX phase precursors and other ternary
layered carbides to non-etching methods, including chemical
vapor deposition (Figure 10a) [331]. In 2011, Naguib ef al.
[332] used the etching agent HF for the first time to selec-
tively etch Al atoms of Ti;AlC, and synthesized multilayer
Ti;C,. The MAX powder was added to the HF solution and
stirred for a certain time. After centrifugation, it was washed
with ultra-pure water several times to keep the pH between 4
and 6. Ghidiu et al. [333] first etched Ti;AlC, with LiF and

Family of MXenes
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HCI to prepare Ti;C, MXenes and Ti;C, MXenes could
readily be layered into flaked monolayer materials by
handshaking with Li" insertion. The bottom-up method for
preparing MXene includes CVD and atomic layer deposi-
tion. Halim ef al. [334] displayed the method of Ti, Al, and C
deposited Ti;AIC, MXene thin film using direct current
magnetron sputtering. The preparation of MXenes can lead
to differences in morphology and surface terminations. The
same MXene composition, after different post-treatment,
modification of functional groups, annealing and chemical
oxidation, can produce MXenes with different morphologies
(Figure 10b) [335]. The formation of MXenes with different
functional groups, interlayer spacing and oxidation stability
is affected by the concentration of etchant, reaction tem-
perature and time, reaction atmosphere and etching process
(Figure 10c) [336]. MXenes are explored as promising
candidates for radionuclides separation owing to their in-
teresting physicochemical properties such as high surface
area, abundant adsorption sites, high ion exchange capacity,
good hydrophilicity and controllable interlayer space.

6.2 MXenes for uranium separation

As a new class of 2D materials, MXenes have relatively
negative Zeta potential, abundant end groups and unique
layered structure (Figure 11a) [337,338]. Based on this fea-
ture, researchers discussed the adsorption behavior and ac-
tion mechanism of different types of MXenes on U(VI) from
the perspective of the structure and composition of MXenes
materials and found that the structure, composition and
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surface functional group content of MXenes played im-
portant roles in the process of removing radionuclides
[339,340]. However, as an adsorption material, the structure
of MXenes still has some shortcomings: the surface func-
tional groups of MXenes itself are not very rich, and the
active sites with special recognition functions are limited,
resulting in poor selectivity for target pollutants. Due to the
van der Waals and electrostatic force, the interlayer spacing
of MXenes is small, which is not conducive to the mass
transfer and diffusion of target pollutants, thereby affecting
the adsorption performance. To solve this problem, the re-
searchers used surface modification strategies to graft car-

boxyl, amino, amidoxime and other functional groups on the
surface of MXenes to enhance the adsorption capacity and
selectivity of MXenes to U(VI) ions. He ef al. [341] devel-
oped a 3D porous MXene gel for the removal of U(VI), and
MXene gel had excellent adsorption for U(VI) by 3D porous
structure and rich adsorption sites (Figure 11b). Liu et al.
[342] constructed a magnetic amidoxime-functionalized
MXenes. The isotherm and kinetics data demonstrated that
the elimination of radionuclides was a single-layer chemical
adsorption process, and the calculation of thermodynamic
data showed that adsorption was a spontaneous endothermic
process.
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6.3 MXenes for other radionuclides adsorption

MXenes can also be used to separate radionuclide Sr(II) from
low-level radioactive wastewater. Shahzad et al. [343] ex-
foliated the Ti,AIC MAX phase by a green hydrothermal
alkalization approach to prepare various materials, which
were used for Sr(II) adsorption and unveiled a maximum
adsorption capacity of 296.46 mg/g. Zhang et al. [344] in-
vestigated the adsorption behavior of Sr(II) by multilayer
Ti;CNT, MXene in wastewater. It was found that Ti;CNT,
showed rapid kinetics and a broad active pH range of 3—12
(Figure 12a). Meanwhile, the adsorption capacity of Ti;CNT,
was better than that of Ti;C,T, under the same conditions.
Jun et al. [67] investigated the adsorption performance of Sr
(II) on Ti;C,T, MXene from model wastewater (Figure 12b).
This MXene exhibited outstanding uptake capacity and fast
kinetics for Sr(II). XPS and FTIR analysis revealed that
MXene adsorbed Sr(I) via ion exchange and inner-sphere
complexation.

Europium (Eu) is one of the main fission products pro-
duced during the nuclear fuel cycle. As a typical trivalent
lanthanide element, even low doses can seriously endanger
human health. Zhang et al. [345] reported the preparation of
hier-archical titanate nanostructures (HTNs) by in-situ che-
mical conversion strategy using 2D MXene crystal precursor
(Figure 12¢). These HTNs are very stable and can efficiently
remove Eu(Ill) from the solution, owing to well-maintained
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layered structures and abundantly exchangeable guest ca-
tions. Liu et al. [346] reported the phytic acid-decorated
MXenes@MOFs composites for the elimination of Eu(III)
from water, and results showed that the developed adsorbent
exhibited a maximum capture capacity of 368.1 mg/g for Eu
(III), the elimination process happened on monolayer and
dominated by chemisorption. The characterization analysis
revealed that the interaction mechanism of Eu(III) on Nb;C,
@Ui0-66-NH,-PA was related to surface complexation and
electrostatic attraction (Figure 12d). Furthermore, Shahzad et
al. [347] developed a Prussian blue-coated MXene aerogel
sphere by a simple synthesis method. The synthesized mi-
crospheres have special internal structures and high porosity.
The oxygen functional groups on the surface of Ti;C,T,
provide binding sites for the selective adsorption of Cs(I).
Hassan et al. [66] developed hydroxyapatite ceramics as a
host matrix, and used MXenes for green immobilization to
simulate Cs(I) adsorption. Compared with pure MXenes,
MXenes composites showed obvious thermal stability. The
immobilization process used a low-temperature cold sinter-
ing method to prevent possible oxidation and chemical de-
gradation of adsorbent. Compared with >*U, the use of **Th
produces fewer long-lived actinide fission products and
would satisfy the world’s energy demands for a longer per-
iod. However, the toxicity of Th(IV) can cause harmful
diseases and serious effects on physiological functions, even
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at trace levels. Nezami ef al. [348] used phosphate-functio-
nalized Ti;C,T, to efficiently remove Th(IV) from radio-
active wastewater. The adsorption mechanism indicated that
the adsorption process of Th(IV) was mainly based on
electrostatic reaction and intra-sphere complexation. For the
capture of 99TcO47, the introduction of poly(diallyldimethy-
lammonium chloride) adjusted the surface charge of Ti,CT,,
improved the stability of Ti,CT, nanosheets, which were
favorable for Ti,CT, nanosheets with high removal capacity
and fast adsorption kinetics for
“TcO, .

In summary, MXenes have been shown to be competitive
inorganic adsorbents for environmental radionuclide capture
and fixation. The removal mechanisms of radionuclides by
MXene-based materials include electrostatic interaction,
coordination, ion exchange and reduction immobilization.
The adsorption characteristics are not only related to the
water environment conditions but also have a close re-
lationship with the layer structures, specific surface area, and
surface chemical properties of MXenes materials. However,
the powdered MXenes materials are not efficient in the se-
paration of radionuclides. The separation process from the
solution is cumbersome, difficult to recycle and has a low
reuse rate. In addition, MXenes are often tightly reorganized
by the hydrogen bond interaction between surface functional
groups, which is not conducive to the mass transfer effi-
ciency inside MXenes. The application of covalent grafting
multifunctional MXene composites in the selective separa-
tion of radionuclides needs further study. Most of the current
research focuses on the removal of radionuclides, and future
research on other pollutants should be strengthened to ex-
pand the application range of MXene-based materials.

7 Porous carbon (PC) materials for radio-
nuclides separation

7.1 Preparation and functionalization

As a member of the large family of porous materials, PC has
broad prospects in the fields of water purification, gas se-
paration, catalyst support, and electrochemical energy sto-
rage by virtue of their fascinating properties, like large
specific surface area (SSA), controllable porous nanos-
tructures, good mechanical, chemical and thermal stability
[349]. According to the pore size, PC materials can be
classified into four types: microporous < 2 nm, 2 nm < me-
soporous < 50 nm, macroporous > 50 nm, and hierarchical-
porous (micro-meso-macro pore). Based on various carbon
precursors, PC materials can also be categorized into con-
ventional fossil fuels-derived PC, biomass-derived PC,
polymers-derived PC and MOF-derived PC [349,350].

To date, multifarious methods have been reported to pre-
pare PC materials, mainly including the activation method
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[351,352], carbonization method [350,353] and template
method [354-356]. The activation method, involving phy-
sical activation, chemical activation, or their combination,
obtains PC through the reaction of carbon precursors with
gaseous etchants (e.g., CO,, NH;, or H,0O) or chemical re-
agents (e.g., KOH, ZnCl,, Na,CO;). The carbonization
method gets PC by directly carbonizing precursors with in-
herent porous structures, such as ZIFs, MOFs, porous or-
ganic polymers, or biomass. The template method consists of
hard templates (e.g., mesoporous silica, zeolite molecular
sieves, aluminum oxide) and soft templates (e.g., organic
molecules, supramolecular, amphiphilic polymers). PC can
be acquired by removing various pre-existing sacrificial
templates in precursors. Among these methods, the template
method has aroused extensive attention since it can obtain a
relatively uniform pore structure, which is highly demanded
in separation and catalysis [356].

Functionalization of PC materials is essential for improv-
ing their application performance. Generally, two approaches
can be used to functionalize PC materials: pre-designed
functionalization and post-synthetic functionalization
(Figure 13a) [357]. For the pre-designed functionalization,
namely the bottom-up approach, functional species directly
act as building blocks to assemble into porous materials. For
instance, Liu ef al. [351] adopted this approach to synthesize
N, P and S co-doped carbon material. In the preparation
process, the precursor polyphosphazene was first poly-
merized from the functional species, hexachlorocyclotri-
phosphazene, bis(4-hydroxyphenyl) sulfone and triethyla-
mine, and then carbonized. For the post-synthetic functio-
nalization, i.e., top-down approach, the porous structure is
first synthesized, followed by a facile external modifications
process to obtain the desired functionality. Li [358] and Chen
et al. [359] used this approach to obtain phosphorylated
hydrothermal carbon spheres and amidoxime-modified PC
cloth electrodes, respectively.

In recent years, the unique properties of PC or functiona-
lized PC materials have provided them with attractive op-
portunities to be utilized as adsorbents, electrocatalysts,
photocatalysts, efc., to separate radionuclides from aqueous
solutions [34]. Herein, based on different separation strate-
gies, we systematically reviewed the recent works on
radionuclide separation using PC-based materials since
2019.

7.2 PC for uranium separation

7.2.1 Adsorption

Adsorption is a well-established technology for separating U
(VI) from water, with the advantages of low cost, easy op-
eration, and strong practicality. The design of PC adsorbents
with large SSA, suitable pore size distribution, and abundant
active sites is the key to U(VI) extraction. Hence, most re-
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search focuses on improving U(VI) adsorption performance
by tailoring the pore structure, surface modification, and
hybridizing or compounding with other functional compo-
nents.

Among PC materials with different pore sizes, the hier-
archical-pore PC is attractive since it balances both a high
density and a low diffusional resistance toward active sites.
The macropores act as transport highways, while the micro-
and mesopores can offer large SSA loading active sites for U
(VI) separation. Hence, PC adsorbents with a hierarchical

pore size distribution are preferred and intensive research
efforts are being directed toward this aspect [349,354,355].
For instance, Dong et al. [355] achieved U(VI) efficient re-
moval by constructing functionalized millimeter-sized hier-
archically porous carbon spheres (Figure 13b). In this work,
spherical polymer particles were first fabricated through
evaporation-induced self-assembly and suspension poly-
merization. The hierarchical pore structure was obtained by
removing the template through carbonization. HNO; oxida-
tion was followed to further increase the macro-porous vo-
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lume and introduce oxygen groups on micropores. Finally,
the as-produced hierarchically PC spheres exhibited a high
BET SSA between 400-550 mz/g and a large pore volume
between 0.57-0.76, leading to a maximal U(VI) removal
capacity of 232.45 at pH = 4.5 and 298 K.

Since some specific functional groups, such as phosphate
[352,358], carboxyl [360], amidoxime [361], can form
strong complexation with U(VI) ions, introducing functional
groups on the surface of PC adsorbents is a common strategy
to improve U(VI) adsorption performance. Li et al. [358]
fabricated phosphorylated hydrothermal carbon spheres
(HCSs@PO,) by chemical grafting with phytic acid as a
phosphorus source (Figure 13c). HCSs@PO, presented a
strong inner-sphere surface complexation with U(VI), mak-
ing its adsorption capacity up to 552.49 mg/g (pH=5.0,T =
298 K), greatly outperforming that of HCSs (32.06 mg/g)
and state-of-the-art materials. Similarly, Sun ef al. [352]
synthesized a phosphorylated honeycomb-like PC material
(HLPC-PO,) using activated orange peel as a precursor,
which showed a maximum U(VI) uptake capacity of
552.6 mg/g, more than 3 times that of HLPC. Meanwhile,
due to the strong bonding ability of —PO, to U(VI), the ad-
sorption selectivity for U(VI) is also as high as 70.1%. In
addition, Lai et al. [360] prepared solvothermal carbon-rich
in carboxyl and phenol groups from crop straw, which also
showed almost 100% U(VI) adsorption rate.

Hybridizing or compounding PC materials with other
functional components as adsorbents can combine the merits
of different materials and provide a good platform for U(VI)
adsorption. Currently, many studies focus on loading metals
and metal oxides, such as Fe, MgO, MnQO,, onto PC supports
to enhance U(VI) adsorption [353,362-364]. For instance,
Wang et al. [353] developed carbon-coating nano zero-valent
iron using konjac glucomannan-derived carbon aerogel,
which removed up to 90.1% U(VI) from 200 mg/L U(VI)
wastewater in 60 min, with an enrichment capacity of
720.8 mg/g. During adsorption, the oxygen-containing
groups of konjac glucomannan-derived carbon captured the
U022+ firstly, the electrons were transferred to carbon sup-
port, further reducing U(VI) to U(IV). Moreover, Lv et al.
[362] reported that the evenly loaded MgO nano-particles
onto N-doped carbon support can be quickly transformed to
Mg(OH),, and an enhanced adsorption capacity (947.91 mg/g)
can be obtained through the joint effect of complexation and
ion exchange between Mg(Il) and U(VI) ions.

7.2.2  Electrochemical method

Electrochemical method for U(VI) separation has its in-
comparable advantages, such as low energy consumption,
fast kinetics, high adsorption capacity, no secondary pollu-
tion, and easy regeneration. Over the past five years, various
PC-based electrode materials have been extensively used for
U(VI) separation due to the high SSA and conductivity,
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mainly involving heteroatom-doped PC [34,361,365], con-
ductive polymer-PC composites [359,366,367], transition
metal oxide-PC composites [368,369].

Heteroatom doping can increase the number of binding
sites for ions, improve the charge transfer ability and hy-
drophilicity of PC electrodes, thus beneficial for enhancing
the catalytic activity of U(VI) and electrochemical extraction
efficiency. Recently, Yang et al. [34] synthesized an Fe, N
co-doped PC electrocatalyst (Fe-N,-C-R), which consisted of
N-doped carbon capsules supporting Fe-N, sites and surface
chelating amidoxime groups (Figure 14a). The surface of Fe-
N,-C-R electrode formed pale yellow flocs, a layer of dark
yellow product covered the entire working electrode with the
increase of extraction time and uranyl ions continued to be
effectively converted into electrodeposited precipitates
(Figure 14b). During extraction, the amidoxime groups of-
fered surface-specific binding sites for U022+ capture, while
site-isolated Fe-N, centers can effectively reduce adsorbed
U022+ into UO,", and then re-oxidize UO," to yellow Na,O
(UO5-H,0), deposits in the presence of Na' (Figure 14c).
Similarly, Jin’s group designed an in-situ Mn, N co-doped
carbon nanospheres (Mn-NC) electrode through calcinating
the Mn-polytriazine precursor. The resulting Mn-NC ex-
hibited a U(VI) uptake capacity of ~194 mg/g at 1.8 V. The
satisfactory adsorption performance originated from the fact
that the N dopants within Mn-NC can coordinate with U(VI),
while the Mn further enhances the polarity and charge
transfer of the N-doped adsorption site, thus facilitating the
removal process [365].

For electrochemical extraction of U(VI), PC materials may
suffer from relatively low electrical double-layer (EDL) ca-
pacitance. Conducting polymers, like polyaniline, porous
aromatic frameworks, polypyrrole, efc., which can store ions
through pseudo-faradic reactions, frequently exhibit much
higher pseudo-capacitance than EDL capacitance of carbon
materials [359,366,367]. Hence, incorporating conductive
polymer with PC is a useful strategy to enhance electro-
sorption performance. Through investigating the CV curves,
Yu et al. [367] demonstrated cotton derived carbon/poly-
aniline electrode, which possessed higher specific capaci-
tance (135.2 F/g) than carbon electrode (43.9 F/g), and can
provide pseudocapacitance for U(VI) ion capture. A max-
imum U(VI) adsorption capacity of 282.2 mg/g at pH = 4.0
and 0.9 V was finally achieved. Chen et al. [359] constructed
a self-standing PAF electrode (PAF-E) on carbon cloths, and
the electroactive carbazoles in its structure could act as the
redox sites to reduce U022+ ions, thereby promoting U(VI)
extraction. The PAF-E showed 3-fold faster kinetics than
physicochemical adsorption, with an ultra-high removal ca-
pacity of 1413.9 mg/g from U-spiked seawater and an uptake
capacity of 12.6 mg/g over 24 days in natural seawater.

Owing to the excellent electrochemical stability, high
theoretical specific capacitance, multiple oxidation states,
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various crystalline phases, environmental friendliness, efc.,
transition metal oxides are often combined with PC for U
(VI) extraction. For example, Zhang et al. [368] synthesized
a CC/y-MnO,-OVs electrode by growing MnO, on carbon
cloth (CC), followed by the creation of oxygen vacancies
(OVs) through the electrochemical method. Thanks to the
interaction between Mn 3d orbital in CC/y-MnO, and O 2p
orbital in U022+, the OVs can increase the charge transfer and
decrease binding energy between UO,”" and CC/y-MnO,,
which made CC/y-MnO,-OVs display favorable selectivity,
high adsorption capacity, and rapid kinetics towards U(VI).
Zhou et al. [369] also developed a floriform WO,/C com-
posite for U(VI) removal. Based on the combination of WO,
and carbon layer, the WO,/C electrode exhibited a sy-

nergistic effect of EDL and pseudo-capacitance, producing a
maximum U(VI) electrosorption capacity of 449.9 mg/g at
1.2V.

7.2.3  Photo-assisted methods

In addition to adsorption and electrochemical methods, PC
materials can also be used for photo-assisted U(VI) separa-
tion, mainly including photocatalytic reduction and photo-
thermal methods. In these cases, PC materials are used as
photocatalysts or photothermal conversion materials due to
their large light-harvesting SSA, intrinsic broadband light
absorption, good conductivity, excellent photocatalytic or
photothermal conversion efficiency, and good photostability.
Li et al. [370] fabricated C;N,/activated carbon composites
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(CN/AC) for U(VI) reduction under visible light irradiation.
Owing to the introduction of activated carbon, an exceptional
boost in photocatalytic activity was observed for CN/AC
composites, which was 70 times higher than the bulk g-C;N,.
The enhanced photocatalytic activity enabled U(VI) to be
efficiently reduced by photo-electrons and deposited at the
edge of the CN/AC composite. Wan et al. [371] prepared a
TiO,/N-doped hollow carbon sphere (TiO,/NHCS) for U(VI)
removal. Benefitting from the cooperative effect of ideal
energy level structure and Mott Schottky junction, TiO,/
NHCS exhibited above 90% removal efficiency, ~2.3 times
the pristine TiO,. For the photothermal method, Liu et al.
[372] reported a monolithic MOF-bonded carbon sponge
with photothermal enhanced U(VI) adsorption. By adopting
a carbon sponge as an excellent photothermal conversion
platform, the temperature of the adsorbent increased under
light irradiation, thereby promoting the fast transport of U
(VI) ions. After 4 weeks in natural seawater, U(VI) uptake
increased by 32.37% compared to dark conditions.

7.3 PC for cesium and strontium separation

7.3.1 Adsorption

For Cs(I) and Sr(Il) ions removal, the high porosity and
diversified functional groups of PC adsorbents are conducive
to obtaining high adsorption performance. Dong et al. [373]
reported a millimeter-sized carbon-based supramolecular
recognition material for selective adsorption of Cs(I). Attri-
buting to the large SSA, reasonable macropore-mesoporous
aperture distribution, and the host-guest molecular recogni-
tion between calix[4]biscrown-6 and Cs(I), this adsorbent
showed Cs(I) adsorption capacity of 22.72 mg/g, out-
performing most currently-reported adsorbents. Meanwhile,
the adsorbent also displayed high selectivity to capture Cs(I)
from coexisting ions. Since biochar is a promising and in-
expensive adsorbent, intensive research has been devoted to
enhancing the removal of Cs(I) and Sr(II) by endowing
biochar with functionalities. Palansooriya et al. [374] de-
monstrated that the functional groups (-OH, —NH,, and —
COOH) in biochar facilitated the adsorption of Cs(I) and Sr
(II). Hasan’s team [375] achieved a high Cs(I) adsorption
capacity of 133.54 mg/g by introducing diverse oxygen-
containing -COOH, —C=0, and —OH groups on charcoal. In
addition, Feng’s group [376] and Hu’s group [377] also ob-
served enhanced adsorption of Cs(I) and Sr(II) through
compositing biochar with Prussian blue or Mxene.

7.3.2  Electrochemical method

Since Prussian blue (PB) crystals have lattice spacing which
is optimal for the hydration radius of Cs(I), PB (or analo-
gues)-PC composites have recently emerged as one of the
most promising candidates for Cs(I) selective removal. Park
et al. [378] first demonstrated that core-shell structured PB-

carbon nanofiber (PB-CNF) composites could effectively
remove "’Cs via the electrochemical method. F ollowing
that, they synthesized a series of CNF electrodes decorated
with PB analogs (NiFe, CoFe, FeFe, and commercial PB).
They found that NiFe PB-CNF exhibited higher electro-
chemical adsorption performance for Cs(I), and the adsorp-
tion process involved the reduction of Fe(Ill) in NiFe PB
[379]. For the electrochemical removal of Sr(II), specific
functional components have been reported to improve its
selectivity. Xiang et al. [380] prepared an aryl diazonium salt
of sodium 4-aminoazobenzene-4'-sulfonate (SPAC)-mod-
ified chestnut shell-derived PC material, the SPAC electrode
showed superhigh Sr(Il) selectivity of 70.65 against Na(I) in
Na(I)-Sr(IT) mixed solution with a molar ratio of Na(I):Sr(I)
=20:1. According to the analysis results, the high overlap of
electron cloud between Sr™” and —S0O; endowed SPAC with
the remarkable selectivity of Sr(Il). Wang et al. [381] also
reported a maximum Sr(IT) removal efficiency of 99.5% and
a maximum adsorption capacity of 668.9 mg/g by grafting
specific crown ether molecules on carbon felt.

7.3.3 Membrane separation method

The PC-based electroactive membrane can also be adapted to
selectively remove Cs(I) ions. From Rong’s research [382], a
nickel hexacyanoferrate (NiHCF) nanoparticle-loaded coal-
based tubular carbon membrane (CTCM) exhibited an ex-
tremely high removal efficiency (over 99.99%), and ex-
tremely high Cs(I) selectivity even in the presence of high-
concentration coexisting ion (e.g., Cs(I):Na(I) = 1:99, Cs(I):
K() = 1:99). The rapid and selective Cs(I) uptake/release
was ascribed to the good dispersion of NiHCF in the CTCM
tube with high selectivity to adsorb Cs(I).

7.4 PC for other radionuclides separation

In addition to U(VI), Cs(I) and Sr(II), other types of radio-
nuclides can also be efficiently eliminated by PC materials.
Radioactive 99Tc, present in the form of 99TCO47, its selective
removal from nuclear waste streams is technically challen-
ging. Recently, Liu ef al. [383] synthesized hollow N-doped
carbon capsules loaded with ultrafine ruthenium clusters and
then functionalized by a thin cationic polymeric network
containing imidazolium-N" unit for efficient extraction of
99TcO‘f. The imidazole cationic sites displayed a high
binding affinity toward *TcO, /ReO, , while the Ru clusters
offered a reversible electron transfer platform to generate
99TcO3/ReO3 deposits. Eventually, the Ru@HNCC-R deliv-
ered a high extraction capacity, good *TcO, /ReO, se-
lectivity, and long-term durability under extreme conditions.
Guo et al. [384] also developed activated carbon-polypyrrole
(AC-PPy) as an electrically switched ion exchange (ESIX) to
remove ReO, (as a surrogate of *"TcO, ). In this work, the
ReO, ions were adsorbed or released from the AC-PPy
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composite by switching the potential to oxide and reducing PPy.
Attractively, the ESIX treatment could be completed within
60 s, suggesting the rapid uptake and release of ReO, ions.

Iodine species exist in solutions as the form of I0; and I;
ions and in the dissolver off-gas stream as the form of highly
volatile diatomic element I,. Ma et al. [385] prepared lignin-
based porous flower-like carbon nanosheets for the adsorp-
tion of iodine from iodine vapor and solution. The carbon
nanosheets with micropores and mesopores showed high
uptake capacity for I, vapor and aqueous solution. Through
studying a series of N-doped PC (NBCs) for iodine adsorp-
tion, Wu et al. [386] found that the gaseous iodine adsorption
was mainly determined by pore structure, especially micro-
pores and narrow mesoporous and heteroatom-doping had
limited influence on adsorption effect. In addition to pore-
physisorption, it has been reported that bismuth-functiona-
lized PC materials can also capture gaseous iodine by phy-
sisorption and chemisorption [387]. For the capture of iodine
anions, silver-based PC [388] and heteroatom-doped PC
[389] showed great potential.

7.5 Mechanism of PC for radionuclides separation

Studying the interaction and mechanism between PC-based
materials and radionuclides is of great scientific significance
for the rational design of carbon-based nanostructures for
radionuclides separation. A considerable amount of spectral
analyzes (such as EXAFS, TRLFS, XPS) and theoretical
calculations have been utilized to investigate their interac-
tions. So far, the most reported mechanisms include physical
adsorption, surface complexation, electrostatic interaction,
ion exchange, chemical reduction, and photo/electro-cata-
lytic reduction/deposition.

Generally, physical adsorption shows relatively weak af-
finity to radionuclides and tends to occur around the pores
mainly through Van der Waals forces and dipole moments.
Relatively, surface complexation, mainly generated between
radionuclides and surface functional groups of PC-based
materials, shows a much stronger affinity to radionuclides.
Based on this consideration, many studies have been devoted
to increasing the density of surface functional groups (—
COOH, -OH, —PO(OH),/-PO(OR),, —C(NH,)=N(OH), —
NH,), by activating PC materials or compounding with other
functional components [352,374,391]. For some groups,
such as -COOH and —OH, besides surface complexation, ion
exchange can also take place between their dissociated H"
ions and radionuclide ions (Figure 14¢) [374]. For negatively
charged —SO; , -COO~, —PO,” and other groups, electro-
static interaction can form between them and positively
charged radionuclides (e.g., U022+, S, Cs') (Figure 14d)
[380]. Moreover, by introducing multivalent metals or metal
oxides on PC supports, the efficient separation of radio-
nuclides, especially the enhanced selectivity, can be achieved

through the chemical reduction (deposition) mechanism
(Figure 14g) [353,364]. For the photocatalytic reduction,
through tailoring the structure of photocatalyst, the generated
photoelectrons can effectively reduce U(VI) ions into U(IV)
deposits, such as UO, (Figure 14f) [370,371]. Usually, the
photocatalytic reduction process can cooperate with the
surface complexation mechanism for radionuclide separation.

Recently, with the electrochemical and photocatalytic re-
duction methods rapidly stand out, the photo/electro-cata-
lytic reduction/deposition has also begun to be widely
applied to separate radionuclides. Notably, Wang and his
colleagues [34,361,383] conducted systematic study on the
electrocatalytic reduction/deposition mechanism for radio-
nuclides separation. In their work, a series of functionalized
PC-based electrocatalysts were rationally designed to con-
struct reversible electron transfer platforms, which can
combine surface complexation with electrocatalytic reduc-
tion/deposition. During separation process, mobile radio-
nuclides, e.g., U or Re ions, were firstly to be selectively
captured through binding groups, and then were rapidly
electrocatalytic conversed to solid deposits e.g., Na,O-
(UO5-H,0), or Re(VI)O;, on various catalytic sites through
reversible redox pathways (Figure 14h).

7.6 Prospect of PC for radionuclides separation

Overall, PC materials have shown huge potential in the field
of radionuclides separation due to their unique structural and
performance characteristics. Through rationally tailoring the
pore structure, surface functionalization or compositing with
other functional components, the adsorption performance of
PC materials, including adsorption capacity, kinetics, se-
lectivity, stability and reusability can be further improved.
Many technologies for efficiently capturing radionuclides
using PC-based materials have been reported, mainly in-
volving adsorption, electrochemical, and photo-assistant
methods. Although great progresses of PC materials for
radionuclide separation have been made, the following major
challenges need to be addressed to further employ the full
potential of PC-based materials in radionuclides separation.

First, from the perspective of material design, there exists a
trade-off between specific surface area and chemical func-
tionalization, which may lead to the impeded transportation
of radionuclides. The hierarchical structure design with a
uniform pore distribution and high concentration of active
sites is highly needed. Second, from the angle of perfor-
mance, the adsorption selectivity is still not high enough for
the targeted radionuclides. Although the combination of
surface modification of functional groups and photo/electro/
chemical reduction could improve the selectivity, competi-
tion still exists in the selective adsorption process. The in-
vestigation of ultrahigh selectivity of viable PC-based
materials is still in its infancy. Meanwhile, the stability and
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reusability of PC-based material for extreme conditions, e.g.,
strong acid medium, high ionic strength, and strong ionizing
radiation, should be further considered. Third, from the
viewpoint of mechanism, the relationship between the
structure of PC-based materials and the capture mechanisms
of radionuclide should be in-depth exploration at the mole-
cular level. Advanced characterization techniques such as in-
situ Raman, in-situ FTIR, and XANES/EXAFS are sug-
gested to be fully exploited. Fourth, from the perspective of
practical application, promising PC-based materials are still
fabricated on a small scale or in laboratories, and convincing
demonstrations of their utility for practical applications are
lacking. Further study should be developed for large-scale
synthesis of PC-based materials with high adsorption per-
formance using low-cost, eco-friendly, and easy operation
methods.

8 Graphene-based materials for radionuclides
separation

8.1 Preparation of GO

Graphene-based materials have become one of the most
potential materials for radionuclides separation owing to
their high specific surface areas, tunable surface chemistry,
and flexible morphology regulation. As an important gra-
phene derivative, GO is easier to process and functionalize
than initial graphene [392], so GO-based materials have at-
tracted great attention in recent years. GO could be prepared
through a series of graphite oxidative treatments, and the
modified Hummer’s method is one of the most commonly
used methods for preparing GO [393]. Oxidative treatment
equips GO with abundant oxygen-containing groups (such as
hydroxyl, carboxyl, and epoxides), which provide co-
ordination sites for radionuclides and increase the hydro-
philicity [394]. As a result, GO could be directly utilized to
separate radionuclides efficiently from aqueous solutions.
Further, GO could be easily synthesized into different
morphologies like microsphere, membrane, aerogel, and
hydrogel. In this case, the specific surface area, porous
structure, and mechanical property of GO could be regulated
controllably so that GO could cope with different conditions
of radionuclides separation. For example, introducing Eu’
when preparing aerogel through reduction of GO could
regulate the porous structure of aerogel, hierarchically por-
ous structure caused by Eu’" endowed rGO-Eu composite
aerogel with great adsorption potential [395]. The porous
membrane could also be used for separation. The membrane
with different pore sizes prepared by the confined combus-
tion method exhibited excellent separation performance of
H,0 and D,0O [396].
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8.1.1 Functionalization of GO

Although a part of radionuclides could be separated by
pristine GO, disadvantages like poor coordination selectivity
of oxygen-containing groups for radionuclides limit its
practical application. The functionalization of GO through
chemical reactions endows GO with particular function and
utility, which increases the application prospect of GO effi-
ciently. Covalent modification is the common strategy for
introducing functional groups on GO. Abundant oxygen-
containing groups serve as reactive sites during the mod-
ification [397]. Guo ef al. [398] reported a flexible common
method for covalent double functionalization of GO, which
involved the ring opening of the epoxy ring and the sub-
sequent reaction of the hydroxyl group with the benzoqui-
none, followed by the Michael addition of the amine
derivative. Non-covalent modification is another simple but
efficient method to functionalize GO. The high specific
surface area of GO provided abundant modification sites for
non-covalent. Among them, the sp2 zone on GO was the
ideal site for modification by m-m stacking; an aromatic
compound like porphyrins could be easily modified on GO
through n-m stacking [399].

8.1.2 Preparation of GO composite materials

Thanks to its high reactivity, GO is also used to prepare
composite materials by combining with polymer, inorganic
materials and MOFs, so that the separation ability for
radionuclides of GO could be significantly improved
[393,400]. The combination of GO and polymer is an effi-
cient method to improve the specific surface area, porosity,
mechanical strength, and conductivity so that the GO/poly-
mer composite can be used for the electrosorption of radio-
nuclides [401]. The introduction of inorganic materials like
metal ions could equip GO with specific adsorption ability
for certain radionuclide as well as regulate the morphology
of GO. As a result, the self-assembly of GO-based aerogel
induced by metal ions has been regarded as the common
method for preparing GO composite aerogel [395]. Huo et al.
[402] utilized metal ions (Mn2+) and PVA to induce the self-
assembly of GO to obtain GO-based composite aerogel.
Mn’" and PVA played a synergistic role in the gelation of
composite aerogel. The introduction of Mn also enhanced the
adsorption performance of Co”" and Sr*". MOF is another
commonly used material for preparing GO-based composite
owing to its excellent adsorption property [403]. GO was
easily combined with MOF through various flexible meth-
ods, such as the direct mixing method and in-sifu synthesis
method, owing to the high specific surface area and strong
reactivity of GO [404]. Compositing with MOF-equipped
GO with selective separation ability, reduced graphene oxide
(rGO) hydrogel modified with ZIF-67 exhibited great ad-
sorption selectivity and application potential for the removal
of U(VI) [405].
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8.2 Graphene-based materials for radionuclides separation

8.2.1 Separation of uranium

GO-based materials with high adsorption capacity and out-
standing separation efficiency have been used to separate U
(VD) from water with great success. Abundant O-containing
groups (hydroxyl, carboxyl, and epoxides) endow GO with
high adsorption ability for U(VI) [408]. Furthermore, the
strong hydrophilicity of GO was also beneficial for the
highly efficient separation of U(VI). Wang et al. [409] pre-
pared GO nanoribbons (GONR) through oxidative unzip-
ping. Unzipping introduced more O-containing groups on
GO so that GONR possessed more adsorption sites for U
(VI). The abundant adsorption sites of GONR caused the
large adsorption ability of U(VI) at pH = 4.5 with the max-
imum adsorption amount (g,,) of 437.1 mg/g. Although
pristine GO exhibited high adsorption amounts for U(VI),
poor adsorption selectivity and excessive aggregation in
aqueous significantly limits its further direct application
[410].

Functionalization of GO and synthesizing GO into com-
posite materials are efficient methods to overcome the
abovementioned limitations. Modification of GO with
functional groups that could combine U(VI) would specifi-
cally endow GO with selective adsorption ability for U(VI).
Li et al. [406] prepared amidoxime-functionalized carbox-
ymethyl B-cyclodextrin/graphene aerogel (GDC). The se-
paration of U(VI) by GO-based materials could also be
achieved by external stimuli such as light and electricity. The
excellent electrical conductivity and unique 3D mesoporous
channels of GO-based aerogels promote the electron and
mass transfer in the catalytic process. GO-based aerogel
performed well for photocatalytic separation of U(VI) with
possessed ¢,,, of 654.2 mg/g (Figure 15a). Wang et al. [411]
prepared graphene aerogel (GA) with photocatalytic activity
through the reduction of GO. GA could photocatalytic
transform U(VI) into (UO,)0,:2H,0 under visible light ir-
radiation and the removal capacity of U(VI) reached
1050 mg/g. Moreover, the outstanding reactivity allows GO
to be prepared into composites other than aerogel, like
membrane and sphere [412,413]. Li et al. [407] synthesized
Anti-hydrogel, which showed an excellent adsorption cap-
ability of 9.2 mg/g in natural seawater after contact with
natural seawater for 14 days (Figure 15b). EXAFS and DFT
revealed the adsorption mechanism of phosphate-modified
GO hydrogel to U(VI). EXAFS analysis suggested that one
phosphate group was coordinated with one uranyl during the
adsorption (Figure 15c). Further analysis of the DFT calcu-
lation confirmed the complexation configuration and me-
chanism (Figure 15d).

The preparation of rGO foam also shows excellent pro-
spects for U(VI) extraction using the in-situ electrolytic de-
position method. Wang et al. [58] prepared a functionalized

rGO foam (3D-FrGOF) as the working electrode, and the
functional groups on the graphene surface can form chelation
binding with U(VI) ions (Figure 15e). In the photographs and
SEM images of the 3D-FrGOF (Figure 15f), the surface of
the foam is flat and the internal structural porosity increases
the reaction surface area, which is conducive to fast U(VI)
extraction. XRD pattern and DFT calculations show a quasi-
2D UO,(OH), layer stacked pattern, and TEM images of the
particles show the morphology of hexagonal-shaped thin
disks (Figure 15g). The results show that the 3D-FrGOF
electrode can be used for in-situ removal of U(VI).

8.2.2  Separation of thorium

Similar to the situation with U, Th could be adsorbed by O-
containing groups on pristine GO [410]. In addition to O-
containing groups, the defect of GO generated during the
oxidation could also connect Th(IV) through the reaction of
Th(IV) and electrons in the defect. GO nanoflakes (GONF)
with abundant O-containing groups performed great ad-
sorption ability for Th(IV) with the equilibrium adsorption of
Th(IV) within 8 h, and GONF140 exhibited a high ¢, for Th
(IV) 0of 427.77 mg/g at pH = 3 [414]. In order to improve the
separation selectivity for Th(IV), GO was functionalized
with functional groups that could react specifically with Th
(IV). Sreenivasan et al. [415] prepared a polymer-grafted
nanocellulose/GO composite; the synthesized composite
performed well for batch adsorption of Th(IV). The GO/
polymer composite enhanced the adsorption ability of GO,
providing the modification method for efficient separation of
Th(IV).

GO-based aerogel and sphere were also utilized to separate
Th(IV). Abundant porous structures of GO-based aerogel
provided a mass transfer channel for Th(IV), causing the
rapid adsorption kinetic, while high specific surface area and
O-containing groups provided modification sites for func-
tional groups. Chitosan is the common functional group for
adsorption of Th(IV), GO/chitosan (GOCS) composite
aerogel exhibited competitive adsorption kinetic with other
inorganic materials and adsorption equilibrium was reached
within 1 h at pH = 3 [416]. The GO-based sphere is the
material that is efficient for the separation of Th(IV). The
unique morphology of the sphere was beneficial for the
continuous adsorption as a filler of the column. Shahr EI-Din
et al. [417] studied the separation performance of calcium/
alginate-graphene oxide (Ca/Alg-GO) composite sphere for
Th(IV). High specific surface area originating from porous
structure and abundant O-containing groups caused the large
adsorption amount for Th(IV), which was as high as
418 mg/g at pH = 2.

8.2.3 Separation of strontium and cesium
GO is usually functionalized to separate Sr(II) and Cs(I)
because the adsorption performance of pristine GO is un-
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Figure 15 (a) Synthesis and SEM images of GA, GD and GDC [406]. (b) Adsorption performance of Anti-hydrogel in natural seawater, (c) EXAFS
analysis of U(VI) binding with Anti-hydrogel and (d) optimized structure of one phosphate group coordinated with one U022+ [407]. (e) Schematics of the
electrolytic deposition process of uranium, (f) photographs and SEM images of 3D-FrGOF and (g) XRD and TEM of the 3D-FrGOF electrode after uranium

extraction [58] (color online).

satisfactory. GO-based aerogel performed well as an ad-
sorption tool for the efficient separation of Sr(II) and Cs(I)
because it successfully circumvented the complicated se-
paration issue of adsorption. Moreover, the 3D architecture
of aerogel would boost the adsorption performance due to the
enhanced accessibility of active sites resulting from macro-
and mesopores of the 3D structure. Huo et al. [402] modified
MnO, in PVA/GO aerogel. The introduction of MnO, in-
creased adsorption sites for Sr(II) and ¢, was enhanced to
26.85 mg/g with the adsorption equilibrium in 6 h.

PB is a important functional group owing to its satisfactory

adsorption capacity and excellent adsorption selectivity for
Cs(I) [378,379]. PB-functionalized GO aerogels were also
useful separation materials for Cs(I), rGO/PVP/PB compo-
site aerogel with porous structure performed well for ad-
sorption of Cs(I) and exhibited high adsorption amount for
Cs(I) with ¢, of 143.88 mg/g [418]. PB-modified GO
membranes were utilized for separation as well. Zhang et al.
[419] modified porous GO/PVED membranes with PB by
phase inversion. The modified membrane could selectively
separate Cs(I) by membrane filtration in varieties of water
systems like natural organic matter solution, surface water,
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and tap water. The separation of Cs(I) with GO/PB compo-
site provided practical application guides for the preparation
of adsorption-filtration materials with great selective se-
paration of Cs(I) and other radionuclides.

8.2.4 Separation of technetium and iodine
Separation of Tc is important for the treatment of radioactive
water. Rhenium (Re), as a non-radioactive analogue with
similar chemical properties to Tc, is often used to evaluate
the separation performance of Tc [300]. In order to improve
the practical application potential of GO-based materials,
GO-based membranes and aerogel were prepared to separate
Tc/Re. The intense hydrophily of GO limited its adsorption
application because of the difficulty of separating it from the
aqueous solution, so modification of GO through click re-
action could inhibit this shortcoming efficiently. GO click
membrane (GO-C) modified with Gemini ionic liquid per-
formed outstanding adsorption ability for Re at the pH range
of 3—10 with g, of 238.67-269.17 mg/g [420]. Preparing GO
into aerogel is another method to improve its adsorption
performance and achieve favorable recycling. To evaluate
the separation performance of GO-based aerogel for Tc/Re,
Zhang et al. [421] prepared chitosan-modified GO aerogel
(GO-CS) with high porosity. The abundant porous structure
provided an abundant mass transfer channel of Re. Thus,
GO-CS could adsorb more than 60% of Re within 20 min.
Pristine graphene and GO cannot adsorb iodine due to the
lack of specific interaction sites, so functionalization is ne-
cessary for endowing graphene and GO with adsorption
ability toward iodine. Modification of Ag is a feasible
method owing to the excellent adsorption ability of iodine on
Ag sites [422]. GO/Ag membrane was prepared by gen-
erating Ag nanoparticles on GO carboxylic acid sites via
metal coordination. Composite GO membrane exhibited ra-
pid adsorption kinetic for I and the adsorption equilibrium
reached within 15 min with ¢, of 150.2 mg/g [423]. Besides
I', radioactive I, is also widely concerned because of its
strong volatility [424]. Ag-modified graphene aerogel (GA/
Ag) performed considerable adsorption capacities for both I,
vapor and I, in solution [425]. Furthermore, modification of
graphene by non-metallic elements is also a useful method
for synthesizing iodine adsorbents. Liu ef al. [426] reported
that S, N co-doped graphene aerogel (SN-GA) could separate
I, from water efficiently. Co-doping of S and N enhanced the
interaction between I, and graphene structure, resulting in
fast adsorption kinetic and high adsorption ability (g, =
999 mg/g) of I, on synthesized aerogel.

8.2.5 Separation of other radionuclides

GO-based materials perform well when separating other
radionuclides. Separation of actinides from acidic solution is
important for the safe management of nuclear waste [428].
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Functionalization of GO with the liquid complexing ligand is
a useful method for equipping GO with selective adsorption
performance for actinides. Modification of GO with liquid
complexing ligands is helpful for the separation of actinides
and rare earth elements. Modified GO not only performed
high extraction degree for U(VI), Th(IV), and Pu(IV) in
3 mol/L HNO;, but also could separate actinides selectively
from the massive interfering ions [429]. In order to simplify
the separation operation, it is necessary to prepare GO into
membrane or aerogel owing to their unique morphology,
which is beneficial for separation. Wang et al. [427] prepared
a GO-based membrane with different interlayer spacing. The
GO membrane exhibited excellent separation selectivity for
actinides (U, Np, Pu, and Am) from lanthanides in HNO;
solution through ion sieving effect (Figure 16a—c), which can
block the larger and linear actinyl ions, but allows smaller
and spherical lanthanide ions to penetrate and achieve the
separation factor of lanthanide/actinide ions as high as 400.

Lithium (Li) and deuterium (D) are important materials in
the nuclear industry, and the GO membrane could be used to
selectively separate Li and D through the sieving effect of the
GO-based membrane [430,431]. Liang ef al. [396] prepared
a GO-based membrane containing porous graphene. The
GO-based membrane exhibited an excellent D,O rejection
rate of 97.02% (Figure 16d). The viscosity difference be-
tween D,O and H,O effectively slowed down the flow rate of
D,0 between GO/PG-3/GO membranes with a three-layer
sandwich structure (Figure 16¢). Furthermore, the D and H
on the hydroxyl group undergo isotope exchange. At the
same time, the dense membrane structure of GO effectively
prolongs the permeation rate of the solution and effectively
adsorbs D,0, thereby improving the selectivity. Further, in-
troducing MOF with excellent adsorption performance is
helpful for endowing GO with separation ability for Li. Liu
et al. [432] modified the GO membrane with ZIF-8/zinc
alginate and created a tunable interlayer channel with a
ternary heterostructure. The membrane displayed re-
markably excellent Li selective separation ability through
ion-sieving. The selectivity values of Li/K and Li/Mg
reached 20.9 and 9.5, respectively.

8.3 Mechanism of GO for radionuclides separation

Knowledge of the separation mechanism of radionuclides is
imperative for the treatment of nuclear waste and the design
of novel separation materials. Herein, separation mechan-
isms containing functional group complexation, photo-
catalytic oxidation/reduction, ion exchange, and size sieving
are summarized.

8.3.1 Functional group complexation
Functional group complexation is the main mechanism for
the separation of radionuclides by GO-based materials.
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Oxygen-containing groups on GO could react with various
radionuclides through complexation. Investigating the com-
plexation mechanism between O-containing groups and
radionuclides is important for designing GO-based materials
for the separation of radionuclides. Gao et al. [414] in-
vestigated the binding behavior of O-containing groups
(-OH, —COOH, and —COC) on GO to Th(IV) through DFT
calculation. DFT calculation showed that Th(IV) coordinated
well with O-containing groups at the various positions on the
surface of GO. Negative adsorption energies indicated the
strong Th(IV) binding ability of O-containing groups. This
provided a reference for the complexation between GO and
radionuclide. The spectroscopic technique is another useful
method for revealing the adsorption mechanism. The ana-
lysis of EXAFS spectra allows for a conclusion to be made
on the local atomic environment of adsorbed radionuclides.
When studying the complexation mechanism between de-
fect-rich GO and U(VI) through EXAFS spectroscopy,
complexation information provided by the spectrum showed
that carboxylic on GO dominated the GO—U022+ interaction
[433].

8.3.2  Photocatalytic oxidation/reduction

Photocatalysis-assist separation is an efficient method for
separating U(VI) with the help of external stimulus. Oxida-
tive (H,0,) or reductive species (e,, ) could be generated
with the assistance of GO-based catalysts. These reactive
species would transfer U(VI) into insoluble products sub-
sequently so that U(VI) was separated from the aqueous
solution. Due to the conjugate 7 structure and conductivity,
the GO-based photocatalysts have been widely designed for
the efficient removal of U(VI). Wang et al. [411] explored
the photocatalysis-assist precipitation of U(VI) by graphene
aerogel. Characterization of photocatalytic products declared
that U(VI) was transferred into insoluble (UO,)O,2H,0 by
graphene aerogel-induced photocatalytic precipitation. Fur-
ther study of EPR spectra indicated the formation of active
-OH radicals. Subsequently -OH was formed H,0, and H,0,
transferred uranyl into (UO,)0,:2H,0. In addition to pho-
tocatalytic oxidation, photocatalytic reduction of the soluble
U(V]) to the insoluble U(IV) is widely used to separate U
(VI) as well. The introduction of photocatalysts on GO is the
key point for separating U(VI) through photocatalytic re-
duction. g-C;N, is the ideal candidate owing to its excellent
photocatalytic performance [370]. Wu et al. [434] separated
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U(VI) through photocatalytic reduction by C;Ns/rGO aero-
gel, C;N; generated photogenerated electrons and holes un-
der visible light irradiation, then the injection of
photogenerated electrons into the surface of rGO improved
the separation and migration for photoexcited carriers.
Subsequently, photogenerated electrons were captured by U
(VI) and reduced U(VI) into insoluble U(IV). The photo-
catalytic method has been regarded as a promising strategy
and has been extensively applied to the separation of U(VI)
from the solution.

8.3.3  Other mechanism

Ion exchange reaction is the main mechanism for the ad-
sorption of anionic radionuclides like *TcO, /ReO, . The
decoration of ion exchange units to GO-based materials
could grant GO the prominent ability to anion separation.
Wang et al. [420] studied the adsorption mechanism of
ReO, on GO click membrane modified with imidazolium
ionic liquid by chemical characterization and DFT calcula-
tion. Change of XPS N 1s spectra for imidazolium after
adsorption indicated that it was C-N'=C instead of C-N=C
interaction with ReO, , while the decrease of chloride con-
tent after adsorption confirmed the ion exchange reaction
between Cl and ReO, . The adsorption energy of ReO, was
obtained as —255.96 kJ/mol by DFT calculation, turning out
that the adsorption process was spontaneous and efficient.

Sieving based on size effect could separate certain radio-
nuclides selectively. Thus the 2D layer structured GO is
suitable to construct a membrane containing vertical het-
erojunction and nano-channel structure. When nano-channel
or interlayer spacing of GO in the size gap between different
radionuclides, certain radionuclide could be bolded back by
GO while others penetrated GO. Thus, selective separation
would be achieved. Wang et al. [427] prepared GO mem-
brane (GOM) with a nano-channel size of 10.5 A, which sits
in the size gap between hydrated actinyl ions and lanthanides
ions. GOM exhibited outstanding selective separation ability
for actinides from lanthanides through the sieving effect. As
a novel strategy for separating certain radionuclide selec-
tively, sieving based on size effect exhibited great applica-
tion potential for large-scale separation of radionuclides, and
preparation of membrane with specific porosity for sieving is
the point for separation of radionuclides.

The separation of iodine by graphene-based materials
mainly depends on the generation of solid products by the
interaction between iodine and functional units. Modifica-
tion of Ag is the most common method for adsorption of
iodine. Chen et al. [423] studied the adsorption mechanism
of I ions on GO/Ag composite. The results showed that GO/
Ag adsorbed I through the interaction of Ag with I to form
the Agl solids. Functionalization of Bismuth (Bi) on GO-
based material is a novel method for iodine adsorption. Chee
et al. [435] researched the adsorption performance of I, va-
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por on Bi’-rGO and investigated the adsorption mechanism.
Bi’ could react with I, vapor into Bil; solid that deposited on
rGO. Thus Bi’-rGO exhibited outstanding adsorption per-
formance for I, vapor. To improve the adsorption ability of
iodine by GO, synthesizing GO-based aerogel is also a useful
method owing to the large specific surface area and high
porosity.

8.4 Prospect of graphene-based materials for radio-
nuclides separation

Graphene-based materials are ideal materials for the se-
paration of radionuclides owing to their diverse structures,
high reactivity, and great separation performance [436,437].
This section highlighted the synthesis of graphene-based
materials such as graphene-based aerogel, membrane and
sphere, and their separation performance and mechanism for
U(VI), Th(IV), Sr(Il), Cs(I) and other radionuclides were
discussed. Obviously, the functionalization of graphene
sufficiently enhanced its separation performance, and mate-
rials with different morphologies could meet different se-
paration requirements. Although the milestones have been
achieved in the path of separation of radionuclides by gra-
phene-based materials, a lot of work is still to be done to
improve the separation properties and promote practical
application, including (i) in the process of separation of
radionuclides by graphene-based materials, the effect of
chemical groups on separation is mainly studied, while the
synergetic effect of complexation and topological structure
of GO-based materials is seldom studied. It would be ne-
cessary to explore the synergetic effect of porous structure
and morphology regulation on improving separation prop-
erties; (ii) external stimulus such as light, electric field, and
magnetic field could be utilized to assist the separation of
radionuclides, endowing graphene-based materials with op-
tical, electrical, and magnetic response ability will be helpful
for improving their separation performance; (iii) radio-
nuclides usually exist in harsh environments with strong
acid, high temperature, and strong radioactivity, studying the
stability and separation performance of graphene-based
material in such harsh environments is important for evalu-
ating the practical application property; and (iv) the separa-
tion performance of graphene-based materials for
radionuclides in real radioactive wastewater is still need to be
further investigated, the performance of graphene-based
materials in industrial application for separating radio-
nuclides also remains to be explored.

9 g-C;N, for radionuclides separation

9.1 Basic introduction of g-C;N,
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g-C;N,, as a non-metallic organic polymer semiconductor
material, has attracted wide attention in the field of radio-
nuclides separation due to its outstanding advantages such as
a broader light absorption range, strong controllability of
molecular structure, high physicochemical stability, appro-
priate band structure, and simple preparation methods [438].
The C and N atoms in the structure of g-C;N, form a highly
delocalized m-conjugated system through sp2 hybridization,
while the interlayer structure is formed in a m-m stacking
manner. This m-conjugated structure is extremely advanta-
geous for the transmission and migration of photoinduced
carriers in the bulk phase, which is crucial for accelerating
the rate of photoreactions. Thanks to the above advantages,
g-C;N, has become one of the popular catalysts in the field of
radionuclides separation. As is well known, g-C;N, is
usually prepared by thermal polymerization of precursor
materials. A variety of precursor materials for the synthesis
of g-C;N, have been reported, typically derived from widely
available and inexpensive precursors such as melamine
[439], cyanuric acid [64], urea [65], thiourea [440], and di-
cyandiamide [78,370]. The synthesis of g-C;N, generally
involves two steps. Firstly, the precursor undergoes poly-
merization to form melamine at 335 °C. And then, as the
temperature rises to approximately 390 °C, melamine loses
amino groups and rearranges to form heptazine rings, ulti-
mately forming g-C;N, polymer at 520-550 °C [441]. It is
worth noting that g-C;N, becomes unstable, and the hepta-
zine ring framework gradually collapses above 600 °C. At
temperatures above 700 °C, g-C;N, completely decomposes
into small molecules such as CO, and NH;. Therefore, dif-
ferences in preparation conditions such as precursor type,
pyrolysis temperature, and heating rate can cause significant
differences in particle size, pore volume, and specific surface
area of the g-C;N, product. Moreover, the distinct morpho-
logical structures significantly influence the physicochem-
ical properties of g-C;N,, leading to differences in the
separation performance of radionuclides. Therefore, this
section systematically summarizes the modification strate-
gies of g-C;N,-based materials and their research progress in
the field of radionuclides separation.

9.2 g-C;N, for uranium reduction

In recent years, g-C;N,-based photocatalysts have flourished
in the research on the deep purification of U-containing
wastewater and U(VI) extraction from seawater due to the
unique advantages of non-metallic semiconductors [442].
However, traditional g-C;N, has some shortcomings, such as
a lack of active reaction sites, low efficiency of photo-
generated charge separation, and narrow spectral utilization
range, which severely limit its practical application in pho-
tocatalytic U(VI) extraction [443]. To develop and design g-
C;N,-based photocatalysts with excellent U(VI) extraction
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performance, researchers have adopted various effective
material modification strategies to address the challenges
faced by traditional g-C;N,. So far, several modification
strategies have been proposed, including element doping
[444], structural regulation [78], functional group grafting
[445], and heterojunction construction [446]. These strate-
gies have been proven to optimize the band structure of g-
C;N,, broaden the spectral absorption range, and improve the
separation and migration of photogenerated charge carriers,
thereby significantly enhancing the photocatalytic perfor-
mance of g-C;N, [447,448]. Developed g-C;N,-based pho-
tocatalysts have achieved impressive progress in the research
field of efficient U(VI) separation and enrichment. Next, the
main modification strategies and key parameters influencing
the photocatalytic performance will be elaborated in detail,
providing useful guidance for further development of g-C;N,
with excellent photocatalytic performance.

9.2.1 Element doping

Introducing metal or non-metal elements into the plane or
interlayer of g-C;N, through doping is an effective method to
adjust its physicochemical properties. For example, element
doping can improve physical and chemical properties such as
charge transfer rate, material conductivity, light absorption,
and molecular structure. These changes in properties play a
crucial role in the photocatalytic performance of the catalyst
during the extraction process of U(VI). Chen et al. [449]
reported a novel O and K co-doped g-C;N, (OKDCN) for
efficient photo-assisted U(VI) removal under aerobic con-
ditions without sacrificial hole scavengers. The co-doping of
O and K effectively regulated the band gap of g-C;N,, en-
hancing the conduction band potential of g-C;N,. Further-
more, the co-doping of O and K caused the redistribution of
electron clouds within the g-C;N, molecule, forming new
local charge centers, which improved the efficiency of
electron-hole pair separation. Therefore, the synergistic ef-
fects of higher electron energy, narrower band gap, and
higher charge separation efficiency enhanced the photo-
reduction performance of OKDCN, achieving higher effi-
ciency in the removal of U(VI).

Nie et al. [450] reported Cu-doped g-C;N, (Cu-CCN) with
high surface area for photo-assisted U(VI) removal. Cu-
doping caused the effective separation of charges and up-
ward shift of valence and conduction band potentials, re-
sulting in a narrow band gap and increasing the
photocatalytic activity of Cu-CCN towards U(VI). The op-
timal Cu-CCN-50 exhibited a photocatalytic removal effi-
ciency close to 100% within 10 min of irradiation time and
demonstrated stable cycling performance. To further en-
hance the photocatalytic activity and adsorption capacity of
C;N, photocatalysts, Liu ef al. [451] prepared a novel dual-
functional C;N, material (CN550) doped with Zn-Cl through
a molten salt method, which possesses more abundant ad-
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sorption sites and a higher specific surface area (75.6 mz/g).
Compared with pristine g-C;N,, CN550 exhibited sig-
nificantly higher adsorption and photocatalytic activity. The
U(VI) extraction capacity of CN550 is as high as
1,556 mg/g, and the removal rate in real seawater is up to
98.7%.

9.2.2  Functional group grafting

Introducing functional groups (such as —OH, —-COOH, —
CNOH, —CN) into g-C;N, is the most practical method for
directly enhancing the adsorption and photoreduction per-
formance towards U(VI). For instance, the introduction of
strong electron-donating groups, such as carboxyl, cyano,
and amidoxime groups, not only serves as adsorption sites
for uranyl ions but also as photoreduction sites, enhancing
the charge separation efficiency of g-C;N,, thus significantly
improving the adsorption and reduction performance of U
(VI) [64,443,445,452]. Although g-C;N,-based materials
have demonstrated effective photoreduction of U(VI), pre-
vious efforts have focused on enhancing the adsorption ca-
pacity or photoreduction performance toward U(VI) by
promoting photon-generated carrier separation. Currently,
little attention has been paid to the inconsistency between the
adsorption and reduction sites of U(VI) on photocatalysts.
This disparity significantly prolongs the distance required for
photo-generated electrons from the accumulation area to the
adsorption sites of U(VI), resulting in the loss of photo-
electrons. Therefore, it is crucial to design an advanced
photocatalytic material with adsorption and photoreduction
co-locating sites to achieve efficient U(VI) extraction ac-
tivity. Yu et al. [453] successfully designed amidoxime g-
C5N, (AO-g-C;5N,), achieving efficient U(VI) adsorption and
photoreduction extraction from seawater (Figure 17a). For
AO-g-C;N,, amidoxime groups not only serve as coordina-
tion sites for U(VI), but also significantly enhance the visible
light absorption capability and charge carrier separation ef-
ficiency of AO-C;N, by introducing defect energy levels,
rendering AO-C;N, with excellent photocatalytic activity
and antibacterial properties (Figure 17b, c¢). Building upon
this foundation, Hu et al. [64] further developed a cyanogen-
functionalized g-C;N, (g-C3N4-CN) with an isosite structure
of adsorption and photoreduction for U(VI), achieving effi-
cient photo-assisted U(VI) extraction from seawater. As the
key of the isosite structure, the cyano group not only sig-
nificantly promotes the separation of photogenerated charges
of g-C3N,4-CN but also greatly improves the adsorption ca-
pacity and selectivity for U(VI). Consequently, g-C;N,-CN
demonstrates efficient photo-assisted U(VI) reduction per-
formance, with a saturated U(VI) extraction capacity of
2,644.3 mg/g, significantly higher than most reported g-
C;N,-based photocatalysts. In conclusion, the introduction of
active moieties on g-C;N, plays a pivotal role in enhancing
the adsorption and photoreduction performance of U(VI)
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(Figure 17d).

9.2.3 Heterojunction engineering

Due to its practicality and effectiveness in spatially separ-
ating electron-hole pairs, heterojunction engineering has
been demonstrated as a promising approach to constructing
photocatalysts for enhancing charge separation efficiency
[454]. Constructing heterojunctions by combining g-C;N,
with other materials (such as WO; [439], GO [455], CdS
[456,457], ZnFe,0, [458]), the optical response range of the
composite material can be expanded, thereby enhancing the
light absorption efficiency of the photocatalyst. At the in-
terface of the heterojunction, electrons and holes will be
effectively separated in space due to band bending and
modulation, thereby improving the charge separation effi-
ciency. For instance, Chen ef al. [459] synthesized g-C;N,/
GO hybrid nanosheets (g-C;N,/GO) using ultrasound-as-
sisted method for the purification of U(VI)-containing or-
ganic wastewater. Due to the staggered band structure,
electrons generated on g-C;N, are transferred to GO, thereby
achieving synchronous heterotopic organic oxidation and U
(VD) reduction. Li et al. [456] reported a CdS/g-C;N, het-
erojunction with U(VI) removal efficiency up to 95% within
6 min under sacrificial free conditions, which is the fastest
reduction in the report. Most importantly, the U(VI) extrac-
tion capacity of CdS/g-C;N, reached 2,379 mg/g, and the
recovered CdS/g-C;N, nanocomposite material still main-
tained high stability and activity post-reaction. Furthermore,
the main obstacles remain the use of protective gases and
additional sacrificial agents in the photoreduction of U(VI).
In response to the above issues, Wang’s team [460] devel-
oped a bifunctional WO,/g-C;N, catalyst with oxygen va-
cancies for selective oxidation of benzyl alcohol and
simultaneous reduction of U(VI) without the need for pro-
tective gas or sacrificial agents. The removal rate of U(VI)
achieved 98.5%, the conversion rate of benzyl alcohol was
close to 32%, and the selectivity was close to 100%. Com-
pared to pristine g-C;N, and defect-free WO;, the photo-
reduction activity of WO,/g-C;N, was 10.4 times and 7 times
higher, respectively. Furthermore, heterogeneous structure
photocatalysts such as LaFeO,/g-C;N, [370], ZnFe,O,/g-
C;N, [458], MoS,/g-C;N, [461] have achieved efficient U
(VI) removal performance.

9.2.4  Mechanism of uranium reduction and separation

The basic process of photocatalytic reactions is summarized
in three main steps: photon absorption, charge carrier se-
paration, and interfacial reactions. Firstly, the range of light
absorption is determined by the band gap (E,) of the pho-
tocatalyst itself. Only when the energy of the incident pho-
tons is greater than the £, of the semiconductor (hv > E,), the
photocatalyst can be excited, causing electrons to transition
from the valence band to the conduction band and leaving
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holes in the valence band [462]. Secondly, the photo-gen-
erated electron-hole pairs separate and migrate to different
reaction sites. During this process, some electron-hole pairs
may be captured and recombined by defects or sites within
the catalyst, thereby affecting the efficiency of the sub-
sequent photocatalytic reactions. Finally, the electrons and
holes that successfully migrate to the surface of the catalyst
will participate in reduction and oxidation reactions, pro-
moting the conversion of chemical substances. Throughout
the entire reaction process, various types of reactive oxygen
species (ROS) can be generated. Dissolved oxygen in water

participates in competitive electron reactions to generate
superoxide radicals (-O, ), while water is oxidized by holes
to hydroxyl radicals (-OH). Through a series of catalytic
conversion reactions, the entire photocatalytic system mainly
produces four stable reactive substances: superoxide radi-
cals, singlet oxygen, hydroxyl radicals, and hydrogen per-
oxide [463]. These reactive species exhibit strong reactivity
and play crucial roles in the corresponding photocatalytic U
(VI) reduction reaction.

Uranium exists in four valence states: VI, V, IV and III. IV
and VI states are the most important valence states (Figure
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17¢). Hexavalent uranium (U(VI)) in the form of uranyl ions
(U022+), contained in wastewater or seawater, is easily to
migrate in the aquatic environment. The U(VI) species are
mainly in the form of UO,>", UO,COs, and UO,(CO5)," at
different pH conditions. The photoreduction of uranium aims
to convert mobile U(VI) to U(IV) (Figure 17f).

Based on the photocatalytic reaction processes described
above and related research on photocatalytic U(VI) reduc-
tion, three main mechanisms can be identified for the in-
volvement of photo-generated electrons in U(VI) reduction
reaction [447]:

(1) Single electron reduction: the U(VI) captured by
functional groups is first photoelectron and reduced to U(V)
(Eq. 1). And then, U(V) further obtains electrons and is
further reduced to U(IV) (Eq. 2). Meanwhile, U(V) can also
undergo disproportionation to generate U(VI) and U(IV)
during the entire reaction (Eq. 3).

UVI) + e — UV) (1)
U(VI) + e — U(IV) ()
U(V) — U(VI) + UIV) (3)

(2) Double electron reduction: the captured U(VI) directly
obtains two photoelectrons and is reduced to U(IV) in one
step (Eq. 4).

U(VI) + 2 — UQIV) )

(3) Double electron reduction involving proton participa-
tion in an acidic solution: during the reduction process of U
(VI), H directly participates in the reduction of U(VI) due to
the high concentration of H™ in the solution (Eq. 5).

U0, +4H" + 2e— — U*" + 2H,0 5)

9.3 Progress of g-C;N, for thorium separation

The radioactive nuclide Th(IV) primarily originates from
radioactive wastewater generated by nuclear power produc-
tion and thorium mining, which presents significant chal-
lenges in treatment and disposal for the nuclear energy
industry and radioactive waste management [464]. Effec-
tively extracting Th(IV) from radioactive wastewater is
beneficial for the efficient utilization of thorium resources
and environmental conservation [92,465]. g-C;N, is com-
posed of repeating units of tri-s-triazine, containing a high
proportion of pyridinic-N, with electronegativity between C
and O. This characteristic provides it with abundant lone pair
electrons, enabling coordination with metal ions and pro-
moting solvent-interface interactions, thereby achieving ef-
ficient adsorption and separation of target radionuclides in
complex solutions. Furthermore, the —-NH-/~NH,/=N-
functional groups on the surface of g-C;N, can also serve as
active sites for metal adsorption, accelerating the adsorption
kinetics of metal ions. However, the original g-C;N, as an

adsorbent presents some challenges in the field of Th(IV)
adsorption. For example, the specific surface area and active
sites of g-C;N, are relatively limited, severely limiting the
removal efficiency of Th(IV). To address these challenges
and achieve efficient adsorption and separation of Th(IV),
previous studies have focused on morphology control and
functional group modification. These strategies have been
proven to be one of the most direct and effective approaches
to increasing the specific surface area and reactive sites of g-
C;N,. Presently, various g-C;N,-based materials for efficient
adsorption and separation of Th(IV) have been developed
using these strategies, and significant research progress has
been made.

9.3.1 Morphology and pore structure regulation
Regulating the morphology and structure of g-C;N, is con-
sidered a promising strategy, which can endow g-C;N, with a
higher specific surface area and more active sites. Compared
with bulk g-C;N,, the higher specific surface area brings
more abundant active sites, which facilitates mass transfer
and adsorption of reactants, significantly enhancing the ad-
sorption performance for target metal ions. In recent years,
relevant studies have reported the use of modified g-C;N, as
an adsorbent to separate Th(IV) from radioactive wastewater
[466]. For instance, Liao et al. [467] prepared g-C;N, na-
nosheets using the sonochemical thermal oxidation-etching
method, which exhibited excellent adsorption capacity for
actinide and lanthanide ions (Eu(Ill), La(Ill), Nd(III), Th
(IV)) from aqueous solutions. The results indicate that the
adsorption capacity of g-C;N, nanosheets for Th(IV) was up
to 185.6 mg/g at 333 K. Additionally, Huang et al. [468]
used the sol-gel templating method to prepare mesoporous
N-doped carbon (mpg-C;N,) for highly selective adsorption
of Th(IV) (Figure 18a). The mpg-C;N, exhibited the best
selective extraction of Th(IV) in the presence of interfering
cations with extraction capacities of 202.43 mg/g for mpg-
C;N,,. = 1.0 and 61.20 mg/g for g-C;N, (Figure 18b). Th(IV)
was almost completely adsorbed and reached to 93.53%
(Figure 18c¢).

9.3.2  Functional group modification

The rich coordination sites and functional groups determine
that g-C;N,-based materials possess high adsorption capacity
by forming strong surface complexes [469]. As is well
known, amidoxime group is considered a star group with
strong chelating properties with metals. Meanwhile, the
amidoxime group possesses good chemical stability and
controllability, enabling it to maintain efficient removal ef-
ficiency in complex environments. For example, Yussuf et
al. [470] prepared amidoxime-functionalized g-C;N, (g-
C;N,4-AX) photocatalysts using urea as a precursor via a
hydrothermal method for the removal of Th(IV) from aqu-
eous solutions. Experimental results indicated that the out-
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standing performance of g-C;N,-AX was mainly attributed
to the introduction of the amidoxime group. The g-C;N,-AX
exhibited the best selective extraction of Th(IV) in the pre-
sence of interfering cations with an extraction capacity
reaching 71.09 mg/g. Meanwhile, the above team also suc-
cessfully prepared a g-C;N,/AX electrode modified with
amidoxime group for the efficient and selective electro-ad-
sorptive separation of Th(IV). The results indicated that the
g-C;N,/AX electrode achieved a removal efficiency of
84.46% for Th(IV) at —1.0 V and a high adsorption capacity
of 275.74 mg/g. Mechanistic studies revealed that the
abundant nitrogen sites and amidoxime groups on g-C;N,/
AX electrode are highly active sites for efficient Th(IV)
adsorption [471]. In addition, g-C;N, had shown remarkable
potential in the separation of other radionuclides (Eu(IIl), La
(III), Nd(III)) [467]. It is worth noting that g-C;N, can be
further customized according to the characteristics of dif-
ferent radionuclides to achieve efficient and selective ex-
traction of corresponding radionuclides.

9.3.3  Adsorption mechanism of thorium

Currently, g-C;N,-based materials are widely used in the
research of adsorption and separation of Th(IV) from
radioactive wastewater. The adsorption mechanism of Th
(IV) by g-C;N,-based materials has always been the focus of
researchers. The pyridine-like nitrogen in g-C;N,, such as —
NH,/~NH—/=N—-, provides abundant lone pair electrons,
which are considered the main active sites for capturing Th
(IV). The pH value, ionic strength, and temperature of the
solution can also affect the dissolution behavior and surface
adsorption characteristics of Th(IV), thereby affecting ad-

sorption efficiency. Therefore, when studying the adsorption
mechanism of Th(IV), it is necessary to consider the impact
of environmental factors on adsorption behavior compre-
hensively. Additionally, the surface properties and structural
characteristics of g-C;N, are crucial for the adsorption me-
chanism of Th(IV). For example, the content, distribution,
and chemical properties of surface nitrogen functional
groups directly influence the interaction between Th(IV)
ions and the adsorbent. By controlling the synthesis methods
and surface modifications, the adsorption performance of g-
C;N,-based materials for Th(IV) can be effectively adjusted
to enhance adsorption efficiency and selectivity. In conclu-
sion, a comprehensive understanding of Th(IV) adsorption
mechanism by g-C;N, as an adsorbent involves various
factors such as environmental conditions, surface properties,
and structural characteristics.

9.4 Prospect of g-C;N, for other radionuclide separation

Although g-C;N, has made significant progress in the se-
paration of radioactive U(VI) and Th(IV) as an excellent
photocatalyst and adsorbent. However, there are still nu-
merous unresolved challenges in the design of catalysts,
understanding of mechanisms, and practical applications.
The composition of real seawater and industrial radioactive
wastewater is especially complex, containing a large number
of high concentrations of competing ions and organic com-
pounds that are far beyond the concentration range in la-
boratory studies. In this case, it is not accurate to evaluate the
application prospects of g-C;N,-based materials based on the
results obtained under relatively ideal laboratory conditions.
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In terms of mechanism research, future research directions
should focus on some in-situ characterization techniques,
such as in-situ synchrotron radiation, in-situ infrared spec-
troscopy, and so on. In practical applications, various factors
in complex environments such as strong acid, strong alkali,
high salt, and strong radiation (mainly y rays) should be
systematically considered to comprehensively evaluate the
feasibility of the practical application of g-C;N,-based ma-
terials.

10 Biomimetic materials for radionuclides se-
paration

10.1 Biomimetic porous materials

Rather than solely relying on traditional chemical processes,
bioinspired and biomimetic approaches, mimicking the
structure and process of biomolecules and living organisms
for enriching U(VI) and some other radionuclides, have
emerged as new strategies for radionuclides separation [472].
Biomimetic materials exhibit several advantages for radio-
nuclides separation owing to their distinct characteristics
deriving from the natural biological systems. The construc-
tion of biomimetic materials is based on the desirable phy-
siological structure and bioconcentration mechanism of
biomolecules and living organisms, including high binding
affinity, high selective recognization, and high binding site
density, which enable biomimetic materials with excellent
separation ability to radionuclides [68,145,473]. The on-
going progress in this area has mainly focused on U(VI)
separation and can provide highly potential approaches for
developing highly efficient materials to combat the chal-
lenges linked with radionuclide contamination.

The development of biomimetic materials entails creating
nanoparticles or nanostructures with functionalized surface
characteristics. Inspired by the mechanisms of biomolecules
and living organisms in binding radionuclides, the surfaces
can be modified with specific ligands or molecules that have
a strong binding ability to target radionuclides to mimick the
biological structures. By taking cues from proteins, enzymes,
and other biological structures, researchers craft materials
that possess improved selectivity and effectiveness in se-
parating radionuclides [144,474-476]. Various techniques,
such as protein engineering, self-assembly technique, and
template method, are utilized to empower the materials with
superior selectivity and efficiency for separating radio-
nuclides [13,477,478]. This section focuses on four crucial
classes of strategies for constructing highly efficient mate-
rials for radionuclides separation, mainly including the uti-
lization of biomaterials, the construction of biomimetic
chelating sites, the construction of biomimetic ion channels
and the biomimetic photocatalysis.
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10.2 Strategies for biomimetic separation of radio-
nuclides

10.2.1 Biological materials

Super uranyl-binding protein (SUP), which attains femto-
molar binding ability (K4 = 7.4 fM) and ultra-high selectivity
(> 10,000-fold over other metal ions) to uranyl ion by
forming uranium recognization biological structures, has
been designed to enable efficient and selective separation of
uranyl ions. However, the modest mechanical strength of
SUP-based adsorbent limited its application in the practical
environment [32]. Wang and his colleagues conducted ex-
tensive research on SUP and their derivatives for U(VI) se-
paration. Considering the robust strength and extensibility of
spider silk, they engineered protein hydrogel fibers from
spidroin-based SUP (SSUP) using biomimetic spinning
technology [476]. The fast saturation time of 30 min with an
adsorption capacity of 15.91 mg/g was achieved in simulated
seawater containing 16 mg/L U(VI). When tested in real
seawater, the U(VI) adsorption capacity of SSUP fibers
reached 12.33 mg/g over a span of 3.5 days, proving the
function of SSUP in U(VI) separation. However, there was
no significant synergistic effect on U(VI) adsorption by
SSUP fusing with spidroin that lacks specific uranyl ion
binding ability. Further investigation revealed that SUP
showed high structural similarity with that of spidroin, which
were all characterized by o-helices and random coils.
Therefore, dual copies of SUP protein (DSUP) were linked
and subsequently spun into a protein hydrogel fiber.

Given that DNAzyme can specifically recognize uranyl
ions, a DNA-based adsorbent was initially explored for U
(VI) separation. A single uranyl-binding DNA strand derived
from DNAzyme was cyclized into circular DNA and further
transformed into a DNA hydrogel DNA-UEH via rolling
circle amplification. In test with 8 mg/L U(VI)-spiked si-
mulated seawater at pH = 5.0, the U(VI) adsorption capacity
achieved 13.71 mg/g within 24 min. Subsequent trials in
actual seawater over 6 days demonstrated an adsorption ca-
pacity of 6.06 mg/g. Mechanistic analysis showed that a five-
coordinated nanostructured pocket was formed by the co-
ordination of five oxygen atoms from phosphate and car-
bonyl groups on DNA-UEH with uranyl ions, which
empowered this DNA hydrogel with binding uranyl binding
selectively and affinity (Figure 19a, b) [479].

Furthermore, an antimicrobial peptide omiganan, identi-
fied through a database screening of antimicrobial peptides,
not only displayed broad-spectrum antimicrobial activity but
also exhibited a strong binding affinity for uranyl ions [31].
Therefore, dual copies of SUP protein (DSUP) were linked
and subsequently spun into a protein hydrogel fiber. This
DSUP fiber, exhibiting a loofah-like structure due to the
cross-linked thin nanofibers, demonstrated substantial me-
chanical strength. Benefit to the synergistic effect of dual
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copies of SUPs, DSUP exhibited superior performance in U
(VI) adsorption coupled with a saturation adsorption capa-
city of 17.45 mg/g within a 3-day period in real seawater
(Figure 19¢) [474]. The polymeric peptide hydrogel PPH-OP
was fabricated using glutaraldehyde crosslinking to generate
abundant nanoscale pores on the wall of dry hydrogel to
improve U(VI) adsorption capacity. Adsorption experiments
indicated that PPH-OP achieved excellent U(VI) adsorption,
capturing 139.47 mg/g in 16 mg/L U(VI) simulated seawater
within 70 min and 7.12 mg/g in real seawater over 3 weeks.
Mechanistic studies further disclosed the formation of a
nanostructure cage, wherein each U(VI) atom was co-
ordinated by two oxygen atoms from the carbonyl groups of
amino acid residues Argll and Lys12 with bond lengths of
2.45 A and 2.27 A, respectively, resulting in high U(VI)
binding selectivity. The design and application of biological

materials for U(VI) separation are all based on the assembly
of uranyl-binding nanostructures by the biomolecules
themselves, which endowed the biological materials with the
ability to selectively and tightly bind to U(VI) ions.

10.2.2  Biomimetic nano-chelating sites

Since the identification of bio-chelation in uranyl-binding
biomaterials, researchers have been inspired to create na-
nostructured chelating sites into porous materials. In 2018,
Sun et al. [473] proposed the innovative use of a nano-trap
strategy for U(VI) separation. To validate this hypothesis, the
artificial chelating models were constructed by integrating
amidoxime and amino groups into porous organic polymers
(POPs). The designed POP-based materials all achieved 90%
of their equilibrium capacity within 1 h. Notably, POP-
oNH,-AO exhibited high adsorption capacity of 530 mg/g
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for U(VI) in 7.56 mg/L uranium solution and 4.36 mg/g in
real seawater during 56 days of seawater immersion. Single
crystal structure analysis and DFT calculation revealed that
hydrogen bonding interaction worked as a sub-interaction
aided by amino groups, significantly enhancing the co-
ordination of POP-oNH,-AO with uranyl ions. This phe-
nomenon bore a resemblance to the chelation interaction
observed in well-folded proteins, highlighting the im-
portance of second-sphere interaction in such a coordination
process. Except for amino groups that have been found to
form mimic bionic chelation, carboxyl, phosphate and hy-
droxyl groups, which widely existed in biological systems,
have also been found to play a significant role in the binding
of U(VI) by biomolecules and living organisms. Motivated
by the high specificity and affinity of SUP protein for uranyl
ions, the construction of such highly binding affinity nano-
pockets for uranyl ions can also be realized by introducing
uranyl ion template into MOFs and a higher uranyl binding
affinity of 0.3 pM to uranyl ions was achieved (Figure 19d, e)
[145]. Compared with natural biological materials contain-
ing nanostructures for separating radionuclides, biomimetic
chemical chelators exhibit higher stability and lower fabri-
cation costs, which can greatly improve their application
potential in complicated natural environments.

10.2.3 Biomimetic nano-ionic channels

To realize efficient transportation of nutrients and metabolic
waste, organisms have evolved numerous transportation
channels within the body. The construction of biomimetic
nano-ionic channels in membranes presents a highly poten-
tial strategy for efficient separation of radionuclides. The
hierarchical networks in the blood vessels of organisms make
it possible to transport mass efficiently while requiring
minimal energy. This proof-of-concept prototype provided
the synthetic inspiration of an artificial bionic membrane; a
hierarchical self-supporting membrane AO-PIM-1 was fab-
ricated via the traditional non-solvent-induced phase se-
paration method [69]. The pore diameters of the major
transport channel run through in AO-PIM-1 were around
20 um, which was sufficient to allow the readily move of
uranyl ions, while the smaller pores of 300-500 nm on the
wall provided uranyl ions with more available binding sites.
The adsorption capacity of AO-PIM-1 was 345.94 mg/g in
32 mg/L U-spiked water. Intriguingly, a plateau was ob-
served during the adsorption processing where U(VI) began
diffusing into the biomimetic branching nanochannels. After
adsorption in seawater for 28 days, AO-PIM-1 exhibited an
adsorption capacity of 9.03 mg/g for U(VI). Indisputably, the
size of the crown ether significantly influences the co-
ordination of nuclides within the ion channels in this strat-
egy. To clarify this, Li et al. [480] embedded modular tunable
crown ether units into Zr-based MOF and designated them
ZJU-X100 and ZJU-X102. Both ZJU-X100 and ZJU-X102
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exhibited rapid response in wastewater containing Sr(II) or
Cs(I) ions, achieving adsorption equilibrium within 1 min
(Figure 20a). However, the mechanistic analysis demon-
strated that ZJU-X102 containing a larger pore of 24-crown-
8-ether underwent conformational change while coordinated
with Cs(I) ions, resulting in a high energy barrier which
paradoxically decreased its selectivity towards the target ions
(Figure 20b). Furthermore, mimicking the fast and selective
ion transfer across biological transmembrane channels is also
an effective approach. Yu et al. [481] engineered a nano-
transport channel modified with 4-sulfocalix[4]arene on a
GO-substrate membrane SCA-GO. This modification
significantly improved the separation coefficients for
K'/Mn”" on SCA-GO. For example, the separation ratio
K+RJ022+ for SCA-GO increased from 12.7 for pristine GO
membrane to 263, which was attributed to the specific
binding between functional molecule 4-sulfocalix[4]arene
and radionuclides.

10.2.4 Biomimetic photocatalytic materials

Drawing inspiration from photosynthesis, Dong et al. [454]
designed a novel hollow nanosphere (MTCA), which con-
sisted of MnO,, TiO,, CdS, and Au materials, using a hard
template and hydrothermal method (Figure 20c). The Z-
scheme heterojunction of TiO,@CdS coupled with spatially
separated cocatalyst Au NPs and MnO, effectively sup-
pressed the charge recombination process and thereby
structured a biomimetic photocatalytic system. Importantly,
the removal rate of U(VI) by MTCA reached 91.83% in
natural uranium mine wastewater without adding any sacri-
ficial agent under natural sunlight irradiation at the solid-to-
liquid ratio of 0.75 g/L. Moreover, the U(VI) removal rate of
MTCA maintained 94.8% of its original performance after
five reuse cycles, demonstrating the considerable application
potential of MTCA. The electronic transfer paths formed
through the electron donor (D) and acceptor (A) in photo-
system II (PSII), which holds different electron affinities to
minimize the electron-hole recombination and, therefore,
promote the separation efficiency. Inspired by this, Yu et al.
[482] chose plastoquinone (PQ) with both electron defi-
ciency and redox activity to construct PSII-like charge
transport chains for U(VI) separation. Utilizing conjugated
microporous polymers (CMPs) as support, three metal-free
biomimetic donor-acceptor photocatalysts were fabricated
via Sonogashira-Hagihara coupling polymerization. The
generated catalyst ECUT-TQ exhibited a narrow band gap of
1.7 eV and realized a high U(VI) removal rate of 97.4%. In
addition to developing biomimetic photocatalytic systems, it
has been demonstrated that the integration of bacteria with
inorganic photocatalysts can also act as an effective system
for boosting U(VI) removal ability. Wang et al. [68] devel-
oped a hybrid biotic-abiotic catalytic system (UUS-1/CdS)
that could effectively facilitate both selective adsorption and
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Figure 20 (a) Adsorption kinetics of ZJU-X100 toward Sr*" and (b) extraction mechanisms of ZJU-X100 and ZJU-X102 [480]. (c) Photosynthesis inspired
biomimetic photocatalysis system constructed by MnOx@TiO,@CdS@Au (MTCA) for separation of U(VI) [454]. (d) Schematic illustration of photo-
sensitized biohybrid system UUS-1/CdS for U(VI) extraction from seawater [68] (color online).

photoreduction of U(VI) (Figure 20d). This system enhanced
U(VI) separation efficiency by 81.29% following the in-
troduction of CdS nanoparticles. This study indicated that the
collaborative application of biological adsorption and re-
duction enrichment would be a promising strategy for im-
proving the separation selectivity and capacity of U(VI).
The biomolecules and living organisms realize efficient
enrichment of radionuclides mainly by the specific nanos-
tructures for binding radionuclides or the catalysis of
radionuclides via efficiently providing electrons. Accord-
ingly, the design of biomimetic materials for radionuclides
separation incorporated four strategies derived from these
two fundamental mechanisms. Firstly, the biological mole-
cules that contain nanostructures with strong radionuclide-
binding ability were directly employed in the fabrication of
materials for separating radionuclides. Secondly, several
previous studies tended to emphasize in-sifu introduction and
spatial regulation of functional groups derived from biomo-
lecules on materials to construct biomimetic nanostructured
binding sites. Thirdly, inspired by the nanochannels in or-
ganisms for transportation, biomimetic nano-ionic channels
were built to enhance the speed and affinity of radionuclides
separation. Finally, porous materials were designed by mi-

micking the photosynthesis process, thereby realizing en-
hanced radionuclides separation through photocatalysis. As a
result, the biomimetic separation outperformed the tradi-
tional chemical separation approach in the categories of se-
paration selectivity, separation capacity and separation
speed, which empowered them with considerable application
potential.

Despite the significant application potential of biomimetic
porous materials in the separation of radionuclides, these
materials still face several technical challenges. Firstly,
based on the fundamental mechanisms between biomimetic
materials and radionuclides, the highly selective separation
of radionuclides by biomimetic materials greatly depends on
the precisely pre-organized nanostructures for coordination
of radionuclides, which is difficult to reproduce well in
porous materials by using chemical synthesis methods. Thus,
the method for easily constructing nanostructures to bind
radionuclides and the approach for large-scale fabrication of
biomimetic materials are still lacking. Secondly, the biomi-
metic materials have exhibited outstanding performance in
the extraction of radionuclides, particularly U(VI), Sr(Il),
and Cs(I), but reports on some other radionuclides are still
limited, which are primarily attributed to the poorly under-
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stood of interactions between biomolecules and living or-
ganisms with radionuclides. The uncovering of more inter-
actions between biomolecules and living organisms with
other radionuclides can provide more theoretical instruction
for designing biomimetic materials targeted at these radio-
nuclides. Thirdly, several biomolecules and living organisms
in nature exhibit enrichment ability to diverse radionuclides,
while currently available studies only focused on the selec-
tive separation of individual radionuclides. In fact, multiple
radionuclides always existed simultaneously. The fabrication
of biomimetic materials from biomolecules or living organ-
isms that target diverse radionuclides can meet the need to
treat various radionuclide pollutions simultaneously.

In summary, attributing to the excellent ability of biomo-
lecules and living organisms to enrich radionuclides, bio-
mimetic materials have been synthesized for radionuclides
separation and promising separation performances have been
realized, proving the feasible of biomimetic strategies in
treating radionuclides. However, despite these successful
applications, the biomimetic strategies need to be further
improved to fulfill the practical needs, including the large-
scale and economical fabrication method as well as the de-
sign of biomimetic materials with broader adsorption ability.
With the goal of “from nature, beyond nature”, the utilization
of biomimetic materials would be a highly potential ap-
proach for practically separating radionuclides.

11 Carbon dots and their composite materials
for radionuclides separation

11.1 Brief introduction of CDs

Carbon dots (CDs) or carbon quantum dots (CQDs) are a
new class of carbon materials and they were first found by
Xu et al. [483] during the purification of carbon nanotubes.
They have high photoluminescence, and excellent bio-
compatibility and most of them are water soluble with a
diameter smaller than 10 nm. These appealing characters
have gained great attention in various research areas, such as
bioimaging, drug delivery, catalysis, sensors, environmental
remediation and so on [484,485]. Commonly, CDs are
composed of carbon with various functional groups such as
carbonyl, hydroxyl, and amino groups, which depend on the
raw materials and the further functionalization process [486].
They are synthesized via top-down and bottom-up methods
with a wide array of raw materials, such as carbon precursor
(graphene, active carbon, carbon nanotubes efc.), nitrogen
precursor (urea, p-phenylenediamine, ethylenediamine efc.),
sulfur precursor (polythiophene, thioacetamide efc.), phos-
phorus precursor (phosphoric acid, phosphoryl chloride),
bio-molecules (proteins, amino acids, sugars), polymers and
so on [484]. The fluorescent or other properties of CDs are
tuned with the raw materials and the synthesis methods, and
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it is convenient to design diverse CDs for various application
areas.

While CDs also have some drawbacks in specific fields, it
is an effective approach to fabricate CD-based composite
materials to overcome the limitations of CDs. Besides, by
choosing proper substrate materials, the fabrication of
composite materials can also enhance the fluorescent, bio-
compatible, or photocatalytic properties, strengthen the me-
chanical properties, expand the application areas and so on.
Various substrates can be composed with CDs through dif-
ferent methods, such as polymers, SiO,, MOFs, C;N,, TiO,,
and metal nanoparticles to achieve better application prop-
erties.

11.2 Detection of uranium with CDs

The innate fluorescent property of CDs makes them different
from other carbon materials [487]. CDs also possess tunable
optical properties, low toxicity and high chemical stability,
which are superior to the conventional semiconductor
quantum dots and have been widely used in the detection of
metal ions. Wang et al. [488] prepared CDs with a novel and
convenient microplasma method in minutes and first in-
troduced CDs for the detection of U(VI). The combination of
CDs and U(VI) could quench the fluorescence of CDs, thus
realizing the low limitation detection of U(VI). The detection
mechanism is aggregation-caused quenching (ACQ) with the
formation of the non-fluorescent complex [489]. The re-
searchers often functionalized groups on CDs to combine
with uranyl ions. Zhang et al. [490] employed hydro-
xypyridinone (HOPO), which was a chelating ligand with a
strong affinity for U(VI), to prepare HOPO-CQDs. The
fluorescence signal of HOPO-CQDs was quenched by uranyl
ions in 1 min with a detection limit of 6.53 pug/L. HOPO-
CQDs particles aggregated together after being combined
with uranyl ions because the size was increased from 2.3 nm
to 68.1 nm. Shilpa et al. [491] functionalized pamoic acid
(PA) onto N-doped graphene quantum dots (N-GQDs),
which had a high binding affinity towards U(VI) in aqueous
medium with a detection limit of 2.009 pM. Gong et al. [492]
anchored a layer of Ag+ on the surface of CDs/SiO, material
and the photoinduced electron transfer (PET) between CDs
and uranyl ions made them good fluorescent probes with
excellent selectivity and detected limit of 37 nM (Figure
21a). Wang’s group [493] synthesized rhodamine functio-
nalized CDs (0-CDs-Rho) for the ratiometric detection of
uranyl ion with a detection limit of 53 nM. The mechanism
was proposed to be aggregation-enhanced fluorescence re-
sonance energy transfer because the FRET efficiency in-
creased from 16.2% to 77.2% after CDs were aggregated
with uranyl ions (Figure 21b). In addition to detecting uranyl
ions in solution, Wu’s group [494] prepared a CD-based
solid-state sensor by printing CDs on nanofiber films and
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doping them into hydrogels. The two solid sensors could also
detect uranyl ions with high selectivity, low cost, easy pro-
duction and storage facilitation.

11.3 Adsorption of uranium with CDs

Most CDs are water soluble and small in size, which makes
them hard to separate and recycle during the adsorption
process. It is a good way to synthesize CD-based solid ma-
terials to cover the shortages. The small size of CDs endows
the surface with abundant edge amine, carboxyl, and hy-
droxyl functional groups and so on. These groups can be
designed and tailored easily by choosing proper raw mate-
rials during the synthetic process to accomplish different
demands. They can be easily combined with other solid
materials to prepare CDs composite materials.

Wang et al. [495] synthesized CD-based mesoporous silica
(CDs/SBA) composite materials with the microplasma
method and first applied CDs for the adsorption as well as
detection of U(VI). They found that the introduction of CDs
on silica not only enhanced the adsorption property of U(VI),
but also possessed the fluorescent detection property of U
(VI). They integrated the fluorescence and adsorption
properties of CDs together and creatively applied the fluor-
escence signal change of CDs/SBA to determine the degree
of adsorption saturation for U(VI). Interestingly, the se-

lectivity of targeted metal ions on CD-based materials can be
predicted by evaluating the fluorescence selectivity of the
original CDs for metal ions.

Then, researchers employed the adsorption properties of
CDs and decorated them onto magnetic materials
[61,496,497], layered double hydroxides (LDHs) [498],
MOFs [499,500], GO [501] and other substrates for the ad-
sorption of U(VI). They found that the small size of CDs
made them easy to load on the surface or between the layers
of solid materials. The functional groups of CDs are con-
venient for grafting other targeted molecules, which could
enhance the adsorption property for U(VI). Zhou et al. [501]
composited CDs onto graphene aerogel with the one-step
hydrothermal method and the experiments verified that the
loading of CDs and graphene could bring target groups onto
the surface of 3D graphene to enhance the adsorption prop-
erty but also transform the zeta potential of rGO/ZIF-67 from
positive to negative, which could improve the electrostatic
interaction between adsorbents and radionuclides and was a
benefit for the adsorption process.

11.4 Photocatalytic removal of uranium with CDs

Converting soluble U(VI) to insoluble U(IV) or producing
other solid products with a photocatalytic method can realize
the immobilization of U(VI). This promising strategy has
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gradually gained widespread attention and researchers are
devoted to finding new photocatalysts with high photo-
catalytic properties. CDs are a new kind of photocatalysts,
and they have a small size effect and high quantum yield,
which are beneficial in producing photogenerated electrons.
Besides, the surface groups of CDs can be altered, morphed
and controlled precisely to improve their photocatalytic ac-
tivities, which also make them easy to compose with other
semiconductor materials to obtain suitable band positions,
thereby enhancing the photocatalytic efficiency. After being
coupled with other materials, it can extend the adsorption
spectrum range and form heterogeneous structures to pro-
mote the separation of electrons and holes, increasing the
light energy utilization rate. Moreover, CDs possess high
thermal and chemical stability, allowing them to be reused
multiple times, and they have superior sustainability and
good biocompatibility to endow CDs with an en-
vironmentally friendly character.

Various metal-free photocatalysts based on CDs have been
designed for the photoreduction of U(VI). Dai et al. [502]
fabricated CD-modified porous g-C;N, (CNCD) for the
photoreduction of U(VI). They found that the introduction of
CDs could separate photoinduced electron-hole pairs effec-
tively, enhance the visible light absorption capacity and
narrow the band gap, reaching a U(VI) removal rate higher
than 95%. The photoinduced e  and -O, could reduce U(VI)
to U(IV) and finally convert to metastudtite (UO,)0,:2H,0)
as products. Liu et al. [503] introduced CDs to g-C;N, via
thermal polymerization of melamine and CDs to prepare
CDs-C;N, with different loading amounts of CDs. They
found that CDs showed obvious up-conversion photo-
luminescence behavior and made the utilization of light more
effective. A weaker PL peak of CDs-C;N, implied the less
likely recombination of electrons and holes, and the photo-
catalytic activity was increased. The photocatalytic reduction
of U(VI) by CDs-C;N, was 2.67 times of the pure g-C;N,.
Due to the high chemical stability of CDs as well as g-C;N,,
the sample can be used 7 times with a slight decrease in
removal rate. The mechanism study revealed that under the
irradiation of visible light, the electrons on VB of g-C;N,
were excited to CB and transferred to CDs and then reduced
the dissolved oxygen to generate ‘O, and H,0,. These
species reduced U(VI) to U(IV) and then formed UO, and

Uranium as Photocatalyst
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64% of uranyl ions were reduced and the possible mechan-
ism was listed as Egs. 6—11.

hv + CD-C3N, — g-C3Ny(e ) + CDs(h") (6)
O,+e — 0, (7
H,0+h" — -OH + H" ®)
0, +2e +2H — H,0, 9)
UO,+ 2 + 2¢7/2:0, /H,0, —UO,(s) (10)
CH;OH + -OH +h" — CO, + H,0 (11)

Different from the reduction process, Wang’s group [411]
designed a new strategy to solidify uranyl ions with a pho-
tocatalytic method under air atmosphere. They found that
uranyl ions themselves could be photoinduced and reacted
with organic materials to form H,0, without any additional
photocatalysts [62]. The photogenerated H,O, under air then
reacted with uranyl ions to form uranium peroxide solid
products, thus realizing the removal of U(VI) efficiently.
According to this reaction route (Figure 22), they modified
different CDs onto g-C;N, and discovered that the existing
CDs were beneficial for increasing the photocurrent density
and narrowing down the band gap [504]. The selected
SerCDs/CN owned a much-improved removal performance
and the removal capacity was as high as 1,690 mg/g. The
products were characterized to be (UO,)0,-2H,0, which was
different from the photo-reduced process and the possible
mechanism was listed as Eqs. 12—18. They also decorated
CDs onto polyurethane (CDs/PU) and applied it for the
photo-removal of U(VI) under air atmosphere [63]. The U
(VI) removal rate of CDs/PU was higher than 97%. The
sponge-like PU made the material easy to separate and the
removal rate remained higher than 95% after 5 cycles, dis-
playing good reusability. The U(VI) product was also as-
signed as metastudtite, which was formed by the reaction of
uranyl ions and photogenerated H,0O, according to the me-
chanism study.

hv+gCN, >h +e (12)
0, +2H" +2e — H,0, (13)
0,+¢ — 0, (14)
‘0, +e +2H — H,0, (15)
-0, +H,0, — -OH + OH + O, (16)
CH;O0H + -OH/-0,” — CO, + H,0 (17)
UO,™ + H,0, + 2H,0 — UO,(0,):2H,0 + 2H" (18)

Uranium Elimination

Figure 22 Illustration of the whole reaction mechanism with methanol as the sacrificial reagent under N, and air [62] (color online).
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11.5 Other radionuclides

Various strategies and materials have been developed for the
efficient capture of radioiodine from aqueous solutions. Most
CDs are hydrophilic and are commonly used for iodine de-
tection, which has high performance and low detection
limits. Zheng et al. [505] constructed a hydrophobic surface
by decorating hydrophobic CDs onto natural cotton fibers (n-
CF) because a hydrophobic interface of adsorbent is required
and plays a very important role in the physical adsorption of
radioiodine from water. They found that the adsorption ca-
pacity of I, on n-CF@CDs was 6.8 times higher than that of
n-CF. The adsorbed I, could be desorbed easily, indicating
the good reusability of n-CF@CDs as well as the restoration
of I,.

99TCO47 is a radioactive anion formed by the radioactive
nuclide *Te. *Tc is a long-lived radionuclide that is water
soluble and migrates in water rapidly, posing serious en-
vironmental hazards. It is necessary to develop a technique
for the detection of 99Tc047 that is discharged into water.
Choi and Lee [506] functionalized quaternary ammonium
functional groups onto dual-emission CDs to synthesize
cationic CDs (C-CDs). C-CDs exhibited dual emission wa-
velength characteristics, with emission peaks at 450 and
540 nm. The electrostatic interaction between C-CDs and
ReO, could reduce the fluorescence signal and change the
color of C-CDs from cyan to blue excited at 350 nm, which
was attributed to the photoinduced electron transfer me-
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chanism. The detection limits were calculated to be 87 and
208 uM at the excitation wavelengths of 254 and 350 nm,
respectively. This work developed a kind of CD for the
quantitative determination of *TcO, while visually verify-
ing the radioactive anion.

Since the first discovery in 2004, CDs have aroused sus-
tained attention in various fields. The construction of CDs
mainly involves non-metallic elements, which attach to good
biocompatibility and environmentally friendly features. The
surface is rich in various groups, which is conducive to
further surface modification and functionalization. These
characters endow CDs with excellent optical properties, such
as tunable fluorescence emission characters, wide adsorption
spectrum, and high efficiency to photo-generate electrons
and holes. They are also easy to couple with other materials
to overcome the shortages of CDs and create synergies to
obtain a better performance. CDs have offered wide oppor-
tunities for efficient detection, adsorption and photo-elim-
ination of radionuclides from water. Although the majority of
these materials have made significant achievements, this
attractive field is just in its early stage and many fundamental
gaps and challenges still remain the scope of research. There
are generally trace amounts of radionuclides in water. En-
hancing the detection limit and selectivity with high sensi-
tivity is of great significance for further application. For the
adsorption and photocatalytic removal of U(VI), it is ne-
cessary to optimize the removal efficiency in complex en-
vironments at the commercial level. Therefore, there is still a
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Figure 23 Radiological properties of five radionuclides and their mechanisms of cell damage (color online).
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long way to go before developing the practical application of
CDs for the treatment of radionuclides.

12 Toxicity of radionuclides

The radionuclides of particular concern in nuclear facility
releases include “H (tritium), 14C, 9OSr, 1291, and 137Cs, with
different half-lives, radiation types, and effective radiation
doses (Figure 23). The toxicity of radionuclides consists of
both chemical toxicity and radiation toxicity. The dose
coefficient (DC) is utilized to convert the radiation dose from
ingested radionuclides into an “effective dose”, which is the
primary quantity in the risk assessment system of the Inter-
national Commission on Radiological Protection (ICRP)
[507]. Radioactive isotopes generate o and/or B radiation
through o and/or B decay processes. The resulting nuclei
from decay are often in high-energy states and undergo
transitions to lower energy levels, emitting y photons as y
radiation or y rays. Ionizing radiation impacts cells through
diverse cellular and molecular mechanisms, exerting biolo-
gical effects (Figure 24). Among these effects, DNA damage
is a significant outcome that can arise from direct or indirect
interactions between radiation and DNA molecules (Figure
23) [508,509]. The process of methionine (MET) conversion
to S-adenosylmethionine (SAM) can be directly disrupted by
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radiation, leading to insufficient production of methyl groups
(CHj) required for DNA methylation replication [510].
Meanwhile, radiation can interact with other molecules
(primarily water), generating hydroxyl radicals and inducing
oxidative stress, indirectly contributing to DNA damage
[511].

12.1 Tritium

Tritium (SH), releasing weak P radiation, with a maximum
energy of only 0.0186 MeV, and a half-life of 12.3 years, can
mobilize quickly in the environment [512,513]. It is one of
the most abundant radionuclides in the liquid radioactive
effluents of nuclear power plants. The chemical form of
compounds containing *H can result in different biological
half-lives. The biological half-life of *H can be as long as 14
days. However, when *H is released from nuclear power
plants, it is mostly in the form of water (HTO), and its bio-
logical half-life is approximately 10 days, which allows it to
be rapidly eliminated from the organism [514]. This in-
dicates that continuous ingestion and binding with biomo-
lecules can still pose significant risks even when the
radionuclide has low energy. Li et al. [S15] reported that
HTO can impact zebrafish physiology and behaviors by in-
fluencing physiological processes and intracellular signaling
pathways. Arcanjo et al. [516] found that 1.22 x 10° Bq/L

.\ﬂ Life-threatening,
=g treatment success :
I rate of 90%

Mild radiation iliness: -
fatigue, vomiting, loss of -
» appetite, temporary hair -

loss, decreased red
blood cells, etc

¥
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Figure 24 Toxicity to the human body from a single dose of different radiation doses (color online).
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HTO can cause dysregulation of proteins involved in defense
responses, muscular integrity and contraction, and possible
vision alterations for zebrafish autonomous larvae aged 7
and 10 dpf. However, current health risk assessments pri-
marily focused on the accumulation of *H in individual
aquatic organisms, rather than the migration and risks of *H
in the food chain, disregarding this well-known exposure
pathway where tritium is internalized and sequestered in
organic matter irreversibly, the risk of *H to humans was
probably underestimated [517-522]. A certain proportion of

*H absorbed by animal and plant tissues is incorporated into
organic compounds such as lipids, proteins, nucleic acids,
and collagen types (organically bound trititum, OBT), where
it is chemically bound to carbon atoms, effectively fixed until
the compounds begin to undergo metabolism, at which point
it becomes exchangeable and decays, while ’H atoms fixed
to oxygen, sulfur, nitrogen, or phosphorus atoms can readily
exchange with hydrogen in water [523]. OBT is produced
through the photosynthesis of plants and the metabolic pro-
cesses of animals and can be bioaccumulated in contrast to
HTO [524]. OBT has a long lifetime (more than 40 days) in
the human body. In mammalian organisms, OBT can be
partially degraded into HTO and incorporated into the DNA
of dividing cells, then subsequently irradiate the cell nucleus
through local electron emissions, which is the most ha-
zardous type of radiation, as the entire energy of the radiation
is released within the genes; meanwhile, H decaying to *He
also disrupts the structure of DNA [525]. The form of H
affects not only its bioaccumulation but also its toxicity. It
was reported that mice exposed to tritiated non-essential
amino acids (TAA) ended up with a decrease in red blood
cells (RBC) and iron deprivation, while those exposed to
HTO did not occur [526].

12.2 Carbon-14

Carbon-14 (14C) is one of the main radioactive effluents re-
leased into the environment by the nuclear fuel cycle, such as
methane, ethane, and CO, [527]. Because of its relatively
long half-life (5,730 years), its mobility in the environment
and enrichment through the food chain, “c may pose a long-
term potential exposure risk. Carbon is the most basic ele-
ment of life. Therefore, '*C is likely to participate in the
entire process of biological life metabolism, resulting in a
potential impact. It was reported that “Cis mainly stored in
plant cells as carbon-containing organic matter produced
through photosynthesis [528]. "C in the environment can be
used and stored by microorganisms and plants, leading to
prolonged exposure to radiation and abnormal cellular me-
tabolism [529]. For higher animals, dietary intake is the main
route of 'C exposure, and it is excreted from the body
through metabolism. Shipley injected rats with "*C-labeled

Sci China Chem  November (2024) Vol.67 No.11 3567

sodium bicarbonate via intravenous injection and extracted
different components from the rats after 6 h to measure c
content. The results showed that the remaining "C in the fed
and fasted rats was 2.5% and 6.3%, respectively, indicating
most of "*C in the body can be metabolized and consumed
and expelled from the body, and feeding can accelerate this
process [530]. "C can emit low-energy B rays and then cause
some effects on cell mortality, DNA base damage, and
cancer incidence. Krisch [531] introduced '*C labeled thy-
mine with an activity of 55.4 mCi/mM into the DNA of E.
coli and stored the bacteria at —196°C for 3 years, the results
showed that "*C decay may cause potential damage to mi-
crobial DNA. Purdom exposed Drosophila melanogaster
with 0.1 mCi/g of "C labeled glucose and the results showed
that it led to increased mortality rates [532]. Some studies
considered that the transmutation of '“C atoms in DNA
molecules to nitrogen is the main factor causing cancer in the
body, compared to B rays [533]. Molecular dynamics cal-
culations were used to quantify the impact of "“C-induced
bond rupture in a variety of organic molecules, including
DNA base pairs. It is found that double bonds and ring
structures have radiation resistance, and this structure exists
in DNA bases, enhancing their resistance to “C-induced
bond-breaking. At the same time, the sugar groups in DNA
and RNA backbones are susceptible to C-induced single-
strand breaks [534]. Although "C is the least toxic of all
radionuclides, its potential risks should still be paid more
attention. Its distribution and effects in tissues and organs of
the body, as well as its effects on metabolism and enzyme
reaction rate in the body, need to be well researched. Source
control of nuclear power plants is also necessary.

12.3 Strontium-90

The decay of St releases B-rays with an average energy of
0.186 MeV and has a half-life of 28.8 years [S11]. The decay
process of *Sr also produces an intermediate product (9°Y)
that further undergoes rapid decay, releasing B-rays with an
energy of 0.934 MeV. Sr and Ca are elements in the same
group and share similar properties. When animals ingest “sr,
it can accumulate in their skeletal system. This accumulation
occurs due to the similarity between Sr and Ca, as the body
recognizes Sr as a calcium analog and incorporates it into the
bone structure. The biological half-life of Sr in the bones of
dogs, primates, and humans is approximately 400—600 days,
leading to long-term exposure of the skeleton to high doses
of radiation [535]. *Sr entering the bone can irradiate the
soft and hard tissues around the body, causing bone marrow
hypoplasia or various forms of cancer (osteosarcoma leu-
kemia) [536]. Adverse skeletal effects have been docu-
mented in both humans and animals following the ingestion
of *Sr. In populations residing near the Techa River,
where chronic exposure to radio and other radionuclides
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through contaminated food and water occurred, dystrophic
lesions of the skeleton primarily impacting articular and
periarticular tissues were observed [537]. The occurrence of
skeletal lesions was found to be significantly higher when the
mean radiation doses to the surface of the bone exceeded
2 Sv.

12.4 Todine-129 and iodine-131

129 131

I and 1 are the main radioisotopes of iodine released
from accidents and effluents of nuclear power plants pro-
duced by nuclear fission. Due to the strong solubility of io-
dine, I and "'T are easy to enter into the atmosphere in the
form of gas and dissolve in water and soil. However, "' has
a very short half-life of 8 days, while the half-life of s as
long as 15.7 million years [S11]. Although "1 is more
radioactive and toxic than *’I, its long-term effects on the
environment and organisms are more limited. In contrast, the
long half-life of Lallows it to persist in the environment for
extended periods, posing a potential long-term risk. The
thyroid gland, concentrating over 80% of the body’s iodine
(including 1291), serves as the primary target organ for this
element [538]. While potential risks from internal exposure
to '*’I arise from both inhalation and ingestion of con-
taminated food, the amount of iodine ingested significantly
outweighs the amount inhaled [539]. Due to its indis-
criminate uptake of both stable and radioactive iodine, the
thyroid’s exposure to the p radiation of '*’I is the main source
of radiation toxicity, which has a risk of causing thyroid
cancer [540]. The regulation radiation dose limit of I to the
thyroid is 0.04 mSv/y [540]. Given the low radiation energy
and long half-life of %], the molar concentration needed to
deliver a radiologically significant dose is comparatively
high. Therefore, the chemical toxicity of 12 may be more
harmful than its radioactive toxicity [541]. Although T is
less toxic at the present level, it was reported that "1 stored
in unprocessed spend fuel is 10 times more than released to
the environment until 2005. Hence, more I will be pro-
duced with the increase of nuclear power core, and the long-
term toxic effects of I exposure should still be considered
[540].

12.5 Cesium-137

P7Cs undergo B decay, releasing 3 radiation with an energy

0f 0.187 MeV, an order of magnitude higher than *H. It has a
half-life of 30.2 years and decays into ""mBa, which has a
half-life of 2.55 min and emits intense harmful y radiation
with a high energy of 0.662 MeV [511]. The high radiation
energy of "7Cs makes it a major concern in nuclear waste
and many nuclear accidents [542,543]. y ray is believed to
induce DNA double-strand breaks in cells primarily. At the
same time, the indirect effects it generates, such as the
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generation of reactive oxygen species (ROS), may be re-
sponsible for DNA single-strand breaks [544,545]. When
only one strand of DNA is broken, it can be rapidly repaired,
but more complex repair mechanisms exist to handle double-
strand breaks [545]. Due to its longer half-life, “7Cs have a
more persistent impact on the environment and organisms.
Research indicates that when Daphnia Magna accumulates
approximately 11.2 Gy of ¥7Cs dose within their bodies,
leading to a significant decrease in egg production and re-
productive inhibition; furthermore, under a concentration of
31 mGy/h exposure, the natural growth rate of Daphnia
magna decreases by 21%, suggesting metabolic inhibition by
the high energy y ray released by P [546]. Zebrafish
larvae (5-6 days post-fertilization) exposed to a daily dose of
30 mGy for 24 hours showed a significant increase in DNA
damage (40%—-60% DNA in the tail); however, this effect
was not observed in the group exposed to a daily dose of 10
mGy [547]. 7Cs can be transferred and enriched along the
food chain to higher trophic levels. Their concentration can
be increased by 2 to 4 times [543,548]. It can be rapidly and
completely absorbed by the body when ingested orally and is
excreted mainly through the kidneys, with a biological half-
life of about 50-60 days [549]. Cesium has no biological
function. However, due to the similarity of its chemical
composition, it can replace potassium in the body to some
extent. Studies have found that "*’Cs, when ingested by dogs,
distribute uniformly within their bodies, and their distribu-
tion and excretion patterns are similar to those of “K, which
can be attributed to the similar chemical properties of Bcs
and K [550]. By collecting blood samples from a healthy
population and isolating lymphocytes for exposure to y-ray
irradiation from "*’Cs source, the results have shown that v-
ray doses as low as 0.5 cGy can lead to overexpression of the
Hsp70 protein, indicating the generation of cellular stress
[551].

Overall, the dose coefficient of *H and "C is much lower
than the other three radionuclides. Despite the low radiation
energy of °H, biomagnification through the food chain and
potential incorporation into organic molecules for BTO ne-
cessitate careful monitoring and risk assessment. “C can
quickly enter the earth carbon cycle. It will inevitably be
absorbed and used by various plants into the food chain, and
then have an impact on animals and humans. The accumu-
lation of *°Sr in bones and long biological half-life pose a
significant risk for bone marrow and surrounding tissues,
potentially leading to various forms of cancer. The long half-
life of "1 presents a long-term environmental risk, its low
radiation energy suggests that its chemical toxicity may be of
great concern. The high-energy y radiation decayed from
P7cs poses a significant threat to both the environment and
human health, with the potential for DNA damage and long-
term effects on ecosystems. Further research is still needed to
fully understand the complex interactions between these
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radionuclides and biological systems. This includes in-
vestigating the long-term health effects of chronic low-level
exposure, and the potential for synergistic effects between
different radionuclides.

13 Summary and outlook

In this review, we systematically summarized the synthesis,
structural regulation and functionalization of porous mate-
rials and their applications in radionuclides detection and
separation, also discussed the chemical and radiotoxicity of
different radionuclides. The structural diversity of porous
materials endows them with radionuclides separation in
different scenarios. The controllable pore size and fine-tuned
sites of porous materials provide a broad platform for the
detection and separation of radionuclides. Its structural
designability, custom functionalization and abundant binding
sites make it show great advantages in radionuclides se-
paration. In addition, the combination diversity of structural
units, functional sites, and excellent chemical and thermal
stability endows porous materials with the ability to handle
radionuclides in complex environments. The diverse choices
of linker assembly and pore functionalization make porous
materials become multifunctional adsorbents, which de-
monstrate the advantages that traditional adsorbents are
difficult to achieve, such as controlling crystal morphology,
finely adjusting pore size, increasing active site density,
polarity, and ion properties suitable for target radionuclide.
Porous materials are booming for the application in radio-
nuclide separation, but several key challenges need to be
overcome in practical applications: (i) structural stability: the
chemical stability of porous materials is a common challenge
under high acid/alkali and high radiation conditions; (ii)
separation performance: the separation parameters of porous
materials for nuclide separation should be investigated from
the actual conditions, such as biofouling, high ionic strength,
high acid/alkalinity, selectivity and long-term test under ir-
radiation conditions; (iii) recycle: most of the porous mate-
rials in the form of powder, which is difficult to be processed
and recycled, resulting in potential secondary troublesome,
processing them into devices such as films, foams and gels;
(iv) cost: how to simplify the synthesis process, finding in-
expensive build block to reduce the synthesis cost, and de-
veloping low-energy, large-scale preparation methods in the
practical application of radionuclides separation. Porous
materials have been proven to be feasible for radionuclides
separation, but their application in radionuclides separation
is still in the laboratory or small-scale stage, and need further
development of their separation performance in amplifica-
tion experiments. Based on the abovementioned advances,
the development of porous materials will play an important
role in radionuclides separation, practical devices will be
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constructed and applied in the near future.
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