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Abstract: Against  the  backdrop  of  green  sustainable  development,  Fenton  and  Fenton-like  reaction  systems  serve  as  crucial
advanced water treatment technologies. A key research focus lies in exploring reaction pathways and mechanisms that minimize
peroxide consumption while ensuring efficient degradation and detoxification of organic pollutants. In this review, we systemati-
cally outline strategies for achieving ultra-low peroxide consumption based on three key aspects of the reaction system: (i) Regulat-
ing non-radical  oxidation processes mediated by 1O2,  high-valent metal  species,  and electron transfer process,  leveraging their
higher selectivity and longer lifetimes compared to radicals (e.g., SO4

•− and HO•) to effectively reduce peroxide usage; (ii) Dynami-
cally modulating reaction pathways and efficiently generating/utilizing non-radical  reactive species through multiscale catalyst
regulation and optimization; (iii) Guiding the precise design and economical selection of catalysts and AOPs based on organic pol-
lutant substrate characteristics. Finally, this paper thoroughly examines key challenges and development directions for non-radi-
cal oxidation systems in practical applications. It aims to advance the engineering transformation of these technologies for real-
world  wastewater  treatment,  emphasizing  their  significant  potential  and  application  prospects  as  low-peroxide-consumption
water treatment strategies. This review seeks to provide critical references and theoretical support for developing efficient and eco-
nomical technologies for organic pollutant removal.
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 1.  Introduction

With the acceleration of industrialization and urbanization, cou-
pled  with  global  population  growth  and  rising  living  stan-
dards, vast quantities of complex and persistent organic pollu-
tants  (such  as  industrial  wastewater,  pesticides,  and  antibi-
otics) are being discharged into water bodies, posing a severe
threat to global water resource security[1-3]. Although concen-
trations  of  these  pollutants  in  natural  water  bodies  are  typi-
cally low, ranging from micromolar (μM) to nanomolar (nM) lev-
els, their environmental persistence and bioaccumulation prop-
erties  pose  serious  threats  to  ecosystems  and  human
health[4]. Existing water treatment technologies, such as biolog-
ical treatment and adsorption processes, demonstrate limited
effectiveness  against  high-concentration,  highly  toxic  pollu-
tants, failing to meet practical application demands—particu-

larly  in  terms  of  mineralization  capacity[5].  Advanced  oxida-
tion  processes  (AOPs)  have  garnered  significant  attention  in
recent  years  for  water  treatment  research  and  applications
due to their high efficiency in removing refractory organic pollu-
tants. Among these, the most widely applied Fenton and Fen-
ton-like  systems  enable  efficient  degradation  and  detoxifica-
tion  of  pollutants  by  activating  various  peroxides  (e.g.,  H2O2,
PMS, PDS, PAA) to generate diverse reactive species (RS)[6-8].
However,  conventional  oxidation  processes  generate  highly
reactive species based on free radicals,  such as hydroxyl  radi-
cals (HO•) and sulfate radicals (SO4

•−), these radicals exhibit lim-
ited selectivity toward target pollutants in complex water bod-
ies  and  readily  produce  toxic  byproducts,  potentially  causing
secondary  pollution.  More  critically,  these  processes  typically
demand substantial chemical reagents and energy inputs. The
intensive  consumption  of  peroxides  and  low  utilization  effi-
ciency constrain their widespread practical application, conflict-
ing with sustainability  and low-carbon goals[9-12].  Therefore,
achieving  efficient  pollutant  degradation  while  ensuring  pre-
cise  activation  and  efficient  utilization  of  peroxides  has
become a  key scientific  challenge for  advancing the practical
application of AOPs.

Recent studies have reported oxidation processes generat-

  
Correspondence to: Chen H, chenhong@swu.edu.cn; Liu L D,

lindongliu@swu.edu.cn
Received: September 16, 2025; Revised: October 10, 2025; Accepted: Novem-
ber 12, 2025

©The author(s) 2025. Published by Tsinghua University Press. This is an open
access article under the terms of the Creative Commons Attribution 4.0 Inter-
national License (CC BY 4.0, http://creativecommons.org/licenses/by/4.0/).

Review

Environmental Chemistry and Safety
DOI: 10.26599/ECS.2025.9600045

2025, 1, 96000045

Environmental Chemistry and Safety 2025, 1: 96000045 (1 of 22)
 

https://doi.org/10.26599/ECS.2025.9600045
mailto:chenhong@swu.edu.cn
mailto:lindongliu@swu.edu.cn
http://creativecommons.org/licenses/by/4.0/
https://doi.org/


ing  non-radical  active  species  and  their  mechanisms,  includ-
ing singlet oxygen (1O2), highly oxidized metal species, as well
as  active  complexes  and  catalyst-mediated  electron
transfer[13-15]. This non-radical oxidation within AOPs has gar-
nered increasing attention in environmental science and chem-
istry literature,  emerging as a significant research direction in
advanced  oxidation  technology  studies.  According  to  litera-
ture statistics from 2015 to 2024, the number of related publica-
tions exhibits a pronounced exponential growth trend, with a
fitted  doubling  time  of  approximately  2.34  years,  indicating
rapid development in this research area within environmental
and chemical fields (Figure 1). Compared to traditional radical-
based oxidation processes,  non-radical  oxidation exhibits dis-
tinct  characteristics:  (i)  non-radical  active  species  possess
longer  operational  lifetimes;  (ii)  due  to  their  moderate  oxida-
tive  capacity,  non-radical  systems  primarily  induce  selective
reactions rather than complete mineralization; (iii) Their oxida-
tion  reactions  exhibit  higher  selectivity,  enabling  more  effi-
cient  recognition and degradation of  target  pollutants,  along
with enhanced resistance to interference in complex water bod-
ies  containing  common  inorganic  ions  and  background
organic matter[16-18]. These characteristics are particularly cru-
cial for improving the utilization efficiency of various non-radi-
cal species triggered by peroxides, thereby reducing peroxide
consumption (Figure 1). However, controversy persists regard-
ing whether non-radical systems can effectively reduce perox-
ide  consumption.  This  issue  primarily  stems  from  the  slower
reaction  kinetics  of  traditional  catalysts  in  non-radical  path-
ways,  often  accompanied  by  higher  energy  consumption,
which limits the efficient generation and utilization of non-radi-
cal  active  species[16, 19].  Furthermore,  non-radical  pathways
exhibit stronger dependence on organic substrates. Gaining a
deep  understanding  of  the  key  factors  influencing  substrate
selectivity  holds  significant  guiding  importance  and  practical
value for identifying primary reaction pathways, elucidating oxi-
dation  mechanisms,  and  optimizing  catalytic  system
design[20, 21].

This review focuses on non-radical systems activated by per-
oxides. First, in Section 2, we systematically summarize the cur-
rently  reported  non-radical  activation  mechanisms  of  perox-
ides, elucidating their advantages in achieving higher selectiv-
ity  and longer-lived active  species  generation  while  reducing
peroxide  consumption.  Subsequently,  Section  3  comprehen-
sively  introduces  approaches  at  micro-,  meso-,  and  macro-

scales  for  regulating  multifunctional  advanced  oxidation  sys-
tems.  These  methods  effectively  mediate  non-radical  path-
ways or achieve efficient generation and utilization of various
non-radical  active  species  triggered  by  peroxides,  thereby
enhancing peroxide utilization. Section 4 further explores the
substrate-dependent  characteristics  of  non-radical  oxidation
pathways  in  selective  degradation  processes,  demonstrating
the critical role of substrate influence. It emphasizes the neces-
sity  of  designing  and  optimizing  catalytic  systems  based  on
the  substrate  specificity  of  organic  pollutants  to  enable  tar-
geted engineering. Finally, we outline key challenges and devel-
opment directions for current non-radical oxidation systems in
practical  applications.  This  aims  to  advance  their  translation
into real-world wastewater treatment while underscoring their
significant potential as low-peroxide-consumption water treat-
ment technologies.

 2.  Non-radical pathways with high peroxide
utilization

Despite  their  high  oxidation  potentials  (e.g.,  +2.08  VNHE for
PDS,  +1.82  VNHE for  PMS,  and  +1.77  VNHE for  H2O2),  peroxides
exhibit  very  limited  direct  degradation  efficiency  for  most
organic  pollutants  due  to  kinetic  limitations  and  molecular
structural stability. This necessitates substantial peroxide dos-
ing  in  practical  applications,  resulting  in  low  utilization
rates[19, 22]. Catalytically or energy-assisted activation of perox-
ides to generate reactive species (RS)—including both radical
and non-radical RS—has been explored to enhance their reactiv-
ity and utilization. However, the short lifetime and poor selectiv-
ity of radical RS further constrain the efficient use of peroxides.
In  contrast,  non-radical-based  AOPs  require  significantly  less
peroxide  due  to  their  higher  selectivity  and  longer  lifetime.
Thus, non-radical activation pathways offer a promising alterna-
tive  for  efficient  peroxide  utilization.  Currently,  three  main-
stream non-radical pathways have been extensively reported:
electron  transfer  processes  (ETP),  singlet  oxygen  formation,
and oxidation induced by high-valent metal species (HVMs).

 2.1.  Singlet oxygenation

Singlet  oxygen  (1O2)  is  widely  recognized  as  one  of  the  reac-
tive oxygen species (ROS) with significant advantages in AOPs.
Compared  to  hydroxyl  radicals  (HO• )  and  sulfate  radicals
(SO4

• −), 1O2 exhibits  stronger  resistance  to  interference  and  a
broader pH tolerance range in complex aquatic matrices, gar-
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Fig. 1. (a) Publication trends on advanced oxidation processes based on non-radical pathways from 2015 to 2024; (b) Qualitative comparison of
key features between nonradical and radical oxidation pathways.
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nering  extensive  attention  in  recent  years[23].  During  reac-
tions with pollutants, 1O2 exhibits selective oxidation character-
istics distinct from radicals. As a highly electrophilic and selec-
tive reactive oxygen species (ROS), 1O2 primarily targets func-
tional groups with high electron density or structural instabil-
ity  within  pollutant  molecules —such  as  aromatic  rings,  dou-
ble bonds, and amino groups—through mechanisms like elec-
trophilic addition or cycloaddition. This approach avoids non-
selective attacks on coexisting substances or background com-
ponents in water and reduces the formation of toxic intermedi-
ates  (e.g.,  halogenated  byproducts)  from  side  reactions,
thereby  significantly  decreasing  the  ineffective  consumption
of peroxides[16, 23-25]. Furthermore, 1O2 exhibits a longer life-
time (approximately 2–4 μs in aqueous phase) and a greater dif-
fusion radius (reaching tens to hundreds of nanometers), signifi-
cantly outperforming HO• radicals (with lifetimes of only a few
nanoseconds  and  diffusion  radii  under  10  nm).  This  enables
1O2 to effectively participate in oxidation reactions within diffu-
sion-limited  regions  of  heterogeneous  systems,  demonstrat-
ing  excellent  adaptability  and  reaction  persistence.  Conse-
quently, it enhances the probability of effective reactions with
pollutant  molecules[26, 27].  In  summary, 1O2 demonstrates
greater  stability  and  sustained  degradation  capability  than
free  radicals  in  aquatic  environments  characterized  by  high
salinity,  strong  buffering  capacity,  or  complex  organic  pollu-
tants. This makes it a key pathway for enhancing the selectiv-
ity  of  AOPs  and  improving  the  utilization  efficiency  of  perox-
ides.

The generation of 1O2 can be achieved through the sponta-
neous  decomposition  of  peroxides  or  under  catalytic  activa-
tion  conditions.  However,  its  reaction  kinetics  are  often  con-
strained by factors such as temperature,  pH,  and catalyst  sur-
face activity,  which influence its  formation rate and yield.  For
instance, peroxymonosulfate (PMS) can generate 1O2 via acid-
base equilibrium (Equation 1) and subsequent reactions (Equa-
tion 2), but the overall rate remains low. While the self-decom-
position  of  hydrogen  peroxide  (H2O2)  (Equation  3)  releases
1O2,  it  typically  requires  external  energy  inputs  such  as  ele-
vated temperatures or UV irradiation, resulting in poor energy
efficiency[28]. Therefore, introducing catalysts or energy assis-
tance has become a key approach to enhance 1O2 generation
efficiency.  Current  studies  indicate  that  the  primary  mecha-
nisms for 1O2 generation include: (i) Catalytically activated per-
sulfates (PMS and PDS) generate 1O2 via SO5

•− or (O2
•− intermedi-

ates (Equations 4–5)[29, 30]; (ii) HO2
• generated from activated

H2O2 reacting  with  (O2
• − via  proton-coupled  disproportiona-

tion  (Equation  5)  or  radical  recombination  (Equations  6–8).
This mechanism is significantly accelerated in the presence of
transition metal ions (e.g., Fe2+) or carbon-based materials, but
requires  controlling  H2O2 concentration  to  avoid  quenching
effects from its self-decomposition process[28, 31-33]. Further-
more, through catalyst optimization strategies (e.g., coordina-
tion  adjustment,  surface  defect-guided  activation,  het-
eroatom  doping),  the  efficient  generation  and  release  of 1O2

can  be  further  enhanced  (achieving  100%  selective  produc-
tion),  improving  the  activation  selectivity  of  peroxides.  This
enables  pollutant  oxidation  at  lower  peroxide  doses,  which
will be discussed in detail in the next section. 

HSO−
 + HO ⇋ SO−

 + HO
+ (1)

 

HSO−
 + SO−

 → HSO−
 + SO−

 + O (2)
 

HO → HO + O (3)
 

SO⋅−
 + HO → HSO−

 + O (4)
 

O⋅−
 + HO →

O + HO + OH− (5)
 

O⋅−
 + ⋅OH →

O + OH
− (6)

 

O⋅−
 + HO⋅

 →
O + HO

−
 (7)

 

HO⋅
 →

O + HO (8)

Although the 1O2 system demonstrates significant advan-
tages in enhancing reaction selectivity and reducing peroxide
consumption,  it  still  faces  numerous  controversies  and  chal-
lenges  in  practical  applications.  First,  the  reaction  rate  con-
stant of 1O2 (k ≈ 102−108 M−1 s−1)  is generally lower than that
of radical species such as HO• and SO4

•− (k ≈ 106−1011 M−1 s−1),
limiting  its  degradation  efficiency  for  less  reactive  pollutants
like  perfluorinated  compounds  and  halogenated  hydrocar-
bons[16].  Second,  current 1O2 detection  methods  predomi-
nantly rely on indirect approaches, such as electron paramag-
netic resonance (EPR) or quencher (e.g., NaN3, L-histidine), but
their  specificity  and  accuracy  are  susceptible  to  interference
from other coexisting reaction intermediates. This may lead to
overestimation  of  the 1O2 contribution,  obscuring  the  actual
role  of  other  reactive  species  in  the  system  (such  as  SO4

• − or
high-valent metal oxygen intermediates), thereby introducing
bias in the assessment of the ‘low-consumption’ effect[34, 35].
Furthermore, 1O2 generation  and  stability  are  highly  depen-
dent on the catalyst's structural and environmental compatibil-
ity, while its dynamic regulation mechanisms and transfer path-
ways remain poorly understood.

 2.2.  High-valent metal induced oxidation

High-valent metal species (HVMs) represent a class of non-radi-
cal  active  species  with  potent  oxidative  capabilities,  exhibit-
ing strong electrophilicity and selectivity similar to singlet oxy-
gen.  Consequently,  HVMs  are  frequently  employed  in  fields
such as biomimetic oxidation, biomedicine, and organic synthe-
sis[36, 37].  Recently,  research  on  HVMs  (e.g.,  Fe(IV),  Co(IV),
Ni(IV), Cu(III), and Mn(V)) has significantly increased in environ-
mental catalysis due to multiple advantages over radical oxida-
tion  pathways,  including:  (i)  enhanced  resistance  to  back-
ground  aquatic  matrix  interference,  maintaining  stable  activ-
ity in the presence of alcohols,  natural  organic matter (NOM),
and  common  inorganic  anions[38, 39];  (ii)  extended  lifetimes
(e.g.,  Fe(IV)  with lifetimes reaching 7–10 s)[40, 41];  (iii)  Higher
equivalent steady-state concentrations[42]; (iv) Enhanced sub-
strate specificity and selectivity[43-45]. HVMs typically exist as
metal-oxygen intermediates (M(n+2)+ = O) and degrade organic
pollutants via hydrogen abstraction, oxygen transfer, and elec-
tron transfer pathways. Similarly, since the oxidative behavior
of  HVMs  often  targets  specific  electron-donating  sites  within
pollutant molecules (e.g., amino groups, phenolic hydroxyls, sul-
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fides, alkenes), they enable more precise targeted oxidation of
electron-rich  pollutants[46-48].  Furthermore,  the  straightfor-
ward generation pathway of HVMs—typically involving single-
step  redox  reactions —often  exhibits  higher  peroxide  utiliza-
tion  efficiency  than  singlet  oxygen.  Specifically,  direct  redox
reactions occur between peroxides and the metal  active cen-
ter, with nearly every peroxide molecule effectively contribut-
ing  to  HVMs  formation.  This  process  demonstrates  a  one-to-
one redox reaction and enables controlled cyclic regeneration
of the metal center. In contrast, 1O2 generation often involves
multi-step processes such as energy transfer and excited-state
intermediates,  leading  to  energy  and  reactant  losses  within
the  system.  Therefore,  in  terms  of  generation  pathway  effi-
ciency and oxidant conversion rate, the HVMs mechanism typi-
cally outperforms the 1O2 pathway in peroxide utilization.

Unlike freely diffusing ROS, HVMs do not rely on free diffu-
sion during reactions  but  instead achieve rapid electron cou-
pling between surface metal active sites and pollutants at the
interface.  Consequently,  HVMs  exhibit  distinct  advantages  in
solid-liquid heterogeneous systems, making them suitable for
spatially  constrained  environments  such  as  channel  catalysis
and  membrane  interface  reactions.  They  can  maintain  cat-
alytic efficiency while significantly reducing the ineffective con-
sumption  of  peroxides.  However,  the  formation  of  HVMs  is
highly dependent on efficient electron transfer between metal
ions  or  coordination  centers  and  peroxides.  Their  activation
pathways  are  influenced  by  multiple  factors  including  metal
valence states, ligand environments, and electronic orbital regu-
lation[49],  which  ultimately  determine  whether  HVMs  can  be
effectively  generated.  Furthermore,  the  reaction  kinetics  of
HVMs  toward  most  organic  pollutants  typically  exhibit  low
rates (k ≈ 102−104 M−1 s−1). Consequently, even under high uti-
lization  conditions,  the  overall  removal  efficiency  of  pollu-
tants  may  remain  limited[50-52].  Therefore,  to  fully  leverage
the advantages of HVMs in selectivity and lifetime, it is impera-
tive  to  optimize  catalyst  design  (e.g.,  coordination  structure
design  and  regulation  of  interfacial  microenvironments)  to
achieve  efficient  generation  and  utilization  of  HVMs.  This
approach enables highly effective oxidative removal of target
pollutants using lower peroxide doses[53-55].

 2.3.  Electron transfer process (ETP)

Recent studies indicate that the electron transfer process (ETP)
demonstrates  significant  improvements  in  peroxide  utiliza-
tion efficiency compared to other oxidation pathways[56]. ETP
enables  either  direct  electron  extraction  from  contaminant
molecules  (adjacent  transfer)  or  indirect  electron  migration
mediated by conductive catalysts  (electron shuttle).  In  a  typi-
cal ETP-driven system, the electron flow follows a well-defined
pathway.  When  organic  pollutants  and  peroxide  molecules
are  co-adsorbed on the catalyst  surface,  the  pollutant  acts  as
an electron donor, transferring electrons either directly to the
surface-activated  catalyst–peroxide  complex  (proximal  trans-
fer) or indirectly through the conductive network of the cata-
lyst (shuttle transfer). The catalyst thus serves as an intermedi-
ate  electron bridge,  facilitating bidirectional  charge transport
between  the  donor  and  acceptor.  This  electron-relay  process
enables efficient peroxide activation via the catalyst–peroxide
complex, while simultaneously promoting pollutant oxidation
at  the solid–liquid interface.  Notably,  the ETP pathway differs
from  classical  radical  reactions  in  that  the  electron  transfer  is

confined  to  interfacial  charge-transfer  steps  rather  than  rely-
ing  on  the  free  diffusion  or  lifetime  of  transient  reactive
species, thereby exhibiting higher selectivity and lower perox-
ide consumption[57, 58]. Therefore, unlike active species gener-
ated through redox reactions between the catalyst and perox-
ides  or  other  secondary  reactions  (e.g.,  radicals, 1O2,  and
HVMs), ETP offers several technical advantages and unique char-
acteristics.  For  instance:  (i)  Electron  transfer  in  ETP  systems
does not occur spontaneously prior to pollutant introduction,
meaning  peroxides  must  accept  electrons  from  pollutants  to
be effectively consumed, significantly enhancing peroxide uti-
lization  efficiency[59];  (ii)  The  formed  surface  oxidation  com-
plexes are essentially unaffected by half-life and independent
of  free  diffusion  processes,  avoiding  inefficient  self-
depletion[59, 60]; (iii) ETP systems exhibit high selectivity, deter-
mined by the electron-transfer potential of organic pollutants
and the higher utilization efficiency of peroxides[61]; (iv) Simi-
lar to HVMs, the oxidation reactions triggered by ETP occur at
the  solid-liquid  interface,  i.e.,  interfacial  catalysis.  Under  cer-
tain conditions, this constitutes the initial step in the polymeriza-
tion degradation pathway of pollutants[62, 63]; (v) The stoichio-
metric  ratio  between  consumed  peroxides  and  target  pollu-
tants  is  low,  significantly  reducing  chemical  dosage  require-
ments.  For example,  in peroxysulfate-based ETP mechanisms,
the actual consumption ratio of peroxysulfate to organic pollu-
tants  approximates  their  theoretical  stoichiometric  ratio[61].
Consequently, these characteristics make ETP a more efficient
pollutant  degradation  pathway  with  reduced  peroxide  con-
sumption.

At  least  two  critical  considerations  can  be  raised  regard-
ing  these  characteristics:  the  peroxide  activation  efficiency
and pollutant oxidation efficiency within ETP are jointly influ-
enced  by  thermodynamic  properties  (interaction  strength)
and  kinetic  factors  (electron  transfer  and  mass  transfer  effi-
ciency). These are determined collectively by the physicochemi-
cal properties of both the catalyst and the pollutants. Optimiza-
tion  can  be  achieved  by  modifying  catalyst  properties  and
microenvironments,  such  as  altering  the  catalyst's  electronic
characteristics to enhance electron transfer efficiency, increas-
ing  specific  surface  area,  or  designing  spatial  confinement
(details in Sections 3 and 4). Typically, efficient mass transfer of
reactants  (peroxides  and  organics)  in  solution  coupled  with
strong adsorption on the catalyst surface promotes ETP, lead-
ing  to  highly  efficient  peroxide  activation  and  organic  oxida-
tion[64, 65]. Notably, ETP systems exhibit high peroxide utiliza-
tion efficiency even at low peroxide doses. Conversely, exces-
sive  peroxide  loading  may  cause  superabundant  adsorption,
leading to surface adsorption competition or  even active site
shielding,  thereby  reducing catalyst  conductivity  and reactiv-
ity[66, 67].

Currently,  the  practical  application  of  ETP  remains  in  its
early stages. Despite the advantages of ETP mechanisms, their
apparent efficiency in reducing peroxide consumption may be
influenced  by  matrix  effects  in  real  water  systems.  The  pres-
ence of competing anions or natural organic matter can inter-
fere with pollutant adsorption and electron transfer dynamics
by  occupying  surface  sites  or  scavenging  reactive  intermedi-
ates. Moreover, fluctuations in ionic strength and solution con-
ductivity can alter the catalyst’s electron mobility and surface
potential, leading to decreased charge transfer rates. These fac-
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tors often cause discrepancies between ideal laboratory obser-
vations and practical wastewater treatment outcomes. Integrat-
ing this mechanism into modular catalytic systems and develop-
ing engineering designs suitable for large-scale membrane or
fixed-bed  reactors  will  help  accelerate  its  adoption.  Further-
more, due to the relatively low redox potential of ETP systems
(e.g.,  0.6–1.2  V  for  peroxysulfate/carbon  nanotube  systems),
their oxidation capacity for electron-withdrawing pollutants is
limited,  primarily  relying  on  the  oxidation  of  electron-donat-
ing pollutants[66]. Encouragingly, recent reports have demon-
strated the sustainable degradation of organic pollutants with
high  ionization  potentials  (IP  >  8.5  eV)  via  ETP  mechanisms,
attributed to rational catalyst design and optimization[68, 69].
These  advances  offer  new  insights  for  extending  ETP  mecha-
nisms  to  broad-spectrum  pollutant  control  while  expanding
the  application  scope  for  precise  oxidation  under  low-perox-
ide-dose conditions.

 2.4.  Properties of peroxides

Common inorganic peroxides (PMS, PDS, and H2O2) can all initi-
ate  non-radical  pathways.  However,  the  molecular  structure
and bond energy characteristics of different peroxides largely
determine their activation pathways and system applicability,
significantly affecting their utilization efficiency in catalytic oxi-
dation processes. Therefore, rationally selecting suitable perox-
ides  is  one  of  the  key  strategies  for  achieving  efficient,  low-
dose non-radical systems. On one hand, PDS exhibits molecu-
lar  symmetry  and  a  relatively  low  peroxy  bond  dissociation
energy  (92  kJ·mol–1),  making  it  prone  to  homolytic  cleavage
under energy transfer processes (e.g., thermal or photoactiva-
tion)  or  transition  metal  activation  conditions,  preferentially
generating  highly  reactive  SO4

• −[19, 70].  However,  under  the
influence of suitable catalyst electronic structures and interfa-
cial environments, it still possesses non-radical transformation
potential[71].  In  contrast,  the  asymmetric  structure  confers
stronger  electrophilicity  to  PMS,  enabling  enhanced  electron
synergy  and  complexation  with  carbonaceous  materials  and
metal  catalysts.  This  facilitates  the  induction  of  high-valent
metal  formation  or  direct  initiation  of  electron  transfer  pro-
cesses[72, 73].  Additionally,  PMS's  smaller  molecular  size  and
lower  steric  hindrance  improve  its  coverage  on  active  sites
within  the  catalyst  surface,  promoting  selective  oxidation  at
the solid-liquid interface. On the other hand, the structural sym-
metry  and  high  peroxy  bond  dissociation  energy  (213.3
kJ·mol–1)  of  H2O2 make  its  cleavage  difficult  under  uncat-
alyzed conditions. It often relies on metal ions (such as Fe2+) to
activate and generate HO•, thereby favoring non-selective radi-
cal  pathways[74, 75].  For the H2O2 system, a series of  catalyst
optimization strategies can also be employed to regulate non-
radical pathways[76-78]. Overall, PMS exhibits superior interfa-
cial  reactivity  and  selective  oxidation  potential  in  non-radical
oxidation  systems,  while  the  non-radical  activity  of  PDS  and
H2O2 relies more heavily on catalyst design and interfacial envi-
ronment  control.  This  underscores  the  critical  role  of  match-
ing peroxide type with the catalytic system for enhancing perox-
ide utilization efficiency.

 3.  Catalyst modulation strategies with high
peroxide utilization

How to reduce the consumption of  peroxides  while  ensuring

efficient reactions has become a critical issue in current environ-
mental  remediation and green development.  Catalysts  play a
central role in this process, primarily by enhancing the activa-
tion efficiency of peroxides and regulating reaction pathways.
On  one  hand,  catalysts  lower  the  reaction  energy  barrier
between  peroxides  and  reactants,  overcoming  the  energy
obstacles  encountered  during  peroxide  activation  and
thereby accelerating the formation of reactive species[79, 80].
On  the  other  hand,  catalysts  can  also  regulate  the  types  of
active  species  generated  after  peroxide  activation  and  their
reaction pathways. For instance, certain catalysts selectively acti-
vate  peroxides  to  generate  non-radical  species  (e.g., 1O2,
highly oxidized metals, surface complexes), circumventing the
low selectivity and byproduct issues prevalent in radical path-
ways,  thereby  improving  peroxide  utilization.  However,  the
activity of catalysts mediating non-radical pathways remains rel-
atively limited. Enhancing their catalytic performance or alter-
ing reaction mechanisms is necessary to achieve efficient gener-
ation and utilization of non-radical species[81-83]. Notably, cat-
alytic  performance  and  mechanisms  depend  not  only  on  the
intrinsic properties of active sites but also on the synergistic reg-
ulation of multiscale environmental factors such as mass trans-
fer behavior, stability, and local reaction kinetics[84-86]. Conse-
quently,  a  series  of  engineering  strategies  have  been
employed to optimize the overall performance of various het-
erogeneous  catalysts.  These  include:  (i)  modulation  at  the
atomic/molecular  level  (e.g.,  varying  coordination  environ-
ments,  doping-induced  electronic  states);  (ii)  adjustment  of
interfacial  and  complex  surface  physicochemical  properties
(e.g.,  localized  pH,  restricted  reaction  environments  due  to
nanoconfinement mechanisms); (iii) design and application of
integrated  systems  incorporating  filters,  membranes,  or  cat-
alytic beds [87-90]. These strategies, operating at different lev-
els,  regulate  multifunctional  advanced  oxidation  systems  to
effectively  mediate  non-radical  pathways  or  achieve  efficient
generation  and  utilization  of  various  non-radical  species  trig-
gered by peroxides. Compared to traditional Fenton and Fen-
ton-like  systems,  the  utilization  of  peroxides  is  significantly
enhanced.

 3.1.  Atomic/molecular-level regulation

Atomic/molecular-level  regulation  of  catalysts  represents  an
effective strategy for improving peroxide activation efficiency
and  tuning  reaction  pathways,  thereby  contributing  to
reduced  peroxide  consumption  in  Fenton-type  systems.[91-
93]. Such approaches not only focus on modulating electronic
structures and energy level distributions through precise coordi-
nation structure control of active sites but also incorporate het-
eroelement  doping  to  enhance  reactivity,  providing  effective
pathways for improving intrinsic catalyst activity and reaction
kinetics. For instance, in in situ generated active species (such
as  surface  active  complexes  and  highly  oxidized  metal
species), catalysts typically function as electron transfer media-
tors or interfacial activators. Their conductivity, electron distribu-
tion  (e.g.,  d-band  center  position),  and  coordination  state
directly  determine  electron  transfer  efficiency  and  utilization,
thereby  influencing  peroxide  utilization[94-96].  Furthermore,
the  aforementioned  multiscale  regulation  methods  can  also
selectively  enhance  the  generation  efficiency  of  non-radical
species  like  singlet  oxygen,  compensating  for  their  relatively
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low  reaction  kinetics  compared  to  radicals  (k  ≈  106−1011 M−1

s−1). For instance, the kinetic rates for 1O2 (k ≈ 102−108 M−1 s−1)
and  M(n+2)+ =  O  (k  ≈  102−104 M−1 s−1)  exhibit  deficiencies[97-
99]. In this subsection, we systematically explore optimization
strategies  for  catalysts  commonly  used  in  Fenton-type  sys-
tems at the microscopic level, aiming to elucidate the key mech-
anisms underpinning the utilization of low-consumption perox-
ides.

 3.1.1.    Modulation of coordination structure
Benefiting  from  maximum  atomic  utilization,  uniform  active
sites,  and  tunable  electronic  structures,  carbon-based  single-
atom  catalysts  (SACs)  demonstrate  significant  application
potential  for achieving efficient pollutant removal and reduc-
ing  peroxide  dosage[80, 100-102].  Specifically,  the  geometry
and electronic structure of the metal active center, along with
the reaction adsorption energy, are tunable and influenced by
the  local  microenvironment  formed  between  the  metal  site
and the carbon support. This enables SACs to dynamically regu-
late  reaction  pathways  and  promote  low-dose,  highly  selec-
tive  non-radical  reaction  processes.  Key  parameters  govern-
ing this local microenvironment regulation include the charac-
teristics of the metal center, the number and type of coordinat-
ing  atoms,  and  the  metal-support  interactions[80].  For
instance, different metals (such as transition metals Fe, Co, Cu,
and  Mn)  exhibit  distinct  reactivity  and  selectivity  in  peroxide
activation  and  active  species  generation[103, 104].  Gao  et  al.
demonstrated that the activation trend for PMS with selective
1O2 generation  follows:  Fe-SAC  (88%)  >  Co-SAC  (79%)  >  Mn-
SAC (70%) > Ni-SAC (62%) > Cu-SAC (56%). Among these, Fe-
SAC exhibits moderate and near-average Gibbs free energy at
each reaction step in the 1O2 generation pathway, thereby pro-
moting efficient 1O2 production and high utilization[105]. Fur-
thermore, Miao et al. synthesized a series of 3d transition met-
als anchored on CNTs (M-N-CNTs) catalysts. Among these dis-
tinct  single-atom  M-N  sites,  the  high  effective  magnetic
moment  of  the  high-spin  state  (Co-N)  was  found  to  favor  d-
orbital overlap with PMS at the metallic active site, effectively
forming Co-PMS* complexes. This efficiently triggers the elec-
tron transfer pathway (ETP) rather than the conventional radi-
cal decomposition pathway. This system features an oxidation
complex  with  a  high  oxidation  potential  and  enhanced  elec-
tron  transfer  capability.  Upon  addition  of  an  appropriate
amount of organic pollutants, it immediately promotes the uti-
lization efficiency of peroxydisulfate, thereby significantly reduc-
ing peroxydisulfate input[106].

The  next  key  focus  in  regulating  the  atomic/molecular-
level microenvironment of the catalyst center's first layer is alter-
ing coordination number. The metal-nitrogen tetracoordinate
structure  (denoted  as  M–N4),  frequently  reported  in  previous
studies, does not always achieve optimal adsorption energy dur-
ing  PMS  activation,  preventing  maximized  PMS  utilization.
Recently, methods to adjust the coordination number of nitro-
gen  atoms  have  emerged  as  an  effective  strategy.  For
instance,  constructing  unsaturated  coordination  by  reducing
the nitrogen coordination number in cobalt single-atom cata-
lysts (Co-N2)  enables a shift in the PMS activation pathway. In
this  case,  The  effective  yield  of 1O2 in  this  system  is  nearly
three  times  higher  than  that  in  the  Co-N3 system,  replacing
the original  radical  species  as  the  primary  contributor.  This  is
because the reduced coordination number alters the electron
density  near  the  Fermi  level  of  the  Co  atom,  leading  to
enhanced PMS adsorption and increased specific activity. This
further  boosts  the  yield  of  non-radical  species  (1O2),  which
becomes the main contributor to organic matter degradation,
thereby reducing PMS consumption.(Figure 2)[107, 108]. Con-
versely, introducing non-planar coordination to increase coordi-
nation number disrupts electronic distribution symmetry, creat-
ing a more three-dimensional coordination environment. This
promotes  the  selective  generation  of  non-radical  RS  species
(e.g., FeIV = O, 1O2, and PMS complexes)[109-111]. A consistent
outcome  is  that  PMS  utilization  efficiency  is  significantly
enhanced  compared  to  conventional  SACs  (achieving  over
90% utilization),  with reduced undesirable  consumption.  This
improves the catalyst's overall reaction performance and opera-
tional stability in complex aqueous environments.

 3.1.2.    Doping modification
Doping,  as  a  key  strategy  for  regulating  catalyst  composition
and structure  at  the atomic/molecular  scale,  has  been widely
applied to confer new functions or optimize the performance
of catalysts[112-114]. Since dopant atoms typically possess dis-
tinct  properties  from  intrinsic  atoms  (e.g.,  electronegativity),
introducing  heteroatoms  via  direct  chemical  bonds  or  long-
range interactions readily modulates the physicochemical prop-
erties (e.g., electron density) of catalytic active sites. These alter-
ations  may  influence  binding  strengths  and  adsorption  ener-
gies  with  reactants  (peroxides  and  organics)  and  intermedi-
ates,  thereby  affecting  catalytic  behavior.  This  represents  an
effective  strategy  for  dynamically  regulating  reaction  path-
ways  and  enhancing  peroxide  utilization  (Figure  3)[115-117].
For instance, boron atoms with lower electronegativity exhibit
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electron-withdrawing capabilities. Following long-range inter-
actions  with  Cu  active  sites,  they  reduce  the  electron  density
at  Cu  sites  and  lower  the  d-band  center,  thereby  optimizing
the  adsorption  energy  for  PMS  activation.  This  facilitates  effi-
cient  electron transfer  from Cu-SAC to PMS,  generating high-
valent  copper-oxygen  species[91].  Modulating  the  coordina-
tion  of  boron  atom  doping  in  the  first  layer  can  also  induce
asymmetric electron distribution, thereby generating a strong
local  electric  field.  Under  this  field,  coupled  electron-proton
transfer  processes  are  enhanced,  further  enabling  O–O  and
O–H  bond  cleavage  and  efficient  electron  transfer  to  selec-
tively  generate  CoIV =  O.  Compared  to  radical  systems  like
CoN4,  the  CoB1N3 framework  efficiently  oxidizes  electron-rich
pollutants while exhibiting strong resistance to inorganic inter-
fering  ions  and  humic  acids  in  substrates,  achieving  higher
PMS utilization[99].  Additionally,  other  dopant  atoms such as
fluorine,  oxygen,  nitrogen,  and  sulfur —which  possess  higher
electronegativity—can fine-tune catalytic activity while stabiliz-
ing positively charged intermediates during catalysis,  thereby
promoting low-energy, non-radical-dominated oxidation path-
ways[118, 119].

Furthermore, different adsorption configurations (such as
distinct  adsorption  sites)  may  lead  to  variations  in  activation
pathway selectivity[120], offering new opportunities for dynami-
cally regulating the transition from radical pathways to nearly
100% non-radical pathways. Taking the adsorption configura-
tion of PMS as an example, when it  selectively adsorbs termi-
nal oxygen at electron-depleted active sites, it favors the forma-
tion of  the SO5

•− intermediate,  thereby selectively generating
1O2. Experiments confirm that this specific unit adsorption pat-
tern  enables  nearly  100%  selective 1O2 generation[98, 121].
This  is  attributed  to  the  introduction  of  non-metallic  atoms
with differing electronegativity, which alters the electron den-
sity  distribution  at  the  metal  active  site,  thereby  modulating
the  adsorption  configuration  of  PMS[122].  However,  single-
site catalysts face inherent limitations in complex reaction sys-
tems: (i) their adsorption behavior is constrained by linear scal-
ing of adsorption energy due to structural uniformity, and com-
petition  among  multiple  reaction  intermediates  at  the  same
site  hinders  achieving  ideal  thermodynamic  equilibrium
between  adsorption,  activation,  and  desorption;  (ii)  Limited
active site density restricts reactant diffusion and electron trans-
fer efficiency[87, 123]. To overcome these bottlenecks, doping
strategies  based  on  dual-active-site  synergistic  mechanisms

have emerged as a key research direction for enhancing perox-
ide  activation  efficiency[124, 125].  This  approach  combines
the advantages of single-active-site catalysts while enabling syn-
ergistic interactions between two active sites. For instance, to
circumvent the single-adsorption mode that triggers O–O cleav-
age and inevitably generates various radicals[126, 127], Wang
et al.  optimized the adsorption and peroxide activation path-
ways by introducing a Fe–Co dual site formed by a neighbor-
ing  Co  site  around  a  single-atom  iron  active  center,  enabling
simultaneous  adsorption  of  both  terminal  oxygen  atoms  of
PMS[128].  Under  bisite  synergy,  electron  rearrangement
within the adsorbed PMS* complex is enhanced by slight O–O
bond elongation. This optimization drives exclusive selectivity
toward the ETP pathway (approaching 100% ETP), thereby sig-
nificantly improving PMS utilization.

The  formation  of  dual  reaction  centers  with  electron-
rich/electron-deficient  microdomains  through  doping-
induced electron nonuniform distribution or the construction
of electron transfer bridges can effectively guide surface elec-
tron  migration,  representing  another  effective  strategy  for
reducing  peroxide  consumption[129, 130].  Fundamentally,
such dual reaction center (DRC) catalysts operate through a sim-
ilar mechanism: electron-rich sites accept electrons from pollu-
tants and transfer them to electron-deficient sites, which then
utilize these electrons to activate peroxides. Through this mech-
anism, peroxides are no longer ineffectively decomposed but
instead act as oxidants that combine with electrons to gener-
ate  various  reactive  oxygen  species  for  further  oxidation  of
organic pollutants. This mechanism, where pollutants serve as
electron donors to replace excess peroxide consumption, signifi-
cantly  reduces  peroxide  dosage  (i.e.,  H2O2 consumption  is  6-
8% of that in conventional  Fenton-like systems)[131].  Beyond
externally  added  peroxides,  recent  studies  indicate  that  cer-
tain DRC catalysts, when induced by trace amounts of PMS or
H2O2, can harness pollutant electrons and natural dissolved oxy-
gen (DO) to achieve H2O2 amplification (i.e., in situ H2O2 genera-
tion) and efficiently remove pollutants. The generated H2O2 fur-
ther  participates  in  redox  processes  to  enhance  pollutant
removal  efficiency[132-134].  Consequently,  this  mechanism
offers a novel perspective for addressing high energy consump-
tion in water purification and substantially reducing peroxide
consumption. Lu et al. designed a CZO catalytic system by dop-
ing Cu into the ZnO lattice.  Driven by non-consumable H2O2,
this system opens mass transfer pathways on the Cu-ZnO sur-
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face and lowers the activation energy barrier for endogenous
substances.  Consequently,  electrons  and  energy  from  pollu-
tants are efficiently utilized to activate DO, enabling highly effi-
cient  catalytic  degradation  reactions  at  H2O2 concentrations
ranging from 0 to 2.6%[135].

In summary, the key mechanisms involved in doping strate-
gies within Fenton-like systems primarily include: (i) electronic
effects, (ii) adsorption effects, and (iii) synergistic effects. Funda-
mentally,  these  effects  are  interconnected and mutually  rein-
forcing, forming a multidimensional regulatory system that col-
lectively drives the dynamic adjustment of reaction pathways
and the efficient generation and utilization of non-radical RS.

 3.2.  Interface/surface modulation

The next research focus lies in optimization strategies for cata-
lysts  at  the  mesoscale  level.  At  this  scale,  key  regulatory
approaches include nanoconfinement effects, localized pH mod-
ulation,  and  design  of  catalyst  morphology  and  size.  These
methods emphasize surface and interfacial regulation of cata-
lysts,  influencing  reaction  pathways  and  catalytic  perfor-
mance. The three strategies demonstrate synergistic potential
in  spatial  confinement,  interfacial  microenvironment  control,
and  geometric  configuration  adjustment.  This  offers  novel
approaches  to  overcoming  current  kinetic  and  thermody-
namic  bottlenecks  limiting  the  efficient  utilization  of  perox-
ides, thereby advancing the practical application of various Fen-
ton-like systems in wastewater purification.

 3.2.1.    Confinement effect
Fundamentally, the catalytic performance of heterogeneous cat-
alysts is directly influenced by intermolecular interactions, spa-
tial configuration, and intrinsic electronic arrangement. These
critical factors can be effectively modulated through nanocon-
finement effects,  thereby driving kinetically unfavorable reac-
tions—which are difficult to proceed under conventional condi-
tions —toward  the  target  direction  with  enhanced  efficiency
[137, 138]. The nanoconfinement effect regulates the microenvi-
ronment around active sites through spatial restriction, exhibit-
ing  unique  advantages  over  unconstrained  catalysts,  includ-
ing  but  not  limited  to  the  following  aspects:  (i)  enhancing
active  site  exposure  and  demonstrating  significant  selective
accessibility,  i.e.,  increasing  the  probability  of  effective  con-
tact  with  target  reactants  while  achieving  size  exclusion  of
non-target  molecules;  (ii)  promoting  reactant  enrichment  in
localized  regions  and  improving  mass  transfer  efficiency;  (iii)
Electron  rearrangement  and  structural  regulation  induced  by
spatial confinement effectively lower the activation energy bar-
rier and optimize interfacial electron coupling between the cata-
lyst  surface  and  adsorbed  reaction  intermediates[139-142].
Specifically, the effective active radius of ROS is extremely lim-
ited (<200 nm) (Figure 4), resulting in low utilization efficiency
of  peroxides.  Nanoconfinement  effects  can  encapsulate  reac-
tants (peroxides and organic compounds) within critical diffu-
sion  lengths  (<200  nm),  thereby  strengthening  interactions
between peroxides and active sites and enhancing collision effi-
ciency between active species generated at the catalytic inter-
face and target  pollutants.  These effects  collectively  promote
accelerated  reaction  kinetics  and  higher  peroxide  utilization
(Figure 4)[143-145]. Liu et al. constructed a microenvironment
with  reactant  enrichment  and  electronic  regulation  capabili-
ties  by  confining  Co3O4 nanoparticles  within  carbon  nan-

otube  channels[146].  Density  functional  theory  (DFT)  calcula-
tions  confirmed  that  synergistic  metal-support  interactions
and reactant enrichment effects facilitate efficient internal elec-
tron  transfer  between  the  catalyst  and  PAA,  promoting
directed 1O2 generation.  Subsequently,  enriched  pollutant
molecules  are  rapidly  targeted  by  fresh 1O2 generated  at
active sites, enhancing 1O2 utilization. Furthermore, for the oxi-
dation  pathways  occurring  at  the  interface  (HVMs  and  ETP),
mass transfer of peroxides and organic matter from the liquid
phase  to  the  catalyst  surface  is  the  rate-limiting  step.  Within
nanoconstrained  structures,  reactants  are  confined  to
nanoscale  spaces,  altering  their  interaction  kinetics,  diffusion
rates, and reactivity. This confinement drives their motion, accel-
erating mass  transfer  and enabling lower  peroxide consump-
tion[147, 148].  Interestingly,  confinement  effects  can  also
induce pathway shifts toward non-radical pathways. Spatial con-
finement  modulates  charge  distribution  and  triggers
enhanced binding forces between reactants and catalysts, nar-
rowing  the  energy  gap  required  for  electron  transfer —key
drivers of ETP oxidation. Achieving 100% ETP selectivity signifi-
cantly  enhances  peroxide  utilization,  reduces  operational
costs,  and  effectively  minimizes  potential  ecological
impacts[149].  For  instance,  Meng  et  al.  effectively  optimized
the surface electronic structure by confining cobalt active sites
within  mesoporous  silica  nanopores.  This  confinement  sys-
tem  exhibits  enhanced  PMS  deprotonation  binding  capacity
and  elevated  energy  barriers,  suppressing  radical  generation
from PMS cleavage. This prioritizes the conversion of PMS into
surface-activated  PMS*  complexes,  thereby  shifting  the  reac-
tion mechanism from a radical pathway to a non-radical mecha-
nism  dominated  by  ETP.  Combined  with  the  reactant  enrich-
ment effect and accelerated interfacial mass transfer, this sys-
tem  significantly  increased  PMS  utilization  from  61.8%  in  the
non-confined system to 96.6%[148].

 3.2.2.    Local pH modulation
Generally,  catalytic  systems  based  on  metal-derived  catalysts
are highly susceptible to pH changes in aqueous solutions, lead-
ing to a significant decline in catalytic performance. For exam-
ple,  heterogeneous  Fenton  systems  based  on  transition  met-
als or metal oxides face issues such as active site loss (e.g., Fe2+

hydrolysis), self-decomposition of H2O2, and catalytic cycle inhi-
bition  at  near-neutral  or  higher  pH  values,  resulting  in  low
H2O2 utilization[150-152]. Local pH refers to the acidity or alka-
linity within specific microenvironments within a reaction sys-
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tem (e.g., catalyst surfaces, nanopores), where distinct physico-
chemical  properties  and  phase  behaviors  emerge  compared
to  the  bulk  solution.  Recent  studies  indicate  that  precisely
designing catalyst surface charge characteristics or controlled-
release components can form dynamic microzones with opti-
mal pH at reaction interfaces. This approach overcomes pH limi-
tations in pollutant remediation and enhances peroxide utiliza-
tion  (approaching  100%)[92].  For  instance,  certain  carbon-
based materials or metal-organic frameworks possess high spe-
cific surface areas, excellent stability, and abundant oxygen-con-
taining  functional  groups[153, 154],  making  them  ideal  plat-
forms  for  synthesizing  functional  hybrids  or  composites  with
tunable properties.  Xu et  al.  synthesized a catalyst  with local-
ized  pH-modulating  capability  by  bonding  graphene  oxide
(GO)  onto  a  metal  oxide  (Figure  5)[155].  Hydroxyl  and  car-
boxyl groups on the GO surface act as proton sources, dynami-
cally dissociating protons in response to the acidity of the bulk
solution. This creates an acidic microenvironment (pH = 3-5) at
the  reaction  interface,  enabling  the  system  to  maintain  high
contaminant  removal  efficiency  across  a  broad  pH  range  of
3.0–10.0.  Furthermore,  electron transfer from the metal  oxide
to  H2O2 is  modulated  by  these  oxygen-containing  functional
groups[156],  enhancing  the  metal  site's  electron-donating
capacity and strengthening its binding affinity with H2O2. This
promotes  electron  transfer  processes  (ETP)  mediated  by  sur-
face-bound  H2O2*  complexes,  achieving  high  H2O2

utilization[155].  Furthermore,  layered  double  hydroxides
(LDHs) are frequently employed to modulate local pH microen-
vironments.  Hydroxides  stabilize  pH through self-dissociation
or rapid reactions with H+/OH– in solution, thereby promoting
the stable formation of non-radical species and the effective oxi-
dation  of  organic  pollutants,  ensuring  high  peroxide  utiliza-
tion. For instance, in the CoMg-LDH/PMS system, rapid proton
transfer and ionized OH– around catalytic sites create an alka-
line microenvironment (pH = 8-10). This promotes PMS protona-
tion while suppressing deactivation of active Co species in pro-
tonic conditions, thereby accelerating CoIV = O formation. Com-

pared to the unmodified system (Co(OH)2/PMS), both PMS uti-
lization (approximately 70%) and pollutant mineralization rate
(41.7%) were significantly enhanced[157].

In terms of application scope, constructing acidic microenvi-
ronments  on  iron-based  heterogeneous  catalysts  overcomes
bottlenecks such as dependence on acidic conditions and iron
sludge formation, thereby significantly expanding the applica-
bility  of  Fenton  technology  in  practical  wastewater
treatment[158-160]. Reports have shown that MoS2 can act as
an  effective  co-catalyst  to  enhance  Fenton-type  reactions.  Its
unsaturated sulfur atoms exhibit proton-accepting properties,
enabling the adsorption of H+ ions from the solution and the for-
mation of a relatively stable acidic microenvironment on the cat-
alyst  surface,  which  may  contribute  to  an  extended  opera-
tional pH range[152, 161-163]. The multifunctional valence tran-
sition between Mo6+/Mo4+ species further accelerates the rate-
limiting  step  (i.e.,  Fe3+/Fe2+ cycle),  ensuring  stable  iron  ion
cycling  on  the  slipping  plane.  This  catalytic  system  not  only
enhances  H2O2 utilization  but  also  significantly  reduces  iron
sludge formation, consuming H2O2 at levels 1–2 orders of mag-
nitude lower than conventional Fenton systems[164-166]. Con-
sequently,  Fenton  systems  regulated  by  acidic  microenviron-
ments exhibit economical peroxide consumption and high sta-
bility, which is particularly crucial for expanding the applicabil-
ity of Fenton technology in real-world wastewater treatment.

 3.2.3.    Morphology and size modulation
Designing  nanocatalysts  with  specific  dimensions  and  mor-
phologies  is  an  effective  strategy  for  inducing  more  active
sites and enhancing non-radical-based catalytic reactions, result-
ing in economical peroxide consumption. For instance, design-
ing  catalytic  materials  with  distinct  structural  dimensions —
such  as  nanotubes,  nanosheets,  and  nanospheres —can
enhance  catalytic  performance  beyond  conventional
approaches,  thereby  improving  peroxide  utilization.  This  is
attributable to the unique properties of these dimensional struc-
tures: (i) highly exposed active sites, (ii) enhanced mass trans-
fer efficiency,  and (iii)  optimized electron transport pathways.
Recently,  an  increasing  number  of  two-dimensional  (2D)
sheet-like  nanomaterials  have  been  successfully  synthesized
from  their  bulk  crystalline  counterparts.  Compared  to  their
bulk  counterparts,  2D  nanosheets  provide  a  larger  reaction
interface  and  more  active  sites  for  reactant  contact,  amplify-
ing  the  complexity  of  adsorption  and  electronic  interactions
involved in the subtle interactions between reactants and cata-
lysts[167-169].  Consequently,  these  two-dimensional
nanoplate  structures  can  effectively  activate  peroxides,
enabling  the  rapidly  generated  non-radical  RS  to  oxidize  tar-
get  pollutants,  achieving  high  peroxide  utilization  rates
(above 75%)[170]. However, bulk metallic materials (e.g., metal
oxides)  exhibit  poor  bulk  conductivity  and  face  challenges
such  as  severe  agglomeration  of  metal  particles  and  insuffi-
cient  morphology  control  during  preparation,  resulting  in
slower  reaction  processes.  Most  require  carrier  materials  to
design  specialized  structures[171, 172].  In  contrast,  carbon-
based  materials  possess  high  electrical  conductivity,  diverse
hybridized  carbon  (sp2/sp3),  functional  groups,  and  defects.
They  are  commonly  used  to  prepare  catalytic  materials  with
diverse  dimensional  structures  (0D-3D)  or  as  carrier  materials
for catalysts. For instance, the π electrons in sp2-hybridized car-
bon on graphene nanosheets enhance the adsorption of perox-
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ides  and organic  compounds,  thereby promoting non-radical
oxidation processes  without  generating radicals[173].  Carbon
nanosheets  with  a  high  sp2/sp3 carbon  hybridization  ratio
exhibit outstanding ETP activity, significantly enhancing perox-
ide  utilization[174].  Furthermore,  three-dimensional  (3D)
nanoporous  carbon  materials  feature  highly  interconnected
nanoscale pore networks extending throughout the 3D struc-
ture, exhibiting larger specific surface areas (can exceed 3000
m2 g−1),  tunable  porous  architectures,  and  surface  chemistry.
The uniform pore network and mesopore size exclusion (approx-
imately  11  nm)  prevent  agglomeration  and  ensure  efficient
mass transport of target pollutants, enabling rapid adsorption
to trigger the ETP process. Complete removal of various recalci-
trant micropollutants can be achieved even at low PMS doses
when  treating  complex  aqueous  matrices[175, 176].  Notably,
combining  these  superior  morphologies  with  strategies  such
as  heteroatom  doping,  functional  group  modification,  and
defect engineering further modulates the catalyst's electronic
structure,  surface charge distribution,  and adsorption energy,
enhancing its reaction selectivity and efficiency in non-radical
oxidation pathways.

 3.3.  Peroxide-efficient amplification module

Beyond rational catalyst design and microenvironment regula-
tion,  reactor  design  and  effective  immobilization  strategies
also  play  a  crucial  role  in  optimizing  peroxide  activation  effi-
ciency.  Notably,  the  development  of  these  reaction  systems
enables  optimization  of  mass  transfer  kinetics  and  stabiliza-
tion of active sites, which is essential for maintaining highly effi-
cient and stable catalytic performance under operational condi-
tions[177-179]. Various catalytic modules have been reported,
such  as  catalytic  membranes/filters,  catalytic  beds,  and  cat-
alytic columns[180]. These laboratory-scale examples have sig-
nificantly  advanced  the  scaled-up  implementation  of  Fenton
and Fenton-like processes using diverse nanocatalysts, provid-
ing critical proof-of-concept for applying cost-effective perox-
ide-consuming  systems  to  practical  environmental  remedia-
tion applications (e.g., pilot-scale and engineered-scale deploy-
ments).

 3.3.1.    Catalytic membrane/filter
Traditional suspended powder catalysts exhibit significant draw-
backs in practical water treatment applications, including recov-
ery challenges stemming from difficult solid-liquid separation,
active site masking due to particle agglomeration, and limited
mass  transfer  efficiency.  Although  laboratory-scale  batch-
sequential reactors can partially mitigate these issues, they com-
monly suffer from low treatment efficiency and additional con-
sumption of peroxides. In contrast, catalytic modules integrat-

ing these nanoparticles, ultrafine nanoclusters, or single-atom
catalysts onto membranes enable stable catalyst loading while
maintaining  high  reactivity[181-183].  Notably,  two-dimen-
sional (2D) materials possess atomically thin monolayer struc-
tures.  Layered  membranes  constructed  from  2D  materials —
such  as  graphene  and  its  derivatives,  titanium  dioxide
nanosheets,  and  molybdenum  disulfide  nanosheets —exhibit
multi-layered  stacking  structures  with  controllable  interlayer
spacing  between  adjacent  nanosheets[184-186].  This  unique
spatial  configuration  induces  directed,  rapid  transport  of
micropollutants  and  peroxides  within  membrane  nanochan-
nels,  generating  localized  concentration  polarization  effects.
This  significantly  shortens  the  diffusion  distance  of  reactants
to the catalyst surface and enhances the exposure and utiliza-
tion of active species(Figure 6)[187-189]. However, in practical
operation of catalytic membranes, membrane fouling remains
a  core  challenge  limiting  flux  stability  and  service  life[190].
One limitation arises from natural organic matter (NOM) in real
water  samples,  which  consumes  non-selective  ROS  in  large
quantities,  reducing  the  available  concentration  of  active
species  and  thereby  increasing  the  demand  for  peroxides.
Simultaneously,  the  accumulation  of  NOM  and  degradation
byproducts  on  the  membrane  surface  forms  a  fouling  layer
that  significantly  accelerates  the  membrane  fouling  process
[191, 192].  Recent  studies  demonstrate  that,  unlike  conven-
tional  membrane structures,  catalytic  membranes  with  nano-
confinement  effects  exhibit  superior  anti-fouling  resilience
against NOM permeation by precisely controlling pore size dis-
tribution.  This  characteristic  not  only  effectively  prevents  the
deactivation of catalyst active sites through coverage but also
suppresses the non-target quenching of reactive species such
as  free  radicals[193-195].  This  unique  reaction  confinement
enhances the selectivity of radical-driven AOPs, thereby signifi-
cantly  improving  peroxide  utilization.  Tian  and  colleagues
enhanced water flux by increasing the interlayer free spacing,
maintaining  excellent  membrane  permeability  (>100
LMH/bar) while achieving efficient organic pollutant degrada-
tion and high mineralization rates (70.9%). This partially over-
comes the trade-off between membrane permeability and selec-
tivity[196]. Consequently, compared to conventional heteroge-
neous  Fenton-like  systems,  these  catalytic  membrane  struc-
tures —combining  confined  catalytic  effects  with  hydrody-
namic  regulation —enable  economical  catalyst  dosages  (less
than one-twentieth) and peroxide doses (<15%) while maintain-
ing high pollutant removal efficiencies[182].

 3.3.2.    Catalytic bed/tower
Catalytic beds/towers are packed with inert solids or granular
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active  catalysts,  employing  either  fixed  packing  or  fluidized
(e.g.,  fluidized  bed)  gas/liquid-solid  multiphase  mixing
modes[181, 197-199]. Compared to conventional reaction sys-
tems, catalytic bed/tower systems significantly enhance pollu-
tant  degradation  kinetics  and  reduce  peroxide  consumption
by  intensifying  mass  transfer  efficiency  and  optimizing  reac-
tion  interface  conditions.  Recent  pilot-scale  studies  have
demonstrated  that  heterogeneous  PMS-based  catalytic  sys-
tems, such as CuFeMnO/PMS reactors, can achieve stable COD
and phenol removal (50–70% efficiency over 188 h) from real
secondary effluents,  with low catalyst leaching and moderate
treatment cost (≈126.8 RMB/m3), confirming their practical sta-
bility  and  economic  feasibility  for  complex  wastewater  treat-
ment (Figure 7)[200]. In addition, Zhang et al. achieved compa-
rable organic pollutant degradation efficiency in a packed-bed
reactor using their granular N-C/Co@PSS catalyst, while consum-
ing only one-third the peroxymonosulfate (PMS) dosage com-
pared  to  batch  experiments[201].  However,  macroparticles
formed from powder catalysts are prone to mechanical break-
age  or  structural  collapse  during  prolonged  operation,  lead-
ing  to  abnormal  reactor  pressure  drop  and  catalytic  activity
decline. In contrast, physically or chemically loading the active
component  onto  supports  such  as  porous  ceramic  beads,
glass  beads,  or  activated  carbon  not  only  enhances  the  cata-
lyst's  mechanical  stability  but  also  improves  peroxide  utiliza-
tion efficiency by optimizing active site distribution and mass
transfer  pathways[200, 202-204].  Li  and colleagues  employed
three-dimensional polyvinylidene fluoride (PVDF) foam as a sup-
port,  constructing  cobalt-based  catalytic  modules  via  in-situ
growth  technology  and  integrating  them  into  a  dynamic
packed-bed  reactor  system.  The  composite  carrier's  unique
mesoporous  structure  and  superhydrophilic  properties  not
only significantly increased active site accessibility but also max-
imized PMS activation efficiency by reducing mass transfer resis-
tance. This system demonstrated outstanding treatment perfor-
mance and operational stability when addressing challenging
environments such as high-salinity wastewater, turbulent condi-
tions, and complex matrix wastewater[205].

It  should be noted that  when scaling up laboratory-scale
catalyst integrated systems for pilot-scale or industrial process-
ing, a comprehensive assessment of actual environmental fac-
tors  and  operational  costs  is  crucial  for  achieving  the  eco-
nomic  viability  of  peroxide  consumption.  This  involves  the
preparation  and  maintenance  costs  of  catalytic  membranes,
the  loss  of  active  components  in  the  design  of  catalytic
bed/tower structures, and the diverse characteristics of actual
wastewater (such as pollutant types, pH fluctuations, and con-

centrations).

 4.  Properties of organics

Recent studies indicate that various reaction pathways, particu-
larly non-radical oxidation systems, are preferred for targeted
pollutant  removal  in  complex  environments.  These  systems
exhibit  intricate  relationships  with  the  electronic  properties,
hydrophilicity/hydrophobicity, and molecular structures of tar-
get  organic  compounds[95].  The  inherent  physicochemical
properties  of  these  organic  substrates  can  influence  system
selectivity  by  modulating their  affinity  with  catalysts,  thereby
exhibiting  distinct  reaction-dominant  mechanisms  (radical/
non-radical  pathways)  and degradation kinetic  characteristics
(apparent rate constants).  This leads to varying peroxide con-
sumption rates and utilization of active substances. Therefore,
deciphering the relationship between pollutant molecular char-
acteristics and degradation behavior will facilitate the rational
design of oxidation systems. This approach enables the achieve-
ment of  system selectivity  and high activity,  thereby promot-
ing the efficient utilization of peroxides.

 4.1.  Electronic properties

It  was known that the non-radical active species (such as 1O2,
HVMs, and surface-bound complexes) offer significant advan-
tages in enhancing peroxide utilization due to their high selec-
tivity  and  resistance  to  environmental  interference.  However,
the primary factors influencing this selective oxidation depend
on  the  electronic  properties  of  organic  pollutants[207].  For
instance,  processes  based  on  active  intermediates  and  cata-
lyst-mediated  electron  transfer  demonstrate  notable  advan-
tages  in  selectively  removing  electron-donating  pollutants
(e.g., phenolic compounds, aromatic amines). Conversely, elec-
tron-deficient pollutants (e.g., perfluoroalkyl substances, halo-
genated hydrocarbons)  possess  low electron density,  making
it  difficult  to  trigger  surface  activation  mechanisms.  This
results  in  a ‘passivation  effect’ during  oxidation  (i.e.,  signifi-
cantly  reduced  reaction  activity),  severely  hindering  the  effi-
cient utilization of peroxides[94, 208, 209]. Recently, to estab-
lish  quantitative  relationships  between  pollutant  electronic
properties and oxidation efficiency, a series of descriptors influ-
encing  pollutant  oxidation  fate —such  as  Hammett  constant
(σ),  ionization  potential  (IP),  energy  of  the  highest  occupied
molecular  orbital  (EHOMO),  and  half-wave  potential  (φ1/2) —
have  been  employed  to  develop  quantitative  structure-activ-
ity relationship (QSAR) models. These models aim to elucidate
the  fundamental  mechanisms  underlying  selective  oxidation
via non-radical pathways.

Generally,  organic  pollutants  containing  electron-donat-
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ing groups (EDGs, such as -OH, -CH3, -NH2)  react more readily
with non-radicals than compounds bearing electron-withdraw-
ing groups (EWGs, such as -COOH, -NO2)[209, 210]. Therefore,
this  property  is  highly  likely  influenced  by  substituents.  The
Hammett  constant,  as  a  substituent  descriptor,  is  commonly
used to quantify the electron-donating or electron-withdraw-
ing  properties  of  substituents  associated  with  aromatic  com-
pounds.  Specifically,  the  sign (positive  for  electron-withdraw-
ing groups, negative for electron-donating groups) and magni-
tude  of  the  σ  value  quantitatively  describe  the  electronic
effect  of  the  substituent[211, 212].  QSAR  relationships  have
been established between the kinetic constants of phenolic pol-
lutants with different substituents in various Fenton-type sys-
tems and their Hammett constants (σ, σ+). Good linear correla-
tions were observed in non-radical systems[213, 214], indicat-
ing  that  phenolic  pollutants  bearing  electron-withdrawing
groups  (EDGs)  degrade  faster  and  exhibit  a  positive  correla-
tion with the number of EDGs. It should be noted that the appli-
cability of this model is primarily limited to organic pollutants
with aromatic main chains and substituents located at specific
positions (meta or para), with limited applicability to complex
structural pollutants.

Recent studies indicate that the theoretical descriptors ion-
ization potential (IP) and energy of the highest occupied molec-
ular  orbital  (EHOMO)  are  also  associated  with  selective  oxida-
tion characteristics. These descriptors serve as crucial parame-
ters for evaluating the ability to donate or withdraw electrons
and can be obtained through theoretical calculations on pollu-
tants  with  known  chemical  structures[222, 223].  Conse-
quently,  researchers  have  proposed  oxidation  thresholds  by
establishing  correlation  models  between  these  descriptors
and  apparent  rate  constants:  pollutants  can  only  be  effec-
tively  oxidized  when  the  IP  value  is  below  or  the EHOMO is
above  specific  critical  thresholds  (Table  1).  Thresholds  exhib-
ited across different oxidation systems show certain variations,
potentially  attributable  to  differences  in  the  oxidation  capac-
ity of active species, reaction mechanisms, environmental condi-
tions, and measurement methods. Notably, throughout the cat-
alytic  oxidation  process,  the  oxidation  pathways  and  mecha-
nisms of organic pollutants are jointly determined by the cata-
lyst  and  target  pollutant.  Therefore,  modulating  the  interac-
tion  between  organic  pollutants  and  catalysts  can  effectively
broaden  the  selective  oxidation  scope  of  non-radical  path-
ways[224-226].  For  instance,  enhancing  the  adsorption  effect
between  catalysts  and  organic  pollutants  offers  a  novel
approach  to  address  the  low  degradation  efficiency  of  elec-
tron-deficient  pollutants  in  non-radical  pathways.  Chen  et  al.

constructed  a  Co-Mo  bimetallic  system  by  introducing  Mo
sites into a single-atom Co catalyst, enabling efficient degrada-
tion of organic pollutants with high ionization potential (IP) val-
ues through PMS activation[225]. The electron-donating effect
of  Mo  sites  on  high-IP  (>8.5  eV)  pollutants  effectively  miti-
gates  electron  deficiency  in  electron-deficient  contaminants,
thereby  promoting  electron  transfer.  PMS  activation  effi-
ciency  increased  nearly  20-fold  compared  to  traditional  Fen-
ton-like systems, overcoming the selectivity limitations of non-
radical systems for electron-deficient pollutant degradation. Fur-
thermore, the efficiency of ETP is governed by the potential dif-
ference  between  the EHOMO of  the  pollutant  and  the  lowest
unoccupied  molecular  orbital  (ELUMO)  of  the  catalyst  (or  sur-
face complex). Specifically, a smaller potential difference (ΔE =
ELUMO − EHOMO) is more conducive to ETP[94, 217, 221]. There-
fore, for pollutants with lower EHOMO, designing catalyst (or sur-
face  complex)  systems  with  more  negative ELUMO can  be
attempted to  narrow the energy gap and broaden the scope
of ETP applicability.

The  half-wave  potential  (φ1/2)  is  considered  to  better
reflect the reactivity of organic pollutants during non-radical oxi-
dation  processes  and  exhibits  good  linear  correlation  with  IP
and EHOMO [227, 228].  However,  this correlation holds only for
simple organic compounds. To mitigate biases arising from pol-
lutant complexity (e.g., spatial and polarity effects) and environ-
mental  factors  (e.g.,  pH),  Zhang  et  al.  confirmed  through
multi-descriptor QSAR analysis that φ1/2 is the dominant deter-
minant of selective oxidation in carbon-based non-radical oxida-
tion  processes  (C-NOPs).  They  established  φ1/2 as  the  bench-
mark  for  determining  the  oxidation  threshold  of  C-NOPs
(approximately 1.1 V vs SCE) [207]. Organic pollutants at oxida-
tion potentials below this threshold undergo oxidation via elec-
tron extraction by  active  complexes.  Furthermore,  in  systems
where  radical  and  non-radical  mechanisms  coexist,  the  elec-
tronic properties of pollutants influence the relative contribu-
tions of these mechanisms. For instance, in the M-SACs/PMS sys-
tem, pollutants with low φ1/2 (e.g., bisphenol A) are more sus-
ceptible  to  electron transfer  control,  resulting in  nearly  100%
ETP  oxidation[221, 229].  In  summary,  adsorption  affinity,  the
electronic  properties  of  pollutants  (such  as  electron-
donating/electron-withdrawing  groups),  and  redox  potential
collectively determine oxidation selectivity and peroxide utiliza-
tion  efficiency.  Non-radical  oxidation  systems  preferentially
remove pollutants  with  lower  electrophilic  indices.  These tar-
get  pollutants  typically  exhibit  faster  reaction  kinetics  and  a
higher  proportion  of  non-radical  pathways,  thereby  promot-
ing their directed activation pathways. This approach reduces

 

Table 1.    Summary of  oxidation thresholds of  pollutants in different reaction systems:  effective oxidation occurs when IP is  below or EHOMO is
above specific critical values.

system Main ROS/Oxidation pathways IP Threshold(approximately) EHOMO Threshold(approximately) References

K-FeOCl/H2O2 FeIV = O 8.40 eV - [215]
CPPy-F-8/PMS Electronic transfer 9.00 eV - [216]

ZrO2-C/PMS PMS complexes - −6.52 eV [217]

e-CuO@BC/PDS 1O2、PDS complexes 9.00 eV - [218]
Fe-NSC/PMS 1O2 9.00 eV - [219]
nCuO/PAA CH3C(O)OO· 9.00 eV - [220]

M-SACs/PMS Electronic transfer - −7.002 eV [221]
PMS/Co3O4 SO4

•− 9.39 eV - [169]
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the  ineffective  decomposition  of  peroxides  and  reactive
species, ultimately lowering peroxide consumption. Scheme 1
provides a typical mechanistic framework summarizing how pol-
lutant  characteristics —such  as  functional  groups  and  half-
wave  potentials —govern  non-radical  oxidation  pathways.
Using  carbon-based  systems  as  an  example,  it  demonstrates
that adsorption affinity, the electronic properties of pollutants
(e.g.,  electron-donating/electron-withdrawing  groups),  and
redox  potentials  collectively  determine  oxidation  selectivity
and  peroxide  utilization.  Consequently,  non-radical  oxidation
systems  preferentially  remove  pollutants  with  lower  elec-
trophilic indices. These target pollutants typically exhibit faster
reaction  kinetics  and  higher  non-radical  pathway  contribu-
tions,  thereby  promoting  their  directed  activation  pathways.
This approach reduces the ineffective decomposition of perox-
ides  and  reactive  species,  ultimately  lowering  peroxide  con-
sumption.

 4.2.  Additional characteristics

The  inherent  physicochemical  properties  of  organic  pollu-
tants —such  as  molecular  structure,  molecular  weight,
hydrophobicity,  and  polarizability —can  significantly  modu-
late their interactions with catalyst surfaces, thereby influenc-
ing  oxidation  reaction  pathways  and  catalytic  efficiency[94,
230-232].  For  instance,  highly  hydrophobic  phenolic  pollu-
tants  achieve  selective  enrichment  on  reduced  graphene
oxide  (RGO)  surfaces  through  the  superhydrophobic  proper-
ties  of  sp2-hybridized  carbon  networks  within  graphite
domains and strong π-π stacking interactions between the pol-
lutant's  benzene  rings  and  the  graphite  lattice[233-235].  This
interfacial  enrichment  enables  rapid  targeted  degradation  of
pollutants by ROS (e.g., 1O2 and radicals) generated at the inter-
face,  effectively  circumventing  ROS  self-quenching  due  to
mass transfer limitations and enhancing peroxide utilization effi-
ciency. Furthermore, specific structural features of certain pollu-
tants may play a critical role in their oxidation processes. Chen
and  colleagues,  upon  re-examining  the  classic  iron  oxide-
based heterogeneous Fenton system, discovered that organic
pollutants  bearing carboxyl  groups  (e.g.,  benzoic  acid  and its
derivatives)  can  trigger  a  preferential  ETP  oxidation  mecha-
nism.  Specifically,  the  carboxyl  group  forms  a  specific  com-
plex with surface ≡Fe(III) sites, establishing a directed electron
transfer pathway that facilitates electron transfer from the pollu-
tant  to  H2O2[226].  In  contrast,  non-complexing  pollutants
degrade  via  diffusion-controlled  hydroxyl  radical  pathways,  a
process  susceptible  to  inhibition  by  radical  quenchers,  lead-

ing to higher H2O2 consumption. This mechanism enables selec-
tive  oxidation  of  organics  bearing  functional  ligand  groups
and can be extended to other pollutant structures capable of
forming specific interactions with the catalyst.

Interestingly,  in  Fenton-like  systems  involving  synergistic
ROS  interactions,  it  has  been  observed  that  certain  ROS
species  may  preferentially  attack  specific  structural  motifs
within  organic  pollutants.  This  selective  targeting  enhances
the effective reaction time (ERT) of ROS interacting with pollu-
tants,  thereby  driving  the  oxidation  of  the  target
contaminant[236].  For  instance,  sulfate  radicals  prefer  single-
electron transfer (SET) reactions to directly attack unsaturated
bonds or specific functional groups (e.g., -OH, -NH2). However,
their  low  steady-state  concentration,  short  ERT,  and  weak
attack on rigid aromatic rings limit their dominant role in practi-
cal  systems[237-239].  In  contrast,  the  electrophilic 1O2 can
directly oxidize electron-rich regions (e.g., sulfonyl or phenolic
groups)  via  electrophilic  attack.  Fundamentally, 1O2 often
serves as the primary oxidant contributor when treating waste-
water containing pollutants with these common or basic par-
ent structures, despite its lower production rates and reaction
rate constants compared to HO• or SO4

•−[240, 241].  For pollu-
tants containing saturated hydrocarbon chains or nitrogen-con-
taining heterocyclic structures, HO• contributes the highest oxi-
dation  efficiency  due  to  its  non-selective  attack
characteristics[236, 242].  Therefore,  theoretical  calculations
can predict the dominant ROS species based on specific pollu-
tant structural  features,  thereby guiding the design optimiza-
tion of  catalytic systems.  This strategy enables the full  utiliza-
tion  of  ROS  oxidation  capabilities,  thereby  enhancing  pollu-
tant  degradation  efficiency  and  reducing  peroxide  consump-
tion, providing a theoretical basis for rational wastewater treat-
ment process design.

 5.  Concluding remarks and future perspectives

Fenton  and  Fenton-like  systems  have  emerged  as  key  AOPs
for tackling recalcitrant organic pollutants. However, their practi-
cal application has long been hindered by high peroxide con-
sumption  and  low  utilization  efficiency  of  reactive  species.
Recent  discoveries  indicate  that  utilizing  non-radical  species
with higher selectivity and longer lifetimes—such as singlet oxy-
gen,  highly  valent  metal  species,  and  surface-activated  com-
plexes—to oxidize various recalcitrant organic pollutants can
significantly reduce peroxide consumption while maintaining
high efficiency.  Optimizing the physicochemical  properties of

 

Adsorption
Hard

OxidationOrganicsOrganics

high

Organics

Activation
Active species

Easy
low

Oxidants

OxidantsOxidants

e
e

ee e

Co-adsorption

Steric effect

With EDGNo EDG

Electronic effect

O
xi

d
a

ti
o

n

P
o

te
n

ti
a

l (
V

)

Resonance effect
Complexity

Oxidants

Oxidants

Scheme 1. Mechanism of Selective Oxidation in Carbon-Based Nonradical Oxidation Process. Reproduced with permission.[207] Copyright 2024,
American Chemical Society.

Environmental Chemistry and Safety   doi: 10.26599/ECS.2025.9600045

Environmental Chemistry and Safety 2025, 1: 96000045 (13 of 22)
 



catalysts—such as morphology, pore structure, and conductiv-
ity —along  with  the  local  microenvironment  of  active  sites
(e.g.,  coordination,  electron  distribution,  and  pH)  holds  great
promise  for  regulating  non-radical  pathways  (transition  from
radical to non-radical mechanisms) and enabling the efficient
generation and utilization of non-radical RS. Specifically, these
precisely functionalized catalysts and integrated catalytic mod-
ules within reactors can overcome limitations of conventional
catalysts (e.g., leaching of metal active species) while maximiz-
ing active site exposure for efficient peroxide activation. Further-
more,  the  inherent  properties  of  organic  pollutants—such as
electronic characteristics, hydrophobicity, and molecular struc-
ture —significantly  influence  reaction  mechanisms  and  kinet-
ics. This underscores the necessity of tailoring oxidation strate-
gies to pollutant specificity for achieving green economic sys-
tems.  Collectively,  these  advances  highlight  the  feasibility  of
ultra-low  oxidant  consumption  systems  while  maintaining
high degradation performance.

The  strategies  developed  to  reduce  peroxide  consump-
tion must  be  applied  to  practical  and large-scale  water  treat-
ment,  yet  persistent  challenges  remain  throughout  this  pro-
cess. Efforts are focused on developing catalysts with high cat-
alytic  performance  and  selectivity  through  rational  design  of
catalytic sites and structures. These catalysts demonstrate satis-
factory  mass  transfer  efficiency,  zone  dynamics,  and  stability,
and crucially, achieve contaminant removal with ultra-low per-
oxide consumption. However, the trend toward more sophisti-
cated  and  complex  materials  has  resulted  in  intricate  proce-
dures and high costs that hinder their deployment in practical
applications.  It  is  therefore  essential  to  integrate  techno-eco-
nomic  assessment  (TEA)  and  life-cycle  analysis  (LCA)  frame-
works in future investigations to bridge the gap between labora-
tory  innovation  and  engineering  practice.  Material  synthesis
and characterization should better align with application bud-
gets  and  requirements.  Recent  examples  demonstrating  the
conversion  of  agricultural/industrial  wastes  (e.g.,  fly  ash,  live-
stock manure, spent catalysts) into high-performance Fenton-
like  catalysts  via  simple  processes  have  proven  the  feasibility
of  waste  resource  utilization  alongside  zero-discharge  and
zero-pollution objectives.  Standardization and quality  control
of these waste-derived catalysts are crucial for ensuring repro-
ducibility and long-term stability, thereby addressing engineer-
ing  bottlenecks  in  catalyst  recycling  and  operational
reliability.[130].  We believe this  represents a priority direction
for future sustainable development and practical implementa-
tion.  It  is  imperative  to  emphasize  that  waste-derived  cata-
lysts require rigorous standardization to ensure consistent per-
formance and mitigate the risk of deactivation induced by impu-
rities.  Furthermore,  computational  simulations  can  be  com-
bined with experimental validation to guide the design of Fen-
ton and Fenton-like catalysts with low peroxide consumption.
DFT  calculations  can  reveal  how  catalyst  structures  influence
radical  and  non-radical  pathways,  while  molecular  dynamics
simulations  can  model  dynamic  surface  interactions  under
real-world conditions. Integrating these computational results
with  experimental  data —including  catalyst  structures,  pollu-
tant properties, and peroxide consumption—enables machine
learning  to  predict  optimal  catalyst  configurations  and  reac-
tion conditions, providing a viable framework for efficient and
highly selective oxidation processes.

Although various strategies to reduce peroxide consump-
tion  have  been  identified  in  Fenton  and  Fenton-like  systems,
numerous challenges remain until the relationship between per-
oxides,  catalysts,  and pollutants is  fully understood. Through-
out the reaction process, the removal capacity of organic pollu-
tants  and  peroxide  consumption  result  from  the  combined
effects of catalyst performance, peroxide selection, target pollu-
tant properties, and various reaction conditions. Optimizing a
single  parameter  may  yield  suboptimal  results.  Currently,  the
impact of peroxide variations on adsorption and activation pro-
cesses  during selective oxidation has  not  been systematically
investigated,  and  uncertainties  persist  regarding  the  oxida-
tion mechanisms for novel and more complex pollutants. There-
fore, establishing this structure-reactivity relationship is essen-
tial  to bridge the significant gap between limited experimen-
tal data and the ever-increasing number of anthropogenic pollu-
tants.  This  will  aid  in  selecting  appropriate  AOPs  to  achieve
cost-effective peroxide utilization.

At present, introducing external energy fields to enhance
the reactivity of Fenton and Fenton-like systems has become a
widely  applied  intensification  strategy.  Various  forms  of
energy, such as light, heat, ultrasound, and electricity, can effec-
tively promote the activation of peroxides and accelerate reac-
tion rates, thereby significantly improving the degradation effi-
ciency  of  the  system[243-245].  However,  such  energy-driven
processes are inevitably accompanied by additional energy con-
sumption, and improper parameter settings may even lead to
adverse  effects —for  instance,  excessive  energy  input  can
induce  the  non-selective  and  rapid  decomposition  of  perox-
ides, resulting in the waste of reactive species and a decline in
overall efficiency. Therefore, it is essential to optimize reaction
conditions and energy input parameters from the perspective
of  energy  efficiency,  and  to  explore  the  synergistic  effects  of
multiple  energy  forms,  so  as  to  achieve  an  optimal  balance
between reaction performance and energy consumption, ulti-
mately  realizing  the  dual  minimization  of  energy  utilization
and peroxide consumption.
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