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Removal of radioactive elements from nuclear
wastewater using metal—organic frameworks:
a comprehensive analysis using DFT and meta-
analysis
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Metal-organic frameworks (MOFs) have great potential in nuclear wastewater treatment. In this study,
based on research data from 2016 to 2025, the structural properties of various types of MOFs and their
complexes were systematically evaluated, highlighting performance differences under different
experimental conditions, with special emphasis on the central role of structural stability. The mechanism
by which solvation in aqueous media influences the stability of MOFs was revealed by combining
density-functional theory (DFT) calculations with experimental data validation. Through a comparative
parametric analysis of 25 key studies, it was found that the adsorption efficiency of MOFs for radioactive
elements is closely related to their synthesis method and environmental conditions. It is further
suggested that the stability, reproducibility, and adsorption capacity of the materials can be significantly
enhanced by modification, while risks. This study also evaluates the
commercialization prospects and eco-friendliness of MOF materials and provides a theoretical basis for

reducing environmental
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the secondary utilization of radioactive metal cations, aiming to provide scientific references for the

DOI: 10.1039/d5ta04304b design of MOF materials targeting the removal of radioactive ions and their application in the
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1. Introduction

As global warming and fossil fuel depletion become increas-
ingly serious issues, nuclear energy becomes an appealing
alternative energy source since it is low-cost, sustainable, and
efficient." The economic and ecological viability of nuclear
power remains unknown, with one key environmental issue
linked to the nuclear fuel cycle being the development of
radioactive byproducts, which poses chemical and radiological
risks to humankind. They represent a long-term hazard to
surface and subsurface ecosystems, causing negative effects on
health, including birth deformities, neurological diseases,
numerous malignancies and infertility impacting various
organs.” The discharge of radioactive waste from Japan in
August 2023 intensified this harm. Significant amounts of
radionuclides are emitted into the surrounding environment
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remediation of complex natural water bodies.

and disseminated globally via the hydrological cycle, presenting
a substantial risk to Earth's ecology and human health. Storing
radioactive wastewater for a decade prior to disposal can
diminish the concentration of radionuclides with half-lives of
less than two years (54Mn, 89Sr, 106Ru, 106Rh, and 134Cs) by
over 96%. Nevertheless, following treatment with ALPS, nuclear
wastewater continues to contain radionuclides with extended
half-lives, including 3H (¢;, = 12.3 years), 14C (ty, = 5730
years), 60Co (t;,, = 5.26 years), 90Sr (t;,, = 28.79 years), 125Sb
(t12 = 2.71 years), 1291 (¢, = 1.57 x 10 years), and 137Cs (¢,
= 30.2 years), among others.® Consequently, it is essential to
devise sophisticated, efficient, and environmentally responsible
solutions for the effective elimination of radionuclides to
mitigate the potential dangers.

Currently, radioactive wastewater is purified using various
procedures, such as ion exchange,* chemical precipitation,®
bioprocesses,® adsorption,” evaporation and concentration,®
and membrane separation techniques.” Adsorption has
emerged as the primary approach for removing radioactive ions
from wastewater because of its accessibility, efficacy, maturity,
and ecological compatibility.' Numerous adsorbents have been
utilized to remove radioactive ions, including covalent organic
frameworks (COFs), multi-walled carbon nanotubes
(MWCNTSs), and clay materials."*** However, these adsorbents
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are often expensive, complex to produce, have low yields, and
have limited adsorption capacities. Thus, it is essential to create
affordable and effective materials for radioactive ion removal
applications.

In recent decades, metal-organic frameworks (MOFs) have
emerged as an innovative type of porous solid material in the
field of separation science.** MOFs, whose basic composition
comprises metal centers interconnected by ligand bonds, have
been recognized as promising candidates for the elimination of
radioactive ions by adsorption owing to their good thermal and
elastic properties, superior framework adaptability, and respi-
ratory behavior.*® For instance, MIL series MOFs are commonly
used for the capture of U(vi)."* Many researchers have created
MOF derivatives with improved selectivity and adsorption
capabilities by incorporating new components or functional
groups into the MOF framework. Wang et al. developed an
original MOF product, MIL-100(Fe)-DMA, utilizing a sol-
vothermal technique for the effective removal of Sr** and Cs*
from radioactive wastewater."”” Characterization, along with
density functional (DFT) computations, identified that the
unsaturated carboxylic acid groups on the MOF surface play an
important role in interacting with Cs* and Sr**. Zhang et al.
employed ZIF-67 to laminate 2D MXene Ti;C, to increase the
adsorption of radiocaesium from nuclear waste."® ZIF-67's
laminating and columnar effects boosted Ti;C,'s specific
surface area and interlayer spacing, which improved Cs"
adsorption. The MXene lattice provided the primary adsorption
sites and interactions that stabilized Cs', whereas hybridized
ZIF-67 facilitated loading. The fundamental theories and
applications of MOFs have been thoroughly studied, covering
their physicochemical properties, synthesis, and applications,*
with their applications focusing on the study of volatile organic
compounds, hazardous organic pollutants, heavy metal ions,
and gases.”*** Unlike conventional contaminants, the design of
radionuclide removal products must consider the following
characteristics: (i) severe conditions, including highly acidic
environments, increased significant ionizing radiation, and
ionic strength; (ii) the influence of material characteristics on
nuclear extraction (hydrophilicity, functional groups, electro-
static interactions, complexation, and polarity); (iii) the resil-
ience and reusability of the adsorbents; (iv) the risk of
contamination afterward; (v) economic implications and
viability; and (vi) obstacles in adsorbent reprocessing.

Utilizing worldwide datasets to compare the findings of
diverse studies presents a valuable chance to enhance our
comprehension of the adsorption capability of MOFs and their
derivatives concerning radioactive ions. In this research, we
employed a meta-analysis to examine the effect of MOF mate-
rials on the loading performance of radioactive ions under
various influencing circumstances to mitigate environmental
contamination. A meta-analysis is a statistical procedure that
assesses the impact of an unrelated variable on a dependent
variable by synthesizing data from various scientific studies.”* A
key benefit of meta-analysis is its superior statistical power,
yielding more reliable estimates than singular investigations.**
To our knowledge, this is the first meta-analysis on this subject.
The results of this study will yield novel perspectives on the
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relationships between MOFs and radioactive elements, aiding
decision-making for safeguarding the environment and
handling risks in a dynamic context. The explicit objectives of
this study are as follows: (1) to examine the multiple kinds and
features of radioactive elements and MOFs, along with the effect
of metal conditions on the adsorption behaviors of radioactive
elements on MOFs; (2) to ascertain the key parameters influ-
encing the loading of radioactive elements on MOFs and to
forecast their loading performance; and (3) to elucidate the
principal interaction mechanisms and contributing factors.

2. Methodology

2.1. Methodology for data acquisition and retrieval

The research program is based on a meta-analysis and
systematic review conducted in accordance with the PRISMA
criteria. This study aimed to investigate the extraction of
radioactive elements from aqueous solutions containing metal-
organic framework (MOF) particles. Articles were selected from
2016 to 2025. A thorough examination of the literature in the
Web of Science core database was performed employing the
following search equation: TS = (MOF* OR metal organic
framework* OR MOF derivatives OR MOF composites OR
modified MOF) AND TS = (radioactive element OR nuclear
wastewater OR radioactive) AND TS = (adsorption OR removal).

2.2. Inclusion criteria

The inclusion criteria for this investigation comprised original
English literature that employed MOFs for the extraction of
radioactive elements from water-based solutions, either auton-
omously or in combination with other substances.

Publications under consideration must fulfill the following
criteria: (1) the study must identify the specific type of MOF and
radioactive ions utilized; (2) it should encompass measure-
ments derived from at least three replicate property tests; (3)
information regarding the adsorption of radioactive ions by the
MOF must, at a minimum, include the quantity of adsorbed
ions; and (4) the study must illustrate an initial or equilibrium
concentration of the radioactive ions alongside an adsorbent
dosage of the MOF.

According to the aforementioned criteria, 521 publications
were selected, resulting in 25 articles remaining after applying
the exclusion criteria (Table S2).

2.3. Data extraction and grouping

The investigations encompassed six types of radioactive
elements (U, I, Cs, Sr, Tc and Re) and four categories of MOFs
(pristine, metal-doped and ligand-modified MOFs, and MOF
complexes). The data collected for each study included the main
parameters for the preparation of MOFs and their derivatives
(synthetic temperature, synthetic time, activation temperature,
activation time, synthesis method, and eluent), batch experi-
mental conditions (initial concentration, pH, equilibration
time, and adsorbent dosage), modification strategies (metal
doping, functional group modification, linkage complexes, and
carbonation), and repetitive experimental conditions (eluent,
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number of replicates, and adsorption decrease rate). Data were
obtained from the diagrams via GetData Graph Digitizer
(version 2.24).

The metal centers of MOFs are divided into two groups: (1)
low valence metals such as Cu, Bi, Ag, Cd, Zn, Co, and Pd, and
(2) high valence metals such as Fe, Zr, Al, In, and Ce. Among the
radioactive elements, Sr** and Cs' are metal cations, I, is
a molecule, and UO,>" and TcO, /ReO,  are metal oxygen
cations. The synthesis/activation temperatures were categorized
as hypothermy (<100 °C), mesotherm (100-120 °C) and hyper-
thermia (>120 °C). The equilibrium/activation time was divided
into fast (<12 h), medium (12-24 h) and slow (>24 h). The initial
concentration was categorized as low (<500 mg L"), medium
(500-1000 mg L") and high (>1000 mg L~ "). Dosage was cate-
gorized as low (<0.1 g g~ "), medium (0.1-1 g g™ "), and high (>1 g
g "). The equilibration time was categorized as fast (<1 h),
medium (1-6 h) and slow (>6 h). The pH was categorized as
alkaline (>8), neutral (6-8) and acidic (<6).

2.4. Statistical analysis of data

The natural logarithm of the response ratio (In RR) was used to
determine the effect of each component on the removal of
radioactive ions from the MOFs. The natural logarithm of the
risk ratio (In RR) was selected as the effect size (ES) due to the
unbiased computation despite variations in the sample sizes
between treatments.”® Calculations were performed using the

following equation:
X.

C

where X. denotes the concentration of radioactive ions after
adsorption by the MOF and X, represents the initial concen-
tration of radioactive ions before loading (mg L™"). A low level of
ES signifies elevated quantities of radioactive ions loaded onto
microplastics.

Heterogeneity among several categories of InRR was
assessed utilizing the 95% confidence interval (95% CI) within
the framework of the uncontrolled effect model.** A 95%
confidence interval that is evenly distributed with 0 signifies
a substantial reaction to the interaction.?”?® The details are
provided in the SI.

2.5. DFT computational methods

In this study, geometry optimization and vibration frequency
calculation with empirical dispersion correction were per-
formed using GB3LYP/Def2-SVP through the BDF module of
Device Studio software.”*"*! In this study, representative original
MOFs from 25 screened papers were selected, and CIF files were
acquired from the Cambridge Crystallographic Data Center
(CCDC). Considering the periodicity of the MOFs, a single
nucleotide cluster model with a metal as the node and carboxyl
groups on the surface was chosen to improve the computational
efficiency. Considering the solvation effect in water (¢ = 78.35),
the SMD implicit solvation method was used, and the optimized
geometries obtained from vacuum calculations were used as
starting geometries for additional calculations. Surface
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electrostatic potentials (ESPs) were computed utilizing Mul-
tiwfn_3.8.%>%* All images were created using VMD 1.9.3.3%%

3. Results and discussion

3.1. The importance of structural stability in MOFs

MOFs possess isolated metal sites and reticulated chemical
structures featuring distinct molecular secondary building
blocks that can dictate orientation.*® The modular characteris-
tics of MOFs facilitate their assembly by integrating various
organic linkers, inorganic components, and topologies while
ensuring the preservation of structural integrity and porosity at
high temperatures or in liquid environments, to be effectively
utilized as catalysts or functional materials. For utilization as
catalysts or functional materials, MOFs must preserve their
structural integrity and porosity under elevated temperatures or
in liquid phase environments.

In general, highly stable MOFs can be attained by enhancing
the binding strength between organic ligands and metal
nodes.*”*® This implies that stable MOFs are formed via
hydrophobic pores, including ZIF-67 and ZIF-8, which shield
metal-ligand linkages from water molecules.** This can
produce stable MOFs using HASB theory. Fig. S2b depicts the
main principles for selecting the metals and ligands needed to
create stable MOFs using HASB theory.*® Stable MOFs have been
synthesized using high-valence metal ions such as Cr*', Zr*',
and Fe®* with carboxylate-type ligands. The high quantity of
high-priced metal units with better coordination in MIL-
101(Cr), UiO-66 (Zr), and MIL-100(Fe) often results in a very
stiff structure, making the metal sites less sensitive to water
molecules and offering good water stability.*** MIL-53 and
UiO-66 preserved their crystalline forms in air at temperatures
of 500 °C and 400 °C, respectively.** Another technique for the
production of stable MOFs is the use of azolate-containing
ligands (including pyrazole, imidazole, tetrazole, and triazole)
to bind with divalent metal ions. The most prominent MOF of
this category is the zeolite imidazole salt skeleton (ZIFs), which
uses Zn>*/Co®" and imidazole salt connectors to build diverse
stable crystals with topologies comparable to those of
zeolites.*>*® The number of research articles on the stabilization
of metal-organic frameworks (MOFs) is currently increasing,
with a growing number of stabilization MOFs published
annually, attributed to enhanced understanding of their struc-
tural stability in aqueous environments and ongoing efforts.
Several stable MOFs are shown in Fig. S2c.

Furthermore, MOFs can be precisely modified to achieve
spatial site resistance, thus maintaining their robustness in
aqueous media.’”*® Hydrophobic porous surfaces or encapsu-
lated metallic ions may hinder water molecules from infiltrating
the lattice and compromising the structural integrity. For
example, hydroquinone electron transfer results in the reduc-
tion of copper ion coordination. Cu(u) increases HKUST-1.
Water molecules are prevented from attacking the metal coor-
dination bonds by a specific node [Cu(MeCN),]" produced by
the interaction of free Cu’ with the MeCN solvent.*” Taylor et al.
demonstrated that the CALF-25 structure's non-polar alkyl
functional groups permit it to load huge volumes of liquid

This journal is © The Royal Society of Chemistry 2025
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medium while remaining stable owing to functional group
shielding around the metal core.”® Durable superhydrophobic/
superoleophilic polyurethane (PU) sponges, synthesized
through the self-polymerization of dopamine and chemical
modification of low-surface-energy components to function-
alize UiO-66-(COOH),, demonstrate exceptional chemical,
thermal, and mechanical resilience when subjected to corrosive
mixtures, boiling water, and sandpaper abrasion tests.*’ Fluo-
rinated MOF-808-PFOA was prepared via substituting the acetic
acid in MOF-808 with pentadecafluorooctanoic acid (PFOA),
and thus submicron MOF-808-PFOA was incorporated into
melamine (MA) sponges using the cross-linking properties of
polydimethylsiloxane (PDMS). The MOF/PDMS/MA sponge
exhibited a significant contact angle of 151.9°. Superior hydro-
phobicity was preserved across a broad spectrum of aquatic
environments and pH levels. The sponge demonstrates excep-
tional adsorption capabilities for diverse organic oils due to its
strong hydrophobicity, mechanical durability, and porous
structure, with a substantial saturation adsorption capacity
(27-65 g g~ 1), rapid equilibration time (approximately 3 s), and
commendable recoverability.>

The screening of MOFs predominantly depends on expert
intuition to select potential materials for subsequent syntheses.
Numerous exceptions exist regarding the predictions for metal
joint bond strengths in relation to MOF stability, which
constrain the general use of heuristics for stability forecasting.
Density Functional Theory (DFT) is a fundamental method for
forecasting novel hypothetical structures and their character-
istics and computing energy band structures, excitation ener-
gies, and densities of states. It has been effectively utilized in
Metal-Organic Frameworks (MOFs).°"*> DFT calculations are
generally applicable to small molecules and periodic crystals.
Molecular modeling techniques have been effectively utilized
for simulations, predictions, and computational characteriza-
tion of MOF structures, along with complicated structure
determination, encompassing assumptions regarding the large-
scale screening and geometric characteristics of MOFs.*
Computational studies utilizing DFT have been employed to
ascertain the structure of MOFs and their complexes, predict
properties, and conduct computational characterization of
MOFs, encompassing geometrical properties,
screening assumptions, and diffusion and loading procedures

massive
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within MOFs. DFT computations have been utilized in the
domain of MOFs to investigate features, including chemical
stability. This study examined the stability of eight pristine
metal-organic frameworks (MOFs) derived from twenty-five
publications. The relevant crystal CIF files were obtained from
the Cambridge Structural Database (CSD).

DFT calculations were performed to evaluate the influence of
aqueous solvents on MOFs. Quantitative molecular surface
analysis facilitates the examination of the distribution of the
electrostatic potential (ESP) on the van der Waals surface of
a molecule. The application of molecular volume, surface area,
and diverse metrics derived based on the spatial distribution of
ESP on the surface of a molecule (collectively termed GIPF
descriptors), including the extreme values of the electrostatic
potential, its variance, and mean, can be employed to forecast
the properties of a molecule’s cohesive phase (Fig. 1). The
equation for forecasting the hydration free energy (solvation
free energy) of molecules in an aqueous environment was
proposed as early as 1999 (ref. 54) as follows:

AGye (kI mol™) = 0.17201¥;, — 2.6414 x 10 (Vs pax — Vsmin)’

9704.2

+0.0518924 V5 + y + 46.827

Vs

The molecular volume, Vy,, represents the minimum ESP
throughout the three-dimensional space, while Vs min and Vs max
denote the minimum and maximum ESP values on the surface
of the molecule, respectively. A~ denotes the surface area of the
region, where the ESP on the surface of the molecule is negative,
while Vs represents the average electrostatic potential in the
area where the potential on the static molecule's surface is
negative.

These data are shown in Table S1. The hydration free energies
predicted according to this method differed from the hydration
free energy calculated via the implicit solvent model by only 0.01-
0.02 au. The affinities of the MOFs for the aqueous solvents were
calculated based on the calculated values of the hydration free
energy (Table S1). The solvation free energies showed that among
the five MOFs, the order of affinity to solvent water was as
follows: CAU-17 > MOF-303 > ZIF-90 > MIL-53 > ZIF-8.

Despite their outstanding water stability and tremendous
potential in radioactive ion restoration applications, their

Fig.1 Geometry of (a) MOF-303, (b) ZIF-90, (c) ZIF-8, (d) CAU-17, and (e) MIL-53 and surface electrostatic potential of (f) MOF-303, (g) ZIF-90,

(h) ZIF-8, (i) CAU-17, and (j) MIL-53.

This journal is © The Royal Society of Chemistry 2025
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resilience to ionizing radiation has not been well documented.
Among the 25 studies reviewed in this study, only one examined
the stability of MOFs under B-radiation exposure.*® The experi-
mental results indicate that the powder XRD spectra of MOF-
303 samples subjected to different B-ray irradiation dosages
align closely with the powder XRD spectra of the original MOF-
303. The full width at half height (FWHM) measurements
exhibited slight fluctuations with increasing irradiation dose,
indicating that the crystallinity remained mostly intact. This
phenomenon can be substantiated by the adsorption-desorp-
tion isotherm at 277 K, predicated on the nitrogen-based pore
characteristics. After irradiation, the specific surface area was
marginally reduced or similar to that of pristine MOF-303. The
FTIR and XPS spectra exhibited no notable changes before and
after irradiation. The authors determined that the MOF-303
structure exhibited considerable stability during B-irradiation,
even at 1000 kGy. Such consistency can be ascribed to the
following variables: (i) Al, the metal center of MOF-303,
possesses an unchanged valence state and a generally stable
coordinating mode; and (ii) Al has a minimal metal cross-
sectional region, reducing the interaction region with electron
beam radiation and consequently mitigating the significant
damage caused by radiation.

The mechanism underlying the reactivity of MOFs to gamma
radiation remains ambiguous; however, there are indications as
to why one material exhibits greater stability than another.
Gamma rays interact with matter through three primary
processes: the Compton effect, photoelectric effect, and pair
production. The probability of such reactions is significantly
dependent on the energy of the gamma rays and the atomic
number (Z).** The dominance of the Compton consequence is
anticipated based on the gamma energies of the elements
constituting the MOF (E, = 1.17 and 1.33 MeV) and Z values.
The Compton procedure comprises a portion of the trans-
mission of energy to electrons throughout the MOF, which leads
to the loss of energy of gamma radiation that can subsequently
contact other electrons, leading to a secondary photoelectric
effect or Compton impact, producing recoil electrons. Certain
Compton electrons may traverse air without colliding, whereas
others may interact with the orbital electrons of adjacent atoms
in the MOF via incoherent scattering, resulting in ionization or
excitation. Ultimately, the energy of the excited atoms can be
released via the release of orbital electrons or fluorescence,
which may subsequently be wasted as vibrational energy (heat).
The structure of a MOF influences its resistance to radioactivity.
The mass-energy coefficient for adsorption quantifies the mean
proportion of photon energy captured by a substance. The metal
clusters in the MOFs examined in the present study comprised
oxygen and metal atoms, and their overall attenuation coeffi-
cients significantly exceeded those of the organic connectors,
indicating that the metal clusters may function as radiating
antennas. The aromaticity of organic linkers significantly
influences the stability of MOFs in a y-ray environment. These
flaws may hinder energy transfer and dissipation, leading to
a diminished tolerance of MOFs to y-radiation.

Nonetheless, as radiation procedures may expedite produc-
tion and provoke diverse chemical processes, irradiation

39590 | J Mater. Chem. A, 2025, 13, 39586-39602
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technology has increasingly been employed as an innovative
and efficient approach for preparing and altering the chemical
and physical properties of MOFs, including gamma-ray (y-ray)
radiation. Gamma-ray radiation is often generated by the
emission of photons with limited wavelengths and elevated
energy during the radioactive disintegration of atomic nuclei. It
has significant penetration capability, resulting in irreversible
structural alterations.®” Recent research indicates that metal-
organic frameworks (MOFs) are essential in nuclear energy
applications because of their high capacity and selectivity for
radionuclide adsorption. Marinkovic and colleagues®® exhibited
the impact of y-ray radiation on the dielectric characteristics of
LDPE/ZIF-8 composites. The composites demonstrated
enhanced conductivity with increasing y-ray dose. Nonetheless,
ZIF-8 deteriorated with escalating y-ray exposure, leading to
a reduction in conductivity above a specific radiation dose
threshold. Lafi and colleagues® noted enhanced iodine
adsorption following the vy-ray irradiation treatment of MIL101
(Cr) at optimal dosages of up to 15 kGy. Primarily, y-ray radia-
tion significantly influences the framework and characteristics
of MOFs. To date, most research has focused on the alterations
in the adsorption characteristics and irradiation stability of
MOFs subjected to y-ray radiation. According to reports,
different linker connections and metal loadings influence the
radiative stability of metal-organic frameworks (MOFs),
whereas structural modifications produced by y-rays affect their
conductivity and adsorption characteristics.

3.2. Parameters influencing capacity for adsorption

3.2.1 Impact of MOF synthesis methods on adsorption
capacity. This section examines the impact of several MOF
synthesis methods on the loading capacity of radioactive ions.
The synthesis parameters include the metal source type,
synthesis temperature, synthesis time, synthesis type, activation
temperature, and activation time. Alterations in each of the
above variables may result in modifications to loading perfor-
mance. In the case of the capture of U(vi), for the MOF metal
source valence type, the adsorption capacity effect of the high-
valent metal source (0.76, 95%CI = 0.65, 0.85, P < 0.05) was
significantly greater than that of the low-valent metal source
(0.46,95%CI = 0.35, 0.57, P < 0.05). This disparity may be due to
the original MOF species identified in the 25 selected studies,
which conform to the structure of metal-oxygen clusters.
According to HSAB theory, core atoms that are diminutive,
possess a high positive charge, and exhibit limited polarizability
are classified as hard acids, making them compatible with
electronegative species. It is appropriate for amalgamating with
ligand atoms that possess high electronegativity and low
polarizability and are resistant to oxidation. The crystal struc-
ture was stable and maintained its integrity throughout the
reaction process, effectively facilitating the stable coordination
of U(vi). The adsorption capacity at varying synthesis tempera-
tures was as follows: high temperature (0.79, 95% CI = 0.73,
0.86, P<0.05) > medium temperature (0.66, 95% CI = 0.48, 0.83,
P <0.05) > low temperature (0.54, 95% CI = 0.45, 0.63, P < 0.05).
A thermal stability study of MOFs revealed that the bond energy

This journal is © The Royal Society of Chemistry 2025
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of the ligand bond between the organic ligand and metal is
inferior to that of covalent and metal bonds. Additionally,
frameworks with highly permeable structures inadequately
support their own mass. Upon the removal of numerous free
solvent molecules, these highly open frameworks exhibit
significant torsion and deformation, resulting in a loss of
crystallinity; some may even collapse, severely compromising
the crystal structure of MOF materials and transforming them
into amorphous powders. The thermal stability of MOFs can be
markedly enhanced by elevating the synthesis temperature
within a specific range. The same is true for the synthesis time,
which can increase the adsorption capacity by extending the
synthesis time to a certain extent. This argument is supported
by the conclusion shown in Fig. 2. For the impact of synthesis
techniques on ability to adsorb, microwave (0.88, 95%CI = 0.87,
0.88, P < 0.05) > standing (0.84 95%CI = 0.73, 0.94, P < 0.05) >
solvothermal (0.52, 95%CI = 0.71, 0.73, P < 0.05) > ultrasound
(0.64 95%CI = 0.62, 0.64, P < 0.05) > stirring (0.84 95%CI = 0.50,
0.54, P < 0.05) in the 25 papers screened. Every approach
possesses distinct advantages and limitations, and solvent heat
is the most widely used method, followed by stirring, which is
mostly used for the synthesis of ZIF-series MOFs at room
temperature. Among the many methods for MOF synthesis, the
microwave method is novel. In microwave technology, the
molecules within the microwave oscillate at a high frequency,
resulting in the uniform heating of the components within the
microwave vial during the reaction process. The constant
elevation of reaction temperature enables MOFs to crystallize
within minutes, much outpacing solvothermal techniques.
Nonetheless, microwave synthesis has challenges in producing
sufficiently large crystals for single-crystal X-ray characteriza-
tion and may be less suitable for industrial uses. The produced
MOFs are predominantly encased by solvents and unreacted
precursors that may occupy the pores, necessitating the removal
of undesirable substances through a process known as

View Article Online
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activation. The elimination of solvent molecules, particularly
those with elevated boiling points or high surface tension, can
result in structural collapse because of the significant surface
tension and capillary forces produced on the framework during
the process in which the entrapped solvent molecules change
from liquid to gas. The effects of activation duration and
temperature on the adsorption capacity are essential. The
breakdown temperature of the MOF was established from the
thermogravimetric (TGA) curve, and the MOF was subsequently
heated to a temperature that was half of the decomposition
temperature to effectively eliminate small guest molecules (e.g.,
methanol and ethanol) from the MOF.

In the adsorption process of Sr and Cs, the effect of the
amount of high-valence metal source with a high synthesis
temperature was the highest in terms of metal source type and
synthesis temperature type (Fig. 3). The effect size of solvation
was higher than that of stirring, and the effect size of activation
temperature did not satisfy the proportional relationship
between temperature and adsorption, which may be because, at
high activation temperatures, the MOF structure was decom-
posed, and the instability of the structure negatively affected the
adsorption capacity.

3.2.2 Influence of experimental parameters on loading
capacity. This section examines the implications of various
experimental settings on the ability to adsorb radioactive ions
(Fig. 4 and 5). The experimental conditions included the orig-
inal concentration of the radioactive ion solution, pH, reaction
time, and adsorbent dose. Changes in any of these factors may
result in changes in the adsorption capacity. The trends in the
effect magnitudes of uranium, strontium, cesium, and thorium
under varying conditions were nearly identical, with the effect
magnitudes of strontium, cesium, and thorium increasing as
the initial concentration of radioactive ions increased. This
suggests that, within this range of initial concentrations, the
active sites of the MOF are not fully occupied by radioactive ions
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and the reaction has not yet attained equilibrium. The optimal
effect for uranium, strontium, cesium, and thorium occurred
within the pH range of 6-8, as it was posited that the metal-
organic framework (MOF) would deteriorate under acidic or
alkaline conditions, leading to structural degradation and
a marked reduction in MOF stability. However, this study
discusses the adsorption of radioactive ions by MOFs, while
extreme pH conditions prevail in nuclear wastewater, and it is
evident that there is still a long way to go in the treatment of
nuclear wastewater using MOF materials. The adsorbent dose
significantly affects the uptake performance of MOFs for
radioactive ions. The effect of UO,>" at a medium adsorbent

39592 | J Mater. Chem. A, 2025, 13, 39586-39602

dose exceeds that at a low adsorbent dose, which aligns with the
conclusion that the adsorption capacity stabilizes with
increasing adsorbent dose once a specific threshold is attained,
as evidenced by numerous experiments.

The rate of rapid adsorption of radioactive ions by MOF
materials is influenced by multiple factors, among which the
intrinsic properties of the materials are fundamental. Particle
size and pore size are key structural factors: smaller particles
shorten the diffusion path, increase site accessibility, and
accelerate adsorption (especially in the initial stage); however, if
too small, they tend to aggregate and clog the pores. Larger
particles have slower diffusion and fewer accessible sites. The

This journal is © The Royal Society of Chemistry 2025
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pore size should be slightly larger than the hydrated diameter of
the target ions (e.g., UO,>" is about 0.8 nm and Sr*" is about 1.18
nm) to ensure free entry of ions and efficient binding to sites -
too small will cause steric hindrance, while too large will reduce
the site density and driving force. The introduction of a hierar-
chical pore structure (micro-pores + meso-pores) can synergis-
tically optimize diffusion and adsorption. Additionally, the
functional groups on the pore inner walls must balance the
selectivity and pore size effectiveness.

However, as shown in Table S4, the particle and pore sizes
are not decisive factors. The chemical nature of the surface
functional groups of MOFs (such as carboxyl and amino groups)
and the surface charge state (regulated by pH) directly deter-
mine the interaction mechanism with ions (such as coordina-
tion and electrostatic attraction). The structural stability of
MOFs in water environments is crucial; structural collapse
significantly reduces the number of effective adsorption sites
and severely lowers the adsorption rate.

3.2.3 Effects of modification strategies on MOF properties
and adsorption capacity. Emerging MOFs present opportunities
for improved and sustainable water repair techniques. Conse-
quently, water pollution treatment technology has progressed
from ‘functional and precise’ materials to ‘functional, precise,
and designable’ materials. The composition and characteristics
of MOFs can be modified using various methods, including acid
regulation, modification with different functional groups, noble
metal loading, and other methods.*>”

Post-synthetic modifications have demonstrated significant
potential for methodically modifying the structures of MOFs
and enabling the creation of functional MOFs that are not
synthesized directly. PSM methodologies for the functionaliza-
tion of MOFs can be categorized into three principal types:
functional organic linkers, metal sources, and noncovalent
encapsulation.® The initial two tactics are the most appealing.

This journal is © The Royal Society of Chemistry 2025

The incorporation of an organic molecule that establishes
a metal site with an unsaturated molecule to create coordina-
tion bonds in MOF secondary building units (SBUs) is feasible,
particularly in the absence of linker defects, surface sites, low-
nucleation clusters, or, in certain circumstances, the total
replacement of the original linker. Functional groups (-COOH,
-NH,, -NO,, -OH, -SH, etc.) were incorporated into the desig-
nated MOFs by sequentially attaching organic compounds. The
findings indicated an increase in the number of active adsorp-
tion sites and the selectivity of the pristine MOFs. Furthermore,
metals were incorporated into the MOF structures and affixed to
the connections by ligand bonding. Various MOF structures
have demonstrated the ability to release co-ligands under
specific conditions, enabling the utilization of unsaturated
metal clusters for additional functionalization. Functional
groups such as amide, phosphorylurea,® amidoxime,®
carboxyl, sulfate,”® and ferricyanide® groups play an essential
role in the loading of radioactive ions. Functionalized MOFs
have the characteristics of both MOFs and the additional
groups and have obvious selectivity for radioactive ions, thus
greatly improving the adsorption capacity of the material. A
novel MIL-100(Fe)-DMA material was manufactured using
a solvothermal technique.” The unsaturated carboxylic acid
groups of MIL-100(Fe)-DMA were critical in the adsorption
process, and DFT calculations combined with experimental
characterization revealed the adsorption behaviors of Sr** and
Cs' through MIL-100(Fe)-DMA. After capture, the framework
structure and crystallinity of the material remained unchanged,
implying that the radioactive ions Sr”* and Cs* had no major
effect on the MOF structure. Sang et al. created a unique U(vi)
adsorbent (ZIF-90-A) with anti-bio-contamination capabilities
by post-modifying ZIF-90.> Experimental characterization veri-
fied that ZIF-90-A was highly effective in eliminating U(vi) at pH
5. ZIF-90-A demonstrated consistent antibacterial efficacy
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against Staphylococcus aureus and Escherichia coli (MICs = 125-
250 pg mL ") and exhibited exceptional adsorption capacity for
UO,”" (Qe = 490.2 mg g~ '). ZIF-90-A demonstrated consistent
antibacterial efficacy against Staphylococcus aureus and Escher-
ichia coli (MICs = 125-250 ug mL "), as well as notable selec-
tivity and superior adsorption characteristics for UO,*".
Furthermore, the synthesized adsorbent demonstrated signifi-
cant selectivity and outstanding restoration for UO,>" ions. The
primary processes of UO,>" adsorption are chemical coordina-
tion and electrostatic contact. Lin et al. documented the effec-
tive capture of Sr*" in a stabilized two-group Zr-BDC-COOH-SO,
with strontium-chelating groups (-COOH and -SO,) and
a significantly ionizing group (-COOH).** Zr-BDC-COOH-SO,
demonstrates a maximal adsorption capacity of 67.5 mg g~ ' and
rapid adsorption kinetics (<5 min). Subsequent investigations
indicated that the loading of Sr** onto Zr-BDC-COOH-SO, was
not markedly influenced by the solution pH or the interaction
temperature. Mechanistic investigations indicated that free -
COOH facilitates quick adsorption through electrostatic inter-
actions, whereas the incorporation of -SO, significantly
increases the adsorption capacity. Le et al. prepared a new ZIF-8-
FC derivative, including ZIF-8 modified by FC, using a straight-
forward production approach at ambient temperature. The
maximum loading content of ZIF-8 for Cs* was 26.54 mg g,
whereas that of ZIF-8-FC for Cs" was 422.42 mg g~ '.*> ZIF-8-FC
exhibited a Ky of 5.3 x 10" mL g~ " in deionized water. The
adsorption efficacy remained consistently steady across an
extensive pH range.

Metal-doped MOF materials represent a contemporary trend
designed to enhance the number of active sites in MOFs and
expand their applicability. Researchers currently mix two or
more metal ions to create homogeneous bimetallic or multi-
metallic MOF materials, aiming to use the advantages of indi-
vidual components via the coupling effect to attain certain
performance outcomes. A complex adsorbent, Ca/Mg-MOF/
polyamide oxime (Ca/Mg-MOF/PAO), was prepared and evalu-
ated for its capacity to absorb uranium(vi) from a solution.®® The
composition and properties of Ca/Mg-MOF/PAO were also
analyzed. Batch tests revealed that Ca/Mg-MOF/PAO demon-
strated a remarkable saturation performance of 579.5 mg g~ "
for UO,>" at pH 8, exceeding those of numerous other adsorbed
materials. UiO-66-NH,, a unique Ce/Mn bimetallic modified
aminated MOF, was produced using a solvothermal reaction
and utilized as an adsorbent in radioactive remediation.®” The
maximum uptake content of UO,>" through the synthesized
adsorbent at 313 K was 1218.78 mg g~ ', with a capture effec-
tiveness of more than 83.5% after five regeneration cycles,
demonstrating that Ce/Mn-UiO-66-NH, is a promising adsor-
bent for removing UO,>* from radioactive wastewater. The
increased absorption capability is due to the complexation and
electrostatic attraction of radioactive substances with addi-
tional functional groups, such as Ce** or Mn*",

In addition to the benefits of MOFs, which include an
extensive specific surface area, elevated porosity, and adapt-
ability, MOF composites are frequently integrated with various
functional materials, such as graphene oxides, magnetic
nanoparticles, nanoporous carbon, and ionic liquids, to
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enhance their adsorption capacity. Guo et al. created a new
SNU-6 modified with 200-crown-18 for extracting Sr** from an
acidic feed mixture.*® The adsorbent employs the pronounced
Sr*" selectivity of 18-crown ether, and its unique binding site
generates a Sr”* selective MOF. The cavity dimension of the
crown ether aligns with the radius of Sr>* to form a stable
compound. The substance has a notable affinity for Sr** (K4 =
3.63 x 10" mL g~ ') and demonstrates a substantial loading
performance of 44.37 mg g '. The material demonstrates
enhanced selectivity relative to other coexisting ions that
interfere including K", Na", Cs*, Ca**, and Mg>*, which is mostly
due to the characteristics of the crown ether ligands. Liu et al.
utilized an in situ synthetic technique to fabricate AMP-
modified UiO-66 composites as a novel material for the selec-
tive extraction of *’Cs" from low-level liquid wastes (LLLWs).*!
UiO-66/AMP is appropriate for various Cs* aqueous solutions
throughout the pH range of 4-11, demonstrating rapid
adsorption kinetics and good selectivity for ppb-level concen-
trations of Cs*. The specific surface area of UiO-66/AMP was
29.07 m” g~ ', which was markedly lower than that of the orig-
inal MOF, which was 1042.05 m”> g~'. At the final stage of
synthesis, the surface pores of the MOF were occluded by
phosphate impurities and AMP, causing a substantial reduction
in the specific surface area because of partial degradation of
the MOF.

The synthesis of porous functional carbon materials using
high-temperature carbonization with metal-organic frame-
works as templates has emerged as a prominent research
focus.®® The PCs derived from the mechanical carbonization of
the MOF exhibited enhanced chemical stability while retaining
the systematically ordered pore structure of the MOF. None-
theless, a noteworthy barrier to the utilization of porous MOF-
derived carbon materials is their typical form as particles or
crystals with small particle sizes, complicating their immobili-
zation and separation in adsorption tests. A viable approach to
mitigating these limitations is to immobilize metal-organic
frameworks (MOFs) with other materials that exhibit superior
polymerization properties, such as polyaniline compound
carbon aerogels, carbon nanotubes, and graphene.*

Programmable pathways can significantly enhance the
functional complexity and structure of MOFs through these
composite techniques. The functionalization or derivatization
of MOFs as precursors enhances the potential of lattice-based
material design. Consequently, they can offer numerous alter-
native matrices for water pollution remediation.

3.3. Limitations of MOF materials for nuclear wastewater

applications

3.3.1 Summary of the commercial value of MOFs. MOFs
present virtually infinite combinatorial options, with over 14
000 MOFs synthesized to date. A unique MOF can be custom-
ized for a particular problem or application. The drawback of
this distinctive material design method is the difficulty in
attaining economies of scale with a singular MOF. Conse-
quently, MOFs will continue to be more expensive than tradi-
tional adsorbents such as zeolites and carbon, at least in the
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near future. MOFs are well positioned in the short to medium
term to address challenges that current technologies cannot
resolve or are too costly, provided that the incremental expense
is justified by the resultant performance advantages. The
commercial production of MOFs has accelerated consistently.
Ohara Paragium Chemical is a Japanese firm specializing in the
production of rapid deodorants. The company's Porous Coor-
dination Polymer/Metal Organic Frameworks (PCP/MOF) were
subsequently granulated with activated carbon to produce the
inaugural commercial granular products in Japan. One gram of
PCPMOF has a specific surface area equivalent to approximately
27 tennis courts, significantly exceeding the surface area of two
tennis courts for the same mass of activated carbon. Moreover,
MOF WORKX utilizes the flow synthesis method to incrementally
scale the laboratory-grade 10 mL reactor to a 1.394 L reactor for
the large-scale production of MOF powder. Daily production
may surpass 80 000 kg m > when the reaction temperature and
flow rate are meticulously regulated. The available MOF powder
systems include HKUST-1 and UiO-66.

BASF's successful experience identifies the primary cost
determinants of MOFs as: (1) the expense of the linker, (2) the
spatiotemporal yield, (3) the work required for downstream
processing, and (4) the solvent employed. Linkers are
a commodity priced between less than 5 euros per kilogram and
100 euros per kilogram. The selected alternative will be dictated
by the application and subsequent requirements for perfor-
mance, cost, and pricing. The academic community has
enhanced the process by increasing the concentration and
reducing the reaction time, achieving a spatio-temporal yield
exceeding 10000 kg m™>, which is tenfold greater than the
existing zeolite synthesis. The spatio-temporal yield is
frequently diminished when downstream processes, including
filtration, washing, drying, grinding, and molding, are
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Fig. 6 Reusability of different radioactive elements.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry A

considered. BASF examined the production processes of several
MOFs to ascertain the impact of each step on the quality of the
final product. Continuous optimization has produced synthetic
formulations that substitute organic solvents with water or
altogether eliminate their necessity, thereby improving safety
and further reducing costs.

Substantial advancements have been made in enhancing
process efficiencies, lowering MOF production costs, and miti-
gating the dangers associated with large-scale manufacture.
MOFs have exited the laboratory and are progressing towards
commercial viability. BASF's experience indicates that the
primary challenges lie in selecting appropriate MOFs for certain
applications rather than scaling up the MOFs. Owing to the
abundance of available MOFs and numerous theoretical MOF
structures, computer-based simulations will become increas-
ingly vital in the material selection process, facilitating
a reduction in the development cycle and enhancing the like-
lihood of success.

3.3.2 Repeated properties of MOFs to remove radioactive
ions. MOFs have become a prominent subject in wastewater
treatment research because of their numerous active sites, high
specific surface area, and versatile pore geometry. Unfortu-
nately, MOFs and their composites/derivatives are typically
provided in powder form, which may result in adverse disposal
and recycling issues in industrial settings, potentially leading to
powder contamination in certain instances.” The development
of framework systems for reusable MOFs is crucial for
enhancing the application of their properties. The recoverability
of the MOF for various radioactive pollutants was examined, as
shown in Fig. 6. Fig. 6 analyzes the frequency of radioactive
element reuse with various eluents and the subsequent
decrease in the adsorption rate after the specified number of
cycles. The picture demonstrated that the eluents were
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categorized into three types: acids, bases, and water, suggesting
that the adsorbent exhibited significant stability throughout the
repeated adsorption and desorption cycles of radioactive
elements with various desorbents. In the adsorption-elution
cycles for radioactive pollutants, it is typical to attain over three
cycles, with certain adsorbents capable of achieving eight
cycles, while a negligible percentage can complete only two
cycles. The considerable durability of the adsorbents was
demonstrated by the observation that most adsorption rates
diminished by less than 20 percent following the last elution
cycle.

In solid-liquid separation, a preparation method that facil-
itates the recovery of MOF-based magnetic and device materials
is crucial, alongside stability. The application of magnetic fields
for the recovery of MOFs presents a promising solution to the
current obstacles hindering their practical utilization.”™
Magnetic MOFs can be swiftly isolated and rapidly extracted
using magnetic forces, eliminating the need for laborious
filtration or centrifugation methods. Furthermore, these mate-
rials can be repurposed after washing, desorption, and regen-
eration, significantly reducing wastewater treatment costs. Co-
MOFs impregnated with I, are subjected to multiple washes
with ethanol to eliminate surplus I, from their surfaces, and the
recovered material can be reused in the adsorption process for
a minimum of five cycles.”” Subsequently, the I, adsorption
efficiency diminished somewhat, whereas no substantial
reduction in the adsorption capacity was noted for Co-MOFs,
even after five cycles. FCK(4)/ZIF-67(Co) showed the capability
for reuse up to three times in the adsorption of Sr** without
substantial deactivation; however, the adsorbent exhibited
considerable deactivation post-use relative to the original
material.” Nevertheless, the majority of MOF-based
compounds are intrinsically non-magnetic and require recom-
bination with other magnetic adsorbents for reuse, which is
aided by an external magnetic field. Compounds generated
from MOFs with Fe®, Co**, and Ni*" frequently exhibit
magnetic characteristics owing to the reduction of these
magnetic ions to metallic states by hyperthermic carbothermal
reduction in an inert environment or the creation of magnetic
high-valent oxides in the presence of oxygen. The magnetic
characteristics of MOF-based compounds are primarily ob-
tained by the production of magnetic substances and pyrolysis
of MOF precursors containing magnetic ions. Magnetic nano-
particles integrated with metal-organic frameworks (MOFs)
show promise for pollutant sequestration. This study developed
a magnetic metal-organic framework composite (Fe;O,@-
AMCA-MIL53 (Al)) for the extraction of Th(wv) and U(vi) metal
ions from aqueous solutions.” The loading capabilities for
UO,>* and Th*" were quantified as 227.3 mg g~ ' and 285.7 mg
g7, respectively. The kinetic analysis revealed that the equi-
librium time for each metal ion was 90 min. A range of ther-
modynamic properties was analyzed to determine the
endothermic nature and spontaneity of the loading. The results
demonstrate that Fe;O,@AMCA-MIL53 (Al) is an effective
compound for the extraction of metal ions from water.
Desorption with 0.01 M HCI efficiently recovered the deposited
metal.
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The utilization of magnetism for the recovery of MOFs,
together with the amalgamation of MOFs and other polymeric
substances into recyclable MOF devices featuring distinct
macrostructures, effectively addresses the constraints associ-
ated with powdered MOFs in realistic purification applications.
Devices with recyclable metal-organic frameworks (MOFs)
typically include two-dimensional (2D) membrane composites
and three-dimensional (3D) composites, such as beads, gels,
sponges, and foams. A direct filtering technique was utilized to
create a unique self-assembled membrane comprising MOF
nanoribbons and GO.” The absorbing ability and effectiveness
of the GO/Ni-MOF compound membrane for removing Sr**
from an aqueous environment are associated with the MOF
concentration in the composite membrane. This study investi-
gated the electrostatic interactions between Sr** and oxygen-
containing functional groups (O-C=0 and C=0) in graphene
oxide, physical adsorption via porous structures of MOF and
GO/MOF interlaced channels, and the substitution of Ni**
inside MOF frameworks. The GO/Ni-MOF membrane exhibited
a maximum adsorption performance of 72 mg g~ for Sr*" at pH
7. The GO/Ni-MOF composite membrane demonstrated high
efficiency in Sr** removal, cost-effectiveness, and simple
synthesis, indicating substantial potential for use in radioactive
contamination cleanup. Multifaceted MOF-on-MOF
compounds, formed by the conjunction of various MOF units,
exhibit greater complexity than single-component MOFs. These
compounds display multiple attributes of a unique MOF
structure, in addition to functions that a single-component
MOF cannot provide.”® A substance that absorbs water was
synthesized using an epitaxial growth technique.”” The findings
demonstrated that the loading uptake of 2-MIL-101-on-NH,-
Ui0-66 for NH reached 80 mg g, with the adsorption rate
increasing by 20-33%, and the adsorption capacity improving
by 1.52-2.74 times. This adsorbent exceeds commercial silver-
exchange zeolites and other MOF adsorbents in terms of its
attributes. The remarkable adsorption capabilities of the
adsorbent stem from its numerous adsorption sites and distinct
pore architecture. The adsorbent exhibited thermal stability
and could endure temperatures up to 360 °C. This investigation
presents an extremely efficient compound for iodine removal
and advances the understanding of unique MOF-on-MOF
structures and their various uses.

3.3.3 Biocompatibility of MOFs. Fig. 7 illustrates that the
choice of metal sources for MOFs utilized in addressing radio-
active contaminants includes both heavy metal ions, such as Cr
and Cd, and radioactive metal ions, such as Th**. A key problem
over the past decade has been the synthesis of MOFs that
demonstrate exceptional stability, minimum adverse environ-
mental impact, and outstanding performance. The minimal
toxicity of both inorganic metals and organic ligands promotes
the production of eco-friendly MOFs. High-valence metals such
as AI*", zr**, Fe**, and Ti*" are abundant in nature and have
stable compounds, rendering them non-toxic to humans. The
incorporation of zirconium, a desirable metal in the formula-
tion of MOFs owing to its superior non-toxicity, water stability,
and cost-effective commercial accessibility, has attracted
considerable attention.” The environmental impact of MOFs
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can be significantly mitigated by employing biologically
compatible organic linkers in their synthesis. Curcumin occurs
naturally in the roots of turmeric, mustard, and curry, and in
various other plants. It is a diaryl heptyl compound with free
radical-scavenging and inhibitory characteristics.” High doses
of curcumin (12 g day ') are safe for human consumption.®
The synthesized MOFs had a specific surface area of 3002 m?*
g ' and could withstand temperatures ranging from 350 to 450
°C. The yellow tint of the curcumin linker was observed in the
MOFs. Nitrogen-containing functional group linkers are
employed in the synthesis of MOFs with oxygen-containing
functional group linkers, such as carboxylate or phenol.
Amino acids, nucleotide bases, proteins, and peptides are
examples of such molecules. Nitrogen-containing functional
groups act as neutral double electron donors, offering an
enhanced coordination environment for metal nodes without
the charge-balancing constraints of conventional X-type
ligands, such as carboxylates or alcohols. A recent study on
the market analysis and economic synthesis of MOFs demon-
strated the feasibility of large-scale production at a reduced
cost.® The preparation of solvent-based MOFs poses risks to
human health and may result in environmental problems.
Conventional solvent-assisted MOF synthesis costs range from
$35 to $71 per kilogram; however, solventless synthesis
methods can be as economical as $13 to $36 per kilogram.**
Considering all these factors, it is recommended that future
metal-organic frameworks (MOFs) be synthesized by solvent-
free and water-based methods, which will reduce
manufacturing costs and mitigate toxicity.

Although the current methods for treating radioactive metal
cations in nuclear wastewater have their own advantages, they
all share significant limitations. The most prominent issues are
the generation of secondary waste (such as sludge and waste
resin), high operating costs, susceptibility of treatment effi-
ciency to complex water quality, difficulties in scaling up, and
challenges in long-term environmental risk management. To

This journal is © The Royal Society of Chemistry 2025
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address these problems, an innovative strategy has been
proposed based on the fundamental characteristics of metal-
organic frameworks (MOFs): using radioactive metal cations
directly as the metal nodes of MOFs. In this process, these
radioactive ions are no longer merely pollutants to be treated
but instead serve as core raw materials, combining with organic
ligands to form stable metal-oxygen clusters (M-O clusters),
and through necessary structural modifications, ultimately
constructing structurally stable MOF materials. This method of
safely fixing radioactive metals and converting them into
functional materials with potential applications represents an
environmentally sustainable secondary utilization approach.
Gao et al. synthesized semi-rigid monometallic catalysts
utilizing Th-MOF-loaded MCl,@Th-BPYDC (M = Cu, Co, and
Ni) through the post-metallization of bipyridyl Th-MOF (Th-
BPYDC) crystals for acidic OER.** The Al/Th-MOF bimetallic
organic framework removes fluorescent dye (FS) from the
aqueous solution.** A Th-MOF-based artificial peroxidase was
developed, which catalyzes the oxidation of 3,3,5,5-tetra-
methylbenzidine with hydrogen peroxide to generate a blue
product. This is an exceptionally effective and sensitive colori-
metric biosensor for detecting uric acid in biological
materials.®

3.3.4 Targeted adsorption ability of MOFs. Overall, many of
the materials demonstrated excellent interference resistance
and target selectivity in the complex ionic environment of real
water bodies. For example, in the screened reference, HNU-G6
maintained high removal rates at high salinity and high inter-
ference ions, which was attributed to the preferential selectivity
of the amide moiety for U(vi). Even with a 100-fold increase in
interfering ions, CAU-17 was able to remove 99.9% of uranium,
which was attributed to the complexation of carboxylated
oxygen atoms with uranium and charge modulation by
bismuth. DUT-5-POR and DBT-DHTA-Cd showed good selec-
tivity for uranium and thorium(wv), respectively, which was
attributed to the phosphoramidic moiety, structural modifica-
tion, and effect of the nanocavities containing hydroxyl and
triazole nitrogen groups. DGIST-12 showed higher selectivity for
divalent alkaline earth metal ions (e.g., Sr*), aided by its
hydrophobic benzene portion, and MOF-303 proved to be suit-
able for the treatment of actual radioactive wastewater due to its
excellent stability to B-irradiation. Materials such as ZIF-8/PAO,
cCS/PVA/UiO-66-NH,, MILP-3, and ZIF-8/PEI effectively over-
come the effect of interfering ions through specific functional
groups (e.g., amidoxime, amine, and unsaturated metal sites) or
synergistic/improved strategies (e.g., ZIF-8/PEI for anionic-
cationic wastewater treatment), thus achieving efficient
adsorption.

However, it must be pointed out that not all materials are
completely immune to the influence of interfering ions. In some
cases, such as UiO-66/AMP, the interfering ions can reduce the
adsorption effect. Specifically, K" had a significant inhibitory
effect on the adsorption of Cs(i) (whereas Na*, Mg**, and Ca**
had little impact). When ZIF-8 immobilized on a loofah sponge
was used to adsorb U(vi), although the overall efficiency
remained above 87%, the influence of divalent Ca®>" and Mg>*
was greater than that of monovalent K" and Na', possibly
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because they are more likely to occupy active sites (although
anions such as Cl~, NO;~, and PO4>" have little effect). Nbs-
C,@UiO-66-NH,-PA showed selectivity for U(vi)/Eu(in) in waste-
water, with a higher adsorption rate for U(vi), which is believed
to be related to the difference in affinity caused by the higher
valence state of uranium ions. Similarly, the maximum removal
capacity of Fe;0,@ZIF-8 for Eu(m) in seawater (high salinity and
complex ions) was lower than that in other systems but still
maintained a relatively high level.

In addition, some interesting phenomena were observed in
this study. The adsorption capacity of P-Al,O; for U(vi) in
synthetic groundwater was slightly higher than that in synthetic
surface water, contrary to expectations, which is speculated to
be related to the slight difference in the initial pH values.
Notably, the adsorption effect of S-NZVI/UiO-66 in tap water and
seawater was better than that in ultrapure water, indicating that
the other ions present may promote the adsorption process,
mainly through physical adsorption, electrostatic attraction,
complexation, and reduction mechanisms.

4. Summary and prospects

In this study, a meta-analysis is performed to investigate the
loading performance of MOFs in relation to radioactive
elements, thereby providing a theoretical basis for evaluating the
ecological and behavioral risks associated with the coexistence of
these elements and MOFs. We systematically evaluated the
influence of controlled variables (MOF properties and experi-
mental conditions) on the loading of radioactive elements on
MOFs, which significantly affects the capacity of adsorption,
based on specific surface area, MOF stability, toxicity, and coex-
isting ions, while also considering the commercial value of the
MOF. This is the most effective technique for integrating suitable
functional groups onto MOFs and adjusting their pores to
improve the metal ion selectivity and adsorption capacity.
Notwithstanding significant advancements in radionuclide
sequestration, MOFs continue to encounter hurdles and obsta-
cles to practical implementation. Here are a few challenges.

(1) The impact of radiation on the stability of MOFs must be
examined before their application in radioactive contexts. The
efficacy of MOFs in aqueous solutions is often limited because
they readily degrade under extreme alkaline and acidic condi-
tions. The objective of this study was to create stable MOFs that
are appropriate for a wide pH range, with special emphasis on
their stability under aqueous and acidic/basic conditions. This is
especially true if it is designed for nuclear waste management.

(2) Radionuclides manifest in various complex forms in the
natural environment, including krypton (Kr), xenon (Xe), iodine
vapor (I,), cations such as Cs*, Sr**, and UO,**, and anions such
as TcO, . The adsorption process is linked to the adsorption
efficiency of the MOFs. The structural designability of MOFs
must be meticulously evaluated in the process of radionuclide
removal, which is pertinent for the design of radioactive metal
ion MOFs.

(3) The predominant method for preparing MOFs currently
involves high-temperature and pressure conditions, which are
time-consuming, complex, and constrained by significant
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equipment limitations, rendering them unsuitable for large-
scale commercial applications. Future studies should focus on
the rapid synthesis of significant quantities of compounds at
room temperature. The conversion of the metal salt and the type
of solvent will not affect the synthesis of the target MOF,
provided the metal center and the organic linker remain
unchanged. This alleviates the time spent on laborious and
intricate preliminary processes.

(4) Enhancing the reusability of MOFs is another method for
decreasing their commercial cost. The greater the reuse of
MOFs, the longer their lifespan and the lower the cost per
utilization. A burgeoning body of research exists on this topic;
however, few experiments have been adeptly designed to
demonstrate repeatability, concentrating exclusively on the
repetition rate per use while neglecting the critical desorption
rate per use. The selection of an eluent is essential for the
recycling of MOFs; the optimal eluent can effectively remove the
adsorbed pollutants from the adsorbent while preserving its
structural integrity, thereby facilitating the immediate reuse of
MOFs.

(5) Radionuclides can serve as metal sources in MOF
synthesis. By aligning with the HSAB theory based on the
nuclide structure, it is possible to produce stable, non-water-
soluble MOFs, thereby contributing to societal advancement
and facilitating the conversion of waste into valuable resources.

(6) Metal-organic frameworks (MOFs) are not singular enti-
ties; their structural diversity and adaptability pose challenges
for future advancements. A solitary MOF may be inadequate to
meet the criteria for radioactive removal, while non-MOF
alternatives may exhibit high selectivity for radionuclides,
albeit with some shortcomings that must be addressed. Metal-
organic frameworks (MOFs) can serve as carriers to combine
with molecules such as crown ethers, facilitating the advantages
of radionuclide capture.

(7) These studies have focused on the removal of single
radioactive elements; however, in practical nuclear wastewater
treatment, multiple radioactive elements often need to be
treated simultaneously. Future studies should focus on the
application of MOF materials in realistic aqueous
environments.

The examination of adsorbents and technology for the
uptake and extraction of radionuclides is essential for the
progress of nuclear energy, significantly impacting human
health and the global environment. To achieve this ideal
objective, environmentalists, chemists, and materials scientists
must interact effectively. Therefore, we support the thorough
execution of policies and improved collaboration to reduce the
hazards of Fanning radioactive contamination of marine
ecosystems, the atmosphere, soil, and human health.
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