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Abstract: The contamination of water resources has become a significant challenge that threatens the health and
well-being of people’s daily life; it calls for new technologies to be applied for water purification. Heterogeneous
Fenton or Fenton-like techniques have a lot of potential as a new approach for treating wastewater because
of the advantages in efficiency, safety, and economics. Various advanced oxidation processes (AOPs) are
comprehensively reviewed in this work, and the *OH generation methods including chemical, electro-chemical,
and photochemical approaches are summarized. Some key parameters that influence the reaction efficiency
such as the temperature, catalysts, H,O, dosage, and pH are investigated. The reaction mechanism and process
optimization of photocatalysis are specifically highlighted.
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There is an increasing demand for fresh water due to the growing world population. However, the rapid
development of industrialization and the economy has brought about significant water pollution issues which
have intensified the conflicts associated with water supply problems worldwide (Peydayesh and Mezzenga 2021).
The massive discharge of industrial wastewater has also posed a serious threat to humans and the whole
eco-system (Schwarzenbach et al. 2010). Organic contaminants such as dyes, antibiotics, and pesticides are often
characterized as having high toxicity, high chemical stability, and poor biodegradability, the majority of which
are persistent organic pollutants (POPs) and easily accumulate in the environment (Schwarzenbach et al. 2010).
Thus, the development of techniques that are capable of efficient removal of these compounds is imperative.

Conventional disposal methods could hardly provide a balancing approach for both cost and performance
(Chen et al. 2020). That is, traditional biological processes are not effective for biorefractory contaminants, yet the
application of tertiary treatments such as adsorption, ion exchange, and membrane separation are often limited by
their high cost and secondary pollution (Chen et al. 2020). In recent years, the development of advanced oxidation
processes (AOPs) has provided a promising alternative for organic wastewater treatment, especially for POPs, due
to their high performance, simplicity, and environmental compatibility (Guo et al. 2020).
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AOPs mostly refer to the techniques that involve the in situ generation of hydroxyl radicals (*OH) through
catalysis, which could unselectively oxidize the organics (Pandis et al. 2022). *OH, a strong oxidant that acts as the
main reactive oxygen species (ROS), could behave as a highly reactive electrophile and decompose the organics
into small and stable molecules, which could even be mineralized into H,O and CO,, by breaking aromatic rings
and hydrocarbons via hydrogen abstraction and some additional processes (Pandis et al. 2022).

In general, AOPs could be classified according to the *OH generation methods including chemical,
electro-chemical, and photochemical approaches, etc. Fenton or Fenton-like reactions are kinds of commonly
applied chemical processes (Pandis et al. 2022). The mixed solution of Fe?* and H,0, was named a Fenton
reagent in memory of Fenton’s contribution to this process (Babuponnusami and Muthukumar 2014). Haber,
Weiss, and Walling et al. suggest that *OH is the dominant ROS that accounts for the organic decomposition
(Babuponnusami and Muthukumar 2014). Their research indicated that the Fenton reaction depends on the redox
process of Fe?*-Fe*" to catalyze H,0, to produce *OH and other reactive oxygen groups such as superoxide
radicals (O, ™) and singlet oxygen ('O,), among which *OH radicals have the highest oxidation potential of 2.8
V and contribute the most to the degradation with a reaction constant rate of 10°~10° L/(moles) (Babuponnusami
and Muthukumar 2014). This is the basis of the current classical radical Fenton reaction theory, which can be
summarized in Equations (1)—(8) (RH stands for the organic contaminants). The reduction step of Fe** to Fe?" in
Equation (4) is the rate-limiting step for the whole reaction (Babuponnusami and Muthukumar 2014).

Fe** + H,0, — Fe*" + «OH + OH™ (1)
Fe** + H,0, — Fe*' + HOo+ H' )
Fe?" + «OH — Fe*" + OH™ 3)
Fe*" + HOpe — Fe?* + 0, + H' “4)
H,0O, + *«OH — H,0 + HO»* 5)

*OH + RH — Re + H,0 (6)

Re + Fe*" — R™ + Fe?* (7

R+ 0; — ROO" — seses — CO, + H,0 (®)

Yet there is also another kind of explanation for the mechanism of Fenton reactions. Kremer believes that the
high valent Fe, i.e., Fe (IV, V, VI), formed during Fenton reaction is the key driver for the degradation according
to Equation (9) (Kremer 2000). The peroxy complex intermediate of high-valent iron and organic compounds is
significant for the process (Kremer 2000).

Fe?" + H,0, + H — Fe(IV, V, VI)/Fe )

In addition to Fe?*, other metal ions such as Fe*", Cu?*, Co?*, Mn?", Ag" and some iron-based minerals have been
found to be capable of accelerating or replacing Fe*" in H,O, catalysis; these reactions are named Fenton-like
reactions (Guo et al. 2020, 2022). However, traditional homogeneous Fenton or Fenton-like reactions were
severely limited, especially due to the constraints of impractical low pH values (pH = 3-5), poor recyclability
of catalysts, and sludge accumulation after neutralization (Guo et al. 2020, 2022). As a result, the heterogeneous
process with high degradation efficiency and easy-recycling catalysts of good stability has drawn growing
attention as a promising alternative both in academic and industrial fields (Guo et al. 2020). Mostly, the reactions
could be carried out at ambient temperature and pressure, and the degradation performance could be greatly
influenced by parameters such as the catalyst dosage, reaction temperature, pH of surroundings, and H,O, dosage
(Guo et al. 2020, 2022). Specifically, low-cost transition-metal-based catalysts with high activity have drawn a
broad range of attention. For example, Guo et al. proved Co-Cu LDH to be an efficient catalyst for the disposal
of anthraquinones-containing H,O, production effluent with COD (chemical oxygen demand) and TOC (total
organic carbon) removal of 89.9% and 71.3%, respectively (Guo et al. 2020).

As to the electro-chemical treatment, electron-Fenton (EF) has also attracted great interest with the
application for treating hazardous waste. In the EF process, H,O, could be in situ generated by the cathodic
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reduction of O, according to Equation (10), which could then react with externally added Fenton or Fenton-like
catalysts to produce *OH via a homogeneous or heterogeneous process (Babuponnusami and Muthukumar 2014;
Wang et al. 2022). Recently, Fe-modified carbon/graphite felt and transition-metal-doped carbon aerogel were
developed into functionalized cathodic materials as working electrodes (Wang et al. 2022). In addition to the
advantages of heterogeneous catalysts that are mentioned above, the cathodic materials could be recovered and
reused easily with the elimination of the potential danger for the long-distance transportation of H,O,. The overall
disposal cost could thus be reduced. The performance of the EF catalytic process is mostly determined by the
parameters of the electrode nature, pH of surroundings, temperature, catalyst dosage, electrolytes, current density,
and dissolved oxygen level (Babuponnusami and Muthukumar 2014; Wang et al. 2022). For the EF treatment of
leather tanning industry wastewater, Brillas et al. achieved a COD removal of 60% at neutral pH with an energy
demand of 3.8 kWh/g COD removal (Brillas and Casado 2022).

2H' + 0, +2¢ — H,0, (10)

In addition to the above techniques, photocatalysis is probably one of the most popular approaches for water
purification. The mechanism of photocatalysis is as shown in Figure 1 (Wang et al. 2014). In most cases,
photocatalysts are semiconductor materials which could produce electrons and holes on exposure to ultraviolet
or visible radiation (Brillas and Casado 2022). An electron in a filled valence band absorbs photonic energy
greater than the energy of the band gap from the radiation, resulting in the formation of an electron—hole (h*)
in the original valence band (VB) and the excitation of the electron (¢ ™) to the vacant conduction band (CB), as
depicted in Process I in Figure 1 (Wang et al. 2014). These charge carriers in the CB (¢ ™) and VB (h™) could initiate
reduction (Process IIT in Figure 1) and oxidation (Process IV in Figure 1) reactions with substrates adsorbed on the
catalysts’ surface, respectively, or they may recombine with each other without any chemical reaction proceeding
(Process II in Figure 1) (Wang et al. 2014). Concretely, h* could oxidize HO or OH™ into *OH while e~ could
reduce O, into O,¢~, which could both contribute to organic degradation (Perovi¢ et al. 2020). Metal oxides,
in general, have the most diverse applications in the AOPs field, among which TiO, (Perovi¢ et al. 2020), ZnO
(Youssef et al. 2018), and other binary metal oxides (Davarikia et al. 2022) are most widely used.
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Figure 1: Mechanism of photocatalysis. The figure has been reproduced with the permission of Wang et al. 2014 (Copyright @ The Royal Society of
Chemistry 2014).
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Overall, AOPs, especially the heterogeneous ones, are highly efficient methods for wastewater treatment; these
techniques have great potential for industrial applications. The development of efficient and cheap AOP catalysts
can greatly reduce the cost of the application of corresponding technology and effectively promote the catalytic
performance of organic degradation. Therefore, the development of these catalysts is highly important for both
academic research and industrial applications for water purification.
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