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ABSTRACT: Heterogeneous Fenton and Fenton-like reactions,
as one of the significant development directions of advanced
oxidation processes (AOPs), still have some limitations that hinder
their large-scale practical application. Organic carbon transfer
processes (OCTPs) in AOPs including direct oxidation transfer
processes (DOTPs) and changes in the solubility of pollutant
reaction intermediates can lead to a significant accumulation of
organics on the catalyst. The accumulation of organics severely
impacts the sustainability of the catalyst and may lead to erroneous
guidance about the mineralization rate of the reaction system. This
perspective provides a comprehensive overview of recent research
on OCTPs and presents new viewpoints and research directions
for heterogeneous AOPs.
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Due to their persistence and bioaccumulation, organic
pollutants are difficult to degrade naturally, making environ-
mental pollution issues increasingly complex. Nowadays, there
is an urgent need to develop efficient technologies for the
treatment of organic pollutants. By generating highly reactive
radicals, advanced oxidation processes (AOPs) can efficiently
degrade organic pollutants from water and have been widely
used in the treatment of industrial wastewater.1 The key
features of AOPs are their rapid reaction rates and remarkable
treatment efficacy, making them particularly suitable for the
treatment of recalcitrant organic pollutants. Consequently,
AOPs play a crucial role in enhancing the efficiency of
environmental remediation and have become an essential tool
for addressing environmental pollution issues.2 As one of the
key directions in the development of AOPs, heterogeneous
AOPs still face challenges such as poor long-term stability of
the oxidation systems and difficulty in recycling active sites.3

The underlying causes of these issues remain unclear, and
effective solutions are urgently needed. On the other side, the
mechanisms underlying the degradation of pollutants by AOPs
remain unclear yet. The reaction mechanisms involved in these
processes are complex, and the evolution of organic pollutants
within highly reactive systems is difficult to study compre-
hensively. For instance, current research has extensively
focused on the selective generation of singlet oxygen (1O2)
in Fenton-like systems. Unlike hydroxyl radicals (•OH) and
other reactive oxygen species (ROS) with high oxidative

potentials, 1O2 is able to selectively oxidize easily oxidizable
pollutants. However, with the oxidation degree of pollutant
molecules increasing, the energy required for further oxidation
also rises significantly. From the perspective of thermody-
namics, the low oxidation potential of 1O2 does not support
achieving high mineralization rates of organic pollutants in
such systems, which contradicts the conclusions of many
researches. One possible reason is that in many heterogeneous
AOP systems currently at the laboratory stage the complete
range of ROS types is difficult to detect comprehensively.
•OH, due to its high oxidative potential and short lifespan, is
difficult to detect in some AOPs, particularly in heterogeneous
Fenton-like reaction systems. According to the report by Yu et
al., adsorbed •OH is present on the surface of CoP catalysts in
photocatalytic Fenton systems.4 This adsorbed •OH is difficult
to detect directly by electron-paramagnetic resonance (EPR)
spectroscopy but can cooperate with 1O2 in the system to
oxidize and mineralize organic pollutants. In such oxidation
systems, organic pollutants can usually be preliminarily
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oxidized by 1O2 and form corresponding hydroxylation
products, such as catechol, hydroquinone, and resorcinol.
And hydroxylation products can be further oxidized and
mineralized by adsorbed •OH. On the other hand, in various
heterogeneous AOPs, an organic carbon transfer process
(OCTP) on the catalyst surface is common, in fact leading to
the removal of chemical oxygen demand (COD) from the
water and, consequently, high mineralization rates in the
reaction solution. Zhang et al. demonstrated that, in some
heterogeneous Fenton-like reaction systems, phenolic organic
pollutants such as phenol could undergo coupling or
polymerization reactions with the addition of a small amount
of oxidant.5,6 The resulting macromolecular polymers
aggregate on the catalyst surface, thereby removing pollutants
from the wastewater. However, most of the current research on
advanced oxidation processes primarily focuses on the
oxidation of organic compounds in the reaction solution
while neglecting the accumulation of these organic carbon
substances on the catalyst surface.
Since 2022, Zhang et al. have proposed a direct oxidation

transfer process (DOTP) mechanism for the direct removal of
organic pollutants from contaminated water through polymer-
ization reactions.5 This mechanism introduces a polymer-
ization reaction of pollutants present in Fenton-like reactions
under low oxidant dosage conditions. In the DOTP, a small
amount of oxidant first interacts with the catalyst and
subsequently reacts with pollutant molecules to generate active
intermediates, such as phenoxy radicals or phenoxonium ions.
These active intermediates can then initiate free radical or
cationic polymerization of the pollutant molecules. This
process requires only the oxidant to act as an initiator for
the polymerization reaction; therefore, DOTP is based on a
minor amount of oxidant. Simultaneously, the removal of
organic pollutants from water through the DOTP does not
mineralize the pollutants. Instead, the organic pollutants
generally accumulate on the catalyst surface through the
polymerization reaction. DOTP using this low oxidant can be
extended to various metal oxides and halides, such as BiOI,
FeOCl, VOCl, and other low-cost, environmentally friendly
materials.7

In addition to DOTP, the accumulation of oxidation
products of organic pollutants on the surface of solid materials
is common during the degradation of pollutants in most
heterogeneous AOPs. In recent studies, we found that the
oxidative intermediates of organic pollutants tended to
accumulate on the surface of solid materials with poor
hydrophilicity due to the water solubility changes of organic
pollutant molecules in many heterogeneous Fenton and
Fenton-like reactions. Distinguishing from the polymerization
reaction of pollutants in the DOTP, this process primarily
involves the oxidation of pollutants and includes partial
mineralization of organic pollutants. It mainly describes that
the energy required for the oxidation of organic pollutant
molecules increases with the degree of oxidation in AOPs.
Therefore, in reaction systems dominated by singlet oxygen
with a low oxidation potential, such OCTP phenomena are
particularly prevalent. On the other hand, the oxidation
products of organic pollutant molecules vary in form, leading
to numerous organic reactions among the products. These
postreaction products may exhibit a significant decrease in
water solubility and are more likely to accumulate on the
surface of solid materials present in the reaction system, which
are less hydrophilic. The proportion of organics accumulating

on the catalysts after the reaction is related to several factors,
such as the hydrophilicity of the solid materials in the reaction
system and the amount of oxidant in the reaction system. The
oxidation degree of organic pollutants in the reaction system
increases with the rising amount of oxidant, while the
proportion of organics accumulating on the catalysts first
increases and then decreases. This is because the aggregation
of reaction intermediates on the catalyst surface requires only
partial oxidation of pollutant molecules, whereas a high
mineralization rate would diminish this phenomenon. At
specific oxidant dosages, the aggregation of pollutants becomes
the primary reason for the removal of COD from
contaminated wastewater. On the other hand, solid materials
with weak hydrophilicity are more suitable for this
accumulation because the water solubility of the pollutant
molecules after the reaction will significantly decrease. Both
DOTP and OCTP caused by changes in the water solubility of
reaction intermediates can lead to catalyst deactivation.
However, the catalyst’s activity can be restored through simple
washing. Since the organic compounds accumulated on the
catalyst surface are not homogeneous, solvents with varying
polarities, such as methanol, toluene, and dichloromethane,
should be used for washing.
In addition to low oxidation potential reaction systems,

OCTP also occurs in traditional Fenton reactions dominated
by •OH. When nonreactive solid substances such as TiO2 are
added to the conventional homogeneous Fenton reaction for
the degradation of phenol, the mass of TiO2 significantly
increases after the reaction and the COD of TiO2 increases
from 1 to 180 mg/L. The significant increase in COD on TiO2
indicates the aggregation of a substantial amount of organic
matter on its surface. This implies that the aggregation of
reaction intermediates also occurs in reaction systems
dominated by high oxidation potential active oxygen species.
Essentially, OCTP is related to the mineralization rate of
pollutants, and at specific oxidant dosages, high oxidation
potential reaction systems similarly fail to achieve high
mineralization rates, thereby leading to the occurrence of
OCTP. In addition, homogeneous Fenton reactions can also
induce the polymerization of pollutants molecules. In recent
studies, we found that when aniline is added to the Fenton
reaction, flaky solids appear in the reaction system (Figure 1).
The formation of these solids in the reaction system is
relatively slow, typically requiring up to a week of stirring the
reaction solution. In fact, the traditional Fenton reaction is a
process that produces both active oxygen species and iron
sludge. Therefore, the presence of various OCTPs in the
reaction system may also be based on the formation of iron
sludge nanoparticles in homogeneous Fenton reactions. Iron
sludge nanoparticles can continuously adsorb weakly polar
molecules or polymers in the reaction system, thereby
removing COD from the reaction solution.
Both OCTP based on DOTP and changes in the water

solubility of pollutant reaction intermediates essentially require
the catalyst to activate the oxidant to initiate the process.
Therefore, OCTP fundamentally remains a type of process
within AOPs (Figure 2). Additionally, the preliminary
oxidation (hydroxylation of phenolic substances) or trans-
formation (formation of phenoxy radicals/phenoxonium ions)
of pollutant molecules by the oxidant is a necessary step for the
occurrence of OCTP. Meanwhile, the OCTP can create the
false appearance of organic pollutants mineralization in the
reaction solution. However, rational utilization of the OCTP
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mechanism can significantly enhance the efficiency of AOP
systems, allowing the removal of more pollutants with a smaller
amount of oxidant. Therefore, the study of OCTP is
indispensable in the degradation of organic pollutants with
AOPs. In the process of treating organic pollutants with
heterogeneous AOPs, more attention needs to be given to the
following aspects:
(1) According to the Sabatier principle, ensuring the

adsorption and oxidation of pollutant molecules on the
catalyst surface while enhancing the desorption rate of
oxidation products is one of the key factors for
maintaining the high efficiency of heterogeneous AOPs
in activating oxidants to degrade pollutants.8

(2) From the perspective of thermodynamics, the rapid
removal of organic pollutants and COD in heteroge-
neous AOPs may imply rapid deactivation of the
catalyst.9 At this point, examining the OCTP in the
system should be a very important part of the research.
In heterogeneous AOPs dominated by low oxidation
potential ROS, the presence of the OCTP phenomenon
must be carefully studied if there are no adsorbed ROS
in the reaction system.

(3) In the widely studied various heterogeneous AOPs, the
sustainability of the catalyst needs to be more rigorously
examined. Including cycling experiments in numerous
studies does not, in fact, demonstrate the stability of the
catalyst. Conducting long-term degradation experiments
over extended periods is a better method for assessing

the catalyst’s continuous activation of oxidants for
pollutant degradation in water. Furthermore, merely
evaluating the mineralization rate of organic pollutants
in the reaction liquid is insufficient; it is also essential to
measure the changes in total organic carbon and COD
of the solid materials before and after reaction, as these
are crucial aspects of the research process.

(4) If it is necessary to reduce an OCTP in the reaction
system, by combining the correlation between the
OCTP and material hydrophilicity, regulating the
catalyst to a superhydrophilic surface can effectively
reduce the occurrence of an OCTP. On the other hand,
an effective way to reduce an OCTP is to increase the
mineralization rate of organic pollutants. There are two
ways to improve the mineralization rate of pollutants:
(1) coupling long-lived non radical ROS such as singlet
oxygen with adsorbed ROS to mineralize pollutants; (2)
improve the utilization rate of oxidants, increase the
relative concentration of ROS, and achieve high
mineralization rate.

(5) Based on key factors such as the hydrophilicity of
materials and the water solubility of pollutants that affect
an OCTP, for some difficult to dissolve micropollutants,
selecting suitable hydrophilic and hydrophobic materials
may enhance the adsorption and degradation of such
pollutants through OCTPs.
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Figure 1. Solid substances generated during the traditional Fenton
reaction for the degradation of aniline.

Figure 2. Process of polymerization and accumulation of pollutants in
AOPs.
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