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In heterogeneous Fenton-like systems, the oxidative polymerization pathway is of great significance in
the field of sustainable water treatment. Unlike the traditional mineralization pathway, it can convert or-
ganic pollutants into polymers, thereby achieving the recovery of carbon resources. This paper focuses
on the core content related to this pathway, expounding that the mechanism of oxidative polymerization
is influenced by multiple factors (catalysts, oxidants, organic matters). Meanwhile, various methods ex-
ist for identifying the polymerization pathway, such as electrochemical experiments, Raman spectroscopy
analysis, and mass spectrometry technology, which can infer the reaction process and product structure.
Additionally, this paper reveals two pathways for pollutant removal through oxidative polymerization:
The radical pathway and the non-radical pathway. In the future, advanced characterization techniques
should be used to deeply explore the microscopic mechanism of oxidative polymerization, optimize cata-
lyst design, expand practical application research, and explore comprehensive utilization pathways for its

products, so as to promote the development of sustainable water treatment technologies.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Over the past few decades, advancements in the field of chem-
istry have significantly driven societal development, leading to a
substantial increase in both the quantity and variety of chemical
substances used [1]. However, this has also resulted in the contam-
ination of drinking water sources by complex chemical mixtures,
which contain numerous chemicals of emerging concern (CECs)
such as pesticides, industrial additives, pharmaceuticals, personal
care products, and disinfection by-products [2,3]. These CECs are
frequently detected in drinking water and human serum samples,
and even at extremely low concentrations, they may exert harm-
ful biological effects on the human body, posing serious threats to
public health and the ecological environment [4]. To address the
changes in drinking water quality, various water treatment tech-
nologies have been developed. Nevertheless, both traditional and
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advanced water treatment processes often face multiple issues, in-
cluding heavy reliance on chemical additives, high energy con-
sumption, significant environmental emissions, and stringent op-
erational requirements [5-7]. Additionally, the chemicals used in
water treatment processes may generate harmful disinfection by-
products, further exacerbating pollution [8-10].

Heterogeneous Fenton-like systems have great potential in
eliminating organic substances (such as CECs) from water matrices,
which has been extensively explored in recent decades. In contrast,
other emerging technologies such as electrocatalysis and photo-
catalysis, unlike heterogeneous Fenton-like processes, depend on
external energy sources such as light irradiation or electricity. Het-
erogeneous Fenton-like technology, however, has no strict energy
dependence. Meanwhile, compared with the continuous electric-
ity consumption of electrocatalysis and the reliance of photocatal-
ysis on specific light sources, the operating cost of heterogeneous
Fenton-like technology is more manageable, making it particularly
suitable for large-scale engineering applications. Researchers have
mostly focused on improving the catalytic performance of hetero-
geneous Fenton-like systems by regulating the composition [11],
size [12], coordination environment [13], and electronic structure
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[14] of heterogeneous catalysts [15]. However, in heterogeneous
catalytic oxidation systems based on hydrogen peroxide (H,0,),
persulfate (PS), high-valent metals, and non-metals, the degrada-
tion of organic substances does not always proceed through min-
eralization pathways. Studies have demonstrated that in hetero-
geneous Fenton-like systems, oxidative polymerization and min-
eralization are the two primary pathways for the transformation
of organic pollutants, with fundamental differences in their reac-
tion mechanisms and final products. Mineralization is a process in
which the carbon skeletons of organic pollutants are completely
disassembled under the combined action of oxidants and cata-
lysts, ultimately converting them entirely into inorganic substances
such as carbon dioxide and water [16-18]. Similar to the tradi-
tional Fenton reaction, the hydroxyl radicals (*OH) generated ex-
hibit strong oxidizing properties, capable of gradually oxidizing and
decomposing organic pollutants until complete mineralization is
achieved [19]. In contrast, oxidative polymerization refers to the
coupling reactions between organic pollutant molecules driven by
free radicals or non-radical reactive species, leading to the forma-
tion of polymers [20]. During this process, the carbon skeletons of
organic pollutants are not completely broken; instead, they form
polymers with larger molecular weights through chemical bond
linkages [21]. For example, in the metal oxyhalide (MOX)/H,0,
system, under specific conditions, pollutants are not decomposed
but polymerized through electron transfer, and the generated solid
polymers will adhere to the surface of the catalyst [22]. In sim-
ple terms, mineralization is deep oxidation with the aim of com-
pletely removing organic pollutants; while oxidative polymeriza-
tion focuses more on the transformation of organic pollutants to
achieve the recycling of carbon resources. Compared with the min-
eralization pathway, the polymerization reaction has lower require-
ments for oxidation capacity (potential). Studies have shown that
in heterogeneous catalytic systems involving H,0,, peroxymono-
sulfate (PMS) and peroxydisulfate (PDS), the generation of highly
oxidizing species such as "OH and sulfate radicals (SO4'~) is chal-
lenging, resulting in the occurrence of numerous weaker oxida-
tion and selective non-radical mechanisms during pollutant oxi-
dation, such as singlet oxygen (10,) [23], electron transfer pro-
cesses (ETP) [24-26], and high-valent metal oxides (HVMO) [26-
28]. Therefore, in the weakly oxidizing environment of hetero-
geneous catalytic oxidation systems, once the reaction conditions
are met, the polymerization pathway should have a higher prior-
ity than the mineralization pathway [21]. In the research of Gao
et al., the Mn304/ACNT/PMS system improved the path selectiv-
ity of oligomers through spatial nano-refinement, redirecting the
carbon evolution pathway from molecular fragmentation to poly-
merization, thus achieving energy harvesting and sustainable water
purification [29]. Meanwhile, compared with electrocatalytic and
photocatalytic technologies, heterogeneous Fenton-like technology
can regulate the types and concentrations of free radicals through
the selection of oxidant species and catalyst types, facilitating the
coupling formation of polymers either in the solution phase or at
the catalyst interface. In contrast, photogenerated free radicals tend
to recombine on the catalyst surface, resulting in low concentra-
tions of free radicals in the solution phase, which makes it difficult
to drive the formation of long-chain polymers. For electrocatalysis,
free radicals are mainly generated on the electrode surface, and
mass transfer limitations in the solution phase may lead to the
deposition of polymers on the electrode surface, causing electrode
passivation.

As an important component of heterogeneous Fenton-like sys-
tems, the oxidative polymerization pathway has become a re-
search hotspot in the field of sustainable water treatment due
to its unique advantages, such as economic efficiency in oxidant
consumption and reduced CO, emissions [21,30,31], high selec-
tivity towards target pollutants, and the realization of carbon re-
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source recovery and reuse, which is highly aligned with the con-
cepts of green chemistry and circular economy [20,31-36]. Re-
cently, the rapid growth in publications on advanced oxidation
processes (AOPs) for oxidative polymerization (Fig. 1a), along with
the emergence of related network keywords (Fig. 1b), confirms its
contribution. However, the research in this field is still in its in-
fancy. There are still a large number of unknowns in the reac-
tion mechanism, influencing factors, and practical application ef-
fects of oxidative polymerization in heterogeneous Fenton-like sys-
tems, which urgently need to be explored in depth.

This review summarizes the latest progress in oxidative poly-
merization pathways within heterogeneous Fenton-like systems. It
elaborates on the mechanisms of oxidative polymerization from
the perspectives of catalysts, oxidants, and organic matter (Fig.
2), and summarizes the current identification methods of poly-
merization reactions as well as the mechanisms of polymerization
arising from free radical/non-radical processes. Finally, it prospects
the challenges and prospects of the oxidative polymerization path-
way in practical wastewater treatment. This review provides an in-
depth analysis of the oxidative polymerization process in heteroge-
neous Fenton-like systems, shifting the pollutant degradation path-
way from complete mineralization to the green pathway of oxida-
tive polymerization, which is of great significance for promoting
the advancement of sustainable water treatment technologies.

2. The mechanism of oxidative polymerization in
heterogeneous Fenton-like systems

In heterogeneous Fenton-like systems, oxidative polymerization
emerges as a promising pathway with dual values of pollutant re-
moval and resource recovery. Its reaction efficiency and selectivity
are synergistically regulated by multidimensional factors. Catalysts,
oxidant types, and the intrinsic properties of organic compounds
constitute the core determinants of this process (Fig. 2). These
three elements collectively govern the initiation of polymerization
pathways, generation of reactive species, and product distribution
through complex interfacial interactions and multiple mechanisms.
The key mechanistic insights and research advancements are ana-
lyzed from three aspects as follows:

2.1. The key role of catalysts

Catalysts play a central role in the oxidative polymerization re-
action of heterogeneous Fenton-like systems. Transition metal ox-
ides (such as Co304 [37], MnOy [38], NiO [33,39,40], and CuO), car-
bon materials (such as CNTs [41,42] and biochar [32,43]), and com-
posite materials [44-47] are commonly used Fenton-like catalysts
(Table 1) [22,32,33,35,37,38,50-57]. These catalysts have semicon-
ductor or conductor properties, and the metal ions on their sur-
faces can interact with oxidants and organic pollutants, thereby
initiating the oxidative polymerization reaction [48,49].

2.1.1. Transition metal oxides

Heterogeneous catalysis, especially transition metal (TM) catal-
ysis, has been widely used in the field of sewage purification due
to its high efficiency and low cost [58]. Generally, the adsorbate
transformation mechanism (AFM) [59] and the lattice oxygen ox-
idation mechanism (LOM) [60] of transition metals are the key
functions as catalysts in heterogeneous Fenton-like systems. Transi-
tion metal oxides with different morphologies exhibit the selective
exposure of crystal facets, and different exposed facets, by regulat-
ing the adsorption energy, reaction pathways, and surface species
distribution, exert a decisive influence on the oxidative polymer-
ization process. For example, cerium oxide (CeO,) is a transition
metal oxide with a face-centered cubic crystal structure. Stud-
ies have shown that the main exposed plane of CeO, nanopar-
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Fig. 1. (a) Number of published articles relevant to oxidative polymerization. (b) The corresponding keyword co-occurrence network map. The keyword oxidative polymer-
ization was searched on Web of Science, and the keywords related to oxidative polymerization were visualized using VOS viewer.
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Fig. 2. Schematic illustration of the generation pathway of oxidative polymerization.

Table 1

Oxidative polymerization systems with pollutants, catalysts, oxidants, mechanism and polymerization products.
Pollutants Catalysts Oxidants Mechanisms Polymerization products Ref.
BPA Cu0@CuCeyO1y2ypx/2 PMS 10, Polyphenol oligomers [50]
Phenol Ui0-66-NH,—(Zr/Fe)/GA H,0, ‘OH Hydroquinone (HQ) and p-benzoquinone (PBQ) [51]
BPA FeOCl PDS Fe(IV)=0/'0, Phenolic polymers [52]
Phenol Co304 PDS ETP Polyphenols [37]
Phenol MnOy PMS ETP Polyphenols [38]
Phenol Co304 PMS DOTP Polyphenols [32]
BPA NCNTs PDS ETP BPA polymers [53]
BPA Biy.1s W05 PDS ETP/DOTP BPA polymers [54]
Phenol MOX H,0, DOTP Polyphenols [22]
BPAF H-CN@C PMS 10, 4-Phenoxyphenol [55]
Aniline CuO PDS PhNH", */PhNH" Polyaniline polymers [33]
BPA AS-0Vs Cux0/ZnO PMS ETP BPA polymers [56]
Phenol TM-SACs PMS HVMO Polyphenylene oxide [57]
BPA TM-HESOs PMS ETP BPA polymers [35]

ticles is (111), while the exposed planes of CeO, nanorods and
nanocubes are located on the (110) and (100) planes respectively.
The preferred exposed planes of rod-shaped nanostructures are the
(110) and (100) planes, which can provide higher catalytic activ-
ity [61]. Similarly, the (110) plane of Co30,4 nanoparticles has a
high adsorption energy, which is helpful for binding to oxidants.
It can extract H atoms from phenol to form phenoxy radicals,
which can further undergo a cross-linking process to form poly-

mers under alkaline conditions [37]. In addition, the facet structure
determines the dominant position of the two mechanisms (LOM
and AFM). For example, in oxidative polymerization, the o-phase
MnO, (tunnel structure) tends to follow the LOM pathway due to
its high lattice oxygen mobility, leading to the formation of lin-
ear polymers; in contrast, the y-phase MnO, (layered structure)
forms cross-linked polymers through the AFM pathway. Yang et
al. found that MnOy with controllable crystal structures («, 8, v,
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and amorphous-MnO,) and redox states (Mn,03 and MnO) can in-
duce different oxidation pathways for organic polymerization un-
der acidic conditions [38].

Therefore, the facet engineering strategies of transition metal
oxides, such as regulating the exposure ratio of facets via etch-
ing or doping, optimizing the electronic structure of facets by in-
troducing defects, and designing multi-facet synergistic catalysis,
can regulate the role of oxidative polymerization in heterogeneous
Fenton-like systems to a certain extent.

2.1.2. Carbon materials

Carbon materials, such as carbon nanotubes (CNTs), graphene,
and biochar, are often used as catalysts or catalyst supports due
to their large specific surface area and good electrical conductiv-
ity. Researchers usually use strategies such as heteroatom doping,
metal loading, or structure regulation to accelerate the electron
transfer rate of the system and promote the oxidative polymer-
ization reaction [62]. Due to the fact that carbon atoms in car-
bon materials form a conjugated system through sp? hybridization,
which features strong electron delocalization but relatively low in-
trinsic activity, researchers often introduce heteroatoms (such as
N, O, S, P, B) with different electronegativities or valence electron
configurations from carbon. This introduction leads to the forma-
tion of local charge polarization around the doping sites, breaks
the intrinsic electronic neutrality of carbon materials, introduces
defect sites, and optimizes the charge distribution, thereby accel-
erating electron transfer. For example, nitrogen-doped carbon nan-
otubes (NCNTs) have little change in surface area and pore struc-
ture, but the graphitization degree and N content increase, break-
ing the chemical inertness of the C-C network [63]. During the
calcination process, the decomposition of oxygen-containing func-
tional groups generates electron holes, and the number of active
sites for oxidant activation on NCNTs increases. At the same time,
the graphitized structure plays a key role in the electron transfer
of pollutants to PMS [64], inducing the transformation of reactive
groups from surface-activated complexes to surface radicals, en-
abling the complete degradation of 2,4,4'-trihydroxybenzophenone
within 2h and the formation of polymer products [42]. Further-
more, the macro/mesoscopic structures of carbon materials (such
as specific surface area, porous structure, and dimensionality) can
directly affect the diffusion rate of reactants and the length of elec-
tron transfer pathways. Therefore, structural regulation can also
shorten the electron transfer distance and increase the exposure
of active sites, thereby accelerating oxidative polymerization. Wang
et al. demonstrated that the fabrication of a hollow hetero-shell
structure (H-CN@C) enlarges catalyst pore size, thereby enhanc-
ing electron transfer and mass transport rates between pollutants
and oxidants. Through the polymerization pathway, this structure
enables the conversion of bisphenol AF into less toxic polymeric
products, achieving efficient pollutant removal with reduced CO,
emissions, lower oxidant consumption, and shorter reaction dura-
tions [55].

2.1.3. Single-atom catalysts

Single-atom catalysts (SACs) have become star materials in the
field of heterogeneous Fenton-like systems due to their atomi-
cally dispersed active sites, ultrahigh atomic utilization, and tun-
able electronic structures, and they also play a core role in ox-
idative polymerization pathways. The electronic structure of SACs
can determine the polymerization pathway [65,66]. In a study by
Liu et al., the position of the p-band center of single atoms di-
rectly dictates their interaction modes with oxidants and pollu-
tants [57]. For single atoms with low d-band centers (Cu, Co, and
Ni single atoms), weak binding to peroxymonosulfate (PMS) gen-
erates phenoxy radicals through proton-coupled electron transfer
(PCET), preferentially initiating surface polymerization reactions. In
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contrast, for single atoms with a higher p-band center, such as
Fe single atoms, density functional theory (DFT) calculations re-
veal that the stronger interaction between the Fe 3d orbitals and
0 2p orbitals leads to the formation of PMS*-Fe(IV)=0 in the axial
direction. This subsequently results in the over-oxidation of pol-
lutants into small-molecule acids, triggering the mineralization of
pollutants and a significant reduction in polymerization efficiency
(with a polymerization transfer ratio of only 44.9 %). Therefore, Liu
et al. proposed that polymerization transfer (PT) can be achieved
by lowering the p-band center. Additionally, the spatial location of
single atoms and coordination environments affect the accessibil-
ity of active sites and reaction pathways. The Cug,;—MgO catalyst
with surface-supported sites features unsaturated coordination and
high surface exposure, which accelerates PMS activation and phe-
noxy radical generation, achieving nearly 100% phenolic removal
through a non-radical pathway with a PT ratio of 98.8%. In con-
trast, the Cu;,,—MgO catalyst with lattice-embedded sites tends to
generate radicals ("OH, SO4'~) due to saturated coordination, lead-
ing to a mixed pathway of polymerization and mineralization [67].

As a special type of single-atom catalyst, high-entropy spinel
oxides (HESOs) achieve directional PT of pollutants through syn-
ergistic multi-metal sites and high-entropy structural regulation,
mediating electron transfer via surface-activated PMS* [68]. This
differs from the SACs mentioned above, which rely on high-valent
metal-oxo species and radical pathways for PT. Therefore, polymer-
ization in Fenton-like systems based on SACs is not formed by a
specific radical/non-radical pathway, but rather initiates oxidative
polymerization through corresponding pathways according to the
different characteristics of each system, which will be discussed in
Section 4 of the article.

2.1.4. Composite materials

Due to the special nature of some pollutants, single-component
catalysts are difficult to meet the requirements of low-temperature
activity, selectivity, and stability simultaneously [69]. Consequently,
researchers have engineered diverse multicomponent catalysts to
fabricate composite materials with superior activity, selectivity,
and stability via multicomponent functional synergism. For in-
stance, advanced materials like metal-organic frameworks (MOFs)
and covalent organic frameworks (COFs) exhibit exceptional per-
formance in oxidative polymerization reactions, attributed to their
highly ordered architectures and abundant active sites [70]. The
UiO-66-(NH,)-(Zr/Fe)/GA composite material can activate H,0, to
generate '‘OH by fixing active Fe sites, efficiently remove phe-
nolic pollutants, and also change the reaction path from ring-
opening to oligomerization [71]. In addition, Meng et al. pre-
pared composite materials with asymmetric oxygen vacancies by
a high-temperature oxygen-deficient calcination strategy, namely,
the interface-type AS-Ovs CuxO/ZnO composite material and the
surface-type AS-OVs Cu-doped ZnO (Cu-ZnO) composite material
[56]. The interface AS-OVs can trigger the polymerization depo-
sition path through ETP at a low PMS dosage, greatly improving
the removal efficiency of the pollutant BPA, and also changing the
carbon transfer path, significantly reducing the generation of toxic
by-products.

2.2. The significant influence of oxidants

Different oxidants have different effects on the oxidative poly-
merization reaction in heterogeneous Fenton-like systems. H,0, is
one of the common oxidants. In Fenton-like reactions, it can be ac-
tivated by catalysts to generate *OH, thereby initiating the oxidative
polymerization of organic pollutants. In heterogeneous systems,
metal ions play an important role in the *“OH based polymerization
process. For example, Fe2*, Fe3*, Cu2*, Co?*, which can not only
promote the generation of “OH to assist hydroxylation/phenolation
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but also act as ligands in the coordination reaction between cate-
chol groups and phenolic compounds, thus forming metal coordi-
nation polymers (metal-phenol networks) to achieve the efficient
removal and polymerization of phenolic pollutants [72]. Due to
their strong oxidizing power and wide pH application range, per-
sulfates like PMS and PDS are widely used in oxidative polymeriza-
tion reactions. PMS can be activated by transition metal ions, ox-
ides, and carbonaceous semiconductors to generate reactive species
such as SO4°~, ‘OH, and '0,. High-entropy alloy nanoparticles
(HEA-NPs) loaded onto nitrogen-doped carbon supports (HEAs) can
first activate a low dose of PMS and selectively convert phenolic
substances into high-molecular-weight products through the poly-
merization pathway, with an electron utilization efficiency of up
to 213.4%. PDS is relatively stable in nature. Its symmetric molec-
ular structure and strong O-O bond endow it with a unique role
in the reaction. For example, under ultraviolet irradiation, phenol
is oxidized by SO4"~ to generate PhO", triggering the coupling and
polymerization process [73]. For the thermal/PDS process, the solid
polymer yield increases with the increase in temperature. In the
range of 50-80°C, due to the decomposition of PDS, the genera-
tion of radicals is controlled, and the polymerization kinetics is ac-
celerated [74]. Compared with other common oxidants such as per-
manganate and periodate, peroxyacetic acid (PAA) does not change
the color of the solution, and the possibility of generating toxic
disinfection by-products is also low. It has currently been widely
used in the fields of wastewater treatment, the textile industry,
medicine, and food processing. Past studies have all used PAA as
an oxidant to oxidize and remove natural polyphenol substances.
Li et al. focused on the PAA-mediated natural polyphenol system
and found that in the protocatechuic acid (PCA)/PAA system, PCA is
directly oxidized by PAA to generate protocatechuic quinone (PCQ),
which forms a covalent bond with the aniline in the sulfamethoxa-
zole (SMX), and then generates oligomers, selectively removing the
pollutant SMX through the polymerization pathway [75].

2.3. The important role of the properties of organic substances

The structure and properties of organic substances themselves
have a non-negligible impact on the oxidative polymerization re-
action in heterogeneous Fenton-like systems. Organic substances
containing aromatic rings and electron-donating substituents, such
as phenolic [76-79], aniline, pyrrole, and thiophene compounds,
are more likely to undergo oxidative polymerization reactions. The
electron cloud distribution characteristics of these compounds en-
able them to effectively interact with reactive species, thereby trig-
gering the generation and polymerization reaction of radicals/non-
radicals. Taking phenolic compounds as an example, the phenolic
hydroxyl group is the reactive site of the reaction. Under alkaline
conditions, the phenolic hydroxyl group is deprotonated to form
a phenoxide anion, and then the phenoxide anion transfers elec-
trons to the metal catalyst to form a phenoxy radical, thus trig-
gering C-O coupling to form 2,6-dimethyl-1,4-phenoxy (PPO) or
C-C coupling to form 3,3',5,5'-tetramethyldiphenylquinone (DPQ)
[80]. Aniline monomers can undergo C-N coupling to generate 4-
aminodiphenylamine (4-ADPA), C-C coupling to generate benzi-
dine, and N-N coupling to generate azobenzene under oxidation
conditions. Pyrrole cation radicals can undergo C-C coupling to
lose two protons to form neutral pyrrole dimers, or further un-
dergo C-C coupling with another pyrrole cation radical to generate
trimers. Thiophene undergoes C-C coupling in three specific forms,
head-to-head («-«), head-to-tail («-f), and tail-to-tail (8-8), to
form polythiophene chains [81,82]. However, there are still con-
troversies regarding the specific coupling mechanisms mentioned
above. In addition, the concentration of organic substances can
also affect the oxidative polymerization reaction. Within a certain
range, increasing the concentration of organic substances is benefi-
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cial to the progress of the polymerization reaction. However, when
the concentration is too high, it may consume radicals excessively
and instead inhibit the polymerization reaction [34]. In addition,
the pH of the solution can change the existence form and reaction
activity of organic substances, thereby affecting the efficiency of
the oxidative polymerization reaction. In the CuO/PDS system, the
polymerization efficiency of phenolic substances reaches the high-
est when the solution pH is close to its pK, value. This is because
under this pH condition, through the PCET process, the hybrid hy-
drogen bond is more likely to break, promoting the polymerization
reaction [33,39,40].

3. Reaction pathways for pollutant removal by oxidative
polymerization

3.1. Radical pathway

In heterogeneous Fenton-like systems, the radical pathway is an
important approach for pollutant removal via oxidative polymer-
ization. Once the oxidant in the system is activated by the catalyst,
a large number of radicals such as *‘OH and SO4'~ are generated
[83]. These radicals possess extremely strong oxidizing power and
can react with organic pollutants. Taking phenolic pollutants as an
example, "OH can interact with phenolic hydroxyl groups through
addition reactions or hydrogen atom abstraction reactions, generat-
ing phenoxy radicals. The phenoxy radicals then couple with each
other to form dimers or polymers (Fig. 3a), thereby achieving the
polymerization and removal of pollutants [51]. In reactions involv-
ing persulfates, SO4°~ can react with aromatic compounds contain-
ing electron-donating substituents through single-electron transfer
and radical addition reactions, generating aromatic radical cations
and subsequently initiating the polymerization reaction. However,
due to the excessively high reactivity of radicals, the reaction selec-
tivity is relatively poor. This can easily lead to the over-oxidation
of organic pollutants, producing small-molecule oxidation products
or even complete mineralization. Moreover, radicals are highly sus-
ceptible to interference from other substances in the solution, such
as background ions and dissolved organic matter, which can affect
the efficiency and selectivity of the oxidative polymerization reac-
tion.

3.2. Non-radical pathway

The non-radical pathway is equally crucial in the process of
pollutant removal by oxidative polymerization and exhibits high
selectivity. 10, is an important non-radical reactive species. Al-
though its reaction activity is relatively low, it has a high selec-
tivity for electron-rich organic compounds. In some systems, 0,
can be generated by activating oxidants such as persulfates. For
example, in the system where CuO catalyzes and activates PMS,
10, can selectively attack the phenolic hydroxyl groups of phenolic
pollutants, promoting the formation of polyphenols (Fig. 3b) [50].
The ETP is also an important non-radical pathway, including the
catalyst-oxidant complex and the direct oxidation transfer process
(DOTP). In the catalyst-oxidant complex pathway, the oxidant ad-
sorbs onto the catalyst surface to form a reactive complex, which
captures electrons from organic pollutants and initiates polymer-
ization. Zhang et al. introduced the DOTP (two-electron direct ox-
idation pathway) to distinguish between mineralization and poly-
merization mechanisms in heterogeneous catalytic systems (Figs.
3c and d) [20,21]. It was proposed that there is a polymeriza-
tion reaction through the two-electron direct oxidation pathway
in heterogeneous reaction systems, enabling the efficient and com-
plete removal of organic pollutants in water without degradation.
The DOTP mechanism addresses a typical discrepancy in electron
equivalent conservation, where the total electrons acquired by the
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Fig. 3. (a) The polymerization process in Ui0-66-NH,-(Zr/Fe)/GA+H,0, nanoconfined system. Copied with permission [51]. Copyright 2024, the authors. (b) Scheme of
the oxidative polymerization of phenolic contaminant over CuO@CuCeyO1,y,x>-IE. Copied with permission [50]. Copyright 2024, Elsevier. (c) Schematic diagram of the
polymerization pathway (solid black line) and mineralization pathway (dashed black line) in heterogeneous catalytic oxidation systems for the removal of organic pollutants
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oxidant are significantly fewer than those contributed by pollu-
tants. During the DOTP process, the oxidized pollutant intermedi-
ates are adsorbed on the catalyst surface and directly undergo elec-
tron transfer, spontaneously coupling and polymerizing with other
intermediates or pollutant molecules on the surface, promoting
pollutant polymerization. This entire process requires much less
oxidant, and there are almost no residual by-products in the wa-
ter. This surface-dependent DOTP reaction is commonly found in
high-valent MnOy (i.e, Mn304, Mn;05, and MnO,) oxidation sys-
tems, as well as in solid FeOCI/H,0, and Co304/PS heterogeneous
Fenton catalytic oxidation systems, showing great potential in wa-
ter purification applications. In addition, biochar can combine with
persulfate to form an electrophilic complex. Meanwhile, phenolic
pollutants are adsorbed on the catalyst surface, triggering electron
transfer and achieving the polymerization and removal of phenolic
pollutants(Fig. 3e) [43].

High-valent metal species, such as Fe(IV) and Mn(V), can also
initiate the polymerization reaction of organic pollutants. These
high-valent metal species have strong oxidizing power and selec-
tivity. The key step in oxidizing model pollutants is the transforma-
tion of high-valent metals (oxygen species) to low-valent metals,
followed by the participation of low-valent metals in the cleavage
of peroxy bonds. Currently, the three recognized oxidation path-
ways, namely the ETP, oxygen atom transfer (OAT), and hydro-
gen atom transfer (HAT), mainly revolve around electron transfer.
However, this classification method has limitations. For example,

ETP and OAT overemphasize electron transfer while ignoring the
interfacial process, and HAT assumes that protons and electrons
originate from and terminate at the same bond, which does not
conform to the actual situation. In the study by Chen et al, in
the Fe-N4_Cg0,/PMS system, the electrons in the transition metal-
mediated activation process of the peroxy bond at the solid-liquid
interface usually occupy the available d orbitals of metal sites,
while protons attach to the interfacial oxygen atoms. It is not a
simple single-electron transfer process. Instead, Fe(IV)=0 fills the
electrons of pollutants into the low o * orbitals of Fe/O through the
mechanisms of oxygen atom transfer, electrophilic addition, proton
abstraction/oxygen rebound, forming a pollutant-O-Fe intermediate
and driving the oxidative polymerization of Bisphenol A (BPA) (Fig.
3f) [84].

4. Identification methods of the oxidative polymerization
pathway

4.1. Conventional detection methods

Quenching experiments and electron paramagnetic resonance
(EPR) technology [85] are important means for identifying reac-
tive species in the oxidative polymerization pathway (Fig. 4a) [86].
However, EPR technology also has certain limitations. The advan-
tage of the probe molecule method is its high specificity, which
can accurately detect the target reactive species. However, appro-
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priate probe molecules need to be selected, and it is necessary to
ensure that their reactions with other substances cause minimal
interference. By detecting the reaction products, the types of re-
active species and the reaction pathways can be determined (Fig.
4b). In addition, the combination of multiple characterization tech-
niques, such as transmission electron microscopy (TEM), electron
energy loss spectroscopy (EELS), X-ray photoelectron spectroscopy
(XPS), and Fourier transform infrared spectroscopy (FTIR), can bet-
ter help identify the formation of polymer products. For example,
EELS spectra can show whether there is a large amount of car-
bon accumulation on the catalyst surface after the reaction. At the
same time, by combining XPS and FTIR to analyze the change char-
acteristics of C-C, C-N, and C-O bonds. In the study by Mo et al.,
according to the Fourier transform infrared spectrum, an aromatic
C=C/C-C stretching vibration was found at 1406-1613cm-! for the
reactant 5M+Co. Meanwhile, a slight red shift of the peak of the
substance on 5M+Co was observed in the spectrum of bisphenol A,
indicating that bisphenol A had produced polymer products (Figs.
4c-f) [68].

4.2. Novel detection methods

In addition to EPR technology and the probe molecule method,
there are other methods available for identifying the oxidative
polymerization pathway. Electrochemical experiments can study
the ETP and the generation mechanism of reactive species in the
reaction system by measuring parameters such as electrode po-
tential and current. When studying a graphite-enhanced Fenton-
like system, using linear sweep voltammetry (LSV) and open cir-
cuit potential testing (OCPT) can reveal the reduction process
of iron ions and the formation of surface complexes (Fig. 5a)
[87]. Furthermore, combining Raman spectroscopy analysis can de-

tect changes in chemical bonds and reactive species on the cat-
alyst surface, thereby inferring the reaction process and the for-
mation of polymer products. In the study of the activation of
PMS by Mn304 catalysis, Raman spectroscopy showed that as
the reaction progressed, the characteristic peaks related to Mn3Og4
changed, indicating that a chemical reaction occurred on the cat-
alyst surface (Fig. 5b) [38]. Regarding the phenoxy radical, one of
the important intermediates in the polymerization formation pro-
cess, Liu et al. proposed two innovative schemes, using (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO) trapping agent (CHANT)
as the trapping agent and ferulic acid (FA) as the quenching
agent, to identify the phenoxy radical (Figs. 5c-f) [57]. Simulta-
neously, to mitigate false positives from trapping agents, mass
spectrometry techniques, including ultra-high performance lig-
uid chromatography-quadrupole time-of-flight mass spectrometry
(UPLC-QTOF-MS) and matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF-MS), are employed
to characterize reaction products’ structures and compositions.
This approach provides direct evidence for identifying oxidative
polymerization pathways (Figs. 5g and h) [35,38]. In addition, a
large number of transient intermediates (such as free radicals,
cationic/anionic active species) are generated during the oxidative
polymerization process, which are difficult to be directly captured
by experimental methods. DFT can verify the rationality of these
intermediates and explain their reactivity by optimizing their geo-
metric structures, calculating their vibrational frequencies (for in-
frared spectrum simulation), and analyzing their electronic prop-
erties (such as charge distribution and spin density). For instance,
in the oxidative polymerization of phenolic compounds, where in-
termediates form oligomers through C-C bond linkage, DFT can be
employed to calculate the possible structures of dimers or trimers.
By analyzing parameters like bond length and bond energy, the
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Fig. 5. (a) Linear sweep voltammetry (LSV) curves of CN and T-CN-1 under dark and light irradiation conditions. Copied with permission [87]. Copyright 2023, Elsevier. (b)
In situ Raman spectra of §-MnO, in the liquid solution and Raman spectra of MnOx+PMS. Copied with permission [38]. Copyright 2022, Elsevier. (c) A versatile approach
for seques-tering phenoxyl radicals using CHANT. (d) EPR spectra for probing the reaction product between CHANT and phenoxyl radicals. (e) Schematic illustration of
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products eluted by THF (inset: enlarged image). Copied with permission [35] Copyright 2025, the authors. (h) MALDI-TOF mass spectra of polyphenols attached on -MnO,

(B-MnO,-PMS. Copied with permission [38]. Copyright 2022, Elsevier.

polymerization sites (e.g., ortho-position of benzene rings, para-
position of amino groups) can be identified, thereby facilitating a
better understanding of the formation of polymerization products.

5. Research status and prospects
5.1. Environmental significance

The core environmental value of oxidative polymerization
lies in breaking the traditional one-way consumption mode of
degradation-mineralization and realizing the resource recycling of
organic pollutants. The high-value application of polymeric prod-
ucts is exemplified by the conversion of pollutants containing aro-
matic rings or electron-donating groups (such as phenols, ani-
lines, and thiophenes) into functional polymers like polyphenols,
polyanilines, and polythiophenes through oxidative polymerization.
These products, featuring excellent conductivity, adsorptivity, or
chemical stability, can be directly applied in fields such as semi-
conductor materials, supercapacitor electrodes, and heavy metal
adsorbents, thus achieving the direct transformation from waste to
resource.

Meanwhile, heterogeneous catalysts (e.g., CNTs, MOFs) can re-
move the polymers attached to their surfaces through organic

solvent elution, electrochemical oxidation, and other methods
via surface modification or structural design, thereby regener-
ating active sites. For instance, after elution with ethanol, NC-
NTs retain over 85% of their initial polymerization efficiency for
2,4,4'-trihydroxybenzophenone, which reduces solid waste pollu-
tion caused by catalyst replacement and realizes resource reuse,
forming a closed-loop cycle from pollutant to resource.

5.2. Current research gaps

Although the oxidative polymerization reaction in heteroge-
neous Fenton-like systems shows great potential in the field of wa-
ter treatment, there are still many unresolved issues. In terms of
the reaction mechanism, although certain knowledge about radical
and non-radical pathways has been obtained, the generation, trans-
formation, and interaction mechanisms of various reactive species
under different reaction conditions remain to be further studied.
For some complex organic pollutants, the specific reaction path-
ways and intermediate products of their oxidative polymerization
are still unclear. In terms of catalysts, although many catalysts have
been developed to promote the oxidative polymerization reaction,
the stability and selectivity of catalysts still need to be further im-
proved. Some catalysts are easily affected by organic pollutants or
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reaction products during the reaction process, resulting in a de-
crease in activity or even deactivation. In addition, a more in-depth
exploration of the relationship between the structure and perfor-
mance of catalysts is required to guide the design and develop-
ment of new and efficient catalysts. In terms of practical applica-
tions, most current research remains at the laboratory stage. For
engineering application problems in large-scale actual wastewater
treatment, such as reactor design, operating costs, and the sta-
bility of treatment efficiency, further research and exploration are
needed.

5.3. Future research directions

Future research can be carried out from the following aspects:

(1) Efforts should be made to strengthen the design and opti-
mization of catalysts. By regulating the structure, composi-
tion, and surface properties of catalysts, their stability and
selectivity can be enhanced. During the oxidative polymer-
ization process, catalysts may face multiple challenges: first,
the loss of active sites, such as the migration, agglomera-
tion, or leaching of single atoms in a strong oxidizing envi-
ronment; second, the coverage of polymerization products,
as macromolecular polymers may block the catalyst pores
or occupy active sites, leading to increased mass transfer re-
sistance; third, chemical erosion from complex matrices, for
instance, high concentrations of acids or alkalis may destroy
the lattice structure or coordination bonds of the catalysts.
In the future, it is necessary to combine high-resolution
characterization techniques (e.g., aberration-corrected elec-
tron microscopy, in-situ XPS) to track the atomic-level struc-
tural changes of catalysts during the reaction, thereby re-
vealing the coupled attenuation mechanism involving ac-
tive site loss-polymer deposition-support corrosion. Mean-
while, strategies to improve stability through structural de-
sign should be explored, such as constructing core-shell
structures to inhibit the leaching of active components, or
introducing hydrophobic groups to modify the catalyst sur-
face for reducing polymer adsorption, so as to achieve the
synergistic optimization of high activity and high stability.

(2) Expand the application research of oxidative polymerization
technology in actual wastewater treatment, and carry out
pilot-scale and large-scale experiments to solve key issues
in practical applications, such as improving treatment effi-
ciency, reducing operating costs, and minimizing secondary
pollution. Actual wastewater often contains high concentra-
tions of salts (e.g., CI', SO42°), natural organic matter (NOM),
coexisting ions (e.g., Ca?t, Mg2*), and complex pollutant
mixtures. These components may affect catalytic efficiency
through competitive adsorption on active sites, side reac-
tions with oxidants, or altering the redox potential of the so-
lution. Therefore, it is necessary to systematically investigate
the dynamic interactions between the electronic structure,
coordination environment of catalysts and matrix compo-
nents in different actual wastewaters (e.g., printing and dye-
ing wastewater, coking wastewater, pharmaceutical wastew-
ater), and establish a correlation model of catalyst structure-
matrix characteristics-polymerization efficiency, so as to pro-
vide theoretical support for the targeted design of anti-
interference catalysts. Additionally, study the applicability of
oxidative polymerization technology under different water
quality conditions and develop treatment processes for spe-
cific wastewaters.

(3) Explore comprehensive utilization pathways for oxidative
polymerization products. Macromolecular polymers gener-
ated from oxidative polymerization reactions (e.g., phenolic
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polymers, dye aggregates) are currently mostly regarded as
by-products or waste materials. However, by regulating re-
action conditions (such as catalyst type, oxidant dosage, and
reaction pH) to directionally control the molecular structure
and physicochemical properties of the products, they can be
converted into high-value-added products, thereby achiev-
ing a closed loop of wastewater treatment-resource recov-
ery. For instance, phenolic polymers, which possess struc-
tural characteristics similar to natural humus, can serve as
soil conditioners to enhance the fertilizer retention capac-
ity of soil. Nitrogen-containing polymers (e.g., aniline-based
polymerization products) are promising for the preparation
of low-cost supercapacitor electrode materials due to their
electrical conductivity. Moreover, polymeric products with
porous structures can be transformed into high-efficiency
adsorbents through simple modification (e.g., loading with
metal ions), which can be used to remove heavy metals
or dye pollutants from water. Future research should focus
on the structure-performance relationship of polymerization
products, establish an integrated process for product sepa-
ration, purification, and functional modification, and evalu-
ate their environmental safety in application scenarios (e.g.,
biological toxicity, degradability), so as to provide technical
support for maximizing resource utilization.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

CRediT authorship contribution statement

Qianyu Pan: Writing - original draft, Visualization, Methodol-
ogy, Investigation. Chuqiao Wang: Writing - review & editing, Su-
pervision, Conceptualization. Caihua Liu: Writing - review & edit-
ing, Visualization. Chong-Chen Wang: Writing - review & edit-
ing, Resources. Yuying Hu: Writing - review & editing, Supervi-
sion. Xing Xu: Writing - review & editing, Supervision, Resources.
Xiaoming Peng: Writing - review & editing, Methodology, Concep-
tualization.

Acknowledgments

This work was supported by the Natural Science Foundation of
China (No. 52160001), the Science and Technology Project of Wa-
ter Resources Department of Jiangxi Province (No. 202526YBKT30),
the Key Natural Science Foundation of Jiangxi Province (No.
20242BAB26085), Science and Technology Project of Water Re-
sources Department of Jiangxi Province (No. 202425YBKT26).

References

[1] A.C. Johnson, X. Jin, N. Nakada, et al., Sci. 367 (2020) 384-387.
[2] XW. Yao, X. Chen, M.-L. Chen, et al., Process Saf. Environ. Prot. 186 (2024)
808-818.
[3] Z.H. Diao, S.-Y. Pu, W. Qian, et al., Chemosphere 221 (2019) 511-518.
[4] Y. Zhang, Y. Gao, Q.S. Liu, et al., J. Hazard. Mater. 466 (2024) 133511.
[5] C. Teodosiu, A.F. Gilca, G. Barjoveanu, et al., ]. Cleaner Prod. 197 (2018)
1210-1221.
[6] A. Maziotis, M. Molinos-Senante, NPJ. Clean. Water. 7 (2024) 13.
[7] L. Geng, H. Liu, W. Zhou, et al., Chin. Chem. Lett. 35 (2024) 109120.
[8] W.A. Mitch, Nat. Sustain. 5 (2022) 643-644.
[9] S.S. Lau, K. Bokenkamp, A. Tecza, et al., Nat. Sustain. 6 (2022) 39-46.
[10] X. Zhang, Y. Zhang, W. Zhou, et al., Chin. Chem. Lett. 34 (2023) 107368.
[11] Y. Hu, Z. Zhong, M. Lu, et al., Chem. Eng. J. 450 (2022) 137964.
[12] X. Wang, Z. Xiong, H. Shi, et al., Appl. Catal. B 329 (2023) 122569.
[13] J. Miao, ]. Song, J. Lang, et al., Environ. Sci. Technol. 57 (2023) 4266-4275.
[14] S. Xu, H. Zhu, W. Cao, et al., Appl. Catal. B 234 (2018) 223-233.



Q. Pan, C. Wang, C. Liu et al.

[15] J. Cao, J. Li, B. Yang, et al., Cell Rep. Phys. Sci. 5 (2024) 101966.

[16] G.C. Kalogerakis, H.K. Boparai, B.E. Sleep, ]J. Hazard. Mater. 440 (2022) 129739.

[17] Y. Yao, ]J. Zhang, Y. Wang, et al., Chin. Chem. Lett. 35 (2024) 109633.

[18] Z. Liu, Q. Gao, W. Shen, et al., Chin. Chem. Lett. 35 (2024) 109338.

[19] M. Li, H. Zhang, J. Cheng, et al., Appl. Catal. B 351 (2024) 123983.

[20] YJ. Zhang, ].J. Chen, G.-X. Huang, et al., Proc. Natl. Acad. Sci. U. S. A. 120 (2023)
€2302407120.

[21] YJ. Zhang, H.-Q. Yu, Environ. Sci. Technol. 58 (2024) 11205-11208.

[22] YJ. Zhang, ].S. Tao, Y. Hu, et al.,, Nat. Water 2 (2024) 770-781.

[23] Y. Zong, L. Chen, Y. Zeng, et al., Environ. Sci. Technol. 57 (2023) 9394-9404.

[24] W. Ren, C. Cheng, P. Shao, et al., Environ. Sci. Technol. 56 (2022) 78-97.

[25] W. Ren, L. Xiong, X. Yuan, et al., Environ. Sci. Technol. 53 (2019) 14595-14603.

[26] J. Liang, X. Duan, X. Xu, et al., Environ. Sci. Technol. 55 (2021) 10077-10086.

[27] X. Duan, H. Sun, Z. Shao, et al., Appl. Catal. B 224 (2018) 973-982.

[28] L. Li, Z. Yin, M. Cheng, et al., Chem. Eng. ]. 454 (2023) 140126.

[29] X. Gao, Z. Yang, W. Zhang, et al., Nat. Commun. 15 (2024) 2808.

[30] Y. Chen, W. Ren, T. Ma, et al., Environ. Sci. Technol. 58 (2024) 4844-4851.

[31] Y. Yang, W. Ren, K. Hu, et al., Chem. Catal. 2 (2022) 1858-1869.

[32] YJ. Zhang, G.X. Huang, L.R. Winter, et al., Nat. Commun. 13 (2022) 3005.

[33] C. Bai, Y. Liu, C. Wang, et al., Mol. Catal. 503 (2021) 111430.

[34] J. Qian, X. Zhang, Y. Jia, et al., Environ. Sci. Technol. 59 (2025) 1060-1079.

[35] Z. Yao, Y. Chen, X. Wang, et al., Nat. Commun. 16 (2025) 148.

[36] J. Wang, T. Liu, B. Wang, et al., Chin. Chem. Lett. 35 (2024) 109900.

[37] C. Wang, S. Jia, Y. Zhang, et al., Appl. Catal. B 270 (2020) 118819.

[38] Y. Yang, P. Zhang, K. Hu, et al., Appl. Catal. B 315 (2022) 121593.

[39] X.C. Zhang, S.H. Wu, S.Y. Jia, et al., Chem. Eng. ]. 397 (2020) 125351.

[40] C. Wang, S.Y. Jia, Y. Han, et al., ACS ES&T Eng 1 (2021) 1275-1286.

[41] C. Guan, ]. Jiang, C. Luo, et al., Chem. Eng. ]. 337 (2018) 40-50.

[42] X. Pan, J. Chen, N. Wu, et al., Water Res. 143 (2018) 176-187.

[43] J. Dou, Y. Tang, Z. Lu, et al., Environ. Sci. Technol. 57 (2023) 5703-5713.

[44] X. Liu, J. Zhou, Q. Xia, et al., ]. Hazard. Mater. 443 (2023) 130178.

[45] X. Guo, H. Zhang, Y. Yao, et al., Appl. Catal. B 323 (2023) 122136.

[46] S.Q. Zhi, ].Y. Zhang, S.H. Wu, et al.,, Ind. Eng. Chem. Res. 62 (2023) 3909-3920.

[47] C. Yang, Q. Rong, F. Shi, et al., Chin. Chem. Lett. 35 (2024) 109767.

[48] EX. Dong, L. Yan, S.T. Huang, et al., Process Saf. Environ. Prot. 157 (2022)
411-419.

[49] S.T. Huang, Y.Q. Lei, PR. Guo, et al., Chemosphere 340 (2023) 139899.

[50] R. Wang, H. Chen, L. Zhang, et al., Chem. Eng. ]. 487 (2024) 150214.

[51] X. Zhang, ]. Tang, L. Wang, et al., Nat. Commun. 15 (2024) 917.

10

Chinese Chemical Letters 37 (2026) 112191

[52] Y. Ding, S. Zuo, D. Li, et al., ACS Appl. Mater. Interfaces 15 (2023) 5058-5070.

[53] C. Wang, Y. Liu, F. Han, et al., Phys. Chem. Chem. Phys. 25 (2023) 13716-13727.

[54] TY. Liu, C. Wang, Y.Z. Han, et al., Chem. Eng. ]. 435 (2022) 134816.

[55] Q. Wang, Z. Guan, Y. Xiong, et al., ]. Colloid Interface Sci. 634 (2023) 231-242.

[56] B. Meng, H. Fu, S.-S. Liu, et al., Sep. Purif. Technol. 366 (2025) 132824.

[57] H.Z. Liu, X.X. Shu, M. Huang, et al., Nat. Commun. 15 (2024) 2327.

[58] F. Chen, Z. Liu, L. Chen, et al., Sep. Purif. Technol. 357 (2025) 130200.

[59] H. Lee, O. Gwon, K. Choi, et al., ACS Catal. 10 (2020) 4664-4670.

[60] H. Wang, T. Zhai, Y. Wu, et al., Adv. Sci. 10 (2023) 2301706.

[61] L. Torrente-Murciano, A. Gilbank, B. Puertolas, et al., Appl. Catal. B 132-133
(2013) 116-122.

[62] M. Zhu, T. Ding, Y. Li, et al., Chin. Chem. Lett. 35 (2024) 109833.

[63] H. Peng, Z. Xie, S. Lu, et al., Chin. Chem. Lett. 36 (2025) 110818.

[64] H. Luo, H. Fu, H. Yin, et al., J. Hazard. Mater. 426 (2022) 128044.

[65] X. Liu, C. Jia, G. Jiang, et al., Chin. Chem. Lett. 35 (2024) 109455.

[66] Y.F. Zhang, C.H. Zhang, J.H. Xu, et al., Chin. Chem. Lett. 35 (2024) 109385.

[67] Y.Q. Liu, L. Tian, M. Huang, et al., Environ. Sci. Technol. 59 (2025) 880-891.

[68] Y. Mo, Z. Tian, K. Hu, et al., ACS Catal. 15 (2025) 5928-5942.

[69] Y. Su, K. Fu, C. Pang, et al., Environ. Sci. Technol. 56 (2022) 9854-9871.

[70] Y.H. Li, S. Gao, L. Zhang, et al., Chin. Chem. Lett. 35 (2024) 109894.

[71] K. Manna, P. Ji, Z. Lin, et al.,, Nat. Commun. 7 (2016) 12610.

[72] ]. Guo, Y. Ping, H. Ejima, et al., Angew. Chem. 126 (2014) 5652-5657.

[73] Z.Q. Liu, S.Q. Yang, H.H. Lai, et al., Water. Res. 221 (2022) 118769.

[74] C. Chen, Z. Wu, S. Zheng, et al., Environ. Sci. Technol. 54 (2020) 8455-8463.

[75] S. Li, ]. Zou, J. Wu, et al., Environ. Sci. Technol. 59 (2025) 7747-7759.

[76] Z. Zeng, Y. Chen, X. Zhuy, et al., Chin. Chem. Lett. 34 (2023) 107728.

[77] K. Saito, T. Tago, T. Masuyama, et al., Angew. Chem. 116 (2004) 748-751.

[78] N. Marshall, W. James, ]. Fulmer, et al., Inorg. Chem. 58 (2019) 5561-5575.

[79] SJ. Lee, J.M. Lee, H.-Z. Cho, et al., Macromolecules 43 (2010) 2484-2489.

[80] S. Kobayashi, H. Higashimura, Prog. Polym. Sci. 28 (2003) 1015-1048.

[81] M.C. Henry, C.-C. Hsueh, B.P. Timko, et al., ]J. Electrochem. Soc. 148 (2001)
D155.

[82] Y.E. Whang, J.H. Han, T. Motobe, et al., Synth. Met. 45 (1991) 151-161.

[83] X. Li, B. Zhang, Z. Wang, et al., Chin. Chem. Lett. 36 (2025) 110383.

[84] T. Chen, G. Zhang, H. Sun, et al., Nat. Commun. 16 (2025) 2402.

[85] C. Xu, J. Yin, S. Wang, et al., Chin. Chem. Lett. 36 (2025) 111075.

[86] M. Li, H. Li, C. Ling, et al, Proc. Natl. Acad. Sci. U. S. A. 120 (2023)
€2304562120.

[87] S. Sun, J. Li, H. Ding, et al., Chem. Eng. J. 460 (2023) 141718.





