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The severe threat of heavy metal pollution to ecological sustainability and human health has made the
urgent development of efficient and environmentally friendly remediation technologies a necessity. Poly-
oxometalates (POMs), a class of unique metal-oxygen clusters with regulable structures and excellent
properties, have emerged as promising candidates for removal of heavy metal ions. This review sum-
marized the recent advances in POM-based functional materials (e.g., host-guest, heterojunction, and

Keywords: POM-based metal-organic frameworks) for heavy metal ion remediation (such as U(VI), Pb(II), and Cr(VI)).

Polyoxometalates The removal mechanisms, including adsorption, chemical reduction, photocatalytic reduction, adsorption-

Radionuclide photocatalysis synergy, as well as the chemical sensor or probe for heavy metal detection, have been

Eeavy rTetal ions highlighted. Additionally, the challenges in improving material recyclability, scaling up synthesis, and un-
emova

derstanding the long-term environmental impact of POMs are identified, while future research directions
toward sustainable, cost-effective, and multifunctional POM-based systems are proposed. This review pro-
vides a comprehensive overview of POM-based functional materials potential in addressing heavy metal

Mechanisms

pollution, offering insights for designing next-generation environmental remediation materials.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Heavy metal pollution, accumulating in ecosystems through
industrial discharges, mining activities, and agricultural practices,
has emerged as a major global environmental issue drawing
substantial attention due to the high toxicity, non-biodegradability,
and bio-accumulation characteristics of heavy metal ions [1-13].
Even at very low concentrations, heavy metals such as chromium
(Cr) and lead (Pb), can inflict serious damage on human health
and the ecological environment [14-17]. These heavy metals can
disrupt the normal physiological functions of organisms, damage
vital organs, and even lead to chronic diseases and genetic muta-
tions [18,19]. In addition to common heavy metals, radionuclides
like uranium (U) and americium (Am) are widely acknowledged
as global environmental contaminants, primarily owing to their
inherent radioactivity and chemical toxicity [20-24]. The devel-
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opment of uranium enrichment strategies is of great significance
for maintaining the sustainability of nuclear energy and advancing
environmental governance. Therefore, the effective removal of
heavy metal ions from wastewater is vital for environmental
protection and human health.

Recently, substantial efforts have been directed toward develop-
ing efficient strategies, such as adsorption, chemical precipitation,
photocatalytic/electrochemical treatment, and ion exchange [25-
29], to address radionuclide and heavy metal pollution from
the perspective of environmental sustainability. Among these
approaches, functional materials play a pivotal role in enabling
selective pollutant capture, enhancing treatment efficiency, and
ensuring recyclability due to their unique structural and chemical
properties. This dual emphasis on performance and sustainability
highlight the need for rational material design and green synthesis
methodologies, which are critical for optimizing functional ma-
terials for practical applications in radionuclide and heavy metal
remediation. Common functional materials for heavy metal ions
removal can be categorized into the following key types, each
designed to address specific remediation needs: (1) Carbon-based
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materials, such as graphene, carbon nanotubes [30-32]. These
materials can remove various heavy metal ions through physical
and chemical adsorption due to their large specific surface area
and simple preparation. However, they suffer from poor selectivity,
low adsorption efficiency for trace heavy metals, and insufficient
stability under acidic conditions. (2) Inorganic minerals, including
montmorillonite, zeolites, metal oxides [33,34]. Although they
usually exhibit high chemical stability and excellent ion-exchange
selectivity, the relatively low adsorption capacity and agglomera-
tion limit their further application in removal of heavy metal ions.
(3) Organic polymer, such as ion-exchange resins, hydrogel, chi-
tosan [35,36]. This type of material is characterized by abundant
functional groups, with chitosan demonstrating good biocompat-
ibility and resins having high exchange capacity. However, they
exhibit poor acid resistance and are prone to degradation at high
temperatures. (4) Porous crystalline materials [37-42]. Metal-
organic framework (MOFs), covalent organic frameworks (COFs)
are typical representative, which feature tunable pore structures
and high specific surface area. Additionally, they can be easily
functionalized by introducing specific adsorption sites, showing
high selectivity for certain heavy metals. However, the frameworks
are prone to decomposition under acidic conditions. (5) Bio-
adsorbents [43-45], such as microbes, cellulose-based materials,
which are derived from natural and renewable sources (plants,
bacteria and algae). Therefore, bio-adsorbents show sustainability,
environmental friendliness, biocompatibility, high surface area and
versatile surface chemistry. As for the application, the selection
or design of functional materials should integrate high efficiency
and cost-effectiveness, tailored to the wastewater composition,
treatment scale, and specific properties of target metal ions.

Among the numerous functional materials, polyoxometalates
(POMs), defined as metal-oxygen clusters formed by early transi-
tion metals (e.g., W, Mo, V) and oxygen, exhibit distinct proper-
ties of structural diversity, adjustable REDOX capacity, and unique
active lattice oxygen [46-49]. POMs have found extensive applica-
tions across diverse fields, including optics, magnetism, catalysis,
energy, and life sciences [50-57]. Recently, POMs have also been
proven to be an ideal candidate in the field of removing heavy
metal ions, which exhibit multi-dimensional advantages that are
closely related to their unique structural characteristics, chemi-
cal properties, and functional designs. Despite significant advance-
ments, a holistic overview integrating the dual functions of POMs
in direct heavy metal ion capture and comprehensive environmen-
tal decontamination remains elusive.

This review endeavors to systematically synthesize the latest
research on POM-based functional materials for heavy metal ion
remediation. By dissecting the underlying mechanisms of adsorp-
tion, redox reactions, photocatalytic reduction, and synergistic pro-
cesses, this review elucidates the structure-activity relationships
critical for targeted heavy metal removal. Furthermore, it critically
evaluates the advantages and challenges associated with POM-
based functional materials and provides a forward-looking analysis
of future research directions. Through this comprehensive exami-
nation, this review aims to offer robust theoretical foundations and
practical guidelines for the large-scale application of POM-based
functional materials in treating heavy metal-contaminated water.

2. Advantages of POM-based functional materials in the
removal of heavy ions

POM-based functional materials demonstrate distinct advan-
tages in heavy metal ion removal, featuring high efficiency, supe-
rior selectivity, and remarkable stability. These advantages are en-
abled by rational structural engineering strategies, including metal
substitution, ligand modification, and cluster assembly. Their core
competitiveness lies in the precise design of molecular structures
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and the integration of unique physicochemical properties, thus
providing sustainable solutions for environmental remediation and
related ecological sectors.

2.1. Structural diversity and functional adjustability

On the one hand, the molecular structure of POMs can be
exquisitely tailored by manipulating the metal ions (W, Mo, V),
organic ligands, and coordination modes, providing a design basis
for the targeted removal of specific heavy metal ions [58]. On the
other hand, POMs can be synergistically integrated with diverse
functional materials, including covalent organic frameworks (COFs),
graphene, perovskite, and metal-organic frameworks (MOFs) [59-
64]. Through such strategic hybridization, the active sites of POMs
can be combined with the high specific surface area/porous struc-
ture of these platforms, thereby enhancing adsorption capacity and
mass transfer efficiency.

2.2. Multiple synergy action mechanisms

POM-based functional materials are capable of achieving re-
moval efficiency for heavy metal ions via the synergistic inter-
play of multiple mechanisms. (1) Coordination complexation and
ion exchange [65-67]. The terminal oxygen and bridge oxygen
atoms, organic groups in POMs, can serve as coordination sites
to form stable coordination bonds with heavy metal ions (U(VI),
Pb(Il)). Meanwhile, the exchangeable cations on the material sur-
face (such as Na*, K*) can undergo ion exchange with heavy
metal cations. (2) Redox and photocatalytic reduction. The metal
ions of POMs (such as W6+ /W5t Mo®*/Mo>*, V>*+/V4+) can re-
versibly transform between different oxidation states, forming sta-
ble REDOX pairs, which could be used to reduce toxic high-valent
ions (such as Cr(VI), U(VI), Hg(Il)) to low-toxicity or easily pre-
cipitated low-valent ions [68-70]. (3) Electrostatic attraction and
adsorption-catalysis synergy [71,72]. The negatively charged sur-
face of POMs exerts strong electrostatic attraction toward posi-
tively charged heavy metal cations. When combined with pho-
tocatalytic or chemical reduction processes, this synergy enables
an integrated "adsorption-immobilization-conversion" mechanism,
thereby significantly enhancing the removal efficiency.

2.3. High selectivity and environmental adaptability

POMs, as nanoscale metal-oxygen clusters, exhibit remark-
able structural designability stemming from the high tunabil-
ity of framework composition, spatial configuration, and assem-
bly modes, thereby providing a unique platform for function-
oriented material design [73]. On the one hand, classical POMs
(such as [PW1504,]~, [PWg034]°~) pose highly negative surface
charges and abundant W-0O/Mo-O groups, which exhibit strong
electrostatic attraction toward high-valent cations (e.g., U(VI) and
Pb(Il)) through electrostatic attraction. Moreover, distinct func-
tional groups demonstrate differential affinity toward various
heavy metal ions, governed by their coordination chemistry, steric
characteristics and competitive capacity [37]. For example, surface
modification of POMs through organic ligands with specific func-
tional groups (e.g., organic amines, thiols, phosphate groups) signif-
icantly enhances their coordination affinity toward specific metal
ions, enabling targeted chelation via lone-pair electron donation.

On the other hand, when POMs are composited with other
materials (e.g., MOFs, COFs, or perovskites) to form hierarchical
porous architectures, the precisely engineered pore dimensions en-
able size-exclusive targeted elimination of heavy metal ions with
distinct ionic radius [74,75]. This mechanism relies on steric hin-
drance, where larger ions (e.g., Pb%*, ionic radius 0.119nm) are
sterically excluded from pore entrances, whereas smaller ions (e.g.,
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Cd2+, 0.097 nm) diffuse freely through the channels. Therefore, the
selective removal capacity of different types of POM-based func-
tional materials for different heavy metal ions is closely related to
their structural design, surface functional groups, and coordination
environment through appropriate modified strategy.

2.4. Recyclability and sustainability

Additionally, POM-based functional materials have good sta-
bility under certain conditions, including thermal stability and
chemical stability [76-79]. They can maintain a relatively stable
structure and performance at higher temperatures, and also retain
their basic chemical composition and structure in some organic
solvents and aqueous solutions, which makes them have good
adaptability under different environmental and application condi-
tions [80-84]. This robustness makes them well-suited for treating
extreme wastewater, such as mine drainage and electroplating
effluents.

The majority of POM-based functional materials can be regen-
erated via methods such as acid-base treatment, photoreduction,
or solvent elution, maintaining excellent performance [85-93]. In
terms of green chemistry, employing biological templates like chi-
tosan and cellulose for the synthesis of POM-based functional ma-
terials or developing solvent-free/low-solvent synthesis routes, sig-
nificantly mitigates environmental impacts. These approaches align
seamlessly with green chemistry principles, underscoring the sus-
tainability of POM-based functional materials in both production
and application.

3. POM-based functional materials for the removal of
radionuclides

The remediation of radioactive uranium-laden wastewater rep-
resents a formidable global challenge, prompting extensive and
systematic research efforts from numerous domestic and interna-
tional scientific teams [94-99]. In environmental matrices, uranium
mainly exists in two oxidation states. Hexavalent U(VI) presents as
highly soluble uranyl ions (U0,2%), which easily migrate through
aqueous and soil environments to make separation and enrich-
ment processes more complex. Conversely, tetravalent U(IV) usu-
ally forms insoluble compounds, such as uranium dioxide (UO,)
with extremely low solubility in water and much lower migration
ability than U(VI). U(IV) precipitates as insoluble UO, (solubility
product constant, Ksp =—52.0), conferring enhanced environmental
stability [100].

Therefore, the removal and recycling of uranium from nuclear
wastewater are of utmost importance for the sustainability of
both the environment and nuclear energy. Among these, soluble
U(VI) reduced to insoluble U(IV) has emerged as a pivotal strat-
egy. This approach not only mitigates uranium mobility but also of-
fers viable pathways for uranium resource recovery and radioactive
pollution control [101-103]. Photocatalytic reduction, a promising
method, harnesses the potent reducing power of photogenerated
electrons. By continuously supplying electrons to UO,2*, this pro-
cess drives the sustained conversion of U(VI) to U(IV), facilitating
efficient uranium remediation [104-106]. Consequently, the design
and fabrication of high-performance photocatalysts are essential
for advancing U(VI) removal efficiency. Among various photocat-
alytic materials [107], POMs exhibit distinctive features including
structural versatility, tunable redox properties, active lattice oxygen
sites [108-110], and wide-ranging applications [111-115]. Neverthe-
less, the exploration of POMs for radioactive wastewater treatment
remains in its infancy. An in-depth investigation of their underly-
ing mechanisms and full exploitation of their application potential
is imperative for future research.
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3.1. Adsorption removal for U(VI)

The surface of POMs is rich in active sites such as terminal oxy-
gen and hydroxyl groups, as well as abundant functional groups
(such as phosphate groups, sulfonate groups, carboxyl groups),
and carries a negative charge, which can effectively adsorb ura-
nium through coordination or electrostatic attraction. As shown
in Fig. 1a, Diwu et al. [116] reported that the lacunary Keggin-
type POM (PWjy) can selectively bind with U(VI) in the presence
of excessive divalent ions, and exhibits an active oxygen scaveng-
ing efficiency as high as 78.8 %. The excellent active terminal oxy-
gen quenching ability and uranium removal performance of POMs
make them a new type of reagent that can effectively protect
the human body from the radiation damage caused by the inter-
nal exposure of actinides. Besides the terminal oxygen of [WOg],
the functional groups with a strong affinity for heavy metal ions,
such as phosphate and carboxyl, also play a pivotal role in captur-
ing heavy metal ions through coordination interactions or chela-
tion. In Fig. 1b, Xu et al. [117] developed a POM-based sorbent
H33Na;4MoV,4MoV!,(PO,4)1;073 with abundant phosphate groups
under hydrothermal conditions, which contains an unprecedented
supersodalite cage with an 8.76 A diameter. As a sorbent, this com-
pound exhibits a maximum sorption capacity of 325.9mg/g and
maintains approximately 90% of its initial efficiency after five suc-
cessive sorption/desorption cycles. Then, Liu et al. [118] systemat-
ically investigated the removal efficiency of POM-based functional
materials toward U(VI) by leveraging phosphate groups, which ex-
hibit strong coordination affinity with U(VI). Specifically, the max-
imum adsorption capacity of CO-POM is 232.04 mg/g under pH 4.0
and 298K conditions (Fig. 1c).

Nevertheless, pure POMs often face limitations in performance
and stability due to agglomeration, disordered molecular arrange-
ments, and restricted specific surface areas [119]. To address these
challenges, dispersing POMs within suitable solid matrices has
emerged as a viable strategy. MOFs, graphene oxide, and COFs
renowned for their porous architectures and chemical robustness,
have gained traction as versatile platforms for various applications.
Notably, these platforms have demonstrated substantial potential
as photocatalysts or adsorbents to remove U(VI) from aqueous sys-
tems. Shao et al. [120] synthesized a novel POMs (H3[ct-PW13040])
modified aminated graphene oxide (PHGO). The results show that
the maximum adsorption capacity of PHGO for U(VI) is 576 mg/g
under conditions of pH 5.0, 298K, and 6h. The introduction of
POMs could efficiently enhance the interlayer spacing of HGO,
meanwhile, the abundant PO43- in the POMs structure coordinates
with UO,2*, enhancing the adsorption ability of PHGO for U(VI).
In 2016, Ding et al. [121] incorporated polyoxometalate H3PW1,04q
into the MOFs (HKUST-1@H3PW1,049) and investigated its ad-
sorption performance toward low-concentration U(VI) solutions.
The composite material demonstrated selective capture of U(VI)
from multi-metal ion mixtures, maintaining stable adsorption
capacity even after three desorption-reuse cycles. Structural anal-
ysis revealed that abundant carboxyl groups and terminal oxygen
moieties in HKUST-1@H3PW,049 form strong coordination com-
plexes with U(VI) ions, a finding consistent with results from
acid-base titration and back titration experiments. In 2024, Yang
et al. [122] fabricated a high-performance polyoxometalate-based
metal-organic framework (POMOF), as illustrated in Fig. 1d, where
the abundant oxygen-rich groups of PW;, establish strong co-
ordination with uranyl (U(VI)) ions, thereby enabling selective
uranium adsorption. Structural and adsorption characterization
confirmed that the MIL-101(Cr)@PW;, composite achieved an
outstanding uranium adsorption capacity of 461.88mg/g, un-
derscoring the substantial potential of POM-based functional
materials for remediating radioactive wastewater. The remarkable
adsorption capacity of POM-based functional materials toward
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Fig. 1. (a) Complexation mode of PWy with uranyl. Reproduced with permission [116]. Copyright 2022, American Chemical Society. (b) Simplified adsorption mechanism
of Ha3NajysMoV4MoV'5(P0Oy4)1;073 for uranium. Reproduced with permission [117]. Copyright 2017, American Chemical Society. (c) Schematic illustration of U(VI) adsorption
onto CO-POM via phosphate groups. Reproduced with permission [118]. Copyright 2019, Elsevier. (d) Experimental EXAFS results, and the adsorption-desorption mechanism
of MIL-101(Cr)@PW;, for U(VI). Reproduced with permission [122]. Copyright 2024, Elsevier.

U(VI) is primarily attributed to the abundant oxygen-containing
functional groups, such as terminal oxo ligands (W=0/Mo=0),
phosphate (-PO,), carboxyl (-COOH) groups. These groups enable
efficient chelation of U0,%* jons through bidentate coordination
or electrostatic interaction.

3.2. Synergistic removal mechanism

3.2.1. Synergistic effect of adsorption-photocatalysis reduction

Besides the adsorption capacity, the "electron sponge" property
allows POMs to preserve structural integrity during electron gain
or loss. This characteristic is capable of effectively facilitating the
separation and transfer of photogenerated carriers. Zhang et al. dis-
persed POM (PMo+;) in the pores of Cu-MOFs or UiO-66 through
a self-assembly strategy to synthesize a series of POM@MOFs
(Fig. 2a). Among these, the 15% PMoq,/Ui0-66 [123] showed a
maximum theoretical adsorption capacity of 225.36 mg/g for U(VI)
under dark. Meanwhile, the photocatalytic reduction rate reached
98.92 % under irradiation, approximately 30-fold higher than that
of pure UiO-66. During the photocatalytic process, the photogen-
erated electrons efficiently transfer from UiO-66 to PMo;,, which
plays a crucial role in the reduction of pre-enriched U(VI) to U(IV).
Subsequently, they synthesized POM@Cu-MOFs hybrid materials,
demonstrating efficient U(VI) removal through a synergistic effect
between adsorption and photocatalysis [124]. In POM, the oxygen-
rich moieties serve as adsorption sites, enabling POM@Cu-MOFs to
achieve an outstanding removal capacity of 1987.4 mg/g and effec-
tively remove 99.4% of UO,2* ions under irradiation. As illustrated
in Fig. 2b, Cu-MOFs showcase remarkable adsorption capabilities,
whereas POM undergoes reversible multi-electron transfer reac-
tions. These inherent characteristics collectively bestow POM@Cu-
MOFs with notable advantages in both adsorption and photocat-
alytic processes. The generation of free radicals and the underly-
ing reaction mechanisms can be articulated through the following
equations:

POM@Cu-MOFs + hv — e~ + h* (1)
H,O+h* — OH+H" (2)
U042+ + e~ — U0y« (s, amorphism) (3)
0,+e — -0, (4)
U052t +20,~ — U0, 4 (s, amorphism)+ 0, (5)

3.2.2. Synergistic of adsorption-chemical reduction-photocatalytic
reduction

Another crucial characteristic of POMs is their remarkable
redox property, originating from the variable valence states of
the pre-transition metal ions (such as WS6t/wW>*+, Mobt/Mo>t,
V3+[VA4+), These valence state changes are often accompanied by
the transfer of electrons and the activation of oxygen species,
enabling POMs to participate in reactions as electron carriers or
redox catalysts. Additionally, the electrons in POMs have delo-
calization, forming a multi-center redox system, which endows
POMs with the relative stability of the overall structure during
the process of gaining or losing electrons. In 2024, Qiu et al. [125]
fabricated a TFHH-POM composite by embedding amino-modified
POMs into the pores of highly conjugated polyarylether-based
COFs (TFHH) via amide bond formation (Fig. 2c). The compos-
ite’s performance benefits from a trifecta of enhancements: The
highly conjugated backbone of TFHH, the charge density disparity
between POMs and TFHH, and the spatial confinement of POMs
within TFHH pores, all of which act in concert to boost charge
separation efficiency. Oxygen-rich groups on POMs and carboxyl
moieties on TFHH could selectively bind U(VI) ions, meanwhile,
Mo(V) centers in the POMs component efficiently reduce the
adsorbed U(VI) to U(IV). Therefore, the U(VI) extraction capacity
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Fig. 2. (a) Synergistic removal mechanism of U(VI) by 15% PMo,/UiO-66. Reproduced with permission [123]. Copyright 2024, Elsevier. (b) Feasible photoreduction mecha-
nism for U(VI) occurring on the POM@Cu-MOF heterojunction [124]. (c) Synergistic removal mechanism of U(VI) by TFHH-POM. Reproduced with permission [125]. Copyright
2024, Elsevier. (d) Synergistic removal mechanism of U(VI) by [a-PMo"gMo‘”4037(OH)3Zn4](TPB)3,246H20. Reproduced with permission [126]. Copyright 2019, Willy Online

Library.

of TFHH-POM reaches 489.2mg/g, thus achieving a synergistic
adsorption-chemical reduction-photocatalytic reduction mecha-
nism for uranium removal. In 2019, Wang et al. [126] successfully
synthesized a POMOFs [e-PMo"gMo"!4037(OH)3Zn4](TPB)3/,-6H,0
(SCU-19) with a triple adsorption mechanism (Fig. 2d). First, U(VI)
is adsorbed onto the framework structure of SCU-19 via ligand
complexation (oxygen atoms). Subsequently, the Mo(V) in the
POM unit could chemically reduce the partially adsorbed U(VI)
to insoluble U(IV). Under illumination conditions, the photogen-
erated electrons transfer to the oxidized POMs, thereby forming
the reduced POMs that further reduce the additional U(VI) to
U(IV) through a photocatalytic reduction process. According to the
unique synergy of adsorption-chemical reduction-photocatalytic
reduction, the reduction efficiency of POM-based functional
materials will be significantly enhanced.

Constructing heterojunctions through the integration of POMs
with other semiconductors offers an ingenious and highly efficient
approach to the rapid and effective elimination of uranium. This
synergistic combination not only leverages the unique redox prop-
erties of POMs and the photoactivity of semiconductors but also
forms a built-in electric field and achieves the spatial separation
of oxidation-reduction, which is another effective way to improve
the bulk charge separation efficiency of photocatalytic materials.
Liu et al. [127] pioneered the fabrication of a novel composite
photocatalyst, (HMTA);Pb,Br;@STA-PW,, featuring functionalized
POMs encapsulated within perovskite nanotube arrays (Fig. 3a).
Capitalizing on the unique "electron sponge" characteristic of
POMs, this architecture enables photogenerated electrons effi-
cient transfer from (HMTA);Pb,Br; to PWy,. This rapid electron
shuttling mechanism significantly suppresses the photogener-
ated charge recombination, thereby optimizing charge separation
and transport dynamics. Under simulated sunlight irradiation,
(HMTA);Pb,Br;@STA-PW;, demonstrated extraordinary perfor-
mance when treating solutions with an initial U(VI) concentration
of 40 ppm, achieving an impressive 99.3 % removal of U(VI) within
just 40 min (Fig. 3b). In 2024, Li et al. [128] were the first to de-
vise a strategy for creating amidoxime-functionalized POM-based
porous ionic crystals (PW;,A0). Subsequently, they integrated
PW,A0 with Gd/CdS to fabricate a Z-scheme heterojunction
(Fig. 3c). Impressively, the adsorption capacity of Gd/CdS-PW,AO

is 205.29mg/[L, and it achieved an outstanding uranium removal
efficiency of 90% in the treatment of solutions with an initial
uranium concentration of 300 mg/L without any sacrificial agents.
According to the energy band diagram (Fig. 3d), electrons in
Gd/CdS will spontaneously migrate to PW;,AO to create a built-in
electric field oriented from Gd/CdS to PW1,A0. Under illumination,
both components generate electron-hole pairs and form a Z-
scheme heterojunction, which effectively separates charge carriers
and maintains a high redox potential, enhancing the composite’s
photocatalytic performance for uranium removal (Eqs. 6-10).

Gd/CdS+hv— e +h* (6)
PW;,A0 +hv — e +ht (7)
U0,2+ +2e" — U0, (8)
0, +e — -0y~ 9
H,O+h* — -OH+H" (10)

Besides the photocatalysis and adsorption strategies mentioned
above, electrochemical extraction of uranium from seawater holds
promise for sustainably supplying nuclear fuel. However, current
progress is hindered by the co-deposition of impurities. Zhu et al.
[129] reported the design of an interfacial coordination-reduction
interface in CMOS@NSF, enabling the electrochemical extraction
of black UO, products from seawater. The internal sulfur in Co-
MoOS modulates electron distribution, leading to electron accu-
mulation at terminal O sites for strong binding with uranyl ions.
Simultaneously, the interfacial connection between CoMoOS and
Ni3S, accelerates electron transfer and enhances reductive proper-
ties. This synergistic coordination-reduction interface ensures the
formation and stabilization of tetravalent uranium, preventing the
co-deposition of alkali metals during crystalline transformation.
As illustrated in Figs. 4a-d, when applied to natural seawater,
CMOS@NSF demonstrates an electrochemical extraction capacity of
2.65mgg'd!, yielding black UO, solid as the final product. Addi-
tionally, as a byproduct of nuclear power generation, americium
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is a primary source of long-term radiotoxicity in nuclear waste,
which poses the greatest environmental hazard after uranium-
plutonium separation in nuclear waste.

The separation of americium from lanthanides (Ln) in spent
nuclear fuel is crucial for the sustainable development of nu-
clear energy. According to the coordination chemistry of ameri-
cium(VI), Wang et al. [130] developed a novel inorganic defect
POMs cluster {SegW,s}, featuring a vacancy site that enables selec-
tive coordination of hexavalent actinides (238U, 237Np, 242Puy, and
243Am) over trivalent lanthanides in nitric acid media. The initial
{SegW3q} features a macrocyclic architecture with a cavity mea-
suring 8.7 x 8.7A. Upon self-assembly, three WOg® groups plug
the frontal cavity of the POM, while three additional WOg® groups
cap its rear, generating a vacancy site with a preorganized copla-
nar oxo-donor framework for precisely matching the actinyl ion.
Therefore, {SegW45} could exhibit an extremely strong complexa-
tion with the common pentagonal bipyramid coordination geom-
etry of Am(VI), while showing negligible interaction with triva-
lent europium (Eu(Ill)) with spherical configuration. The primary
cause of this phenomenon lies in the size differences and coordina-
tion mode between lanthanide and actinide species. Additionally,
single-crystal X-ray diffraction analysis confirms complete encap-
sulation of Am(VI) within the designed lacunary binding site, fur-
ther validating the precise recognition of Am(VI) by the lacunary
POM framework (Fig. 4e). Based on this, they developed a new ul-
trafiltration separation method that holds potential for applications
in critical tasks such as spent nuclear fuel reprocessing, radioactive
contamination control, separation/purification of radioactive iso-
topes, and radiochemical diagnostic analysis in China. A compar-
ison of the removal capabilities of some compounds in removing
heavy metal ions is illustrated in Table 1.

4. POM-based functional materials for the removal of heavy
metal ions

4.1. Catalytic reduction or selective detection for chromium(VI)

In addition to radionuclides, the environmental impact of heavy
metal ions (e.g., Cr, Pb, Cd) cannot be overlooked. Among these,
chromium is widely employed in industrial production, giving rise
to severe environmental challenges [131]. Chromium pollution

predominantly stems from wastewater, exhaust gases, and solid
wastes discharged by industries such as metal processing, elec-
troplating, and leather manufacturing [132]. The hazard levels of
chromium vary significantly across different valence states, with
hexavalent chromium (Cr®*) being particularly toxic due to its
strong oxidizing properties. Chromium pollution is notoriously
difficult to remediate and has a prolonged treatment cycle, posing
a grave threat to ecological and environmental security and hu-
man health. Therefore, urgent measures are required to strengthen
source prevention and control, as well as pollution remediation,
to mitigate its environmental risks. Han et al. [133] successfully
isolated three phosphomolybdate hybrid compounds (H,bpp);[Fe
(H20)][Sr(H20)4]2{Fe[MogO12(OH)3(HaPO4)(HPO4)(PO4)2 ]2 }-5H,0

(1), (Hzbpp);[Na(H20)(0C;Hs)][Fe(H20);][Ca(H20); 12{Fe[MogO1,
(OH)3(H2PO4)(HPO4)(PO4)2]2}-4H20 (2) and (Hpbpe)s{Fe[MogO1,
(OH)3(HPO4)3(HyP04)]2}-8H,0 (3). The three hybrids consist of
supramolecular networks built up by noncovalent interactions
between {Fe[P4MogV05;],} polyanions and protonated organic
cations. As supramolecular catalysts for the reduction of Cr(VI),
organic bpp-containing hybrids 1 and 2 exhibit excellent catalytic
activity in the Cr(VI)-formic acid (FA) system at 75°C, exceeding
95% of reduction efficiency for Cr(VI) within 180 min (Fig. 5a).
However, a single FA exhibits no reducing activity toward Cr(VI).
The dominant processes are the physical adsorption of POMs and
the surface catalytic reaction between Cr(VI) and FA at low tem-
peratures. When POMs act as a catalyst, it significantly lowers the
activation energy to accelerate electron transfer in the Cr(VI)-FA
system. With increasing temperature, the reaction mechanism
shifts to primarily involve FA reducing POM, with the resulting
product then further reducing Cr(VI) to Cr(Ill) (Egs. 11 and (12).

FA -+ 2POM — 2POM- + CO, + 2H* (11)

6POM- -+ Cr,0,2 + 14H* — 6POM + 2Cr3* + 7H,0 (12)

Wang et al. [134] synthesized three visible-light-responsive
Fe-POMs (FePW, FeSiW, and FePMo) by precipitating Fe3* with
Keggin-type POMs (H3PW12040, H4SiW12040, or H3PM012040)
(Fig. 5b). Under visible light irradiation, FePMo achieved approx-
imately 88% reduction of Cr(VI) within 50 min, maintaining good
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stability over 5 cycles. The calculated rate constant (0.042 min!)
was 2.5 times and 1.8 times higher than those of FePW and Fe-
SiW, respectively. In FePMo, photogenerated electrons in the low-
est unoccupied molecular orbital (LUMO) are transferred to Cr(VI),
facilitating its reduction. Meanwhile, holes in the highest occupied
molecular orbital (HOMO) can directly oxidize organic substances
or trigger the formation of reactive HO® radicals.

Based on the above analysis, the potential mechanism of cat-
alytic reduction for Cr(VI) can be attributed to the following as-
pects. On the one hand, the suitable visible-light response and
photoelectrochemical properties are beneficial for the generation,
separation, and transfer of electron-hole pairs during the photo-
catalytic process. The photogenerated electrons in LUMO and the
holes in HOMO of POM-based functional materials play a cru-
cial role in Cr(VI) reduction. On the other hand, the excellent
oxidation-redox properties of POMs could achieve effective elec-
tron transfer through the valence state change, directly reducing
Cr(VI) to Cr(III).

Ultra-trace selective detection of heavy metal ions is critically
vital in environmental governance and public safety, emerging as

a pivotal technical approach to strike a balance between ecological
protection and socioeconomic development. A series of POM-based
crystalline materials [135-139] have been constructed and applied
as an electrochemical sensor for detecting trace Cr(VI), includ-
ing  [Cul(BBTZ)]4[Mn''(H,0)3]5[Cu"(P4MoV031H7),]-H3PO4-3H,0
and Nalz(HzBBTZ)[NaI(Hzo)(BBTZ)IZ[Ml’lH(Hzo)z]z[Mnll(P4MOV603]
Hg)2]-2H,0, [HC5HgN; ]6{M[MogO12(OH)3(HPO4)3(H2PO4)]2}-nH,0
(M =Co/Ni/Cd; n=2/3), (Hbpp);[NasFe(H,0);][Fe(P4M0gO31Hg )2 |-
2H,0 and (H;bpp)s(bpp)a[Fe(P4M0og031Hg)z12-13H0,  (HL),
[CO3(P4M06031)2]'5H20 (CUST-572) and [MH(P4M05032)]'5H20
(CUST-573) (Fig. 5c).

The underlying mechanism of the above-mentioned works
for the remarkable electrochemical performance is attributed to
the synergistic interaction at the molecular level between the
reduced {P4Mog} clusters and heterometallic centers. {P;Mog}
clusters coupled with various heterometallic centers (Cu(l),
Cu(Il), Mn(Il), Fe(lll)), which achieve efficient electrochemi-
cal detection of ultra-trace Cr(VI) accompanied by excellent
anti-interference capability and electrochemical stability. In
addition to the synergistic interaction between {P;Mog} clus-
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Table 1
Efficiency comparison of some compounds in removing heavy metal ions.
Compounds Removal of heavy  Removal Strategy Active sites Ref.
metals capacity/removal rate
CO-POM U(vI) 232.04 mg/g Adsorption PO43 [118]
POM-HGO u(vI) 576 mg/g Adsorption ~COOH, -NH,, PO43- [120]
HKUST-1@H3PW 15049 u(vI) 14.58 mg/g Adsorption -COOH, [121]
MIL-101(Cr)@PW, u(vI) 461.88 mg/g Adsorption Oxygen groups, pore structure, [122]
PMo;, /Ui0-66 u(vI) 225.36 mg/g Adsorption and Terminal O, e~ [123]
photocatalysis
POM@Cu-MOFs u(vI) 1987.4 mg/g with Photocatalysis Terminal O, e [124]
99.4% reduction
TFHH-POM u(vI) 289.0 mg/g under Adsorption- Oxygen-containing groups, [125]
dark chemical -COOH, Mo(V)
489.2 mg/g under reduction-
illumination photocatalytic
reduction
[e-PMoYgMo"'4037(0OH)3Zn,4]-(TPB)3/,-6H,0 u(vI) 557.56 mg/g under  Adsorption- Mo(V), e [126]
dark, chemical
728.34 mg/g under reduction-
illumination photocatalytic
reduction
(HMTA )3 Pb, Br; @STA-PW1; u(vI) 99.3% Photocatalysis e [127]
reduction
Gd/CdS-PW;,A0 u(vI 205.29 mg/L with Adsorption and [Cr;0(00CCH,CN)(H20)s ]+, [128]
90% photocatalysis [Cr30(00CCH,CN,0H3 )6
(H20)3]*, N-O, e
CMOS@NSF u(vr) 2.65mg g d! Electrochemical Terminal O, e [129]
reduction
H[Cu'(Hbcbpy)4(PW1,040)2]-7H,0 Cr(VI) 91.94% Photocatalytic e [71]
reduction
{Fe[P4MogVO31 >}, polyanions Cr(VI) 95% Catalytic reduction HCOOH, POM- [133]
FePMo Cr(VI 88% Photocatalytic Oxidative HO" radicals [134]
reduction
LPOM@ZIF Pb2t 764 mg/g Adsorption Vacant oxygen sites, -NH [140]
HKUST-1-@H3PW;,049 Pb%+, Cd%*, Cr3+ 98.18, 32.45, Adsorption Pore structure, [141]
38.25mg/g oxygen-containing groups
POM@MOFs Pb%* 772.23 mglg Adsorption Pore structure, N and O atoms [147]
(C5NHs)4(C3NyHs ),Zn3(HgP4sMog 031 ),-2H, 0 Pb2*+ 714.7 mg/g Adsorption PO43 [128]
PW;oMo,-SBA-15 Co?+, Srz+ 87.72 mg/g for Co?t  Adsorption Oxygen-containing groups, [149]
80.01 mg/g for Sr2+ -NH,
POND nanoclusters (FZU-1) Sr2+ 62.8 mg/g Adsorption Concavity site, [150]
oxygen-containing groups,
Q'9[Mo45]@Si0,@Fe;0, Pb%*, Cu?*, Co?*, 79.5% to 99.3% in Adsorption Large specific surface, [151]
Q8[Mos4]@Si0,@Fe304 Q¥[Moys]@Si0,@Fe30, Ni%*, Hg?*, Cd?+  laboratory water oxygen-containing groups
Q'°[Mos4]@Si0, @Fe; 0,4 92% to 99% in
industrial wastewater
Q8[Mog4NigLag|@SiO, @Fe30,4 Pb%*, Cu?*, Co®*, 87.35% to 99.98% Adsorption Large specific surface, [152]
Q'9[Mo;76/M0,43 |@Si0, @Fe3 0, NiZ*+, Hg?*, Cd?+ oxygen-containing groups
Q¥[M0176/M0245|@Si0; @Fe304
Q!°[Mog4NigLag |@Si0, @Fe; 0,4
[Hn(y-SiW19033 )2(ju-0)4 )&= Pb%*, Sr?*, Ag*, / Encapsulation A rigid cavity [153]
Na*, K+, Rb*
NH4-PMo Ni%+ 34.8mg/g Adsorption Negative surface charges and  [154]
higher specific surface area
PMo;, /ZIF-8 Cs* 291.5mg/g Adsorption Negative charge, pore [157]
structure
[a-PMoV'1,040 > @[Mo' 75 Fe''300555(Hy0)102(CH3CO; )15 P+ Cs* 83 mg/g Adsorption Cation-coupled [158]
-60H,0 electron-transfer
(etpyH);[Cr3O(O0CH)g(etpy)s]2[a-SiM013040]-3H, 0 Cs* 3.5 mol(Cs*)mol(s)? Reduction-induced Pore structure, cation [159]

(etpy = 4-ethylpyridine)

ion exchange
method

exchange

ters and heterometallic centers, the construction of POM-based
metal-organic complexes (MOCs) is another excellent electro-
chemical sensor to detect Cr(VI). As shown in Fig. 5d, two
novel POM-based MOCs, Hs3[Cu,(4-dpye),(PMo13049)] (1) and
H[Cu,(4-Hdpye),(PM013049)(H20)4]-2H,0  (2) (4-Hydpye=N,N'-
bis(4-pyrimidinecarboxamido)-1,2-ethane) [140] were constructed
and used as electrochemical sensors, the detection limits achieved
were as low as 1.27 x 10~ mol/L for 1-CPE and 1.71 x 10~7 mol/L
for 2-CPE. Based on the above analysis, a comparison of the
detection limits for specific compounds used in the detection of
heavy metal ions is presented in Table 2.

4.2. Adsorption removal for lead(Il)

Among the heavy metal ions, lead (Pb(Il)) with strong toxic-
ity and high bioaccumulation potential poses multi-dimensional
threats to aquatic ecosystems and human health. Thus, develop-
ing efficient and reliable strategies for Pb(Il) remediation is vi-
tally important and urgent. As illustrated in Fig. 6a, Chen et al.
[141] reported a self-assembly method to encapsulate lacunary
POMs (LPOMs) within tailored cavities of zeolitic imidazolate
frameworks (ZIFs), yielding LPOM@ZIF. By tuning vacant oxygen
sites, LPOM@ZIF achieves 764 mg/g of capture capacity. In which
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Table 2

Comparison of detection limits for some compounds in detecting heavy metal ions.
Compounds Detection of Limits of detection Ref.

heavy metals

[CU](BBTZ)]4[MHI[(H20)3]2[CUH(P4MOV5031H7)2]<H3P04<3H20 (1) Cr(VI) 1.59 anl/L for 1 [135]
Nal,(H,BBTZ)[Na!(H;0)(BBTZ)],[Mn"(H;0); ], [Mn"(P4MoVs031 Hg )2 ]-2H,0 (2) 2.91 nmol/L for 2
(H,bpp),[NagFe(H,0)7 |[Fe(P4MogO31Hg),]-2H,0 (1) Cr(VI) 0.79 pmol/L for 1 [136]
(Hybpp)s(bpp)2[Fe(P4Mog031HS8),],-13H,0 (2) 0.33 pumol/L for 2
[HC5HgN; ¢ {M[Mog0; 2(OH)3(HPO,4)3(H;P04)], }-nH,0 Cr(VI) 0.026 pmol/L (0.0027 ppm) [137]
(H2bib),[Cd(H,0)]2[Na(H20)05][Cd(P4MogO31Hg 5)2]-13H,0 (1) Cr(VI 18.41 nmol/L for 1 [138]
(Hzbib),[Cd(bib)(H,0)]>[Cd(P4sMogO31H7)2]-17H,0 (2), 30.86 nmol/L for 2
(H;bib),Cd[Cd(P4Mog031Hg),]-13H,0 (3) (bib =4,4’-bis(imidazolyl)biphenyl) 38.90 nmol/L for 3
(H,L),[Co3(P4Mo0gO31 )2 ]-5H,0 (CUST-572) Cr(VI) 133.89 pA L/umol and 30.05 LA L/jumol [139]
[Mn(P4Mog03,)]-5H,0 (CUST-573)
Hs3[Cuy(4-dpye),(PMo012040)] (1) Cr(VI) 1.27 x 10~ mol/L for 1 [140]
H[Cu,(4-Hdpye),(PMo012040)(H20)4]-2H,0 (2) 1.71 x 1077 mol/L for 2
Nag[BiWy033]-16H,0 Cd(11), Pb(II) 9.9 nmol/L for Cd(Il) and 14.2 nmol/L for Pb(II) [143]
H3PW;,049-H,0 Pb%+, Cd** 1 x 10~ mol/L and 2 x 107 mol/L [144]

PW11039@ZIF-8 maintained excellent removal efficiency (~98.5%)
for Pb(Il) from the mixture solution containing competing ions.
Meanwhile, LPOM@ZIF enables ultradeep water purification, reduc-
ing Pb(Il) concentration from 71,770 ppb to 1.84 ppb within 15 min.
Density functional theory (DFT) calculations and experimental re-
sults confirmed that oxygen sites in LPOMs contribute to the re-
markable Pb(Il) adsorption efficiency, while amino groups (ANH)
on ZIFs serve as additional adsorption sites. Li et al. [142] synthe-
sized HKUST-1@H3PW,049 via a microwave-assisted method. As a
highly selective adsorbent material, HKUST-1@H3PW,04q exhibits
excellent adsorption capacity of 98.18 mg/g for Pb%*, 32.45 mg/g for
Cd2*, and 38.25 mg/g for Cr3+,

Likewise, electrochemical stripping analysis has been recog-
nized as an effective method for the quantification of heavy metal
ions, particularly when applied to bismuth-based materials. Liu
et al. [143] synthesized Nag|BiWg033]-16H,0 (abbreviated as BiWg)

and employed it to fabricate an electrochemical sensor for the con-
current detection of Cd(II) and Pb(Il) in the concentration range of
1-50 pwmol/L. The detection limits of Cd(II) and Pb(Il) were 9.9 and
14.2 nmol/L, respectively. Kang et al. [144] demonstrated that well-
defined colloidal carbon nanospheres (CNSs) could be synthesized
on a large scale with the assistance of POMs, along with 1 x 108
and 2 x 10~ mol/L of the detection limits for Pb(II) and Cd(II).
Thus, the electrochemical sensor developed using POM-based func-
tional materials demonstrates excellent performance for the detec-
tion of heavy metal ions, holding promise for further practical ap-
plications in real-world scenarios.

Another important source of lead pollution is emerging per-
ovskite solar cells (PSCs). Lead-based PSCs have emerged as the
most promising candidates for next-generation photovoltaic de-
vices for commercialization due to the advantages of simple prepa-
ration processes, low cost, and excellent optoelectronic proper-
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ties [145]. However, the highly toxic heavy metal lead remains
the primary component of the light-absorbing layer in high-
efficiency PSCs [146,147]. Therefore, the toxicity and leakage of
heavy metal lead from perovskite films pose serious environ-
mental safety risks, serving as one of the key obstacles limit-
ing the eco-friendly development of PSCs. Aiming at the toxic-
ity and leakage issues of Pb(Il), Yang et al. [148] developed a se-
ries of POM@MOFs host-guest nanostructured dopants (Fig. 6b).
Notably, the maximum uptake capacity of POM@MOFs for Pb(II)
reached 772.23 mg/g, and POM@MOFs captured over 70 % of Pb(II)
leaked from degraded PSCs, which was further validated by
time-of-flight secondary-ion mass spectrometry (TOF-SIMS). The
large number of active sites, such as N atoms in the porphyrin
ring and terminal O atoms of POMs, plays a crucial role in
the adsorption of Pb(II). In 2023, a novel two-dimensional PO-
MOF (C5NHs)4(C3N,yHs),Zn3(HgP4MogO3q ),-2H,0 was constructed
to address lead leakage and stability challenges (Fig. 6¢) [149]. The
above results showed that POM-based functional materials, fea-
turing abundant active groups (such as PO43-, oxygen-containing
groups, and N atoms) and pore structure, exhibit both in situ
chemical anchoring and adsorption capabilities for toxic lead ions
through well-defined chemical interactions, thereby reducing envi-
ronmental risks.

4.3. Simultaneous removal of other heavy metals

Industrial or laboratory wastewater often contains various
heavy metal ions, such as cobalt (Co2t) and strontium (Sr*), cad-
mium (Cd?*), copper (Cu?t), nickel (Ni2t), silver (Agt), mercury
(Hg?t), and arsenic (As3t/As>*). These heavy metal ions pose
serious threats to ecological environments and human health.
Therefore, effective treatment of these heavy metal ions in in-
dustrial wastewater through simple methods or multi-functional
materials is crucial for environmental protection and sustainable
development. As shown in Fig. 7a, Mahjoub et al. [150] prepared
amine-functionalized magnetic SBA-15 to support 10-tungsten-
2-molybdophosphoric acid (H3[PMo,;W1g040]-nH,0), and utilized
this material as an efficient inorganic adsorbent for the simul-
taneous removal of Co?* and Sr2t. The adsorption capacity is
87.72mg/g for Co?t and 80.01 mg/g for Sr’*. Additionally, Zheng
et al. [151] proposed a site differentiation strategy and constructed
the giant polyoxoniobate (PONb) nanoclusters of an all-inorganic
PONb framework (FZU-1). This configuration results in a total of 12

10

such concavity sites on each Dy12Nb84, which is suitable for the
recognition and selective capture of Sr>* ions due to the appropri-
ate Sr-O bond lengths. Therefore, FZU-1 could effectively remove
98.9% of Sr2+ from simulated nuclear liquid waste due to the pres-
ence of distinct selective metal capture sites (concavity site and
tweezer site). In Fig. 7b, Sohail et al. [152,153] reported a series
of POM-based ionic liquids reinforced on magnetic nanoparti-
cles, including Q8[Mos,]@Si0,@Fe;04, Q'°[Mos,]@SiO,@Fe;0,,
QS[M046]@Si02@Fe3O4, QlO[M045]@5102@Fe3O4 (Q de-
notes long-chain alkyl quaternary ammonium salts, where
Q! is tetraoctylammonium bromide (TOA-Br) and Q! is
tetrakis(decyl)ammonium bromide (TDA-Br)). These materi-
als exhibited remarkable removal efficiencies for Pb%*, Cu?*,
Co?*, Ni?t, Hg2t, Cd2*, ranging from 79.5% to 99.3% in lab-
oratory water and 92% to 99% in industrial wastewater. Sim-
ilarly, another set of materials, Q8Mog4NigLag]@SiO,@Fe;0,,
Q1O[MOG4Ni8LEIG]@SiOZ@Fe3O4, Q8[MO]76/M0248]@SiOZ@FE3O4, and
Q1°[Mo176/M0245]@SiO,@Fe;0, achieved removal efficiencies for
the same ions in the range of 87.35% to 99.98%. Those mate-
rial’s exceptional removal efficiency is attributed to the enhanced
hydrophobicity of POM-IL-MNPs, which originates from the inte-
gration of large molybdenum-based POM clusters with long-chain
quaternary organo-ammonium cations (e.g., tetraoctylammonium
(TOA) and tetrakis(decyl)lammonium (TDA)). Furthermore, the
composite’s amorphous surface structure, high specific surface
area, and efficient adsorption capabilities collectively drive this
outstanding performance.

Constructing multifunctional POM-based functional materials
for the simultaneous removal of multiple heavy metal ions holds
substantial research significance and practical application value in
the field of environmental governance. In Fig. 7c, Streb et al. [154]
developed a unique multifunctional POM-ionic liquid (POM-IL) im-
mobilized on porous silica for the removal of multiple heavy met-
als, with each component targeting specific types of water contam-
inants. POM-IL consists of antimicrobial alkylammonium cations
and lacunary POMs anions, which feature heavy-metal binding
sites. Ni2+, Pb2+, Cu2*, Cr3+, Co%*, and UO,2+ could be success-
fully eliminated from water sources through the synergistic ac-
tion of the POM-SILP, paving the way for multifunctional materi-
als in pollutant adsorption and water purification. Moreover, Ag*,
Ni2t, Cd?*, and Cs*, as representative heavy metal ions, pose sub-
stantial risks to ecological systems and human health [155-159].
In 2024, Wang et al. [160] synthesized a novel POM/viologen-
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Fig. 7. (a) Adsorption of Co?* and Sr?* ions by H3[PMo,Wo049]-nH,0 supported SBA-15. Reprinted with permission [150]. Copyright 2019, the Authors. (b) Synthesis of
various compounds and the adsorption process of heavy metal ions. Reproduced with permission [152]. Copyright 2021, Elsevier. (c) Water purification using POM-SILPs.
Reproduced with permission [154]. Copyright 2024, Elsevier. (d) Preparation of [(HMSBP),(y-MogO46)]-4H,0 for detecting Ag*. Reproduced with permission [160]. Copyright
2024, Elsevier. (e) Electron transfer in the case of the photocatalysis of the reduction of Ag(I) or Pt(IV) with propan-2-ol. Reproduced with permission [162]. Copyright 2025,

American Chemical Society.

based supramolecular compound, [(HMSBP),;(y-MogO,6)]-4H,0
(MSBP = 1-(4-methanesulfonylbenzyl)-[4,4’ |bipyridinyl-1-ium). The
coordination reaction between the S=0 groups, pyridine N atoms,
and Ag* enables the detection of Ag*, with a detection limit of
0.0411 pmol/L within the concentration range of 0.1-3 pmol/L.
Moreover, this supramolecular fluorescent probe has successfully
enabled the quantitative monitoring of Ag™ concentration in envi-
ronmental water samples and commercially available disinfectant
sprays (Fig. 7d).

From an environmental governance perspective, recycling heavy
metal ions helps mitigate their harm to the ecological environ-
ment [161]. Economically, recycling not only reduces raw ma-
terial costs in industrial sectors but also drives the develop-
ment of a waste recycling and reuse industrial chain, achiev-
ing the dual benefits of pollution control and resource value
added. Therefore, recycling heavy metal ions is an activity that
is conducive to the sustainable development of society, which is
equally important for environmental governance with effective re-
moval. In 2025, Ruhlmann et al. [162] constructed four distinct
POM-porphyrin polymers by combining [PW1;Si»049CosH1gN2]?~ or
[P,W17Si;06,Co6H16N; 1% anions bearing pyridyl units with zinc(II)
2,3,7,8,12,13,17,18-octaethylporphyrin and 5,15-(di-p-tolyl)porphyrin
(Fig. 7e). The POM subunit, acting as an electron acceptor, ex-
hibits distinct reduction redox potentials depending on its Keg-
gin or Dawson structural type. The Soret and Q bands of the por-
phyrin subunit dominate the light absorption properties of the
POM-porphyrin copolymers. These materials maintained compara-
ble efficiency in the visible-light-driven photoreduction of Pt(IV)
without causing any surface poisoning on the catalyst.

5. Conclusion and perspectives

In conclusion, POM-based functional materials have emerged as
promising candidates for heavy metal ion remediation and envi-
ronmental purification, owing to their tunable structural features
and exceptional physicochemical properties. This review systemat-

1

ically presents the latest advancements in POM-based functional
materials, highlighting their applications in sustainable strategies
for heavy metal pollution remediation. At the molecular level,
POMs can be precisely engineered by constructing functional ma-
terials such as host-guest systems, heterojunctions, and POM-based
MOFs, enabling the customization of material properties to target
specific heavy metal ions (U(VI), Cr(VI), Cd(II), Sr(Il), Ni(ll), and
Pb(II)).

Based on the above comprehensive analysis, the removal mech-
anisms towards different kinds of heavy metals exhibit significant
divergence, which is mainly ascribed to their intrinsic characteris-
tics and environmental factors that dictate the most effective re-
moval strategies. For radioactive nuclide uranium, U(VI) exists pre-
dominantly as highly soluble uranyl ions (UO,2+), exhibiting strong
migration capability in aqueous environments. UO,2* has a strong
tendency to form stable complexes with ligands containing O and
N donor atoms. As a result, the removal of U(VI) often relies on
materials with functional groups capable of chelating the uranyl
ion, such as phosphonic acid groups or amidoxime groups. These
functional groups can form multi-dentate complexes with U(VI),
ensuring high-affinity binding through chemical adsorption. Mean-
while, soluble U(VI) reduced to insoluble U(IV) has emerged as
another pivotal strategy, which utilizes the photogenerated elec-
trons or oxidants to achieve the reduction process through chemi-
cal reduction, photocatalytic reduction, or their synergistic removal
mechanism.

In contrast, Cr(VI) is highly oxidizing and exists as anionic
species (CrO42- or Cr,0,2") depending on the pH. Its removal typi-
cally involves a two-step process. First, catalytic reduction of Cr(VI)
to less toxic Cr(Ill) using reducing agents, followed by precipita-
tion or adsorption. Second, the removal of Cr(Ill) can be achieved
through ion-exchange or chemical complexation with hydroxide-
based materials. Additionally, a series of POM-based crystalline
materials have been constructed and applied as an electrochem-
ical sensor for detecting trace Cr(VI). For Pb(II), Cd(Il), and Cs(I)
without variable valence via mechanisms such as adsorption, ion-
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Perspectives

Fig. 8. The perspectives of POM-based functional materials.

exchange, and precipitation. The negatively charged functional
groups (carboxylates, phosphates, sulfonates) in materials can ef-
fectively attract and bind those heavy metal ions through chemical
bonds or electrostatic interactions. Additionally, the formation of
insoluble compounds provides an alternative pathway for the re-
moval of those heavy metal ions.

Despite these significant achievements, current research on
POM-based functional materials for heavy metal remediation still
faces numerous challenges. One of the major hurdles is large-scale
synthesis. Complex and costly techniques are difficult to translate
into large-scale production, which limits their widespread appli-
cation in real-world environmental remediation projects. Another
challenge is the long-term stability and recyclability of these ma-
terials. POM-based functional materials may suffer from structural
degradation, leaching of active components, or fouling by organic
matter and other contaminants, reducing their recyclability. Selec-
tivity is also a critical issue, as real environmental samples often
contain a complex mixture of heavy metal ions and other interfer-
ing substances. Therefore, designing POM-based functional materi-
als with excellent durability and high selectivity towards specific
heavy metals is essential for their sustainable use.

To overcome these challenges, the potential research directions
and development trends in the future should be focused on the
following aspects (Fig. 8).

(1) Structure and performance optimization of POM-based func-
tional materials: It is essential to further develop novel
POM-based functional materials featuring ultra-high adsorp-
tion capacity and selectivity through rational design and
precise construction. Machine learning (ML) and other arti-
ficial intelligence (Al) technologies can be utilized to estab-
lish systems for data mining, synthesis pathway prediction,
reaction condition optimization, structure-property relation-
ship modeling, and automated synthesis system develop-
ment. This approach enables the design of novel POM struc-
tures and the introduction of specific recognition groups,
thereby achieving the selective adsorption of specific heavy
metal ions.

Mechanism research: Advanced characterization techniques
will be employed to further explore the adsorption mech-
anisms between POM-based functional materials and heavy
metal ions. Elucidating specific mechanisms such as chem-
ical bond formation, electron transfer, and ion exchange
can provide a robust theoretical basis for material design
and optimization. Simultaneously, the dynamic processes of
heavy metal ion adsorption by POM-based functional ma-

(2

—
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terials, including adsorption kinetics and thermodynamics
warrant further investigation.

Expansion of practical applications: In future research, ef-
forts can be concentrated on developing large-scale synthe-
sis methods for POM-based functional materials and enhanc-
ing application research in areas such as advanced industrial
wastewater treatment, drinking water safety assurance, and
in situ soil and water remediation. Concurrently, a techni-
cal system of "adsorption-recycling-regeneration" will be es-
tablished to realize the coordinated development of resource
recycling and environmental protection.

Green synthesis and sustainable development: Green ap-
proaches such as biosynthesis, microwave-assisted synthesis,
and mechanochemical synthesis will be adopted to develop
eco-friendly and low-cost synthesis technologies for POM-
based functional materials. Additionally, a full life cycle as-
sessment system for materials will be established to com-
prehensively evaluate their environmental impacts and eco-
nomic benefits across the entire chain, from synthesis and
application to recycling, thereby promoting the sustainable
development of this field.
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