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With the rapid growth of population and industrial production, wastewater pollution has become a major

environmental issue. Wastewater pollution also poses a threat to water resources and human health.

Catalytic wet-air oxidation (CWAO) is one of the most economical and environmentally friendly

technologies, especially for the treatment of toxic and non-biodegradable pollutants in wastewater.

Various heterogeneous catalysts have been reported for use in wastewater treatment; however, most of

these catalysts are effective only under high temperatures and high pressures. The increasing demand

for the removal of wastewater pollutants necessitates the development of low-temperature, high-

efficiency catalysts for CWAO technology. To achieve this, the ability of the catalyst to activate O2 and

transfer active oxygen species plays a key role in determining the catalytic performance. In this review,

we summarize recent advances in various noble and non-noble metal catalysts, oxide catalysts and

carbon catalysts for CWAO reactions, focusing on the positive effect of O2 activation and transfer on

catalytic performance. We also propose future directions for developing novel CWAO catalysts by

optimizing the catalyst's ability to activate O2 and transfer active oxygen species.
1. Introduction

In the last few decades, huge amounts of wastewater containing
hazardous and refractory organic pollutants have been
produced by industries. Wastewater from pulp and paper,
dyeing, chemical, petrochemical, pharmaceutical, and other
industries has caused severe environmental problems.1–4

Therefore, hazardous and refractory organic pollutants must be
removed from wastewater to meet stringent water quality
regulations before discharge.

Various technologies, including biological treatment, incin-
eration, membrane separation, Fenton, catalytic ozonation (O3),
and catalytic wet-air oxidation (CWAO), have been developed
and applied for wastewater treatment.5 These technologies have
their own advantages, application scopes, and limitations.
Biological treatment is widely used for domestic wastewater as
well as non-toxic and low chemical oxygen demand (COD)
industrial wastewater. It is generally cheaper but requires a long
residence time and a large number of microorganisms to
degrade the pollutants.5 Incineration can completely degrade
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organic contaminants into carbon dioxide and water. However,
it is only suitable for wastewater with COD > 100 g L−1.5 More-
over, a large amount of fuel is required to sustain the process.
Membrane separation is an effective technology for water
purication, though it suffers from membrane fouling over
time. The development of novel membranes is the key to
addressing this fouling issue. The sunlight-driven self-cleaning
layered membrane can effectively avoid fouling and prevent
a sharp decrease in permeation ux, thanks to its visible-light
catalytic properties.6 The dual superwettabilities of the novel
‘Yin–Yang’ membrane enable continuous separation with high
efficiency (over 99.1%) and a large total ux (over 54.4 × 103 L
m−2 h−1) for triphase oil/water mixtures.7 Developing
membranes with anticontamination properties is a promising
future research direction for water treatment.

Fenton, catalytic O3, CWAO, etc., are advanced oxidation
processes (AOPs), where the produced hydroxyl radicals oxidize
various organic compounds.8 The application range of each
AOPs depends on the composition of effluent to a great extent.
Fenton and catalytic ozonation are preferred at low organic
(pollutants) loads with lower treatment capacity. CWAO stands
out in AOP technologies. It was considered as the one tech-
nology (maybe only) that can effectively deal with the waste-
water with high organic loading (10–100 g L−1 of COD). Such
wastewater's COD is too high for the Fenton process and cata-
lytic O3. CWAO is also considered as the one of the most
economical and technological AOPs for the treatment of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The activity of various catalysts for the CWAOof phenol at low
temperatures

Catalyst T (°C)
TOC or COD
con. (%)

Phenol conversion
(%)

Pt/TiO2 100 b88.8 >95%24

Cu–g-C3N4 120 c70.4 >89%25

MnCeOx 70 b88.1 >99%26

aN–NC 160 c49 >95%27

a N-doped carbon nanotubes. b TOC conversion. c COD conversion.

Fig. 1 Depiction of the role of catalytic activity in the heterogeneous
CWAO reaction mechanism.
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wastewater containing toxic or biologically refractory
compounds.9 Both homogeneous and heterogeneous catalysts
were used in the CWAO process.10 Homogeneous catalysts,
dissolved salts, are effective. But an additional separation unit
is required for removing or recovering the metal ions from the
treated effluent. Heterogeneous catalysts are much more
attractive because a separation step is not necessary. Various
solid catalysts, including noble and non-noble metal catalysts,
oxide catalysts and carbon catalysts, have been widely devel-
oped for CWAO technology.11–21 Each type of catalyst has its own
advantage and disadvantage. Generally, noble metal catalysts
are active and stable, although they are expensive. Oxide cata-
lysts are cheap and active. The limitation of oxide catalysts is
their poor stability due to the leaching of the metal ion.
Although non-noble metal catalysts and carbon catalysts are
cheap, they usually present lower activity. Although many
catalysts have been reported for heterogeneous CWAO, most
catalysts in the literature only work under high temperatures
(150–270 °C) and high pressures (2.5–10 MPa). The reason is
that O2 cannot be easily activated to produce hydroxyl radicals
at relatively mild reaction conditions due to its chemical
inertness. The harsh operating conditions not only increase the
operating costs, e.g., gas pumping energy, but also incur more
equipment costs and safety risks. Additionally, the reported
heterogeneous CWAO catalysts still suffer deactivation due to
the formation of by-products during the reaction. The reason is
that O2 cannot be effectively activated by the catalyst and there
is inadequate active oxygen species to ensure that organic
pollutants are completely oxidized to CO2. The partial oxidation
of organic pollutants results in the formation of carbonaceous
deposit or production of small molecular organic acids.5,9,22,23

There is no doubt that carbonaceous deposits lead to deacti-
vation. Short chain carboxylic acids, including maleic acid,
acrylic acid, malonic acid, oxalic acid, and acetic acid, are the
main by-productions during the CWAO process.12 The presence
of such organic acids will lower the pH, which results in metal
leaching and deactivation.23 Small molecular organic acids also
have the risk of releasing VOCs, although they are fully bio-
degraded.5 If a catalyst can provide enough active oxygen
species, organic pollutants will be effectively oxidized to CO2

and thus avoid the formation of by-products. The high oper-
ating temperature and/or poor stability limit the CWAO indus-
trial applications to a great extent. There is an urgent need to
develop low-temperature, high-efficiency and good-stability
heterogeneous catalysts for CWAO. Enhancing the catalyst's
ability for O2 activation and active oxygen species transfer is
essential and perhaps the key parameter.

Some low-temperature catalysts have been reported;
however, the catalytic performance needs to be further
improved. Table 1 shows the catalytic performance for CWAO of
phenol over various catalysts (including noble and non-noble
metal catalyst, oxide catalyst and carbon catalyst) at the lowest
temperatures that have been reported for the corresponding
catalyst. It can be seen that noble metal catalyst and oxide
catalyst can obtain higher activity at lower temperature. They
are much more active than non-noble metal and carbon cata-
lyst. It should be noted that phenol conversions are always
© 2024 The Author(s). Published by the Royal Society of Chemistry
much higher than TOC (total organic carbon) or COD conver-
sions for all the catalysts. This indicates that phenol is not
completely oxidized to CO2 and some of it is oxidized to small
molecular organic acid. For these low-temperature catalysts, the
ability to activate and transfer oxygen needs to be further
enhanced to ensure enough active oxygen.

Generally, heterogeneous CWAO proceeds through a Lang-
muir–Hinshelwood (L–H) or a Eley–Rideal (E–R) mechanism,
which strongly depends on the activity of the catalyst, as shown
in Fig. 1. The CWAO reaction is initiated by either the activation
of oxygen (L–H) or reactant molecules (E–R).28 If the catalyst
possesses a high activity, the L–H mechanism will be favoured.
For the L–H mechanism, both O2 and organic pollutants are
adsorbed and activated by the catalyst. On the other hand, the
low activity catalyst prefers to go through an E–Rmechanism. In
the E–R mechanism, organic pollutant is adsorbed and acti-
vated to free radicals by the catalyst while O2 is activated by free
radicals in the liquid phase. There is no doubt that a good
heterogeneous CWAO catalyst should possess a high oxidation
activity and a good ability for facile activation and transfer
oxygen. However, there are no reviews in the literature focusing
on the relationship among the ability to activate and transfer
oxygen, catalyst structure and the CWAO catalytic performance.
Therefore, in this paper, the recent advances in various noble
and non-noble metal catalysts, oxide catalysts and carbon
catalyst are reviewed. The relationships among O2 activation
RSC Adv., 2024, 14, 37618–37627 | 37619
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Table 2 O2 activation for WAO, homogeneous CWAO and hetero-
geneous CWAO
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and transfer, catalyst structure and CWAO catalytic perfor-
mance are discussed.
Technology O2 activation

WAO By free radical
Homogeneous CWAO By free radical or M(n−1)+

Heterogeneous CWAO By active sites of the solid catalyst
2. O2 activation for WAO and
homogeneous CWAO

The oxidizing agents or oxidants utilized in AOPs process
include air, pure oxygen, hydrogen peroxide, and ozone. Among
these, molecular O2 is most attractive due to its natural abun-
dance, safety and affordability. However, O2 is kinetically stable,
which make CWAO technology only effective at high tempera-
ture and high pressure. The stability of O2 is derived from the
presence of a spin-triplet and the antibonding nature of the two
partially-lled orbitals in its ground state, as shown in Fig. 2.
The O2 molecule has two unpaired electrons in the degenerate
2p* orbitals, which renders it susceptible to accepting elec-
trons. The activation of the O2 molecule is realized by the
transfer of one or more electrons to an O2 molecule. For WAO
and homogeneous CWAO, free radical or M(n−1)+ give electrons
to the O2 molecule. In the case of heterogeneous CWAO, the
active sites of the solid catalyst provide electrons to O2 mole-
cule. The comparison of WAO, homogeneous CWAO and
heterogeneous CWAO is shown in Table 2.

The WAO reaction is generally regarded as a free-radical
reaction. The chain reaction is divided into three phases,
namely, chain initiation, chain transfer and chain termination.9

Chain initiation:

RH + O2 / Rc + HOOc (1)

2RH + O2 / 2Rc + H2O2 (2)

Chain transfer:

Rc + O2 / ROOc (3)

ROOc + RH / ROOH + 2Rc (4)

Chain termination:
Fig. 2 Molecular-orbital energy diagram of an O2 molecule.28

37620 | RSC Adv., 2024, 14, 37618–37627
Rc + Rc / R–R (5)

ROOc + Rc / ROOR (6)

ROOc + ROOc / ROOR + O2 (7)

During the WAO process, O2 activation is based on the
primary dehydrogenation of organic pollution by O2 with an
increase in the energy of the system. The mechanism for WAO
of carboxylic acids was investigated. It was found that the
reaction between O2 and the a, b or g-CH2 groups of the
carboxylic acids led to O2 activation and thus resulted in the
formation of free radicals and hydroperoxide-like species (chain
initiation). The resultant free radicals reacted immediately with
O2 to activate O2 and form peroxy radicals (chain transfer). The
peroxy radicals then react with another molecule of carboxylic
acid and lead to decarboxylation and formation of CO2 by H
abstraction.29

Salts of iron, copper and manganese are added in the WAO
process as homogeneous catalysts. The homogeneous catalyst
can reduce the severe operating conditions of WAO. The main
reason is that Mn+ can catalyze hydrogen abstraction reaction
and result in the formation of M(n−1)+. Both Rc and M(n−1)+ can
give electrons and thus activate O2.30,31 However, the dissolved
metal salts need be separated from the treated effluent due to
their toxicity.

RH + Mn+ / Rc + M(n−1)+ + H+ (8)

M(n−1)+ + O2 / O2
− + Mn+ (9)

3. O2 activation for heterogeneous
CWAO reaction

The heterogeneous CWAO system contains three phases,
namely, gas phase (O2), liquid phase (wastewater) and solid
phase (solid catalyst). For the desirable heterogeneous CWAO
catalyst, both O2 and pollution are adsorbed and activated on
the surface. Generally, the adsorption of organic pollution is
stronger than that of O2. The strong adsorption of organic
pollutants results in insufficient reactive oxygen species to
oxidized organic pollution, probably leading to the formation of
carbonaceous deposit or the production of small molecular
organic acid. How to effectively activate O2 and transfer reactive
oxygen species to the adsorbed organic pollutants is very
essential for the CWAO reaction to proceed. For the heteroge-
neous catalyst, O2 activation involves adsorption over the active
© 2024 The Author(s). Published by the Royal Society of Chemistry
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sites, changing the spin-triplet state, weakening the O–O bond
and breaking of the O–O bond. O2 is activated by zero-valent
metal sites or oxygen vacancies over the solid catalyst, where
it can be adsorbed and electrons can be given to O2. The elec-
trons from metal sites or oxygen vacancies can enter into the
degenerated 2p* orbitals and then change the spin-triplet state
and activate O2.
Fig. 4 The effect of EMSI between Pt and TiO2 on the CWAO activity.24
3.1. Noble metal catalysts

The noble Pt, Ru and Pd are the most promising metals used in
the CWAO process for the degradation of pollutants due to their
high activity towards oxidation of organic pollutants and good
stability under severe reaction conditions. For supported metal
catalysts, O2 can be adsorbed and activated on the metal
particles and/or the supports (oxygen vacancies of oxide support
or edge sites of C support). The mechanism of O2 activation and
oxygen transfer over oxide-supported noble metal catalysts is
shown in Fig. 3. It can be seen that electrons are transferred
from the active sites to the O2 molecule and then weaken or
break the O–O bond. Generally, the more the electrons the sites
has, the better the ability to activate the O2 molecule the sites
have. Apart from activating the O2 molecule, oxide supports also
play important roles in transferring active oxygen species due to
the presence of oxygen vacancies. The electron transfer between
the metal and support can tune the electronic properties and
enhance O2 activation. The oxygen transfer between metal and
support can accelerate the surface oxidation reaction. The
synergistic effect between metal and support determines the
catalytic performance to a great extent for CWAO reactions.

3.1.1 Pt catalysts. Supported-Pt catalysts have been exten-
sively studied for CWAO reaction due to their high catalytic
activity for most pollutants, including formaldehyde, phenol,
ammonia, and carboxylic acids. Enhancing the electronic
metal–support strong interaction (EMSI) can promote the
catalyst's ability to activate O2. The EMSI between Pt and TiO2

was strengthened by a strategy, where Pt nanoparticles were
synthesized by an oil phase method and then supported onto
TiO2. Aer drying and calcination under air, H2 reduction was
performed to induce the deep reduction of TiO2 and result in
the enhanced EMSI. The strong EMSI made the obtained cata-
lyst far more active than Pt/TiO2 prepared by the impregnation
method (as shown in Fig. 4) since the electron was transferred
from TiO2 to Pt and the negatively-charged Pt favored oxygen
activation and phenol oxidation.24
Fig. 3 Depiction of O2 activation and oxygen transfer over oxide-
supported noble metal catalyst.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Layered bimetallic oxides (LBMO) support transferred elec-
trons to Pt metal. The electron transfer ensured that Pt/LBMO
easily activated O2 at room temperature and possessed excel-
lent catalytic performance for the CWAO of formaldehyde
wastewater. Even at 30 °C, Pt/LBMO (H) (LBMO prepared by
a hydrothermal method) can completely convert HCHO and
84.1% of HCHO was oxidized to CO2.32 The supports can also
effectively activate O2 and promoted the catalytic performance
for CWAO reaction. High specic surface area and pore-rich
carbon nanoowers loaded with Pt were highly active and
stable for the CWAO of ammonia. The authors thought that Pt
was responsible for activating NH3 and increased oxygen
transfer, while the positive synergistic effect between the edge
carbon and the carboxyl groups promoted the activation of O2

and the generation of reactive oxygen species. Under the
synergism of Pt, edge carbon and carboxyl groups, NH3 can be
effectively oxidized to N2 and H2O.33 Enhancing the support's
oxygen transfer can promote the CWAO catalytic performance.
The size and morphologies of the support as well as modica-
tion with a reducible promoter promotes the ability for oxygen
transfer to a great extent. The size effect of ZrO2 support on the
catalytic performance for CWAO of phenol was investigated over
Pt/CeO2–ZrO2–Bi2O3/ZrO2. It was found that in the range from
35 to 9 nm, the smaller the ZrO2 particle size, the better the
ability to release and store oxygen by the catalyst. Therefore, Pt/
CeO2–ZrO2–Bi2O3/ZrO2-9 exhibited the best catalytic perfor-
mance.34 The effect of MnO2 morphologies on the catalytic
performance of Pt/MnO2 in formaldehyde wastewater was
investigated. Compared with sheet-like and rod-like MnO2, the
cocoon-like MnO2-supported Pt (Pt/C–MnO2) showed much
better catalytic performance. Various characterization results
indicated that more reactive oxygen species and higher
oxidizing ability contribute to the excellent performance of Pt/
C–MnO2.35 Novel catalysts of Pt/La1−xBixOF/SBA-16 were
prepared for the CWAO of phenol. Lanthanum oxyuoride
(LaOF) was selected as the promoter because of its contribution
to the migration of oxygen species in the lattice. The introduc-
tion of reducible Bi3+ in the LaOF lattice can further provide
oxygen supply ability, which further enhanced the CWAO
activity.36 Pt/CexZr1−xO2 catalysts were investigated in the
RSC Adv., 2024, 14, 37618–37627 | 37621
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CWAO of formic acid at low-temperature to evaluate the effect of
the oxygen mobility on the catalytic performances. It was found
that the 0.080 Pt/Ce0.9Zr0.1O2 (wt%) catalyst exhibited the best
performances. At low-temperature (T # 313 K), the initial
reaction rate was proportional to the dissolved oxygen concen-
tration, indicating that the oxygen transfer to the active site was
rate-limiting.37

3.1.2 Ru and Pd catalysts. Supported-Ru catalysts have also
been widely studied in the CWAO reaction due to their good
activity and lower prices than the other noble catalysts. Qin et al.
studied the effect of active metals (Ru, Rh, Pd, Pt, Fe, Ni, Co, Cr,
Mo) on the catalytic performance for CWAO of ammonia. They
thought that the CWAO of ammonia can be treated as a gas–
solid L–Hmechanism, where O2 was rst activated at the active
sites and then NH3 was activated by the active oxygen species.
They also found that both the activity of NH3 conversion and the
selectivity toward N2 showed the volcano type plot as a function
of the oxygen affinity of the metal surface.38 The effect of
calcination temperature on the catalytic performance of Ru/
TiO2 was studied for CWAO in high-salinity and high-organic
wastewater. The results indicated that among the ve studied
catalysts, Ru/TiO2-350 (calcined at 350) exhibited the best
catalytic performance. The XRD, BET, XPS, NH3-TPD and TEM
characterization results veried that the adsorption, activation
and transformation of oxygen on the catalyst surface were aided
by surface oxygen vacancies, as shown in Fig. 5.39

Ru–Cu bimetallic catalysts were prepared and investigated
for the CWAO of ammonia. Compared with Ru and Cu mono-
metallic catalysts, the Ru–Cu bimetallic catalysts exhibited
much higher activity and selectivity to N2 as well as stability. The
characterization results indicated that there was strong inter-
action between Ru and Cu and the co-presence of Ru and Cu
adjusted the reactivity and convergence of the oxygen species,
which contributed to the good catalytic performance.40 B-site
Ru-doped LaFe1−xRuxO3−d catalyst was developed for the
CWAO treatment of chlorine ion wastewater. LaFe1−xRuxO3−d

showed better activity than the supported catalysts RuO2@-
LaFeO3 and RuO2@TiO2 with the same Ru content. The char-
acterization results conrmed that Fe adsorbed O2 more rmly
than Ru and Fe was an active site for the oxidation of acetic acid.
Additionally, Fe in LaFe0.85Ru0.15O3−d adsorbed chlorine ion
and protected the Ru site and active oxygen species to exert
catalytic activity.41 CeO2 has been widely used as a support or
promoter for supported-Ru catalysts in the CWAO reaction due
to its excellent redox properties. The effect of supports (CeO2,
Fig. 5 The effect of calcination temperature on the performance of
Ru/TiO2.39

37622 | RSC Adv., 2024, 14, 37618–37627
TiO2, ZrO2) and active metals (Ru, Ir, Pd, Fe, Cu, Ag, Ni, Co, Cr)
on the catalytic performance for CWAO of acetic acid waste-
water were investigated. The results indicated that Ru catalysts
supported on a high-surface area ceria had an excellent activity.
The reason was that CeO2 favored the oxygen transfer between
the solution and the adsorbed species. Additionally, Ru parti-
cles can maintain a close contact with CeO2 clusters when the
support had a high-surface area.42 Oliviero et al. compared the
catalytic performance of Ru/C and Ru–CeO2/C for the CWAO of
phenol and acrylic acid. It was found that Ru–CeO2/C exhibited
a better catalytic performance than Ru/C. The authors
concluded that the number of contact points between Ru
particles and CeO2 crystallites constitutes a key parameter and
a high-surface area of ceria was required to ensure O2 activation
when the organic molecule was strongly adsorbed.43 The effect
of Ce content on the catalytic performance for CWAO over Pt/
CexZr1−xO2 and Ru/CexZr1−xO2 was studied. The results sug-
gested that the higher the Ce content, the higher the succinic
acid removal rate and the better the mineralization. The reason
for such an observation was that higher Ce content promoted
the accessibility of oxygen to the active sites.44 The ethanol
mediated-CeO2-supported Ru catalyst (Ru/CeO2-A) was
prepared and studied for the CWAO of butyric acid. The
developed catalyst was much more active than the traditional
Ru/CeO2. According to the characterization results, it was
concluded that the Ru/CeO2-A catalyst made the active compo-
nent disperse on the support uniformly and the average particle
size of Ru was smaller. Moreover, the catalyst had a high special
active surface area and higher content of oxygen vacancies and
Ce3+.45 Ru–CeO2–ZrO2 and Ru–Au–CeO2–ZrO2 were prepared by
the wet impregnation and deposition–precipitation methods.
Ru–Au–CeO2–ZrO2 showed much better catalytic performance
for the CWAO of phenol than Ru–CeO2–ZrO2.46 The positive
effect of CeO2 was reected in the selectivity toward CO2, which
increased from 88 to 100%. The explanation for the enhanced
selectivity was the formation of Ce4+–O2−–M, which favored the
oxygen transfer between the catalyst surface and the adsorbed
species.47

Although supported-Pd catalysts exhibit good catalytic
performance for oxidation reaction, however, there is only little
work using them as CWAO catalysts in the literature. To modify
the electron and oxygen transfer between the metal and the
support, the triple-layer structure Pd/CeO2/C, where Pd is
predominantly located on CeO2 and CeO2 on a C support, was
designed and prepared for the CWAO of aqueous amide. The
triple-layer resulted in the electrons being transferred from
carbon to Pd via CeO2, providing excellent leaching resistance,
while oxygen was transferred from CeO2 to Pd, providing high
oxidation activity and excellent stability.48 The catalytic perfor-
mance of TiO2-supported Pt, Pd, Ru and Ir catalysts was inves-
tigated for the CWAO of ammonia. It was found that among the
studied catalysts, Pd/TiO2 was shown to be the most active and
the most selective toward molecular nitrogen. The authors
thought that the control of the oxygen coverage at the catalyst
surface had a key impact on both the activity and selectivity.
Increasing the oxygen coverage led to a lower activity
(decreasing ammonia adsorption) and a lower selectivity to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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dinitrogen (increasing nitrites and nitrates formation).49 Nano-
hybrid bimetallic Au–Pd catalyst with Au : Pd = 1 : 1 was highly
active and worked efficiently for CWAO of high dye concentra-
tions at reaction temperatures close to even 0 °C. The charac-
terization results indicated that electrons on the surface of Au–
Pd could be transferred partially to the adjacent O-vacancy sites,
where the absorbed O2 was activated to superoxide radical. The
generation of superoxide radical was responsible for the excel-
lent catalytic performance.50
3.2. Non-noble metal catalysts

Noble metal catalysts possess good catalytic performance for
the CWAO reactions; however, they are expensive and suffer
from deactivation in the presence of halogens and sulphur
group-containing compounds in wastewater. To reduce the cost
of catalysts, non-noble metal catalysts have been developed.
Among the studied non-noble metal catalysts, supported-Cu
catalysts exhibit the best catalytic performance. A series of
Cux/CNy@SBA catalysts were prepared by embedding Cu in the
framework of g-C3N4 and investigating for the CWAO of phenol.
It was found that the strong interaction between the Cu species
and the ultrathin g-C3N4 coating reduced the energy gap of Cu+/
Cu2+ and facilitated electron transfer, which greatly improved
the ability of the catalysts to activate O2 under mild conditions.
Both HO2 and cOH hydroxyl radicals were responsible for the
excellent catalytic performance of the CWAO reaction.51

Hou et al. reported that the highly dispersed Cu(II)/Cu(I)–N
that embedded in the framework of g-C3N4 (Cux–g-C3N4) was
more effective for CWAO than Cu(0) and CuO, andmore than 23
toxic containments could be degraded under mild conditions.
Fig. 6 shows the O2 activation mechanism for the Cux–g-C3N4

catalyst. It can be seen that the highly dispersed Cu(II)/Cu(I)–N
can effectively activate O2 and produce H2O2 in situ, which
contributed to the high activity.25

A series of M3-Al-500 catalysts (M = Cu, Mn, Fe, Ni, Zn and
Co) was prepared and tested for the CWAO of highly concen-
trated phenol. It was found that Cu3–Al-500 was the most active
among these tested catalysts. Characterization results indicated
that the good performance of the Cu-based catalyst could be
attributed to the redox transitions of Cu2+/Cu+ and/or the
formation of H2O2 in the reaction mixture.52 Cu-loaded
biomass-derived activated carbon (Cu/AC) catalysts were
Fig. 6 Mechanism of in situ formation of H2O2 over Cux–g-C3N4 in
CWAO.25

© 2024 The Author(s). Published by the Royal Society of Chemistry
prepared by precursor impregnation (PI) and activated carbon
impregnation (ACI) methods. The characterization demon-
strated that Cu/AC-PI have higher specic surface area and Cu
content, and Cu species coexisted with Cu2+ and (Cu+ + Cu0).
Higher (Cu+ + Cu0) in PI catalysts is more favorable for the
generation of cO2

− and cHO and then improved the conversions
of phenol and chemical oxygen demand.53 Ce-modied and
unmodied Cu–O/Al2O3 catalysts were prepared for the CWAO
of printing and dyeing wastewater. Ce modication made the
particles of active components become small and uniformly
distributed. More importantly, the addition of Ce resulted in the
formation of oxygen defects due to its excellent oxygen mobility,
which can generate abundant oxygen vacancies into the surface
of the mixed oxides, leading to the improvement of catalytic
activity and the acceleration of the CWAO reaction. The free-
radical experiment indicated that cO2

−, H2O2, and cHO existed
in the CWAO reaction system of printing and dyeing waste-
water.54 Activated carbon bead (∼0.8 mm)-supported copper
(Cu)-dispersed carbon nanober (CNF) catalyst was used for the
CWAO of aqueous dichlorvos (DDVP) pesticide. The catalyst was
shown to be adequately effective in oxidizing the aqueous
organics. The authors thought that when the Cu0 was brought
in contact with O2 during the CWAO reaction, the initial
oxidation converted Cu into Cu+. The monovalent Cu+ further
reacted with O2 to generate the unstable CuO2

+, which was
rapidly converted into the stable Cu2+ and cO2

−. The cO2
−

radicals were responsible for the formation of H2O2, which in
turn produced the reactive cOH that directly oxidized DDVP.55 N-
doped perovskite La2CuO4 was prepared by a sol–gel rapid
calcination method and investigated for the CWAO of high
concentration phenol-containing simulated wastewater. The
results revealed that N doping favored the formation of more
oxygen vacancies and enhanced the charge transfer between Cu
and O. More oxygen vacancies improved the ability of the
catalyst to adsorb active O2 and the charge transfer between Cu
and O facilitated the redox cycle of the catalytically active metal
Cu2+/Cu1+. The redox cycle also favored the formation of O2

−c
and HOc and thus ensured the more exhaustive degradation of
phenol.56

An Fe-supported catalyst was also investigated for CWAO.
Activated carbon beads decorated with Fe–CNFs were prepared
and used for the CWAO of glyphosate or N-(phosphonomethyl)
glycine (PMG) in wastewater. Fe nanoparticles played an effi-
cient role for the degradation of PMG. Active Fe metal sites
activated O2 to produce hydroxyl radicals, which oxidized PMG
to CO2, H2O, and some inorganic ions through the formation of
sarcosine and aminomethyl phosphonic acid intermediates.57
3.3. Oxide catalysts

Apart from being good catalyst supports, the oxides with
multiple valences (reducible oxides) are also widely used as
catalysts for CWAO reactions. Fig. 7 presents the mechanism of
O2 activation and oxygen transfer over oxide catalysts. Gener-
ally, these metal oxides possess oxygen vacancies or surface
defects, produced by the reduction of Mn+ to M(n−1)+. The
presence of oxygen vacancies or surface defects not only
RSC Adv., 2024, 14, 37618–37627 | 37623
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Fig. 7 Depiction of O2 activation and oxygen transfer over oxide
catalyst.

Fig. 8 Catalytic wet-air oxidation of phenol over Mn9Ce1Ox.26
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enhances the adsorption of molecular oxygen but also promotes
the transfer of electrons to the O2. Additionally, oxygen vacan-
cies or surface defects can improve the mobility of active oxygen
species by Mn+/M(n−1)+ redox cycles. Therefore, the concentra-
tions of oxygen vacancies or surface defects strongly affects the
ability of O2 activation and transfer and thus determines the
catalytic performance for the CWAO reaction.

Manganese oxide shows great application potential in the
CWAO process. (100) MnO2 and (001) MnO2 were prepared and
studied for the CWAO of phenol. The results indicated that the
catalytic degradation phenol rate of (100) MnO2 was three times
as much as that of (001) MnO2. EPR and DFT results showed
that superoxide (cO2

−) species could exist on (001) MnO2

through one-electron transfer, while the peroxide (O2
2−) species

exist on (100) MnO2 via two-electron transfer. All the results
illustrate that birnessite MnO2 with (100) crystal planes
possessed better oxygen activation ability, which contributed to
the higher activity.58 The d-MnO2 catalyst with a very high
amount of Mn4+ was synthesized and investigated for the CWAO
of phenol under very mild conditions. The results indicated that
the prepared d-MnO2 was highly active and stable. The high
activity was mainly due to the high concentration of Mn4+

(>90%) and high reactivity of surface oxygen species. Its good
stability resulted from the high resistance to Mn leaching and
the easy regeneration of Mn4+ species from low valence Mn.59

CeO2 is also an attractive oxide catalyst. A simple but efficient
H2O2-ultrasonic treatment was used to modify the surface
properties of CeO2 nanorods and enhance its catalytic perfor-
mance for the CWAO of phenol. It was found that the treatment
increased the Ce3+ fraction and created more oxygen vacancies
by roughening the surface of CeO2. Higher Ce3+ fraction and
surface oxygen vacancies concentration enabled the treated
CeO2 catalyst to possess more oxidizing surface and the highest
catalytic performance for the CWAO of phenol.60 CeO2 sup-
ported on the CNTs-M (treated by HNO3) and CNTs-raw was
synthesized and evaluated for the CWAO of DMF. It was found
that the acid treatment produced surface functional groups on
CNTs, which enhanced the interaction between CNTs and CeO2.
Such strong interaction increased the surface oxygen in CeO2/
CNTs-M. As a result, CeO2/CNTs-M showed much better cata-
lytic activity and stability than CeO2/CNTs-raw.61 Compared
with CeO2-nanorods and CeO2-nanocubes, 3D ball-type CeO2

exhibited better catalytic performance for the CWAO of N,N-
37624 | RSC Adv., 2024, 14, 37618–37627
dimethylformamide. Detailed characterization results
conrmed that 3D ball-type CeO2 contained an abundant frac-
tion of Ce3+ and more active oxygen species.62 Combining MnO2

with CeO2 can effectively enhance the CWAO catalytic perfor-
mance. The effect of oxygen vacancies on the CWAO of phenol
was investigated over CeO2 and MnOx–CeO2 catalysts. It was
found that CeO2 and MnOx–CeO2 nanorods were much more
active than the corresponding nanocube. The characterization
results revealed that the higher concentration of oxygen
vacancies in CeO2 and MnOx–CeO2 nanorod increased the
oxidizing ability and the catalytic performance. The synergy
between Mn and Ce further improved the redox properties,
which produce a larger amount of active oxygen species and are
the reason why MnOx–CeO2 nanorods were the most active
catalysts among the catalysts investigated in the study.63

Synergistic effect between Mn and Ce was investigated for
the CWAO of phenol. Four MnCeOx catalysts were active;
however, Mn9Ce1Ox possessed much better catalytic perfor-
mance than Mn15Ce1Ox, Mn5Ce1Ox and Mn1Ce2Ox, as shown in
Fig. 8. The characterization results revealed that Mn4+ was
favorable for the adsorption and oxidation of phenol, while
Mn3+ was favorable for the activation of oxygen. Ce balanced the
adsorption and oxidation of phenol and the activation of oxygen
by tuning the Mn4+/Mn3+ ratio. Ce was also helpful for retaining
the main structure of the catalyst under the reaction conditions
and prevented Mn4+ or Mn3+ from being reduced to Mn2+ by
facilitating oxygen transfer.26 The mechanistic and kinetic clues
for the CWAO of organic pollutants (including phenol, acetic,
oxalic and formic acids) over a model MnCeOx catalyst were
studied. The results indicated that the CWAO reaction proceeds
via an L–H mechanism, involving adsorption as the rst reac-
tion step and surface oxidation as the rate-determining step.64
3.4. Carbon catalysts

Carbon materials provide an alternative to replace metal-
supported catalysts since they can help to reduce the leaching
of the metals during the CWAO process. For carbon catalyst, O2

is absorbed and activated on defect sites, zig-zag and armchair
edges, or heteroatoms sites. The unpaired electrons on these
sites can reduce O2 to form cO2

−. The surface carboxylic acid
group also contributes to the formation of active oxygen species
(such as cOH) by providing H atoms.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 The formation of hydroxyl radicals and the performance of the
AC catalyst.65
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Active carbon was used as a catalyst for the CWAO of high
concentration N-methyldiethanolamine (MDEA)-containing
wastewater. The conversion of MDEA and COD exceeded 98%
and ∼90% at 230 °C and 5.0 MPa for 168 h continuous opera-
tion. The surface carboxylic acid groups of AC played a key role
in the good catalytic performance. Fig. 9 presents the CWAO
process for removing MDEA over AC catalyst. It can be seen that
O2 was adsorbed by the carboxyl groups and then dissociated to
form cO2

−. Then, hydroxyl radicals were generated by the elec-
tron transfer of cO2

− or attracting H+ of the carboxyl groups,
which could further oxidize organics to small molecules of
carboxylic acid or organic compounds. High COD and MDEA
conversion were due to the O2 adsorption and dissociation on
the carboxylic acid groups of AC to efficiently form cOH.65

Nitrogen-doped carbon nanotube was prepared and used for
the CWAO of phenol. It was found that the N-functionalities,
including pyridinic and pyrrolic groups and quaternary
nitrogen, were related to the higher activity. The reason was that
the N-functionalities improved the interaction of oxygen with
the carbon surface, enhancing its chemisorption and the acti-
vation of the oxygen molecules, which enhanced the activity.27

Herringbone carbon nanotubes (CNTs) that underwent
different treatments were used as catalysts for the CWAO of
phenol. The results indicated that parallel CNTs (p-CNTs) with
cylindrical graphitic walls showed the highest catalytic activity
aer nitric acid oxidation. The synergistic effect between
carboxyl groups and adjacent edge carbons was responsible for
the activation of O2 and the improved CWAO activity. The edge
carbon atoms contained unpaired electrons constituting the
active catalytic sites for the adsorption and activation of O2. The
superoxide radical (cO2

−) was formed by electron transport and
then abstracted an H atom from the –COOH groups to generate
cHO2. The formation of cHO2 aroused the radical chain reac-
tions of the CWAO of phenol and thus enhanced the activity.66

Aminated activated carbon was used as a catalyst to treat the
low-biodegradable coking wastewater. It was found that the
aminated AC exhibited better catalytic performance than their
parent counterpart. The enhanced activity was explained by the
reaction pathway of organic pollutants on the AC surface and
activation of oxygen by surface nitrogen groups.67
4. Conclusions

CWAO is one of the most promising technologies for the
treatment of various industrial wastewaters containing toxic
© 2024 The Author(s). Published by the Royal Society of Chemistry
and non-biodegradable organic pollutants. However, the cata-
lysts reported in the literature only effectively work at high
temperature and high pressure. Additionally, the catalyst also
suffers from deactivation due to the leaching of active metal or
carbonaceous deposition. The poor ability of the CWAO catalyst
to activate O2 and transfer oxygen species results in its activity,
selectivity and stability not meeting the requirement for
commercial application. Further studies are necessary to
develop more active and stable catalysts that can effectively
work even under mild conditions.

The insights into how the O2 molecule is activated to active
species on the CWAO catalyst surface will improve the under-
standing of the chemistry of the low-temperature CWAO.
However, the mechanism of O2 activation and transfer during
CWAO lacks study. It was reported that various active oxygen
species (cO2

−, cHO2 and cOH) are generated during the CWAO
process. However, the effect of the electronic structure on the
formation of active oxygen species also lacks study. The rela-
tionship between electronic structure, O2 activation and CWAO
catalytic performance is needed to be further explored in the
future.

The electronic structure and oxidation state of the catalyst
strongly affect the oxygen activation and transfer. When metal
contacts with reducible oxides, the electrons will be transferred
between the metal and oxide due to the difference in the elec-
trochemical potentials. Similar electron transfer occurs
between oxide and carbon. Preparing three-component cata-
lysts that consist of metal, oxide and carbon can be one of the
most promising directions for developing CWAO technology in
the future. Both carbon-modied oxide supports and oxide-
modied carbon supports are desirable. For such catalysts,
the electron transfer between different materials can effectively
enhance the catalytic performance by tuning the electronic
structure and oxidation state of the catalyst.
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