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ABSTRACT: Technetium-99 (*’Tc), predominantly present as pertechnetate (**TcO,"),
is a challenging contaminant in nuclear waste from artificial nuclear fission. The selective
removal of ’TcO,~ from nuclear waste and contaminated groundwater is complex due to
(i) the acidic and intricate nature of high-level liquid wastes; (ii) the highly alkaline
environment in low-activity level tank wastes, such as those at Hanford, and in high-level
wastes at locations like Savannah River; and (iii) the potential for *TcO,” to leak into
groundwater, risking severe water pollution due to its high mobility. This Review focuses
on recent developments in advanced porous materials, including metal—organic
frameworks (MOFs), covalent organic frameworks (COFs), and their amorphous
counterparts, porous organic polymers (POPs). These materials have demonstrated
exceptional effectiveness in adsorbing **TcO,” and similar oxyanions. We comprehensively
review the adsorption mechanisms of these anions with the adsorbents, employing
macroscopic batch/column experiments, microscopic spectroscopic analyses, and
theoretical calculations. In conclusion, we present our perspectives on potential future research directions, aiming to overcome
current challenges and explore new opportunities in this area. Our goal is to encourage further research into the development of
advanced porous materials for efficient **TcO,” management.

KEYWORDS: nuclear waste treatment, *TcO,~ removal, metal—organic frameworks, covalent organic frameworks, organic polymers

H INTRODUCTION production, the release of radionuclides occurs at several stages,
including the mining and processing of uranium, the operational

As exacerbating global energy crisis and mounting concerns over
phase of nuclear power plants, and the management of spent

the greenhouse effect seize the world’s attention, it has become

critically important to fundamentally rethink how we use and nuglesar fuel. These sta;ges ﬁg(‘)lre elemental nzotables suc}; ai ?SU
source energy. The urgent need for carbon reduction and the or ¥*U, B'L, *H, 1*C, ¥*Kr, *°Sr, '¥Cs, and **U, ' T¢, ****Py,
push toward carbon neutrality are now major global issues that *'Np, respectively.”” Radionuclides are also unconsciously
demand robust solutions. As an avenue worth exploring in our released into the environment during nuclear tests and facility
quest to address these challenges, nuclear power, noted for its operations. These elements, due to their radioactive toxicity,
negligible emissions of CO,, NO,, and SO,, presents an solubility, and mobility along with their a, 3, and y irradiation,
intriguing POSSibﬂitY'l_4 In the greater picture of global energy pose a substantial risk factor. If allowed to contaminate our food

production, nuclear energy holds a crucial place. The report
published by the International Atomic Energy Agency, titled
“International Status and Prospects for Nuclear Power 2021,”
discloses that by the close of 2020, the world was powered by
441 operational nuclear power units. Together, this vast network
denoted a total installed power capacity of close to 392 gigawatt-
electric (GWe), contributing to around 15% of the world’s total Received: December 28, 2023
power generation.”~’ Moreover, these power plants create Accepted: February 19, 2024
approximately 10,000 tons of spent nuclear fuel each year. Published: February 22, 2024
However, along with the opportunities nuclear energy presents,

there also exist numerous environmental and safety concerns

necessitating our attention. In the lifecycle of nuclear energy

chain and subsequent ingestion, these substances could cause
grievous harm. Their danger is especially pronounced in
ecosystems intervened by radionuclides with long half-lives.
Hence, the issue of nuclear security surfaces as a pressing, global
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Figure 1. Strategies for enhancing the segregation efficiency of TcO,: (a) engineering pore structures to increase charge density, (b) introducing
secondary sphere interactions to strengthen binding, and (c) controlling pore wettability to improve binding affinity.

challenge that demands our immediate attention, specifically
toward the safe and secure operation of nuclear power plants and
the responsible management of nuclear waste. The sustainable
advancement of nuclear energy necessitates a keen focus on the
effective treatment and disposal of used nuclear fuel and the
management of legacy nuclear waste.'"~"? Successfully tackling
these challenges is crucial for leveraging the advantages of
nuclear power while minimizing its environmental and health
repercussions.

A significant hurdle in the nuclear fuel cycle is presented by
#Tc. This isotope is characterized by a notably long half-life of
213,000 years and its f-emission properties.l‘?'_16 PTc is
produced in considerable amounts as a byproduct of used
nuclear fuel, with an impressive fission yield of 6.05%. To put
this into perspective, a nuclear reactor with a 1 GWe capacity
produces about 21 kg of **Tc each year. Since the dawn of
nuclear power, this has culminated in a global total of
approximately 400 metric tonnes of **Tc.'”~*' The primary
form of ®Tc in the environment is pertechnetate (TcO,”), an
anion known for its high solubility and poor ability to form
complexes.””*® These properties allow it to move swiftly
through various environments, bypassing minerals and organic
substances with ease. Such mobility poses substantial concerns
regarding the contamination of groundwater and the potential
risks to aquatic ecosystems, especially in locations with legacy
radioactive waste from historical power production and military
activities. A prominent illustration of the complexities inherent
in nuclear waste management is exemplified by the Hanford Site
in Washington State. At this location, millions of gallons of
mixed hazardous and radioactive wastes are stored, representing
one of the most extensive environmental cleanup endeavors
globally. The imperative to ensure the effective containment and
appropriate management of nuclear waste until it undergoes
processing in a waste treatment and immobilization plant is
paramount for addressing the enduring challenge of nuclear
waste and concurrently mitigating its environmental impact.
Within the domain of used nuclear fuel processing, particularly
in the plutonium—uranium redox extraction (PUREX) process,
the element **Tc presents a significant challenge.”*** Its
propensity to co-extract with key fissile materials such as
uranium, neptunium, and plutonium complicates their purifica-
tion. Moreover, the volatility of **Tc compounds introduces a
substantial risk of escape, especially during the vitrification
process of nuclear waste. Effectively addressing this issue by
removing **Tc early in the PUREX process would be highly
advantageous, enhancing risk management and streamlining
nuclear waste treatment. However, the extraction of TcO,~ from
spent nuclear fuels encounters formidable challenges, primarily
attributed to the harsh conditions inherent in nuclear waste
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environments. This setting is marked by extreme acidity, with a
concentration of 3 M HNO;. Additionally, the presence of a
multitude of metal and nonmetal ions imparts a high ionic
strength, further complicating the separation process. Further-
more, the surroundings are characterized by a formidable
radiation field, encompassing f, y, and neutron radiation.
Another facet of the challenge is evident in dealing with legacy
tank waste at the Savannah River Site (SRS), where highly active
TcO,” is dissolved in solutions characterized by both high
alkalinity and brine-like properties.”® Managing such hazardous
and complex waste necessitates innovative and robust solutions,
as it involves handling some of the most corrosive and
radioactive materials known. The development of effective
methods to isolate and manage *Tc in these diverse and
demanding environments is therefore crucial for advancing
nuclear waste treatment technologies and ensuring environ-
mental safety.

The management of nuclear waste streams, particularly the
removal of the predominant **Tc species as TcO,~, has led to
the exploration of various anion-exchanging materials. The
radioactivity of the **Tc isotope necessitates specialized
handling procedures, often in nonstandard laboratory environ-
ments. Consequently, ReO,” is frequently used as a substitute
for TcO,” in research because of their similar speciation,
dimensions, hydration energies, and volatility (Table S1).*”~>*
Several materials have been explored for their efficacy in
extracting *Tc from nuclear waste solutions. These include ion-
exchange resins such as superLig-639 or Purolite-A-520E,* '
layered double hydroxides (LDH),* *° modified natural
clays,”’ = and graphene-based materials.*’~** Despite these
efforts, many of these adsorbents suffer from drawbacks such as
slow anion-exchange kinetics, inadequate radiation resistance, or
insufficient sorption capacity and selectivity. As a result, despite
extensive research and development, the environmental
challenges posed by **Tc at legacy nuclear sites remain
significant. However, there is growing optimism with the
emergence of advanced porous materials, including metal—
organic frameworks (MOFs) 27 covalent organic frameworks
(COFs),"® ™% and their amorphous counterparts, porous
organic polymers (POPs).>>~> The primary benefit of these
advanced materials is their adaptability, which enables exact
modifications to their functionality. By manipulating their
structure and composition at the atomic scale and comprehend-
ing the relationships between structure and properties, these
porous materials can be tailored for a wide range of uses. This
innovation presents promising opportunities to surpass the
constraints of conventional materials in effectively and
selectively extracting **Tc from nuclear waste streams (Tables
S2 and S3).

https://doi.org/10.1021/cbe.3c00125
Chem Bio Eng. 2024, 1, 199—222


https://pubs.acs.org/doi/suppl/10.1021/cbe.3c00125/suppl_file/be3c00125_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbe.3c00125/suppl_file/be3c00125_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbe.3c00125/suppl_file/be3c00125_si_001.pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00125?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00125?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00125?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00125?fig=fig1&ref=pdf
pubs.acs.org/ChemBioEng?ref=pdf
https://doi.org/10.1021/cbe.3c00125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chem & Bio Engineering

pubs.acs.org/ChemBioEng

REVIE

N
N'N 4

n u
(2 Q
&

-

L

P h

tetrakis[4-(1-i

4-(1,2,4-triazol-4-yl)benzoate

e

W-NH
o
1,1,2,2-tetrakis(4-pyridylphenyl)ethylene  4-(1H-tetrazol-5-yl)benzoate 2,3,5,6-tetrakis(4carboxyphenyl)pyrazine
o o OH HO, = '\" P
no)’\©\'r N\ [~ NH
OH = W, no»_@_«o
) 9 - wd o o OH
terephthalic acid 4,4',6,6'-tetracarboxy-2,2"-bipyridine  2-((pyridin-1-ium-2-ylmethyl )terephthalat
N= 7N
S I 3 g
u@ r:"? X Z .

=N
NN

réﬁ

5-(3,5-di(1H-imidazol-1-yl)phenyl)-2H-tetrazole

HO’ IN\ OH
" > ap > P

o
'OH

h

olyl)phenyl]

sz
>

)

0,
2 =/

tris[4-(1H-imidazol-1-yl)-phenyl]lamine

tris(4-pyridylet

tetrakis(4-(4-pyridylethynyl)-phenyl) ethene

ynyl)triph

1,4-di(pyrimidin-5-yl)benzene

Figure 2. Molecular structures of organic ligands utilized in the construction of the MOFs discussed within this Review.

The synthetic strategy employed for targeting adsorbent
materials, particularly in the context of TcO,~ sequestration,
exhibits remarkable efficacy by focusing on de novo synthesis. In
this approach, each monomer undergoes meticulous crafting to
accommodate distinct functional groups, thereby significantly
enhancing the sequestration performance for the target analyte
in terms of both uptake capacity and selectivity. This
methodology represents a substantial advancement compared
to traditional adsorbents that lack the tailored specificity
inherent in these sophisticated materials. Although this
approach may entail additional costs, the benefits derived
from improved capacity and selectivity effectively outweigh
these expenses. The customization of these materials extends
beyond the integration of functional groups; it encompasses the
engineering of pore structures to increase charge density, the
introduction of secondary sphere interactions to strengthen
binding, and the control of pore wettability to amplify sorption
performance (Figure 1). The strategically designed channels
within these materials serve as conduits for contaminants, while
the proximity of functional groups heightens their interaction
with the target analytes. This Review aims to comprehensively
outline the latest research efforts in the development of
advanced porous solids dedicated to TcO,~ sequestration. It
underscores the design strategies and underlying principles,
emphasizing the distinctive attributes of these materials in
selectively capturing contaminants. Through the synergy of
customizable starting units and pore structures, combined with
the inherent tunability of these materials, they can be effectively
tailored to enhance TcO,~ removal, showcasing their potential
in addressing this environmental challenge. Additionally, this

Review delineates the persisting challenges in effectively
removing TcO,™ from complex environments, providing insight
into areas requiring further exploration and innovation.

B MOF-BASED SORBENTS

MOF:s are a class of framework materials characterized by their
unique structure, where metal clusters are coordinated with
organic ligands (the molecular structures of which are depicted
in Figure 2), giving rise to one-, two-, or three-dimensional (1D,
2D, or 3D) porous structures. Their key advantage lies in the
rigid topology of their node—strut arrangement and the nature
of their coordination bonding. This structural blueprint allows
for precise control over their composition and configuration,
thereby leveraging potent noncovalent intermolecular inter-
actions. In the realm of MOFs, Thallapally and colleagues
pioneered the utilization of MOFs for eliminating TcO, . Their
approach involved the synthesis of a cationic MOF by modifying
UiO-66-NH, in acidic conditions. This modification process
converted the y-OH group into a [-OH,]" moiety while also
protonating the —NH, group. These changes significantly
enhanced the anion-exchange performance of UiO-66-NH,.
The modified MOF demonstrated an uptake capacity for
ReO,”, at 159 mg g_l, outperforming traditional inorganic ion-
exchange materials like LDHs. However, it showed limited
selectivity in the presence of competing anions such as PO,*",
SO,*7, ClO,~, and NO;~, following an adsorsption trend of
PO, > SO,>” & ClO,” & NO,” ~ ReO,”.*° In a parallel
advancement, Hu and team synthesized CAU-1, an aluminum-
based MOF, by reacting 2-aminoterephthalic acid with
aluminum chloride. The presence of cationic protonated amines
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Figure 3. (a) Perspective packing structure of SCU-100-Re viewed along the c axis. (b) One single-network crystal structure depiction of SCU-100-Re.
(c) Comparison of the sorption kinetics of ReO,~ by SCU-100, AS32E, and AS30E. (d) Sorption isotherms of ReO,” by cationic SCU-100 compared
with Mg-Al LDH, NDTB-1, Y,(OH);Cl, and Yb;0(OH),Cl materials. Panels a—d are reproduced from ref $8. Copyright 2017, American Chemical
Society. (e) TcO,~ trapped in type A channels. (f) Hydrogen bonds formed between TcO,~ and SCU-101 framework. (g) Electrostatic potential
distribution of the partial framework. (h) Optimized trapping position of TcO,~ in the framework by theoretical calculations Panels e—h are
Reproduced from ref 59. Copyright 2017, American Chemical Society.

(NH;") in the MOF created an electrostatic attraction with the
anionic ReO,”. As a result, this MOF exhibited a remarkable
adsorption capacity for ReO,”, recorded at 692 mg g~', as per
the Langmuir isotherm model.””

Wang et al. developed SCU-100, an innovative MOF
distinguished by its superior ion selectivity. This MOF is a
microporous, cationic structure defined by an 8-fold inter-
penetrated framework made up of [Ag,(tipm)],NO;-1.5H,0
units. In this composition, “tipm” denotes tetrakis[4-(1-
imidazolyl)phenylJmethane. SCU-100 comprises a tetradentate
neutral N ligand and bicoordinated Ag* sites, with NO; ™~ serving
as a loosely bound counter anion. Exhibiting remarkable
hydrolytic stability, SCU-100 retains its crystalline structure in
aqueous environments across a broad pH spectrum from 1 to 13
and is resilient against high doses of # and y radiation. The MOF
undergoes a significant structural shift upon interacting with
ReO,”, transitioning from an 8-fold interpenetrated framework
with disorganized NO;™ to a 4-fold interpenetrated framework
with orderly arranged ReO,”. This change is driven by the
strong binding of each ReO,,” ion by dual Ag” cations and several
hydrogen atoms, forming an extensive network of hydrogen
bonds. SCU-100 demonstrates a notable affinity for ReO,”,
effectively extracting TcO,” from water in just 30 min. The
MOF boasts an exchange capacity for surrogate ReO,~ as high as
541 mg g~', with a distribution coefficient (K;) surpassing those
of previously explored inorganic anion sorbents. Additionally,
SCU-100 is highly selective, efficiently capturing TcO,” even in
the presence of a 300-fold excess of competing anions such as
NO;~, SO,>7, CO;*", and PO,*. Moreover, in practical
scenarios, SCU-100 successfully removed up to 87% of TcO,~
from a simulant stream of a Hanford low-activity waste (LAW)
melter off-gas scrubber within a mere 2 h, using a solid/liquid
ratio of S mg mL™". These remarkable characteristics establish
SCU-100 as an exceptionally effective and selective material for
TcO,™ removal in complex environmental contexts (Figure 3a—

4.
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The research group furthered their study on MOF materials,
specifically focusing on SCU-101, a cationic MOF characterized
by its single-crystal nature and the formula [Ni, (tipm),(C,0,)]-
(NO;),2H,0. This material displayed an exceptional ability to
selectively remove TcO,~ ions, efficiently functioning even
amidst high concentrations of NO;~ and SO,*”. Remarkably,
SCU-101 maintained its adsorption capability for TcO,” ions
despite the presence of SO,>~ ions in concentrations up to 6000
times higher than TcO,". Under these conditions, it achieved an
80% removal efficiency for ReO,". The research delved into the
sorption mechanism by examining the single-crystal structure of
SCU-101 with embedded TcO,™ ions, marking a pioneering
instance of a single-crystal structure capturing TcO,~ within a
sorbent. Furthermore, density functional theory (DFT)
geometry optimizations corroborated these findings, revealing
that TcO,” binds at a site formed by two tipm ligands, aligning
with the experimental crystal structure. The sorption isotherm of
SCU-101 for ReO,” closely mirrored the Langmuir model,
indicating a maximum uptake capacity of 217 mg of ReO,™ per
gragl,s 9thus underscoring its effectiveness as a sorbent (Figure
3e,f).”

Building upon the SCU-101 framework, the team introduced
hydrophilic oxalate anions at its nodes, leading to the
development of another MOF, SCU-102, characterized by the
chemical formula Ni,(tipm);(NO;),. SCU-102 stands out due
to the coordination of Ni** ions with six N atoms from distinct
tipm ligands. This MOF demonstrated exceptional performance
in terms of rapid sorption kinetics, boasting a high capacity of
291 mg g, and a significant K. Its most remarkable attribute
lies in its unparalleled selectivity for the uptake of TcO,. The
distinctive selectivity of SCU-102 is attributed to the hydro-
phobic pockets within its structure, leading to an inversion of the
typical Hofmeister bias in selectivity. Notably, the sorption
properties of SCU-102 toward ReO,” remained robust even in
the presence of substantial amounts of competing anions such as
NO;~ and SO,>". Remarkably, SCU-102 achieved an impressive
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Figure 4. (a) 3D framework of ZJU-X6-Tc viewed along the c axis. (b) Schematic of ®TcO," trapped in the 3-fold interlocking structure of ZJU-X6
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reproduced from ref 65. Copyright 2021, Elsevier. (c) Schematic representation of released anions by cationic metal—organic framework during
elimination of ReO,". (d) Photograph of the experimental facility for dynamic sorption toward ReO,". (e) Dynamic sorption and elution curves of
ZJU-X4. Panels c—e are reproduced from ref 66. Copyright 2022, American Chemical Science.

removal efficiency of ReO,”, reaching as high as 98.7%, even
when NO;~ was present at a molar ratio 20 times that of ReO,".
The efficiency remained high at 93.8% even at a NO;/ReO,~
ratio of 100. Furthermore, with SO,>~ at a 6000-fold excess,
SCU-102 still removed nearly all (99.2%) of the ReO,” ions.
These decontamination experiments firmly establish SCU-102
as an optimal Tc adsorbent, showcasing the highest clean-up
efficiency reported up to the publication of this paper.*’
Farha’s team achieved significant progress with NU-1000, a
Zrs-based MOF known for its exceptional adsorption
capabilities for ReO,”, attaining a sorption capacity of 210 mg
g~'. Employing single-crystal X-ray diffraction, they unveiled the
distinctive chelating mode of NU-1000, effectively capturing
ReO,” in both its small pores and mesopores, alongside two
distinct nonchelating modes in each pore type. The large pores
within NU-1000 play a pivotal role in facilitating rapid diffusion,
providing easy access to the Zrg nodes and their substitutionally

203

labile Zr—OH sites. This unique structural feature empowers
NU-1000 to achieve its maximum capacity within a remarkably
short span of 5 min, across various concentrations of ReO,™.
Importantly, NU-1000 can be easily regenerated after ReO,~
adsorption through a simple dilute HCI wash, maintaining an
adsorbing capacity of 1.8 ReO,” ions per node over five cycles.
Remarkably, the presence of competing anions like CI~, Br~, I”,
and NO; barely affects ReO,~ adsorption, with only SO,*~
slightly reducing its effectiveness.’’ In a separate study,
Chernikov and his team focused on removing ReO,” from
groundwater, particularly in weak acid to near-neutral pH
conditions. By anchoring MIL-101-Cr-NO; with cetyltrimethy-
lammonium bromide (CTAB), they created a modified
adsorbent with rapid kinetics, achieving full capacity of 139
mg g~ within 10 min. This efficiency results from a combination
of anion-exchange and non-ion-exchange interactions with
positively charged moieties of CTAB.”” Wang and colleagues
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developed BUC-17, a water-stable MOF utilizing 1,3,5-tris(1-
imidazolyl)benzene and cobalt sulfate (CoSO,). BUC-17,
featuring replaceable SO,>” ions, exhibited a remarkable
sorption capacity of 401.9 mg g~' for ReO,". It demonstrated
exceptional selectivity toward ReO,”, maintaining over 97%
removal efficiency even with a molar ratio of NO; /ReO,~ of
100:1, and over 96% efficiency at a SO,>/ReO,” ratio of
6000:1, validating its efficiency in ReO,~ removal from waste
streams.”’

Xiao’s team synthesized a series of cationic, pyrimidyl-based
MOFs, notable for their positively charged framework and
hydrophobic 1D channels. Among these, ZJU-X11, made from
1,4-di(pyrimidin-S-yl)benzene and AgNO;, demonstrated a
remarkable maximum sorption capacity for ReO,”, reaching 518
mg g~'. This MOF impressively maintained over 80% removal
efficiency for ReO,” with high concentrations of competing
ions, such as 500 molar equivalents of SO,>~ and 100 molar
equivalents of NO;™.** In another innovative endeavor, Xiao
and collaborators developed ZJU-X6, a cationic MOF with a
unique 3-fold interlocking structure, using tetrakis(4-(4-
pyridyl)ethynyl)phenyl)ethene and Ni** nodes. The accessible
Ni** nodes on the ZJU-X6 efficiently capture **TcO,” through
Ni-OTc coordination, as evidenced by Pair Distribution
Function (PDF) analysis and the single-crystal structure of
ZJU-X6-Tec. Its 3-fold interlocking structure, combined with a 6-
coordination mode and replaceable H,O molecules, amplifies
the positive charge density of the framework. This augmentation
contributes to exceptional sorption properties specifically
tailored for **TcO,”, surpassing the capacity of other nickel-
node. Notably, the adsorption of ZJU-X6 for ReO,” is fully
reversible, with the adsorbed ions effectively removable using
NaNO; elution (Figure 4a,b).® Despite these advancements in
TcO,” removal using sorbents, the issue of potential secondary
contamination from exchanged counterions (like NO;~) in
cationic MOFs was underexplored. Addressing this, Xiao’s team
synthesized ZJU-X4, another cationic MOF, but with a key
distinction: it incorporates Cl~ as counterions, potentially
reducing the risk of secondary contamination. The fabrication of
ZJU-X4 involved tris(4-pyridylethynyl)triphenylamine and
NiCl,. Ion chromatography demonstrated a one-to-one
correspondence between the amount of CI™ released and the
target ions absorbed, elucidating the ion-exchange dynamics in
ZJU-X4. Detailed pair distribution function analysis further
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illuminated the structural changes in ZJU-X4 upon ReO,”
absorption, vividly showcasing the underlying anion-exchange
mechanism. ZJU-X4 displayed an uptake capacity of 395 mg g~
for ReO,~, with dynamic sorption experiments indicating that
ReO,” could be effectively and reversibly removed and
recovered using a 3M NaCl solution. This highlights the
potential of ZJU-X4 for practical applications, especially where
efficient and reversible sorption is crucial (Figure 4c—e).*® Luo
and team focused on the impact of ligands on the radionuclide
removal capabilities of thorium-based organic frameworks,
particularly for TcO,”. By employing coordination modulation,
they transitioned from carboxylate (terephthalate acid) to
tetrazolate (4-(tetrazol-5-yl)benzoate) and then to triazolate (4-
(1,2/4-triazol-4-yl)benzoate) linkers, leading to the creation of
Th-MOF-66, Th-MOEF-67, and Th-MOF-68, respectively. Th-
MOF-66 showed low ReO,™ uptake, whereas isoreticular MOFs
Th-MOF-67 and Th-MOF-68 exhibited a substantial increase,
with 36.8-fold and 56-fold enhancements, respectively. In-depth
analysis, including single-crystal structure and theoretical
calculations, indicated that the increased uptake in Th-MOF-
67 was due to coordination interactions, and in Th-MOF-68, it
was a result of both coordination interactions and anion
exchange (Figure 5a,b).%

While the aforementioned certain MOF materials exhibit
stability in neutral environments, the extraction of *TcO,~ from
highly acidic solutions, such as those found in used nuclear fuel,
is crucial not only for the efficient removal of **TcO,” during
PUREX process but also for significantly reducing the
environmental impact of *Tc discharge. Manos and team
developed two zirconium-based MOFs, MOR-1 and MOR-2,
utilizing 2-aminoterephthalic acid and 2-((pyridin-1-ium-2-
ylmethyl)ammonio)terephthalate as organic ligands, respec-
tively. Particularly, MOR-2 demonstrated exceptional sorption
capacities for ReO,~ and TcO,~ anions (up to 4.1 + 0.4 mmol
g™"), setting a new standard for MOF-based sorbents at the time.
This high capacity is attributed to the effective interaction
between the anionic species and the ammonium/pyridinium
sites in the MOF, and the incorporation of these anions into the
Zrg core of MOR-2. Remarkably, MOR-2 maintained its
exceptional sorption efficiency even in highly acidic environ-
ments (1 M HNO;), highlighting its potential for the
remediation of acidic nuclear waste. Moreover, a composite
form of MOR-2, combined with alginic acid (HA), was utilized
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as an ion-exchange column, showcasing its ability to completely
remove ReO,” from water. This composite demonstrated
efficient regenerability and reusability, retaining its initial
sorption capacity through multiple cycles (Figure 5¢).°° In a
separate advancement, a cationic MOF named SCNU-Z1-Cl
was synthesized by reacting bifunctional tripodal ligands
(HDITP = 3,5-di(1H-imidazol-1-yl)phenyl)-2H-tetrazole)
with Ni** ions. Featuring tubular channels, this MOF exhibited
outstanding adsorption performance for various oxo-anion
pollutants, including MnO,~, Cr,0,*7, CrO,*", and ReO,~.%’

Du and collaborators innovatively introduced ion-exchange-
able sites into MOFs through a cutting-edge host—guest
assembly method. This approach entails the in-situ polymer-
ization of ionic monomers within the pore channels of a MOF
host. Specifically, they encapsulated a series of vinyl-function-
alized imidazolium-based ionic liquids into the pores of MIL-
101, followed by in-situ polymerization. The resulting optimized
composite exhibited rapid sorption kinetics (less than 30 s),
remarkable durability over multiple regeneration cycles (exceed-
ing 30 cycles), and outstanding adsorption performance for
TcO,”, even under highly acidic conditions and in simulated
recycle streams. An illustrative example of its effectiveness is
observed in the removal of 74% of ReO,” from a simulated
Hanford LAW melter recycle stream. This advancement not
only expands the application scope of MOFs for radionuclide
sequestration but also provides a versatile blueprint for
designing high-performance composites for sorption applica-
tions (Figure 6).”°

Li and collaborators have successfully developed two highly
durable cationic Zr-MOFs, namely, Zr-tcbp-Me and Zr-tcpp-
Me, showcasing remarkable stability in challenging aqueous
environments. Here, tcbp and tcpp denote 4,4,6,6'-tetracar-
boxy-2,2'-bipyridine and 2,3,5,6-tetrakis(4carboxyphenyl)-
pyrazine, respectively. These MOFs were synthesized through
solvothermal reactions, followed by postsynthetic N-methyl-
ation of the tetracarboxylic ligands. Remarkably, these MOFs
demonstrated exceptional stability, enduring 3 days in 6 M HCI
and 24 h in pH 13 NaOH solutions, as confirmed by their
powder X-ray diffraction (PXRD) patterns. Their uptake
capacities for ReO,~ are noteworthy, with Zr-tcbp-Me and Zr-
tcpp-Me achieving 128 and 121 mg g™, respectively,
approximating 76% and 99% of their theoretical capacities.
This efficiency is attributed to the preferential binding of the
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relatively soft anion ReO,” to the soft N*—CHj cationic centers
in the MOFs, an interpretation supported by the Pearson hard/
soft acid/base theory.”"

Cationic pyridine and imidazolium rings often face challenges
with alkaline stability, becoming susceptible to nucleophilic
attacks by OH™ ions in alkaline environments, which can lead to
ring-opening reactions. This issue is particularly significant in
contexts like the treatment of legacy defense waste at the SRS.
Addressing this, Wang and his team developed SCU-103, a 2D
cationic MOF that demonstrates remarkable resilience in
alkaline conditions. SCU-103 is constructed using a tridentate
N ligand, tris[4-(1H-imidazol-1-yl)phenyl]amine (tipa), and
Ni** jons. It showcases superior radiation resistance and
hydrolytic stability, attributed to the steric crowding at the
metal centers and the encapsulation within concave—convex
layers by the nonplanar tipa ligands. The extensive conjugated
structure of tipa also helps stabilize radiation-induced radicals,
enhancing its resistance to H,O, OH™, and radiation. Its stability
was confirmed through unaltered PXRD patterns after being
subjected to pH levels from 3 to 14 and f and y radiation of 100
and 200 kGy, respectively. SCU-103 is not only stable but also
efficient in contaminant removal. It can eliminate approximately
92% of ®TcO,” within 30 s, and over 95% within 5 min, at a
molar ratio of about 6:1 (SCU-103 to **TcO,"). This removal
process is driven by chemical adsorption and fits a pseudo-
second-order kinetic model. SCU-103 also possesses a high
uptake capacity, with a maximum anion-exchange capacity of
318 + 8 mg g™, as determined by fitting its sorption isotherm to
the Langmuir model. SCU-103 displays remarkable selectivity
and affinity for ReO,~/**TcO,” ions, even in environments with
a high concentration of competing anions like NO; ™ or SO,*".
Its removal efficiency remains above 97% for NO;™ to ReO,”
molar ratios ranging from 1:1 to 20:1. Impressively, SCU-103
still captures over 88% of ReO,™ ions even at a 100:1 molar ratio.
In settings with a 6000-fold excess of SO,>~, SCU-103 maintains
high ReO,” removal efficacy (82%). Furthermore, SCU-103
exhibits an impressive removal efficiency of over 99% for ReO,,~
(200 ppm) in solid—liquid ratios of 10 mg mL ™" and above, at a
pH level of 14. These promising findings prompted testing SCU-
103 for the removal of **TcO,” from real SRS tank waste with
1.88 M OH™, 1.82 M NO,;", 0.489 M NO, ™, 0.04 M SO,*”, and
0.24 M CO,*", alongside various radionuclides like '*’Cs, *°Sr,
28py, and *Tc. With a phase ratio of 40 mg mL™', SCU-103

https://doi.org/10.1021/cbe.3c00125
Chem Bio Eng. 2024, 1, 199—222


https://pubs.acs.org/doi/10.1021/cbe.3c00125?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00125?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00125?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00125?fig=fig6&ref=pdf
pubs.acs.org/ChemBioEng?ref=pdf
https://doi.org/10.1021/cbe.3c00125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chem & Bio Engineering

pubs.acs.org/ChemBioEng

REVIE

E=-174.77 kJ mol"

E= -20.87 kJ mol!

E= 357.82 kJ mol"

Figure 7. Optimized structures of the Mn-MOF fragment binding with different anions and the corresponding binding energies. Reproduced from ref

74. Copyright 2022, The Authors.

successfully removed 90% of the **TcO,” from the solution
within 3 h. This achievement is groundbreaking, marking the
first successful testing of a MOF material under genuinely
challenging conditions encompassing high alkalinity, ionic
strength, and strong radiation. These results highlight SCU-
103 as an alkaline-stable cationic MOF excelling in capturing
#TcO,” in real SRS high-level waste (HLW) scenarios,
potentially addressing long-standing issues in legacy waste
partitioning. This study introduces a new paradigm for designing
adsorbents, opening avenues for future nuclear waste
remediation.””

Xiao and colleagues engineered a cationic MOF, Ag-TPPE,
notable for its exceptional alkaline resistance. This MOF is
synthesized by assembling 1,1,2,2-tetrakis(4-pyridylphenyl)-
ethylene (TPPE) with Ag" ions. A significant feature of Ag-
TPPE is its rapid, room-temperature synthesis, achievable
through stirring or sonication. Its step-by-step process enables
immediate crystal formation, even under direct mixing
conditions. Ag-TPPE demonstrates remarkable stability, retain-
ing its crystallinity and structural integrity even under the harsh
conditions of strong bases (8 M) and considerable radiation
exposure. The ReO,” uptake capacity of Ag-TPPE is high,
reaching 251 mg g~' as per the Langmuir model. In dynamic
sorption experiments, a column containing 100 mg of Ag-TPPE
and excess quartz effectively removed over 99.97% of ReO,~
from a 400 mL solution with 30 ppm ReO,”, lowering the
concentration to under 10 ppb. DFT calculations suggest that
TcO, is stabilized in a large cavity of Ag-TPPE through dense
hydrogen bonds, demonstrating the selectivity of the MOF. Ag-
TPPE maintains over 64% ReO,~ removal efficiency even with a
5000-fold excess of NO;™. Additionally, it showed significant
efficiency in removing ReO,” from a simulated SRS waste
solution, with a 37% removal rate at a 1:1 solid/liquid ratio,
which can be increased to up to 90% at a 10:1 ratio. This
efficiency represents a new standard in sorbent performance for
extracting TcO,” in highly alkaline and high ionic strength
conditions.””

In a different study, Qiu et al. developed a MOF material
named Mn-MOF, tailored for stability in highly alkaline nuclear
fuel solutions. Their approach involved incorporating halogens
into a 2D MOF composed of tipa and manganese chloride
(MnCl,). This MOF is characterized by abundant Mn—Cl
bonds and orderly hydrophobic pore channels, conferring high
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resistance to OH™ attack and a tendency to adsorb hydrophobic
ReQ,” ions. Mn-MOF demonstrates exceptional selectivity for
ReO,”, even with high concentrations of NO;~ and SO,*". For
instance, Mn-MOF achieved up to 68% removal of ReO,”, even
when the molar ratio of NO; /ReO,” reaches 500.
Furthermore, it maintained a 64.0% removal efficiency when
the concentration of SO,2~ was 1000 times that of ReO,™.
Notably, Mn-MOF also showed remarkable effectiveness in
removing ReO,~ from strongly basic solutions (1.3 M NaOH),
achieving a removal efficiency of 67% with a phase ratio of 10
(Figure 7).”*

Subsequently, the same research group developed two
isostructural MOFs, NCU-3-Cl and NCU-3-Br, demonstrating
resistance to alkaline conditions. These MOFs are synthesized
by combining ZnX, with tipa. Their findings indicated that the
type of halogen atom in the MOF structure significantly
influences its adsorption capabilities for ReO,”/TcO,~. NCU-3-
Br, in particular, stands out for its superior adsorption
performance, attributed to the lower electronegativity of Br
atoms, which enhances the formation of s-holes. As a result,
NCU-3-Br shows an adsorption capacity of 483 mg g~', which is
more than double that of NCU-3-Cl. In 1 M NaOH solutions,
NCU-3-Br is remarkably efficient at removing ReO, . At a phase
ratio of 5 mg mL™}, it removes about 92.1% of ReO,~, and this
efficiency significantly increases to 98.8% when the phase ratio is
raised to 10 mg mL™". These results underline the potential of
NCU-3-Br as an effective sorbent for ReO,” in alkaline
conditions.”

Monitoring ReO,~/TcO,” concentrations in environmental
water samples is essential for effective adsorption and removal
strategies. To address this, Qiu and collaborators have
developed NCU-2, a cationic fluorescent MOF, using a novel
interpenetration method. This framework is constructed from a
flexible tridentate N-containing ligand, tris[4-(1H-imidazole-1-
yl)phenyl]amine, combined with Ag* ions. NCU-2 is notable for
its complex 14-fold interpenetrated structure, which ensures
excellent chemical stability even in acidic environments like 0.5
M HNO:;. A significant feature of NCU-2 is its abundance of
unsaturated Ag metal sites, strategically located along the 1D
pore channels. These sites enhance positive charge density of the
framework and facilitate the rapid movement of guest molecules,
increasing their interactions within the framework. This
attribute makes NCU-2 particularly effective in targeting
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Figure 8. Molecular structures of the monomers used in constructing the COFs discussed in this Review.

ReO,”. Upon encountering ReO,”, NCU-2 forms a non-
fluorescent complex, leading to a substantial quenching of its
fluorescence signal. This response is utilized in the sensitive
detection of ReO,”, as demonstrated in simulated Hanford
waste, where NCU-2 showcases a linear detection range of 0.2—
200 #M and a remarkably low detection limit of 66.7 nM.
Furthermore, NCU-2 displays a high ReO,~ uptake capacity,
measured at 541 mg g~', along with rapid sorption kinetics.
These characteristics make NCU-2 a highly promising material
for applications in waste monitoring and emergency remedia-
tion, especially for trace-level detection and quantification of
ReO,” in challenging environments.”®

B COF-BASED SORBENTS

COFs are materials composed of 2D or 3D networks formed
through reactions between organic precursors. These reactions
result in strong covalent bonds, yielding porous, stable, and
crystalline structures. COFs have comparable advantages to
MOFs in terms of structure—property design. Despite typically
exhibiting more limited long-range order compared to MOFs,
the creation of single-crystalline COFs has been achieved in
certain cases. The molecular structures of the monomers used in
constructing the COFs and the structures of the resulting COFs
discussed in this Review are illustrated in Figures 8 and 9. Ghosh
and colleagues have ingeniously designed a novel hybrid
material for anion exchange. This material incorporates
nanosized cationic metal—organic polyhedra (MOPs, denoted
as {{Cp;Zr;0(OH),],(NH,-BDC)}-Cl,) within a COF frame-
work. The COF is constructed using 1,3,5-triformylphloroglu-
cinol (Tp) and p-phenylenediamine, which are chosen
specifically for their ability to create sorption sites targeting
toxic oxoanions. The synthesized hybrid material demonstrates
exceptional performance in the rapid and selective removal of
various toxic oxoanions, including ReO,”. It is particularly
effective in environments with a high concentration of other
interfering anions, showing an ability to reduce the concen-
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tration of the toxic oxoanions to levels well below the limits
permissible in drinking water (Figure 10).”7

Shi and their research team have innovated a postsynthetic
grafting method that employs ionizing radiation to attach an
imidazolium-based ionic liquid, specifically 1-vinyl-3-ethyl-
imidazolium bromide (C,vimBr), to a vinyl-rich COF, known
as TbDa-COF. The resulting products are labeled as
[C,vimBr],q,-TbDa-COF, where x% indicates the grafting
yield. The team has adeptly utilized y-ray radiation to precisely
control the integration of charged imidazolium groups within
the COF structure. The precise control employed significantly
amplifies the capacity of the COF for ReO,” uptake, achieving
an impressive 952 mg g~' with notable features such as high
selectivity and rapid absorption kinetics. The exceptional
porosity and nanofiber architecture of the sorbent contribute
to its high effectiveness, particularly evident in dynamic column
experiments. In these tests, the COF efficiently removes over
99.98% of ReO, /TcO,” from solutions, reducing their
concentration to below 0.8 ppb—far lower than the maximum
permissible limit of World Health Organization for heavy metal
ions in drinking water. Remarkably, the performance of the COF
remains consistent even after four adsorption—desorption
cycles, maintaining high efficiency when regenerated with a 1
M KBr solution. These attributes underscore the potential of
[C,vimBr],o-TbDa-COF in practical applications, especially for
extrz;gting TcO,” from environmental and nuclear waste (Figure
11).

Additionally, the team extended their y radiation modification
technique to develop a unique 3D COF with a super-
hydrophobic phosphonium-containing coating, named
3DCOF-g-VBPPh;Cl. This innovative approach significantly
boosts the capacity of the COF to attract less hydrophilic and
charge-dispersed anionic pollutants like TcO,~. It addresses the
limitations typically associated with cationic frameworks and
mitigates the Hofmeister bias. The modified 3D COF
demonstrates a strong affinity for the oxoanion TcO,~ due to
its carefully regulated surface hydrophobicity, illustrating its

https://doi.org/10.1021/cbe.3c00125
Chem Bio Eng. 2024, 1, 199—222


https://pubs.acs.org/doi/10.1021/cbe.3c00125?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00125?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00125?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00125?fig=fig8&ref=pdf
pubs.acs.org/ChemBioEng?ref=pdf
https://doi.org/10.1021/cbe.3c00125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chem & Bio Engineering

REVIE

pubs.acs.org/ChemBioEng

TAPM-PZI TFPM-PZI ( 3D COF
. O NN
O HN,
BRL e 2L ) T * e S o
] ) H HN
' i, ‘I)& - o 5 o IN: Ho. O t%o
eﬂgium - e"”i‘/o i - © o L
R DhaTGCI a . o) e TG-TPAL-OMe % H . W COF M S oH Tp-BDOH »
e oH N?};Ou 5 o” um"0= @ ogihge o 'NHo O
» Yy ) P HN, . OH
4 <)’ ” A
Cﬂe g’l’:\\rn.u’ LOH NNJII OH
HN' N :.m"'n)b}:u%e
HN._
®
< .
o
1) i 0 O Ni\@
II >
0 [ A
® & N
g
g ' A
1S "
) ThDp-COF § RASE TbDa-COF eV 9 "') BDBI-TMT N
(.4 B b ®
¢ ® o B \
N ) X
NS\
O O Z 7 i
8
- A
Q 3 I e, \ =y I
ECRRSVN: pad < :
«C?\,N o 'N . ? AV 2~
® S :
Q@ o '
AN g
2 O L,
ol 8 C'e|/ i e NA "enl\ ’:"e —o\
@ A IS ce ue@m oA LW = o W@Nme
N o HN
@ Q) J o)
O O e e N o
N O W me@w
N = .
é PN S _;
o
|N? A cle \@ we O
f PS-COF-1 % o SCU-COF-1
% o A
of § WA e o
@cle el o o ”"@N P (%)
I'e >, AN cneo’u’
N’ —
5 e * :
cf (1
O O NH. cl (:)—N = 2
QN ~) 2z N’©/\ L U 0
: e oq S
2N ’|
NS,
I Nv@ .
N, O O
®
Q

Figure 9. Chemical structures of the COFs discussed in this Review.

potential in advanced environmental remediation applications.

The 3DCOF-g-VBPPh,Cl

testing in both tap water and simulated groundwater,

material has undergone thorough
of up to 99.995%, setting a new benchmark with a K4 of 1.0 X 10°
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showcasing its remarkable ability to sequester contaminants.
These tests have demonstrated an exceptional removal efficiency
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mL g~". This material exhibits a notable selectivity for TcO,", TcO,”, which pose a substantial risk to groundwater, aquatic
effectively distinguishing it from other common anions such as ecosystems, and human health. The effectiveness of 3DCOF-g-
Cl7, NO;~, and SO,*". To evaluate its performance against a VBPPh;Cl was further confirmed in simulated Beishan ground-
backdrop of competing anions, the sorption of ReO,” was water spiked with ReO,~, where it achieved removal efficiencies
examined under high concentrations of NO;~, $O,*, and between 94.2% and 98.4% for various initial Re concentrations,
PO,’". Impressively, even when faced with challenging despite the presence of other anions in much higher
concentration ratios with NO,”/Re0,”, SO, /Re0,”, and concentrations. This evidence underscores the potential of this
PO, /ReO,” at 100:1, 6000:1, and 6000:1, respectively, the material for practical application, especially for selectively
material maintained high removal rates of 80.7%, 93.9%, and removing TcO,” from contaminated water sources. The
92.5%, respectively. This performance is particularly significant adsorption kinetics of 3DCOF-g-VBPPh;Cl were also rigorously
considering the high solubility and environmental mobility of tested using simulated Beishan groundwater containing 12.5
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Figure 12. (a) Synthesis of SCU-COF-1. (b) Expanded R3 symmetric unit cell matching with the ABC-staggered stacking model (red for layer A, green
for layer B, and blue for layer C). (c) Electrostatic potential distribution mapping of SCU-COF-1. (d) Top view and side view of SCU-COF-1 (chloride
ions and hydrogen atoms omitted for clarity). (e) Experimental PXRD pattern of SCU-COF-1 (red line), Pawley refined pattern (black dots),
difference curve between experimental and refined pattern (green line), AA-eclipsed pattern (orange line), AB-staggered pattern (purple line), and
ABC-staggered pattern (blue line). Binding energies of CI™ and **TcO,~ with SCU-COF-1. (f) CI” residence probability distribution within SCU-
COF-1 in the control simulations (left) and the most preferential binding configuration of CI~ to SCU-COF-1 (right top). The **TcO,~ binding
configuration yielded by substituting C1~ with *TcO," (right bottom). (g) Binding energies of Cl~ (green) and **TcO,~ (red) with SCU-COF-1 by
computing their potential of mean force (PMF) profiles moving from their binding sites to the bulk water. The inset figure displays the reaction
coordinate in the PMF calculation. Reproduced from ref 82. Copyright 2019, Royal Society of Chemistry.

ppm TcO, . During these experiments, the adsorbent was
agitated with the solution at 180 rpm, leading to an exceptionally
rapid equilibrium achievement within S min. This quick
equilibrium facilitated the successful capture of 98.2% of the
TcO,”, highlighting the suitability of the sorbent for environ-
mental remediation tasks. The efficiency and speed observed
underscore the potential of 3DCOF-g-VBPPh;Cl for environ-
mental remediation applications, especially in situations
requiring prompt and effective removal of contaminants.””
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While the efficient capture of TcO,” from natural water
samples using COF materials shows promise, several advance-
ments in COF technology have also been made for the recovery
of TcO,™ from nuclear-related wastes. One such example is the
work by Yan and his team, who have developed a unique cationic
COF, named DhaT G, designed specifically for TcO,~ capture.
This material was synthesized using a Schiff reaction between
triaminoguanidinium chloride (TGg) and 2,5-dihydroxyter-
ephthalaldehyde (Dha). The novel DhaT G, material uniquely
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combines cationic guanidine moieties with hydroxyl-anchored
edge units and loosely bonded CI™ ions within its porous
structure. This distinctive design allows for rapid ion-exchange
kinetics, which is especially effective for ReO,” adsorption,
leading to an impressive sorption capacity of 437 mg g~' and a
remarkable K of 5.0 X 10° mL g~". The blend of cationic sites,
hydrogen bonding, and hydrophobic 1D channels embedded
within DhaT G allows for the removal of ReO,” across a wide
pH range (3—12). Interestingly, the material showcases selective
capture of ReO,” even with excess of NO; . It effectively
removes roughly 73% of ReO,” from complex simulated
Hanford LAW stream samples.”’ Similarly, Xia and his team
have made strides in COF development through the synthesis of
cationic guanidine-based COFs named TG-TPAL-H and TG-
TPAL-OMe. These were created by coupling TG with
terephthalaldehyde and 2,5-dimethoxyterephthalaldehyde, re-
spectively. Notably, the electron-donating methoxy group
present in TG-TPAL-OMe modifies the properties of the
COF by decreasing the positive charge density of the guanidine
groups. Thus, TG-TPAL-H demonstrates superior sorption
efficiency compared to TG-TPAL-OMe, as evident by its
increased uptake capacity (549 vs. 317 mg g~') and distribution
coefficient (1.17 X 10° vs. 6.9 x 10* mL g~*)."!

Wang and his team have developed SCU-COF-1, a novel 2D
viologen-based ionic COF. This COF is synthesized via the
condensation of an aminated viologen with Tp, resulting in a
material with standout features. These include ultra-high acid
stability, resilience against high-dose irradiation, and exceptional
#TcO,” sorption capabilities, characterized by rapid sorption
kinetics (equilibrium achieved within 1 min) and an
extraordinary uptake capacity of 702.4 mg g~ for ReO, .
SCU-COF-1 proves highly effective in separating **TcO,” from
both simulated highly acidic fuel reprocessing solutions (such as
3 M HNO;) and LAW streams from U.S. legacy nuclear sites. In
specific tests, like in a simulated Hanford LAW melter recycle
stream laden with high concentrations of CI7, NO,™, and NO;~,
which are at least 300 times more abundant than **TcO,~, SCU-
COF-1 demonstrated notable removal efficiencies: 20.9% at a
phase ratio of 1, and 62.8% at a ratio of S. Furthermore, under
conditions simulating real used fuel reprocessing (253 ppm
ReO,” in a 3 M HNO; solution), SCU-COF-1 successfully
removed 52.3% of ReO,™ at a solid—liquid ratio of 1:40. These
results highlight potential of SCU-COF-1 in **Tc separation
during early stages of used fuel reprocessing, even before the
PUREX process (Figure 12).** In another development, Qiu
and colleagues synthesized a 3D COF, named TFAM-BDNP,
using the Zincke reaction. TEAM-BDNP is notable for its high
adsorption capacity of 998 mg g~' and a rapid-exchange kinetic
rate of 60 s for ReO,”. The effectiveness of this material is
ascribed to its hydrophobic channels, a plethora of binding sites,
and high stability. Remarkably, TFAM-BDNP maintains strong
adsorption performance for ReO,~ even with a significant excess
of competing anions, effectively functioning across a wide pH
range from 2 to 12. In tests using simulated Hanford LAW
samples, the 3D COF TFAM-BDNP displayed remarkable
efficiency in removing ReO,”, achieving a 73% removal rate
even when faced with a concentration of SO, that was 6000
times greater than that of ReO,”. This result underscores the
robustness and effectiveness of TFAM-BDNP in handling
challenging environmental conditions.** In parallel, Wang and
his team introduced another innovative material, a 2D viologen
COF named PS-COF-1. This COF was synthesized by
condensing 1,1’-bis(4-formylphenyl)-4,4’-bipyridinium with
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1,3,5-tris(4-aminophenyl)benzene. PS-COF-1 stands out due
to its exceptionally high BET area of 2703 m* g”' and a pore size
of 4.5 nm, which contribute to its impressive adsorption capacity
of 1262 mg g™'. A significant feature of PS-COF-1 is its
capability to rapidly purify ReO, /**TcO,” contaminated
potable water, reducing concentrations from 10 ppb to 1 ppm
to safe drinking water levels within 10 min. This demonstrates
the potential of PS-COF-1 for use in water purification
applications, addressing critical environmental and health
concerns.

Du and collaborators developed a composite material, bis-
PCs@TbDp-COF, using a host—guest assembly method. This
process involved in-situ polymerizing vinyl-functionalized ionic
monomers within the pore channels of a COF. The material
displayed remarkable efficiency in removing ReO,”, achieving
93% removal at a phase ratio of 20 g L™" from a 1 M NaOH
solution and an adsorption capacity of 2.33 mg g~". Increasing
the solid/liquid ratio to 40 enhanced the removal efficiency to
96% in the highly alkaline solution, though the uptake capacity
dropped to 1.20 mg g™". The researchers then tested bis-PC;@
TbDp-COF in a simulated stream mimicking the SRS HLW,
which contains high levels of various ions and 7.92 X 107> M
TcO,". In this complex mixture, bis-PCs@TbDp-COF retained
about 33% of its ReO,” removal capacity at a phase ratio of 40,
but its uptake capacity decreased due to the nucleophilic attacks
on some imidazolium groups within the material by OH™ ions in
the SRS stream.”*

In another study, Qiu and colleagues created an innovative
olefin-linked cationic COF, BDBI-TMT, by condensing 2,4,6-
trimethyl-1,3,5-triazine (TMT) with $,6-bis(4-formylbenzyl)-
1,3-dimethylbenzimidazolinium bromide (BDBI). This material
demonstrated exceptional stability under various extreme
conditions. It maintained its PXRD patterns and infrared (IR)
spectra even after exposure to 6.0 M NaOH, HC], or HNO; and
600 kGy of f- and y-ray irradiation for 3 days. The impressive
efficiency of BDBI-TMT in ion exchange with ReO,”, resulting
in a capacity of 726 mg g~', can be attributed largely to the
abundant and meticulously designed imidazolium moieties
strategically positioned on the highly accessible pore walls. The
introduction of a highly conjugated, bulky alkyl structure into
the framework enhances both its hydrophobicity and chemical
stability. This structural innovation significantly increases the
affinity of BDBI-TMT for ReO,”/TcO,”, enabling selective and
reversible adsorption of these radioactive ions under harsh
conditions. In a simulated Hanford LAW stream, containing,
NO,™, NO;7, and CI” at concentrations over 300-fold greater
than TcO,~, BDBI-TMT showed remarkable efficiency. Under
comparable experimental conditions, BDBI-TMT was able to
removal 89.1% of ReO,~ from the waste at a phase ratio of §,
demonstratin§ its potential for effective radioactive waste
management. ¢

Additionally, the research team pioneered an innovative
approach to fabricate ionic 3D sp’ carbon-linked COFs,
specifically known as TAPM-PZI and TFPM-PZI. This method
entailed an acid-catalyzed Aldol condensation process between
1,2,5-trimethylpyrazin-1-ium iodide (PZI) and tetra(4-
formylphenyl)methane (TFPM) or 1,3,5,7-tetrakis(4-
aldophenyl)adamantane (TAPM), respectively. Both COFs
exhibited classic type I isotherms, confirming their microporous
nature, with BET surface areas of 598.3 m? g_1 for TAPM-PZI
and 501.6 m*> ¢! for TFPM-PZL They showed exceptional
chemical stability, maintaining crystallinity even in extreme
conditions of 6 M NaOH and 6 M HCI. The unique, highly
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Figure 13. Molecular structures of the monomers used in constructing the POPs discussed in this Review.

symmetrical 3D building blocks in these COFs distribute
positive charges evenly, making them highly effective for the
rapid removal of ReO,”/TcO,". Specifically, TFPM-PZI in its
chloride form (TFPM-PZ-Cl), achieved through ion exchange
from I” to CI7, displayed a notable adsorption capacity of 542.3
mg g~". In a simulated Hanford LAW scrubber solution, TFPM-
PZ-Cl displayed an impressive 86.4% removal efficiency for
ReO,” at a phase ratio of S mg mL™'. Remarkably, after
undergoing column adsorption, the ReO,~ concentration in the
solution was dropped to approximately 10 ppb, achieving an
exceptional 99.99% removal rate. This performance highlights
TFPM-PZ-Cl as a highly efficient material for extracting ReO,™/
TcO,~ from industrial wastewater, showcasing its potential for
practical applications in waste management.87

In another significant advancement, the research team
developed an ionic COF characterized by an extremely rapid
fluorescence response (within 2 s) and outstanding selectivity
toward ReO,”. This COF was fabricated through the
condensation of Tp and 3,3'-dihydroxybenzidine and sub-
sequently modified postsynthetically with (2-bromoethyl)-
trimethylammonium bromide. The fast adsorption kinetics of
this material can be ascribed to several key factors. Firstly, its
abundant ionic sites facilitate efficient interactions with ReO,™.
Additionally, the COF features regular hydrophobic pore
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channels that accelerate the rapid diffusion and adsorption of
target ions. Moreover, enhanced intramolecular charge transfer
in the material boosts its adsorption capabilities and selectivity.
The adsorption kinetics of this ionic COF are particularly
notable, achieving equilibrium in 3 min. This rapid attainment of
equilibrium, combined with a high adsorption capacity of 439
mg ¢' and a low detection limit of 1.04 uM, underscores the
potential of this material for the detection and removal of
#Tc0,”/Re0,” under realistic conditions. Overall, the ultrafast
fluorescence response, exceptional selectivity, and impressive
adsorption properties of this ionic COF suggest its significant
potential for applications in the detection and recovery of
#Tc0,”/ReQ,” in various real-world scenarios.*®

B AMORPHOUS POP-BASED SORBENTS

The programming of structure and composition in materials is
not limited to ordered crystalline solids; it is also achievable in
various amorphous porous polymers through a modular
approach. In some instances, the characteristics of these
materials are primarily determined by their molecular repeat
units, allowing for the functional programming of these materials
without necessitating long-range structural order. POPs are a
notable example of such materials. They are a diverse class of
multidimensional porous organic materials, formed through
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Chem Bio Eng. 2024, 1, 199—222


https://pubs.acs.org/doi/10.1021/cbe.3c00125?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00125?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00125?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00125?fig=fig13&ref=pdf
pubs.acs.org/ChemBioEng?ref=pdf
https://doi.org/10.1021/cbe.3c00125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chem & Bio Engineering

pubs.acs.org/ChemBioEng

@ 2 e S
NG © e ™
3 AU & o2
N - S ~ ¢
o M\~ o M \'“,\:‘NO ['"/\3‘ 9
I cl 0{“_’7 g ) X P - ® )
¢ © e W
=, o 5
SCU-CPN-2 PMV3m-CI iCOP-1
Bre "::2 B’e ,!'::‘) <]
; By ols m? ¥ \N’©
- F o - Br " © r )
/—u’\;‘ Br f'"a B @,N\ z ng\
- Q - 0
F Ng esv N\SO
are <‘—N Br L n\__~
DVB-2CgVEIMBr iCOP-2 iCOP-3 TAPy1
P N
i) o o %’ - e
) o '\©\r Y@r& W
N\/(:) O . 3 z@ |N‘ NN
@ S °© O z N NN
Br N>
. o
@ 8 o &
® Ny
N= -
D
TAPy2 iPOP-3
ey
N=
@
N@ Br N
@
® a2 j
4 -
L on Se P O;\,'}‘,@ @N,\\e
A -
A -
ImPOP-1 ImCOP
o o C .
® ‘N F
)
O @ LY
3 ° [ -
- Br
SCU-CPN-4 CPN-tpm TBPM-Fpz
Figure 14. continued
213

https://doi.org/10.1021/cbe.3c00125
Chem Bio Eng. 2024, 1, 199—222


https://pubs.acs.org/doi/10.1021/cbe.3c00125?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00125?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00125?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00125?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00125?fig=fig14&ref=pdf
pubs.acs.org/ChemBioEng?ref=pdf
https://doi.org/10.1021/cbe.3c00125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chem & Bio Engineering

pubs.acs.org/ChemBioEng

REVIE

TMP-TBPM

}
oG

-
N
VBCOP
o
% Br
= Y
N;u—@-u,
o \® 2 oA
Bre ; o\
< o Q
& 8
N—  Br
™ o !
@N Br
o N
)ﬁ% ° Js
N N
8 &N @
N
N © ) I,
k\jé » : N 8®
= /3N
pedoRage
® o
1 Br
TBT-TCB

SCU-CPN-1-Br

z N
N \I Nalu
L Z '.L‘N

o

QUST-iPOP-1
Br. Br
")—u \LN/}?I e

TrDCPN

Figure 14. Chemical structures of the POPs discussed in this Review.

robust covalent bonds between a variety of organic building
blocks. These building blocks differ in geometry and topology,
making POPs an increasingly researched and versatile class of
porous materials. POPs share similarities with MOFs in several
aspects, such as their predictable synthesis, customizable pore

features, and capability to target specific environmental
pollutants. A distinctive advantage of POPs over many MOFs
is their exceptional hydrolytic stability, even under extremely
acidic or basic conditions. The molecular structures of the
monomers used in constructing the POPs and the structures of
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the resulting POPs discussed in this Review are illustrated in
Figures 13 and 14.

Wang and team have made significant strides in this field with
the introduction of SCU-CPN-1-Br, a cationic porous organic
polymer. This polymer is synthesized by quaternizing 1,4-
bis(bromomethyl)benzene (BBB) with 1,1,2,2-tetrakis(4-(imi-
dazolyl-4-yl)phenyl)ethene (TIPE). A notable feature of SCU-
CPN-1-Br is its remarkable resilience to high-energy ionizing
radiation, making it a prime candidate for applications in nuclear
fuel reprocessing and waste management. Remarkably, SCU-
CPN-1-Br retains its sorption capacity of 876 mg ReO,” per
gram even after exposure to 1000 kGy of - or y-rays. This is in
stark contrast to conventional commercial resins, which show a
30% reduction in sorption capacity under similar conditions,
thereby underscoring their limitations in handling used nuclear
fuel. In specific experiments aimed at isolating ReO,~ from a3 M
HNO; solution, SCU-CPN-1-Br demonstrated its efficacy. At a
phase ratio of 20, it was able to remove around 40% of ReO,",
and at a ratio of 90, comparable to the conditions in a
chromatographic column, it achieved a removal rate of 76% of
the available ReO,”. This performance highlights the potential
of SCU-CPN-1-Br in practical applications related to environ-
mental remediation and nuclear waste management. This
underscores the preference of SCU-CPN-1-Br for ReO,”/
TcO,~ over NO;™, a critical aspect in eliminating TcO,~ from
reprocessed used nuclear fuel prior to the PUREX process. SCU-
CPN-1 demonstrated a remarkable ability to selectively capture
TcO, in the Hanford LAW stream. Specifically, at a solid/liquid
ratio of §, it successfully sequestered nearly 90% of the available
TcO,~ from the waste. This impressive performance under-
scores the potential of SCU-CPN-1 in nuclear industry
applications.*”

215

In environments with high ion concentrations, particularly in
the context of removing TcO,~ from groundwater sources and
legacy tank waste, the sorbents must possess a high enthalpy of
adsorption specific to TcO,. A strategy that integrates multiple
cooperative functionalities within a single material has proven
effective in ensuring high affinity. Ma et al. tackled this challenge
by designing porous adsorbent materials made entirely of
functional moieties, thereby maximizing the density of accessible
anion-exchange sites in the nanotraps. This research, utilizing
pyridinium as the cationic building unit, demonstrated that
modifying the local environment around the positive site
significantly enhances its affinity for TcO, . These materials
showed excellent radiation resistance and chemical stability,
making them suitable for diverse challenging conditions. One
particularly effective material, PQA-pN(Me),Py-Cl, featuring 4-
(dimethylamino)-1-methylpyridin-1-ium chloride moieties,
showcased an impressive ReO,” sorption capacity of 1127 mg
g '. It demonstrated unparalleled extraction efficiency in
scenarios relevant to used fuel reprocessing and legacy nuclear
wastes. For instance, PQA-pN(Me),Py-Cl extracted ~70% of
ReO,” from an HNOj; aqueous solution with a molar ratio of
NO, /ReO,” of 1875 at a solid/liquid ratio of 50 mL g™". Ata
reduced phase ratio of 20 mL g/, it removed 90% of ReO,".
This material also exhibited selective extraction of TcO,~ from
simulated Hanford LAW streams. At a phase ratio of 200 mL g™,
PQA-pN(Me),Py-Cl efficiently separated ~95% of TcO, ™. The
potential of PQA-pN(Me),Py-Cl for decontaminating TcO,~ at
the SRS, where the solution is highly basic, and TcO,™ is
outnumbered by other anions by over 70,000 times, was also
investigated. The experiment revealed that at a phase ratio of
100 mL g™, PQA-pN(Me),Py-Cl successfully extracted
approximately 80% of available TcO,™. This level of selectivity
is unmatched in current studies, underscoring its potential for
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Figure 16. (a) Optimized sorption geometries of [M1]* with ReO,”, NO;~, and Cl™. Reproduced from ref 99. Copyright 2022, American Chemical
Society. (b) Illustration of designing the cationic key structural fragment of a task-specific CPNs. Reproduced from ref 104. Copyright 2021, American
Chemical Society. (c) Adsorption kinetics simulation of ReO,”. Time series snapshot showing the adsorption process in TBPM-Fpz and TBPM-Pz.

Reproduced from ref 108. Copyright 2023, Elsevier.

practical use in nuclear waste cleanup. The exceptional
performance of PQA-pN(Me),Py-Cl is primarily attributed to
the electron-donating properties of the dimethylamino group,
which promotes the formation of kinetically labile complexes,
enhancing rapid ion exchange. This discovery holds significance,
as ion-exchange mechanisms are often consistent across
different sequestration processes, suggesting the broader
applicability of these findings.”

In parallel work, Han and their team developed ImPOP-1, a
cationic porous polymer based on imidazolium. Their research
used ReO,” and recorded an adsorption capacity of 610 mg g~*
for ReO,”.”" Another notable study by Xia and colleagues
describes a viologen-based cationic polymer (VBCOP),
synthesized via the Zincke reaction involving 1,4,7,10-tetra(4-
aminobenzyl)-1,4,7,10-tetraazacyclododecane and 4,4’-bipyri-
dine. Its design features numerous anion-exchange sites
provided by viologen groups, effective for TcO, /ReO,”
adsorption. The incorporation of flexible tetraaza macrocycle
knots in the polymer is thought to form coordinate complexes
with low-valent Tc/Re, facilitating adsorption primarily through
ion exchange. Furthermore, the inclusion of a flexible tetraaza
macrocycle ligand in VBCOP boosts its capacity for capturing
ReO,”. VBCOP, therefore, shows potential for remediating
different valent of Tc species in nuclear wastewater treatment
(Figure 15a).”

In 2021, Wang and their team developed a novel cationic
polymer network material, SCU-CPN-2, through a detailed
process involving precursor screening and structure prediction.
SCU-CPN-2, synthesized using 1,3,5-tri(1H-imidazol-1-yl)-
benzene (TIB) and BBB, stands out for its high positive charge
density and excellent radiation resistance. It demonstrates an
exceptional adsorption capacity for ReO,”, reaching 1,467 mg
¢!, surpassing all previously known anion-exchange materials.
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Additionally, SCU-CPN-2 exhibits ultrafast adsorption kinetics,
high selectivity against NO;~ and SO,*7, and ease of
recyclability, making it a highly effective material for removing
contaminants from nuclear waste streams.” Concurrently, Ma
and colleagues created an imidazole-based cationic polymer,
CPN-tpm, by reacting tetrakis[4-(1-imidazolyl)phenyl]-
methane (tipm) with 1,4-bis(bromomethyl)benzene. This
material demonstrated an impressive ReO,” adsorption rate of
1,133 mg g_1.94 In another study, Ma et al. synthesized QUST-
iPOP-1, an imidazolium-based cationic porous polymer,
through a two-step quaternization process using tris(4-
imidazolylphenyl)amine and cyanuric chloride, followed by
benzyl bromide. QUST-iPOP-1 exhibited an uptake capacity for
ReO,” of 441.6 mg g~' (Figure 15b).”> Lou and their team
reported on DVB-2CgVEIMBr, an imidazolium-based ionic
liquid polymer. Created through the copolymerization of
divinylbenzene with an imidazolium-based ionic monomer, it
showed a ReO,” uptake capacity of 313 mg g™'. These studies
collectively contribute 51gn1ﬁcant advancements in materials for
nuclear waste remediation.”® Ghosh described the synthesis of
two imidazolium-functionalized ionic porous polymers, iPOP-3
and {POP-4. These were created by a quaternization reaction
between tris(4-bromomethylphenyl)[1,3,5]triazine and either
imidazole or benzimidazole. They exhibited ReO,” adsorption
capacities of 515.5 and 350.3 mg g~', respectively (Figure
15¢).”” Qiu et al. synthesized an imidazolium-based cationic
organic polymer (named ImCOP), via the quaternization
reaction between tris(4-(1H-imidazol-1-yl)phenyl)amine and
1,4-bis(bromomethyl)benzene to form a semirigid structure for
efficient adsorption of ReO,”, affording a ReO,” uptake
capability of 1162 mg g™.”® In a parallel study, Xiao and
colleagues reported the creation of a similar pyridium cationic
network using tetrakis(4-(4-(pyridyl)ethynyl)phenyl)ethene
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(TPEPE) and BBB, exhibiting an impressive ReO,~ adsorption
capacity of 813 mg g~', emphasizing its potential for
contamination clean-up applications (Figure 16a).”” Wang
and their team introduced a straightforward method to create an
imidazolium-based cationic polymer, PMV3m-Cl. Utilizing free
radical polymerization of a vinyl-functionalized tri-imidazolium-
charged monomer, they achieved a ReO,~ adsorption capacity
of 739 mg g~1.'%

In 2023, Ma and their team developed a proactive approach to
synthesize two types of cationic POPs with self-adaptive
capabilities for the removal of **TcO, /ReO,” from water.
This innovative method leveraged single-crystal structures and
was informed by the known affinity of two pyridinium
compounds, Pyl and Py2, for ®TcO, /ReO,”. By growing
single crystals, they were able to refine their approach. The team
introduced aldehyde groups into Pyl and Py2, creating Pyl-
CHO and Py2-CHO. These compounds were then reacted with
1,3,5-tris(4-aminophenyl)benzene (TAPB) to form layered
cationic POPs, TAPyl and TAPy2. The resulting materials
showed high adsorption capacities: TAPy1 at 399 mg ¢! and
TAPy2 at 309 mg g~'. Notably, they were extremely efficient in
removing radioactive **TcO,”, with a 97% removal rate achieved
in 30 s. A detailed investigation into the adsorption mechanism,
using single-crystal X-ray analysis and DFT calculations,
revealed that the host—guest interaction observed in single
crystals plays a crucial role in determining the structure and
properties of these materials.'”"

Qiu and colleagues developed a groundbreaking 3D olefin-
linked ionic conjugated microporous polymer named TFPM-
EP-Br, synthesized using tetrakis(4-aldehyde phenyl)methane
(TFPM) as the core monomer. This polymer stands out for its
unique cationic cavity and hydrophobic structure, qualities that
render it an efficient fluorescent sensor for TcO,™. The sensing
mechanism is based on electron transfer from TFPM-EP-Br to
TcO,™, leading to the formation of nonfluorescent complexes
that effectively quench the fluorescence of the polymer. This
property provides a novel method for detecting this radioactive
ion. Additionally, the well-defined pore channels in the polymer
structure are crucial in facilitating rapid mass transfer of TcO,~,
contributing to an ultrafast response time of less than 2 s and a
remarkably low detection limit of 33.3 nM. Furthermore,
TFPM-EP-Br demonstrates a significant adsorption capacity for
TcO,”, reaching up to 346 mg g~".'"” Expanding on their
innovative approaches, the same research group developed a
porous polymer named Py-CPN using a nucleophilic sub-
stitution reaction. This process involved reacting tetrakis(4-
(bromomethyl)phenyl)methane (TBPM), a 3D building unit,
with 1,3,6,8-tetra(pyridin-4-yl) pyrene (TPyPy). The tetrahedral
unit of TBPM inherent rigidity and shape persistence facilitate
rapid ion transportation throughout the polymeric network. As a
result, Py-CPN exhibits an impressive adsorption capacity of
513.7 mg ¢! and fast kinetics for ReO,” removal, effectively
eliminating it in a minute. The inclusion of TPyPy, a highly
hydrophobic and extensively conjugated monomer, endows Py-
CPN with remarkable selectivity against various coexisting
anions. Additionally, Py-CPN maintains stable sorption
capabilities over a wide pH range, including in 3 M HNO;,
solution and simulated Hanford LAW. At a phase ratio of 20, the
removal rate for these contaminants is 28.8%, which increases to
58.29% when the ratio is raised to 40.'"

Wang and colleagues devised an innovative approach to
enhance the alkaline resistance of sorbents, hypothesizing that
the addition of bulky groups at strategic positions of the
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imidazolium moiety could shield against nucleophilic attacks
from OH™. This could prove advantageous for managing
alkaline nuclear waste. Building on this idea, they developed a
novel alkaline-stable imidazolium-based polymer, SCU-CPN-4,
by introducing bulky alkyl groups at the N1, C2, N3, C4, and C5
positions of the imidazolium unit. The synthesis process
involved the condensation of 1,4-bisbenzil and 1,3,5-tris(p-
formylphenyl)benzene (TFP), followed by quaternization with
methyl iodide. SCU-CPN-4 exhibits the beneficial character-
istics of previously reported cationic CPNs in removing
#TcO,”, such as high **TcO,” uptake capacity, rapid sorption
kinetics, excellent selectivity, and superior radiation resistance.
Crucially, SCU-CPN-4 overcomes the issue of poor alkaline
stability, fulfilling the criteria for remediating **TcO, in actual
alkaline nuclear waste environments. In simulated SRS waste,
SCU-CPN-4 demonstrated a high removal efficiency of TcO,~,
achieving 94.3% at a phase ratio of 20 g L™". Further reinforcing
its application in real scenario, SCU-CPN-4 maintained
consistent ReO,~ removal efficiency for at least four cycles in
simulated SRS waste streams. Column sorption tests using SCU-
CPN-4 in a simulated SRS HLW stream were particularly telling,
as demonstrated by the fact that 300 mg of SCU-CPN-4 was able
to effectively remove nearly all ReO,~ from the first 40 mL of the
SRS HLW waste solution, demonstrating its high initial removal
efficiency for ReO,”. These findings highlight the exceptional
structural stability and excellent sorption selectivity of SCU-
CPN-4, indicating its potential for direct application in the
elimination of TcO,~ from highly alkaline streams, such as those
encountered at the SRS (Figure 16b)."**

Wang et al. developed a groundbreaking series of ionic
polymers, which incorporate imidazolium sites serving as
nanotraps for binding **TcO,”. Modifications were made to
the base polymer, iCOP-1, including substitutions of C—H
species on the benzene ring near the imidazolium-N" sites with
either fluorine (transforming it into iCOP-2) or bromine
(creating iCOP-3), greatly enhancing its binding affinity and
offering insight into crucial structure—property correlations.
Impressively, these polymers demonstrated high adsorption
capacities. iCOP-1 had a capacity of 1434 mg g~', while iCOP-2
and iCOP-3 manifested capacities of 765 and 778 mg g,
respectively. Particularly noteworthy is that iCOP-1 showcased
superior ability in removing **TcO,” /ReO,” from contami-
nated tap water and groundwater dynamically and efficiently,
surpassing the performance of commercial ion-exchange resins,
besides other reported materials. The innovative iCOP-2
polymer, with the integration of C—F bonds into its structure,
demonstrated a substantial increase in hydrophobicity and a
decrease in polarity. This change successfully curbed the affinity
of H" and NO;~ toward the imidazolium moieties, enhancing
the selectivity for **TcO,” adsorption, even under strongly
acidic conditions. In practical tests, iCOP-2 managed to
eliminate more than 58% of ReO,” from a 3 M HNO; solution
with 28 ppm of ReO,”, using a phase ratio of 60 g L™". Adding to
the advancement, iCOP-3 polymer integrated bromine groups
onto the aromatic linkers, amplifying its hydrophobicity and
introducing strong steric hindrances at the imidazolium-N*
binding sites. This adjustment increased its binding affinity
and selectivity. Additionally, these adjustments made iCOP-3
remarkably effective at the preferential adsorption of **TcO,~
under highly alkaline conditions, as witnessed in 3 M NaOH
solutions. Significantly, iCOP-3 demonstrated high efficiency
(>85% removal) in extracting **TcO,” from solutions
representative of the LAW streams at Hanford and other US
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legacy nuclear sites. This suggests its potential applicability in
remediating nuclear waste contaminants under diverse and
challenging environmental conditions.'%*

In their innovative research, Qiu and colleagues achieved a
significant breakthrough by integrating bulky methyl groups
near the imidazole units in TBT-TCB. This strategic addition
substantially enhanced the base resistance of the material. The
structural modification introduced steric and electronic effects
that effectively inhibited OH™-induced ring-opening reactions in
the imidazole units. As a result, the modified TBT-TCB
exhibited an impressive 85% removal efficiency for ReO, " ina 1
M NaOH environment. Furthermore, the integration of methyl
groups into TBT-TCB not only increased its hydrophobic
properties but also improved its affinity for the hydrophobic and
larger **TcO,” ion. This enhancement allowed TBT-TCB to
maintain high removal efficiency, even in environments with
competitive ions, achieving an 84% removal rate ina 1 M H,SO,
setting.'°° Following this, the research group skillfully developed
a donor—acceptor (D-A) cationic polymeric framework named
TrDCPN. This framework was designed with halogens to
effectively extract ReO,” from water. A hydrophobic network
was synthesized through the combination of a donor molecule,
4,4'-(1H-benzo[d]imidazole-4,7-diyl)dibenzaldehyde, and an
acceptor, 2,4,6-trimethyl-1,3,5-triazine. The introduction of
halogen recognition sites through 1,2-dibromoethane enhanced
the functionality of the network. Characterized by its extensive
conjugated modules, a triazine core, and hydrophobic chains,
this material displayed remarkable properties, including hydro-
Iytic stability in extreme pH conditions of 3 M NaOH or S M
HNO; and exceptional selectivity (Kq = 1.15 X 10*mL g™"). To
illustrate the importance of the halogen d-hole interaction with
ReO,”, a comparative cationic polymer, TrECPN, lacking
halogens, was synthesized. As expected, TrDCPN showed a
superior uptake capacity of 420.3 mg g~', significantly
oultlite)gforming the uptake capacity of TrECPN of 283.6 mg

Zhang and team made a significant advancement by creating a
3D fluorinated pyrazinium-based cationic polymer, TBPM-Fpz.
This polymer is specifically engineered for rapid and selective
extraction of ReO,”, thanks to its high charge density. Its
synthesis incorporates tetraphenylmethane as the structural
building block and fluorinated pyrazine as a linker. This design
endows TBPM-Fpz with both high charge and relative
hydrophobicity. TBPM-Fpz stands out for its rapid sorption
kinetics, reaching equilibrium in 3 min, and exhibits a
remarkable sorption capacity of 833 mg g™". Its selectivity for
ReO,” is also notable, achieving 92% even with a 1000-fold
excess of SO,>~. In simulated environments, TBPM-Fpz proved
exceptionally effective, removing 95% of ReO,” in the SRS
HLW stream at a phase ratio of 40:1, and 89.8% in Hanford
LAW wastewater at a 1:1 ratio. The outstanding performance of
TBPM-Fpz is attributed to the fluorination process, which not
only enhances its charge density but also minimizes steric
hindrance. This research highlights the significant potential of
fluorinated ionic polymers in efficiently removing ReO,” from
strongly alkaline wastewater. Additionally, it offers valuable
insights into the strategic design of efficient cationic polymers
for thleO;reatment of TcO,” in the alkaline nuclear waste (Figure
16¢).

Cui and colleagues achieved a breakthrough with the
development of TMP-TBPM, an ultra-stable 3D pyridinium-
based network. This material is particularly notable for its
exceptional resilience to radiation, acids, and bases, making it
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ideal for selectively capturing ReO,". Its hydrophobic design
and reliance on steric hindrance are key to its robustness. It
withstands exposure to 6 M HNO; and 6 M NaOH solutions, as
well as significant doses of y-rays (100, 200, and 600 kGy) and f3-
rays (100, 200, and 600 kGy). In batch capture experiments,
TMP-TBPM demonstrated a high capture capacity of 918.7 mg
g~! and rapid sorption kinetics, achieving 94.3% removal of
ReO,” in 2 min. The effectiveness of TMP-TBPM is attributed
to its dense distribution of pyridinium moieties within highly
accessible 3D pore channels. The inclusion of alkyl and
tetraphenylmethane moieties significantly enhances the hydro-
phobicity and stability of the network. This not only increases its
affinity toward **TcO,”/ReO,” but also enables selective and
reversible capture of these isotopes, even in highly alkaline
conditions. These findings underscore the promising potential
of TMP-TBPM for advanced applications, particularly in
selectligg capture under challenging environmental condi-
tions.

B CONCLUSION

The revival of interest in the extraction of TcO,~ from nuclear
waste and from environmental sources can be linked to the
projected increase in the use of nuclear power as a sustainable,
low-carbon baseline energy source. Techniques for this
extraction have continuously advanced since the inception of
this field, ranging from solvent extraction, incorporation of
inorganic materials, ion-exchange resins, to the latest approaches
involving nanostructured materials, MOFs, COFs, and POPs.
Over the past five years, sophisticated adsorbents have
showcased a massive improvement in adsorption capabilities,
surpassing the traditional adsorbents by over ten times. In this
technological wave, ionic materials have gained recognition as
the most advanced adsorbents, demonstrating high efficacy in
screening procedures applied to simulated nuclear waste.

Even with these significant strides, the field is still fraught with
considerable challenges. For instance, a common issue faced by
most inorganic adsorbents and all nano-based or nanostructured
materials is the practicality of their deployment. The hindrance
in actual nuclear waste studies is not due to a lack of interest, but
instead, the difficulty in efficiently deploying loose powders
under operative environmental conditions. While attaching
them to a solid support like a monomer or a polymer seems
intuitive, the additional weight of the substrate and the potential
obstruction of the surface area may greatly compromise overall
sorption capacity. This area remains minimally investigated, and
until an approach is developed that only adds minimal mass
without significant hindrance to surface area, the creation of new
nanostructured materials might only remain an academic
curiosity with limited practical significance. As such, rather
than heavily focusing on the development of new materials, it is
suggested that more efforts should be directed toward designing
efficient deployment platforms. Furthermore, although ad-
vanced porous materials demonstrate superior adsorption
capabilities compared to conventional materials, there is a
need for continued research to develop scalable production
methods and to lower the production costs for their widespread
application.

Lastly, despite the substantial research dedicated to studying
TcO,™ uptake under various conditions, there is a pressing need
for further validation of the promising results found in existing
literature, as well as for ensuring a more effective comparison
between different studies. A thorough examination of the
experimental conditions in numerous studies reveals significant
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shortcomings that limit their applicability to real-world
scenarios. Issues such as inappropriate pH levels, imbalanced
phase ratios, unrealistic TcO,~ concentrations, and the inclusion
of irrelevant competing ions are some of the critical flaws that
undermine the practical value of many published reports. The
recent initiative to establish facilities for testing samples in
environmental seawater is a commendable step toward
addressing these issues, and there should be an emphasis on
making these resources available to academic institutions. A
major challenge that persists across all materials is their limited
selectivity, particularly the difficulty in distinguishing between
TcO,” and other commonly found anions in seawater like
SO,*", NO;7, and OH". While many adsorbents show
proficiency in extracting a significant portion of TcO,~ from
water samples, the research often falls short in demonstrating
their effectiveness in selectively adsorbing TcO,~ over these
other ions. Additionally, verifying the long-term stability of
advanced porous materials at officially designated nuclear waste
sites is crucial. Sorbents that demonstrate stability in both
strongly acidic and basic conditions are prioritized for practical
applications.''” Despite these challenges, there is optimism in
the scientific community. Through the combined efforts of
chemists, materials scientists, nuclear physicists, and chemical
engineers, these obstacles can be effectively tackled. It is through
this interdisciplinary collaboration that innovative solutions and
advancements in the field of TcO,” extraction can be realized,
ultimately contributing to safer and more efficient management
of nuclear waste and environmental remediation.
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