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a b s t r a c t

Manganese oxides (MnOx), as low-toxicity and high-abundance catalysts, have been demonstrated to hold

great promise for application in advanced oxidation processes (AOPs). However, further application of

this material is restricted due to its unsatisfactory oxidant activation efficiency. Fortunately, recently re-

markable research on deep activation mechanisms and modification of MnOx have been undertaken to

improve its reactivity. Herein, modification enhancement mechanisms of MnOx to efficiently degrade var-

ious organic contaminants were discussed and highlighted, including metal doping, coupling with other

metal oxides, composite with carbonaceous material, and compounding with other support. The activa-

tion mechanisms of different MnOx and derivative-modified material (such as doped MnOx, metal oxide-

MnOx hybrids, and MnOx-carbonaceous material hybrids) were summarized in great details, which was

specifically categorized into both radical and non-radical pathways. The effects of pH, inorganic ions, and

natural organic matter on degradation reactions are also discussed. Finally, future research directions and

perspectives are presented to provide a clear interpretation on the MnOx initiated AOPs.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

As industrial has civilization advanced, environmental problems

have erupted on a large scale, adversely affecting sustainable de-

velopment [1]. Surface water and groundwater are contaminated to

varying degrees, deteriorating water quality [2,3]. Considerable ef-

fort has been devoted to developing various technologies for aque-

ous decontamination [4,5].

In the field of wastewater treatment, AOPs have great poten-

tial as they can oxidize various pollutants to harmless compounds

[6,7]. It has been demonstrated that highly reactive oxygen species

(ROS) (such as SO•−
4

, HO•, RO•, O•−
2

, IO•
3
, and 1O2) could be ef-

ficiently generated from various types of oxidants, such as per-

oxymonosulfate (PMS), hydrogen peroxide (H2O2), peroxydisulfate

(PDS), peracetic acid (PAA), ferrate (Fe(VI)), and periodate (PI) in

AOPs [8–11]. The redox potential of ROS is higher than that of

their parent compounds, making it easier for them to rapidly de-
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grade multiple pollutants [1]. Although activation processes requir-

ing additional energy inputs, such as thermal [12], microwave [13],

ultrasonic [14], and illumination [15], they provide enhanced per-

form with increased energy consumption and costs. Heterogeneous

and homogeneous catalysis, by contrast, has the advantages of

low energy requirements, easy scale-up and high reactivity [16,17].

Transition-metal ions (such as Mn2+, Cu2+, and Co2+) with per-

fect catalytic effects, natural abundance and low operating costs

are considered a dynamic class of activators. For instance, a homo-

geneous Co(II)/PAA activation system was established to produce

CH3COOO
•, which degraded phenol rapidly via hydrogen atom ab-

straction (HAA) [18]. However, secondary pollution caused by the

introduction of metal ions has limited further applications of ho-

mogeneous catalysis using metal ions [19]. Therefore, it is impera-

tive to develop heterogeneous catalysts.

It was observed that Co-based, Cu-based, Ag-based, and Ru-

based catalysts were extensively studied in AOPs [20–22]. However,

high costs discourage the use of Ag- and Ru-based catalysts for wa-

ter treatment. The leaching of toxic metal ions is an Achilles heel

for Co- and Cu-based catalysts during environmental remediation

applications. Manganese oxide (MnOx) has abundant reserves in
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nature, low toxicity, and is widely used in the fields of energy and

catalysis, as a promising substitute for other metal oxides [23,24].

Moreover, MnOx is closely related to life. MnOx minerals in soil are

the major source of Mn for plants and directly affect plant growth.

Living organisms generally contain low levels of Mn. MnOx is an

important adsorption carrier for some heavy-metal ions, and this

property aids in controlling the concentration and distribution of

heavy metals in soil and water [25]. In addition, MnOx affects the

fate of organic matter transformations, particularly those of hu-

mic substances [26]. Recently, research on MnOx has expanded to

AOPs because of its abundant reserves, low cost, high tunability of

catalytic activity, and low toxicity [27,28]. Different phase struc-

tures, Mn oxidation states, morphologies, and surface properties

are major factors affecting MnOx reactivity, which were the key

components included in these studies [29,30]. The effect of MnO2

phase structure on the oxidative reactivity has been researched

[24]. Mn(III) is a key factor influencing catalytic activity. In addi-

tion, deep activation mechanisms in AOPs with MnOx have also

been increasingly studied. In a recent study, organic radicals gen-

erated using Mn species cycling were found to be responsible for

the degradation of sulfamethoxazole (SMX) in Mn3O4/system [31].

In the non-radical pathway, Mn2O3 acts as an electron shuttle be-

tween PMS and phenol to form long-lived surface-reactive Mn(IV)

species, dominating the organic pollutants removal [28]. To bet-

ter understand the nature of MnOx and synthesize more desirable

low-cost, high-activity, and environmentally friendly catalysts, it is

necessary to summarize the results obtained from all the reported

studies on use of MnOx for AOPs. However, the oxidant activation

efficiency of pure MnOx tends to be less than ideal, and the pri-

mary reactive species/pathways of pollutant degradation in various

AOPs remain controversial. Hence, it is worth focusing on modify-

ing MnOx to obtain new and effective catalysts, as well as deeper

probing into degradation mechanisms. The Mn(III) (oxyhydr) ox-

ides used for activating persulfate (PS) are summarized in a review

[32]. This review discussed the crystal structure of manganese(III)

(oxyhydr) oxides as well as the effect of catalyst composition and

structure on the activation mechanism [32]. Furthermore, Fe-Mn

binary oxide, spinel MnFe2O4, and their applications have been re-

viewed in the field of water treatment, including adsorption, oxi-

dation, and AOPs [33,34]. The catalysts mentioned above are a class

of manganese oxides or their derivatives. They targeted parts of the

AOPs that they belonged to a smaller branch. Some other studies

have summarized the reported advances in Mn-based catalysts in

AOPs [2,25]. A previous review summarized the formation of MnOx

and outlined the application and mechanism by that MnOx activat-

ing various peroxides, which including H2O2, O3 and PS, to degrade

pollutants [25]. The promotional effects of modification on the cat-

alytic activity are also discussed. Another review summarized all

the reported advances in Mn-based catalysts for PMS/PDS activa-

tion [2]. With the development of research, more oxidants such

as PAA and PI have gradually gained weight. Therefore, a compre-

hensive review of Mn-based catalysts for AOPs is required. In ad-

dition, the impacts of modification on the catalyst reactivity and

mechanism should be examined in greater depth. Over the past

five years, research on MnOx and derivative-modified materials has

grown. A summary of the latest catalyst mechanisms and modifi-

cations is lacking.

Therefore, the activation and modification enhancement mech-

anisms need to be summarized to address the gaps in MnOx and

derivative-modified materials application in AOPs. Herein, a com-

prehensive summary of MnOx and derivative-modified materials

used in AOPs is presented. First, basic synthesis methods for MnOx

are briefly introduced. Subsequently, the relationship between

modification and catalyst reactivity, as well as the deep mecha-

nism, were meticulously categorized, discussed, and highlighted.

Moreover, the mechanisms of MnOx and derivative-modified ma-

terials were split into radical-dominant and non-radical-dominant.

Important factors influencing the reaction process are also elab-

orated. Finally, the conclusions and future perspectives are pre-

sented.

2. Synthesis methods

Previous studies have demonstrated high catalytic activity

of manganese oxides owing to their multivalent phase struc-

ture, valences and morphologies [32]. Meanwhile, the MnOx and

derivative-modified materials synthesized by different synthesis

methods possessed different phase structure and average valence

states, leading to the different physicochemical and structural

properties, which have an impact on the catalytic activity. Hence,

selecting the appropriate synthesis method to obtain the ideal cat-

alyst matters a lot. A summary based on previous studies displayed

that hydrothermal [35], sol-gel [36], solvothermal [37], biosynthe-

sis [38] impregnation [39], coprecipitation [40], reflux [41], and

calcination [42] are the typical synthetic methods for MnOx and

derivative-modified materials. Various synthesis methods for MnOx

are listed in Table S1 (Supporting information), and those for the

derivative-modified materials are listed in Table S2 to Table S4

(Supporting information). The oxidants, contaminants, reactivities,

and mechanisms are also involved in Table S1 to Table S4. An

overview of the synthesis methods for pure MnOx, doped MnOx,

metal oxide-MnOx hybrids, and MnOx-carbonaceous material hy-

brids is provided in Texts S1-S4 (Supporting information).

In summary, different synthesis methods yield different mate-

rials. The elemental ratio, temperature, reaction time, and solvent

polarity are critical factors affecting the morphology, structure, and

physicochemical properties of MnOx and its derivative-modified

materials. Therefore, in order to understand the activation mech-

anisms of MnOx and derivative-modified materials, it is important

to understand the synthesis of MnOx and derivative-modified ma-

terials.

3. Modification enhancement mechanisms

MnOx is considered as an exceptionally promising candidate

catalyst for AOPs, owing to its low cost, high abundance, and en-

vironmental friendliness [43]. However, MnOx reactivity is poor in

AOPs; therefore, it is necessary to study the enhancement mecha-

nism of MnOx and derivative-modified materials.

3.1. Pure MnOx

3.1.1. Pure MnO2 and other MnOx

Manganese dioxide (MnO2), with various crystalline phases

containing α, β , γ , δ, and λ-MnO2 [44], was affected by different

properties resulting in different reactivity. Previous studies have

shown that α-MnO2 possess higher reactivity than that of β-MnO2

and λ-MnO2, manifesting crystalline phase is the key factor af-

fecting reactivity. Different crystalline phases have different oxy-

gen liabilities, tunnel sizes, and MnO6 edges [23], which are the

roots cause of their different reactivities. In addition, the content

of Mn in different valence states on the surface has been reported

to play a leading role in the reactivity. For example, α-MnO2 was

the most active while δ-MnO2 was the least active, whose activity

depended on the Mn(III) content [45]. Furthermore, a higher per-

centage of Mn(IV) can form Mn(III) faster by reacting with bisul-

fite (BS), which was attributed to the removal of bisphenol A (BPA)

[35]. Moreover, different shapes are related to different surface ar-

eas and activities of different facets, which trigger different reac-

tivities. Similar results showed that the reactivity of α-MnO2 was

higher than that of δ-MnO2 [46], because of higher number of ac-
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tive sites and a larger Brunauer Emmett Teller (BET) specific sur-

face area.

Similar to MnO2, the catalytic reactivity of MnOx depends on

the average oxidation state (AOS), longer bonds between the edge-

sharing MnO6 octahedra, content of surface-OH groups, unique

structure, specific surface area and morphology [47]. For instance,

the sequence Mn2O3 (cubic) > Mn2O3 (octahedra) > Mn2O3 (trun-

cated) show that different morphologies exhibit different catalytic

reactivities [30].

The three factors were summarized to explain the influence of

reactivity, namely, (1) Crystalline phase, (2) Intrinsic characteristics

including redox potential, AOS, adsorption ability, and conductivity

[48], and (3) Surface properties such as surface manganese valence,

specific surface area, and morphology.

3.1.2. Pure MnOx composites

Moreover, various manganese oxide composites have been de-

veloped to improve catalyst activity, which featured different mor-

phologies, crystalline phase, surface properties and mixed Mn va-

lence states, such as MnO@MnOx [49], α-Mn2O3@α-MnO2 [50,51],

BioMnOx [52], Mn2O3@Mn5O8 [53], and PC-MnOx (the photo-

chemically synthesized manganese oxides) [54]. For example, α-

Mn2O3@α-MnO2 exhibited a higher reactivity than single-phase α-

Mn2O3 or α-MnO2, which ascribed to particle size, specific sur-

face area and porosity, potentially efficient mass transfer between

core and shell and phase transition from α-MnO2 to α-Mn2O3

[50]. Similar results were obtained for Mn2O3@Mn5O8 [53] and

BioMnOx [52], whose activity being enhancement was due to the

variety of valence states and appropriate particle sizes. Addition-

ally, the oxygen vacancies [49] contributed to the high reactivity,

due to the effects of promoting manganese cycling and regulating

electronic structure. Therefore, compositing manganese oxide is fa-

vorable for adjusting the surface area, AOS, morphology, exposed

reactive facets, conductivity, Mn(III), content and oxygen species to

enhance our understanding of MnOx reactivity.

3.1.3. Surface modification

Acidifying MnO2 and generating oxygen vacancies are effective

method for MnO2 surface modification. The acidified MnO2 is able

to drive phthalate esters (DMP) [55] and polyvinyl alcohol (PVA)

[56] degradation. It has been shown that 99% of the DMP was re-

moved within 90 min when the PMS was 1.8 g/L, and 90% of the

PVA was degraded by 7 mmol/L PMS in 40 min [55,56]. The surface

of acidified MnO2 (such as MnO2H-OMS-2 and H2-OMS-2) were

equipped with the rich Lewis-acid sites and Brønsted-acid sites,

which is conducive to C-C cleavage [55,56]. This was beneficial for

the degradation of organic pollutants. In addition, the formation of

OVs on the surface of MnO2 was beneficial to para-chloroaniline

(PCA) removal [57].

3.2. Doped MnOx

First, surface property modification, comprising the addition of

active sites and growth in specific surface area, contributes signif-

icantly to catalyst reactivity enhancement. Doped MnOx would in-

troduce other metal sites on the surface, which were regarded as

new active sites, affording more excellent catalytic reactivity by the

addition of redox cycles. For instance, a new pair of Ce(III)/Ce(IV)

[58] and Co(II)/Co(III) redox cycles [59,60] was introduced by Ce

doping and Co doping respectively, offering extra routes to bet-

ter activate PMS. In addition, elemental doping regulated the orig-

inal Mn redox cycles. For example, Cu doping leads to a higher

Mn(IV)/Mn(III) ratio, which encourages Mn(IV)/Mn(III) redox cy-

cles. This is a good way to boost direct/indirect (Cu-AMO-PMS

complex-based) phenol oxidation [61].

Elemental doping not only led to new redox cycles and adjusted

the original redox cycles, but also promoted the generation of OVs,

which is useful for catalyst structure change and performance im-

provement [62,63]. For example, OVs on the BiOBr surface can mo-

tivate hydroxyl ions to generate BiIII-OH and provide electrons for

O2. This is vital for the degradation of organics [62,64]. For MnOx

doped by Cu, the OVs facilitated the complexation of PMS with sur-

face Mn(IV) and accelerate the formation of 1O2 [65]. Moreover,

OVs by Ce doping effectively catalyzed the conversion of PMS to

SO•−
4

and HO• [58]. Therefore, VOs are considered crucial active

sites that provide superior catalytic activity for AOPs. Moreover,

surface reactive oxygen species favor oxidant activation, which is

also considered a valid active site. For example, doping Cu and

Nd in OMS-2 favored the formation of abundant surface hydroxyl

groups, which stimulated the adsorption of pollutants and the gen-

eration of 1O2 [66]. Similar results were shown for MnO2 doped

Ce [67]. It can also be inferred that the changes in the valence that

resulted in excellent catalytic performance after doping from the

larger specific surface area, which provided more exposed active

sites, such as Fe3O4/Co-Mn3O4 [59].

Second, elemental doping favors interfacial electron transfer

and increases the electronic conductivity owing to the redistribu-

tion of charge between atoms. For example, the results of electro-

chemical experiments uncovered that the catalyst with Ce doping

has higher current density (Fig. 1a) and greater reductive capability

(Fig. 1b) because of the charge transfer capability improved, which

is conductive to activate PMS generating SO•−
4

and HO• through

electron transfer process in Ce-Mn2O3/PMS system (Fig. 1c) [58].

3.3. Metal oxide-MnOx hybrids

3.3.1. Composite with Fe oxides

The magnetic property is a great advantage for catalyst re-

cycling, as the MnOx catalyst coupled with Fe oxides can be

easily recovered under an external magnetic field [68]. It was

revealed that the saturation magnetizations of hybrid catalysts,

such as MnO2/ZnFe2O4 [68], CuS/Fe2O3/Mn2O3 [69], Fe3O4@OMS-

2 [70] and Fe3O4/MnO2 [71], were lower than those of the original

Fe oxides, but they were strong enough to efficiently separate with

the assistance of an external magnetic field. The increase in the

application potential arose from the addition of magnetic proper-

ties to the catalyst mentioned above. Moreover, the tendency of

iron oxides to agglomerate determined their unsatisfactory surface

reactivity and consequently limited the removal efficiency, which

could be improved by loading MnOx, which dispersed Fe oxides

uniformly to amplify the catalyst reactivity [69].

In addition to their magnetic properties and uniform disper-

sion, the incorporated Fe oxides influenced reactivity of the cat-

alyst. First, the introduction of Fe oxides provides additional metal

active sites to generate ROS more efficiently, similar to the interac-

tion between the doped elements and MnOx.

Second, the presence of iron oxides leads to synergy between

Fe/Mn oxides in the AOPs. Regeneration of active Mn species is

greatly accelerated through the reaction between iron and man-

ganese species (Fig. 2a) [72,73]. On the other hand, products of Fe

oxides, such as SO•−
3

, enhanced the production of active Mn species

and pollutant degradation, which could also be another kind of

synergy between Fe and Mn [74]. The specific impact of the syner-

gistic effect on this mechanism was clarified.

Finally, the combination of Fe oxides and MnOx can cause

changes on the surface of the catalyst. According to previous stud-

ies, changes in the specific surface area favorably affect the adsorp-

tion and activation processes [75], which could provide more ac-

tive sites to accelerate the reaction. For example, a higher specific

surface area and larger pore volume of the FeMn@K (FeOx/MnOy)-

modified kaolinite catalyst) than that of bare MnFe2O4 results in

3
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Fig. 1. (a) Cyclic voltammetry plots of HPMO (without Ce doping) and HPCMO (with Ce doping), (b) Nyquist plots of HPMO and HPCMO, and (c) the removal of 2,4-DCP by

PMS activation over HPMO and HPCMO. Reprinted with permission [58]. Copyright 2019, Elsevier.

Fig. 2. (a) Regeneration of various metal valence states mechanism in the F4.5M1BO/PS/HP system. Reprinted with permission [73]. Copyright 2019, Elsevier. (b) Nitrogen

isotherm adsorption-desorption curves of kaolinite, fresh FeMn@K and used FeMn@K. Reprinted with permission [39]. Copyright 2022, Elsevier. (c) The mechanism that

Fe(III) served as adsorption site for the reaction substrates. Reprinted with permission [79]. Copyright 2017, American Chemical Society.

stronger catalytic reactivity for PMS activation and better PVA re-

moval efficiency (Fig. 2b) [39]. A similar result was obtained, where

the specific surface area of CuFe2O4@OMS-2 was 288 m2/g, which

was much larger than those of OMS-2 and CuFe2O4, with specific

surface areas of 129 m2/g and 7.7 m2/g [76]. Besides, OVs on the

surface were took into consideration to be the active sites, produc-

ing O•−
2

and 1O2, and enhance the interfacial electron transfer [77].

For example, the OVs on the surface of α-MnO2/MnFe2O4, reacted

with HSO−
5

to produce O•−
2

, which was the major ROS and precur-

sor of 1O2 [78]. It also promoted the production of 1O2 by trans-

forming it into active oxygen. And the consumption of OVs was not

only involved in the generation process of O•−
2

and 1O2, but also

used to change the surface loaded hydroxyl (M-OH), which is ca-

pable to combine with PMS easily to initiate fast reaction between

them. A similar mechanism of PMS activation by the Mn1.8Fe1.2O4

nanospheres was proposed: the production of hydroxyl groups pro-

vided primary adsorption sites and promoted the activation of

PMS, which is closely related to Fe(III) (Fig. 2c) [79]. Furthermore,

surface-adsorbed species and adsorbed molecular water can acti-

vate the combined PS and hydrogen peroxide [73]. In summary, the

magnetic properties and promotion of oxidant activation, which

embrace the additional active reaction and adsorption sites, syner-

gistic effects, and changes in surface properties, were the key en-

hancement mechanisms after the composite of Fe oxides.

3.3.2. Composite with Cu oxides

Regarding the doping of Cu oxides, the interaction between Mn

and the Cu species accounts for the continuous production of ac-

tive Mn, contributing to the removal of contaminants. In addition,

the increase in active sites, specific surface area, and low valence

of Mn also created more favorable conditions for the degrada-

tion of contaminants, similar to Fe oxides. For example, CuFe2O4

interacts with the precursor of amorphous MnOx, resulting in a

proportion of Mn(II) and Mn(III). The specific surface area of the

CuFe2O4@OMS-2 catalyst increased significantly, which improved

the reactivity of the hybrid catalyst [76]. Furthermore, the absorb

H2O on the surface of MnxCuyOz/γ -Fe2O3 increased by doping Cu

oxides. They could transform into reactive sites of M-OH, which

promoted the decomposition of ozone and generated HO•.

3.3.3. Composite with Co oxides

The enhancement mechanism of Co oxides coupled with MnOx

is similar to that of Fe and Cu oxides. However, Co-Mn spinel

oxides exhibit a unique enhancement mechanism compared with

pure MnOx. Previous studies have shown that H2O2, as a Lewis

base, is prone to adsorption on Lewis acid sites and produces con-

siderable amounts of HO• [80]. Meanwhile, PMS and PAA were

stimulated to produce more radical by ≡Co-OH− and ≡Mn-OH−,
such as SO•−

4
[81] and CH3COOO

• [19]. These hydroxy forms origi-

nate from the reaction between the Lewis acid sites and desorbed

H2O molecules. Compared with single metal oxide catalysts (Co3O4

and Mn2O3), Co-Mn spinel oxides equipped with more Lewis acid

sites can better activate oxidants to produce radicals [80,82]. More-

over, the J-T distortion in a spinel Co doped MnOx material, pro-

duced from the t2g
3eg

1 electronic configuration in Mn sites, breaks

the balance of Mn-O in MnO6 units to accelerate the sustainable

performance of PMS activation [81]. Meanwhile, the cooperative

effect of Co and Mn atoms not only resulted in the J-T effect but

also led to a reduction in the Energy Barrier for PAA Activation and

optimization of the distribution of bonding and antibonding states

on the Co 3d orbitals [19], which is responsible for superior PAA

activation and adsorption properties. In addition, the presence of

OVs facilitates the adsorption of reactants and oxidants. The co-

ordination environment and electron spin also determine the cat-

alytic activity of a Co-Mn spinel oxides [83]. In one study, Mn-O

has been determined as a catalytically active center. Based on this,

the Oh configuration with a stronger orbital overlap between the

MnOh 3d and O 2p orbitals than the tetrahedron favored Mn-O co-

valency, thereby accelerating the catalytic reaction. This confirms

the positive role of the coordination environment in improving cat-

alytic activity. Regarding the electron spin, Mn doping broke the

two extra channels (spin-up and spin-down) for electron transfer

between CoOh and O. This led to a higher activity of Mn than that

of Co. Finally, the introduction of Co facilitated the formation of the

redox cycles Co(II)/Co(III), Mn(II)/Mn(III), and Co(II)/Mn(III), which

4
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Fig. 3. (a-c) XPS analysis of C 1s for CMCCX with different percentages (0%, 10%, and 20%) of chitosan. (d) Degradation of BPA by different CMCCX/PMS system. Reprinted

with permission [94]. Copyright 2022, Elsevier.

in turn facilitated PMS activation. In general, the increase in the

number of Lewis acid sites and redox cycles, introduction of addi-

tional electronic states, generation of OVs, and changes in the co-

ordination environment and electron spin have all been considered

together facilitated catalyst reactivity.

3.3.4. Polymetallic oxides

Composite of polymetallic oxides and MnOx exhibiting the sus-

tainable and efficient performance in AOPs, was got more and

more attention, such as Bio-FeMnCoOx [84], LiNi0.5Co0.2Mn0.3O2

[85], Co3MnFeO6 [36], MFO-LIBs [86] and Ce-Mn-Co ternary mixed

oxide [87]. The superior performance in organic contaminant

degradation was ascribed to the presence of more active sites with

the introduction of more metals. For example, the major ROS SO•−
4

produced in large quantities depended on the synergistic effects

between Co, Mn and Fe in Co3MnFeO6 catalyst [36]. Fe facilitated

the adsorption of CBZ and PMS as well as adding magnetism, and

Mn and Co played an irreplaceable role in activating PMS through

the redox cycles of Mn(II)/Mn(III), Mn(III)/Mn(IV), and Co(II)/Co(III).

3.4. MnOx-carbonaceous material hybrids

In addition, MnOx-carbonaceous material hybrids have also

worked efficiently for pollutant degradation in AOPs, such as

FeMn@CN-800 in peroxymonosulfate systems [88], Fe/Mn-BC in

peroxydisulfate systems [89] and MnO2-graphite electrodes in the

electro-Fenton process [90]. MnOx-carbonaceous material hybrids

could offer more active sites than pure MnOx, such as ketonic car-

bonyl groups (C=O), C−C/C−H and zigzag edges on the surface of

carbon materials, which was related to higher reactivity of cata-

lysts in AOPs [91–94]. As shown in Fig. 3, CMCCX with different

levels of C−C/C−H led to the different degradation of BPA in PMS

activation. This indicated that C–C/C–H can provide active sites. In

addition, the introduction of carbon materials can prevent MnOx

aggregation [93] and increase the surface area, which is conducive

for exposing more active sites and degrading and accumulating or-

ganic pollutants.

The adsorption role of carbon materials has become increas-

ingly important. The carbon matrix provided adsorption sites, low-

ering the adsorption energy barrier of the pollutant and oxidant,

and providing more opportunities for the reaction. For instance,

the OMC matrix in MnOx@OMC strengthened adsorption capac-

ity of catalyst to enrich phenol molecules on the catalytic sur-

face via π−π interaction [95], heightening the likelihood that

phenol would react with more SO•−
4

and then resulting in the

strengthening of catalytic performance [96]. Notably, defects and

functional groups in carbon materials play key roles in promot-

ing the adsorption of pollutants and oxidants [97]. It has been

shown that abundant defect sites of the carbon-based co-catalyst

on CuyMn5-yOx/hG promoted the adsorption of PDS and tetracy-

cline (TC) to intensify non-radical processes. TC degraded 99% in

30 min. The different defect levels (Fig. 4) are correlated with the

catalytic activity of the catalysts [98].

Furthermore, the carbon matrix can improve the electron trans-

fer efficiency, which is beneficial for degradation mediated by the

electron transfer pathway and the interfacial electron transfer pro-

cess between the catalysts and oxidants. For example, oxidant po-

tential for Mn(III)/Mn(IV) of MnOx@OMC (0.336 V) was lower than

MnOx (0.455 V), manifesting that the overpotential for Mn(IV)(s)
formation declined due to OMC matrix, accelerating interface elec-

tron transfer process to produce SO•−
4

[96]. Finally, the introduction

of carbon materials can change the properties of the MnOx compo-

nent in the hybrids in favor of catalyst reactivity. The abundance of

low-valent Mn species has been reported to increase since OMS-

2 was coupled with g-C3N4 and carbon nanofibers (CNFs) [99].

In summary, the addition of active sites, enhancement of the ad-

sorption capacity, improvement of the electron transfer efficiency,

and changes in the properties of MnOx are the advantages of com-

positing MnOx with carbonaceous materials. The modification en-

hancement mechanisms of MnOx-other support material hybrids

are presented in Text S5 (Supporting information).

4. Activation mechanisms of AOPs

4.1. Pure MnOx

MnO2, which has a high oxidizing performance and low biotox-

icity [100], is considered a promising heterogeneous catalyst for

the removal of organic contaminants from AOPs. Generally, SO•−
4

and HO• were major reactive oxygen species (ROS) in MnO2/PS

5
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Fig. 4. (a) EPR spectra of defects in different catalysts, and (b) TC removals by PDS activation over different catalysts. Reprinted with permission [98]. Copyright 2022,

Elsevier.

Fig. 5. (a) The plausible PI activation mechanism over MnO2. Reprinted with permission [110]. Copyright 2020, Elsevier. (b) The proposed PVA oxidation mechanism by

direct electron transfer process. Reprinted with permission [56]. Copyright 2022, Elsevier. (c) Dual-path oxidation of BPA triggered by the β-MnO2/BS system. Reprinted with

permission [35]. Copyright 2022, American Chemical Society.

system. The Mn(II) and Mn(III) on the surfaces of MnO2 as active

sites activated PS to generate SO•−
4

and HO• in MnO2/PS system

(Eqs. 1–4 for PMS activation, Eq. 5 for PDS activation) [46,101-106].

And then, Mn(III) and Mn(IV), underwent a reduction reaction with

PS, returning to low-valence state as well as obtaining SO•−
5

and

S2O
•−
8

(Eqs. 6−8). Therefore, the redox cycling Mn(II)/Mn(III) and

Mn(III)/Mn(IV) are the key to the production of SO•−
4

and HO• in

PS activation. Based on persulfate-based AOPs, electro-Fenton pro-

cesses [107] and photo−Fenton processes [108] were also found

to be dominated by SO•−
4

and HO•. The previous studies shown

that the SO•−
4

and HO• also were generated by reaction between

oxidants (H2O2 or S2O
2−
8

) and low valent manganese (Mn(III) or

Mn(II)), and were promoted by the photo-assisted reduction origi-

nated from Mn(IV) and the UVA irradiation [109].

As the study progressed, in addition to the radical pathways,

non-radical pathways were also shown to be effective for AOPs in

the presence of MnO2. Different phase structures of MnO2 were

chosen to activate PMS, which has been demonstrated that 1O2

formed from HO•, facilitated degradation by quenching experi-

ments and electron spin resonance (ESR), as shown in Eq. 9 [45].

Moreover, 1O2 was generated when metastable Mn(IV)-O-IO3 in-

teracted with sulfanilamide (Fig. 5a) [110].

Additionally, based on PMS decomposition and Raman spectra,

the generation of reactive complexes between amorphous MnO2

and PMS was proposed to mediate the direct electron transfer pro-

cess (ETP) between the contaminant and PMS to remove the con-

taminants (Fig. 5b) [56,111].

Furthermore, aqueous Mn(III)aq plays a critical role in the oxi-

dation process because of its high oxidation potential. For exam-

ple, Mn(III)aq generated by the colloidal MnO2/HSO
−
3

[112] and β-

MnO2/HSO
−
3

[35] process degrades EOCs and BPA rapidly (Fig. 5c).

To summarize the reported research, the mechanisms of AOPs

presenting MnO2 can be classified into two types: (1) Radical

pathways; SO•−
4

and HO• is the primary active species. (2) Non-

radical pathways, which primarily include the 1O2 oxidation pro-

cess, Mn(III)aq oxidation process, and ETP.

≡Mn(II) + HSO−
5 → ≡Mn(III) + SO2−

4 + HO• (1)

≡Mn(III) + HSO−
5 → ≡Mn(IV) + SO2−

4 + HO• (2)

≡Mn(II) + HSO−
5 → ≡Mn(III) + SO•−

4 + OH− (3)

≡Mn(III) + HSO−
5 → ≡Mn(IV) + SO•−

4 + OH− (4)

S2O
2−
8 + ≡Mn(III) → SO•−

4 + SO2−
4 + ≡Mn(IV) (5)

≡Mn(III) + HSO−
5 → ≡Mn(II) + SO•−

5 + H+ (6)

≡Mn(IV) + HSO−
5 → ≡Mn(III) + SO•−

5 + H+ (7)

S2O
2−
8 + ≡Mn(IV) → S2O

•−
8 + ≡Mn(III) (8)

4HO• → 1O2 + 2H2O (9)

In addition to MnO2, manganese oxides in different valence

states, such as MnO, Mn2O3, Mn3O4 and MnOOH, have also been

used in AOPs [106,113-116]. SO•−
4

, HO• and RO•, acted as primary

active species, were primarily generated by the redox cycles of

Mn(II)/Mn(III) or Mn(III)/Mn(IV) (Eqs. 10 and 11, similar to MnO2,

are not listed) [31,117-119]. In contrast to the radical pathways, 1O2

was produced by direct oxidation or recombination of O•−
2

, which

6
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was generated via the decomposition of PS facilitated through elec-

tron transfer of the Mn species (Eqs. 12−16) [47]. 1O2 could also be

capable of removing ciprofloxacin (CIP) by supporting with SO•−
4

and HO•, revealing the SO•−
4

, HO• and 1O2 could be existed simul-

taneously [120]. Additionally, mechanism of the Mn2O3 catalyzing

PMS activation process was explained that Mn2O3 acts as a shuttle,

mediating the electron transfer from organic contaminants to PMS

(Eqs. 17−19) [28].

≡Mn(II)/≡Mn(III) + CH3C(O)OOH

→≡Mn(III)/Mn(IV) + CH3C(O)O• + OH− (10)

≡Mn(III)/≡Mn(IV) + CH3C(O)OOH

→ ≡Mn(II)/Mn(III) + CH3C(O)O• + H+ (11)

2≡Mn(III/IV)−OH + HS2O
−
8

→ 2≡Mn(III/IV)−OS2O
−
7

+ 3H+

(12)

2≡Mn(III/IV)−OS2O
−
7

+ 4H2O + OS2O
−
7

→ 2≡Mn(III)−OH + 2SO
2−
4 + O•−

2 + HO•
2 + 7H+

(13)

O•−
2 + HO•

2 → 1O2 + HO−
2 (14)

O•−
2 + HO• → 1O2 + HO− (15)

2O•−
2 + 2H+ → H2O2+ 1O2 (16)

≡Mn(III)−OH + HOOSO
−
3 → ≡Mn(III)−HOOSO

−
3 + H2O

(17)

≡Mn(III)−OOSO
−
3 + ≡Mn(III) − OH

→ ≡Mn(III)−OO−Mn(III) + SO2−
4 + H+

(18)

Mn(III)−OO−Mn(III) + 2H2O → 2≡Mn(IV)−OH + 2HO− (19)

Studies on various pure manganese oxide composites

(e.g., α-Mn2O3@α-MnO2) were summarized. It suggested that

Mn(II)/≡Mn(III) on the catalyst crystal surface activated the ad-

sorbed PMS, leading to the generation of SO•−
4

and HO•. These

processes can be accelerated by photogenerated e– and photolysis

[49]. In addition among the widely researched radical mecha-

nisms, 1O2 has also been reported to be imperative in PMS/MnOx

composite systems, in compliance with a self-decomposition and

energy quenching mechanism (Eq. 20) [52].

HSO−
5 + SO2−

5 → HSO−
4 + SO2−

4 + 1O2 (20)

4.2. Doped MnOx

Elemental doping has been applied to modify MnOx [121–123],

which can be used to readily modulate the electronic structure of

MnOx, boost the mobility of charge carriers, create more active

sites, and optimize the kinetics and energetics of catalytic reac-

tions [124]. As a result, it has been regarded as an effective ap-

proach for improving catalyst reactivity. It has been reported that

Mo-doping can catalyze the N2 reduction reaction (NRR) in neutral

media more robustly than MnO2 without Mo doping [125]. Doped

MnOx has also been confirmed to be applicable in AOPs [61].

Fig. 6. BPA degradation mechanism by 1O2, O
•−
2

and ETP in (Co/MnO-0.32@C)/PMS

system. Reprinted with permission [126]. Copyright 2022, Elsevier.

4.2.1. Ce doping

The incorporation of 7% Ce doped into MnO2 enhanced the PMS

activation to produce SO•−
4

and HO•, via the strong electronic in-

teraction between Ce and Mn [67], which carried degradation ef-

ficiency of TC to a new and higher level. Similarly, the introduc-

tion of Ce endows Mn2O3 with exceptional PMS activation capabil-

ities. And SO•−
4

, HO• and 1O2 were detected in Ce-Mn2O3/PMS sys-

tem to degrade 2,4-dichlorophenol (2,4-DCP) [58], instead of only
1O2 involved in Mn2O3/PMS system. The value of kobs and TOF are

0.0668 min−1 and 0.334 min−1 for Ce doped Mn2O3, respectively.

However, owing to the collapse of the structure, cerium overload-

ing adversely affected PMS activation.

4.2.2. Co doping

Because the Co-Mn synergistic effect improves the catalytic re-

activity, Co was chosen as another important dopant. Specifically,

Co has been incorporated into MnO [126] and magnetic Mn3O4

[59] to degrade organic contaminants with strengthened activity

and stability, both of that were dominated by O•−
2

and 1O2 and

involved radical and non-radical processes (Fig. 6). It has been ob-

served that the redox cycles between metal elements are at the

core of radical generation, similar to MnO2 [127]. And the forma-

tion of 1O2 relied heavily on the conversion of SO•−
5

and O•−
2

(Eqs.

21 and 22) originating from radicals (such as HO• and HO•
2) and

reactions of HSO−
5

at high-valent metal sites. Moreover, Co-doped

biogenic MnOx [127] was prepared to hasten PMS activation to de-

grade TC, the mechanism of which is similar to that of the cobalt

oxide-MnOx hybrids elaborated in the following paragraphs.

4SO•−
5 + 2H2O → 31O2 + 4HSO−

4 (21)

2O•−
2 + 2H2O → 1O2 + H2O2 + 2OH− (22)

4.2.3. Cu doping

Furthermore, there is a growing body of research on MnOx

doped with Cu [65,128-130], which is dominated by non-radical

pathways. 1O2 can be generated because surface oxygen defects

can lower the reaction energy barrier of PMS decomposition via

energy trapping by oxygen (Eqs. 23–25) in a Cu–MnO2/PMS system

[130]. It is as opposed to PMS self-decomposition and the contribu-

tion of reaction between O•−
2

and HO•, which has been frequently

reported. Besides, 1O2 could also be formed via thermodynamically

favored directly oxidation of O•−
2

in another Cu-MnO2/PMS system

[65], which was arose from the reaction between metastable inter-

mediates MnIV−O−O−SO3/Cu
II−O−O−SO3 and PMS.

≡O2 → Oads (active site) (23)

7
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Fig. 7. (a) Possible activation mechanisms of PMS in FeMn@K/PMS system. Reprinted with permission [39]. Copyright 2022, Elsevier. (b) Activation mechanisms of photo-

Fenton. Reprinted with permission [136]. Copyright 2020, Elsevier.

Oads + PMS → decrease energy barrier (24)

≡O2 → 1O2 (25)

Moreover, Co doping became a development trend in MnOx,

such as Cu with Nd [66] and Ce with Co [60], which have a

kindred-like mechanism with the single-element doping of MnOx.

4.3. Metal oxide-MnOx hybrids

Considerable reported research has strongly revealed that syn-

ergistic effect between two different metal ions could strengthen

catalytic activity of catalysts. Therefore, metal oxide-MnOx hy-

brids synthesized by metal oxides coupling with MnOx have

been used in AOPs, such as MnO2/NiO [131], Fe3O4/α-MnO2

[132] and α-MnO2@CuO membrane [133]. In addition, various

bimetallic oxides-MnOx hybrid oxides and polymetallic oxides-

MnOx hybrid oxides have been investigated, exhibiting superior

catalytic performance and stability for pollutant removal, such

as MnFe2O4 [134,135], bio-FeMnOx [136], Co3MnFeO6 [36], and

LiNi0.5Co0.2Mn0.3O2 [85].

4.3.1. Fe oxides

Among these, Fe oxides have been widely studied because of

their magnetic properties, high abundance, and low toxicity [137].

Magnetite (Fe3O4), Fe2O3, and CuFe2O4 were composited with

MnOx and Fe-Mn binary oxides (FMBOs) were synthesized to ef-

ficiently produce ROS. The release of SO•−
4

and HO• was gen-

erated by ≡Mn(II)/≡Mn(III) and ≡Fe(II)/≡Fe(III) complexing with

HSO−
5

and S2O
2−
8

on the surface of the catalyst (Eqs. 26−29),

such as CuS/Fe2O3/Mn2O3 [69], FMBOs [72], FeOx/MnOy (Fig. 7a)

[39], Fe3O4-MnO2 [138], Fe3O4-α-MnO2 [132], γ -Fe2O3/Mn3O4

[139] and α-MnO2/MnFe2O4 [78]. Additionally, SO•−
4

was also

generated through the catalytic process of Fe2O3/NaHSO3 in Fe-

MnX/BS system with energy input [74]. Similarly, HO• was also

formed in the photo-Fenton system in presence of bio−FeMnOx

(Eq. 30 and Fig. 7b) [136].

However, it has been demonstrated that Fe(III)/Fe(II) has

a lower catalytic activity than Mn(III)/Mn(II) (1.54 eV) and

Mn(IV)/Mn(II) (1.69 eV) because of its lower redox potential (0.77

eV) [140,141]. In addition to providing additional reactive sites, Fe

oxides play a role in accelerating the recycling of Mn species and

the generation of active Mn(III) species, as shown in Eqs. 31−33.

These processes were realized by Fe(II) reducing Mn(III/IV) and

SO•−
3

(the products of Fe(III) oxidizing HSO−
3
) reducing Mn(IV), re-

spectively. For example, Fe(II) could reduce Mn(III) and Mn(IV), al-

lowing the continuous formation of SO•−
5

and SO•−
4

in FeOx/MnOy

combined PMS system [39] and α-MnO2/MnFe2O4 combined PMS

system [78]. And SO•−
3

promoted the formation of Mn(III) was

present in Fe-MnX/BS system, both of that contributed to the re-

moval of methylene blue (MB) dye.

1O2 was also ROS in MFBOs system [142] and α-MnO2/MnFe2O4

system [78], which primarily came from the self-decomposition of

PMS (Eq. 20), transformation from OVs to active oxygen (Eqs. 34

and 35), and the reaction of O•−
2

(Eqs. 14−16).

≡Fe(III) + HSO
−
5 → ≡Fe(II) + SO

•−
5 + H+ (26)

≡Fe(II) + HSO
−
5 → ≡Fe(III) + SO

•−
4 + OH− (27)

S2O
2−
8 + Fe(II) → SO•−

4 + Fe(III) + SO
2−
4 (28)

Fe(III) + H2O → Fe(III) + HO• + H+ (29)

≡Fe(III) + H2O/OH− hv→OH• + H+ + e−
cb

(30)

Mn(III) + Fe(II) → Mn(II) + Fe(III), E0= 0.204 V (31)

Mn(IV) + 2Fe(II) → Mn(II) + 2Fe(III), E0= 0.714 V (32)

SO•−
3 + Mn(IV) + 2OH− → Mn(III) +H2O + SO2−

4 (33)

OVs → active oxygen (34)

active oxygen + HSO
−
5 → HSO−

4 + 1O2 (35)

4.3.2. Cu oxides

Cu oxides are more catalytically active compared than their ho-

mogeneous counterparts. Therefore, Cu oxides are excellent candi-

dates for fabricating composites with MnOx. In the presence of Cu

oxide-MnOx hybrids, SO•−
4

and HO• was produced more than in the

presence of pure MnOx or pure Cu oxides. It depended on the dual

redox cycles of Mn(III)/Mn(IV) and Cu(I)/Cu(II), which means that

incorporation of Cu created more active sites to react with oxidant,

such as Mn3O4/CuBi2O4 [143], α-MnO2@CuO [133] and CuO@OMS-

2 [144] in PMS activation. And HO• could also be generated by the

reaction between ozone and surface hydroxyl group, transformed

from the absorb H2O on the surface of MnxCuyOz/γ -Fe2O3 in cat-

alytic ozonation (Eq. 36).

Moreover, the Cu species are involved in accelerating the con-

version of Mn species with different valence states. For example,

the Cu species in CuFe2O4@OMS-2 [76] hardly participated directly

in PMS activation but could reduce Mn species with a high oxida-

tion state, generating more active Mn species for PMS activation.

However, the reaction that HSO−
5

(E(HSO−
5

/HSO−
4

) =1.8 V) reduced

Cu(II) (E(Cu(II)/Cu(I) =0.15 V) is thermodynamically unfavorable, lead-

ing to the transformation from Cu(II) to a higher valence copper

(Eqs. 37–39) have been proposed [145].

O3 + − OH → HO• (36)

8
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≡Cu(II)−OH− + HSO−
5 → ≡Cu(II)−(HO)OSO

−
3 OH

− (37)

≡Cu(III)−OH− + HSO−
5 → ≡Cu(II)−(HO)OSO

−
3 + H2O (38)

≡Cu(II)−(HO)OSO
−
3 → ≡Cu(III)−OH− + SO�−

4 (39)

4.3.3. Co oxides

Co oxides were also selected as the group for composition with

MnOx, such as Mn-Co/γ -Al2O3 [146], MnxCo3−xO4 [147], and MCW

(composites embracing Mn, Co, and W) [148], which activate PMS

to produce the SO•−
4

, HO•, O•−
2

and 1O2. The SO•−
4

and HO• was

produced from changes in the valence of Mn species, Co species

and Mn/Co species. And the O•−
2

was originated from O2, which

was transformed from lattice oxygen (Eq. 40). In addition, 1O2 was

produced by the self-decomposition of PMS.

O2 + e− → O•−
2 (40)

Furthermore, multiple valence states and more electron trans-

fer pathways were observed in Co-Mn spinel oxides, which have

the potential for application in low-cost and simple fabrication

[19,149,150]. Therefore, achieving the targets for efficient pollutant

removal from AOPs is highly promising. The generation of SO•−
4

and HO• was similar to the bimetallic oxide of cobalt oxide com-

bined with Mn referred above in Co-Mn spinel oxides/PMS system

[151].

Moreover, HO• and O•−
2

could be generated to display supe-

rior sonocatalytic activity in oxytetracycline (OTC) degradation by

MnCo2O4+σ under ultrasonic irradiation (Eq. 41) [152]. When it

comes to photocatalyst-PMS activation coupling system, SO•−
4

was

originated from the reaction between PMS and the photogenerated

electrons driven to the catalyst surface (Eqs. 42 and 43), the metal-

hydroxyl species with low-valent state (≡Co(II)−OH, ≡Mn(II)−OH,

and ≡Mn(III)−OH) (Eqs. 44–46) and HO• (Eq. 47) [81]. As for HO•,

≡Co and ≡Mn ions reacted with PMS and SO•−
4

reacted with OH−

(Eq. 48), which explains their clear formation.

O2/H2O + MnCo2O4+δ
US→ ROS : HO•/H2O2, O•−

2 , etc. (41)

CoMnOx + hv → CoMnOx(e
−) + CoMnOx(h

+) (42)

CoMnOx(e
−) + HSO

−
5 → SO•−

4 + OH− (43)

≡CoII−OH + HSO−
5 → ≡CoIII−OH + SO•−

4 + OH− (44)

≡MnII−OH + HSO−
5 → ≡MnIII−OH + SO•−

4 + OH− (45)

≡MnIII−OH + HSO−
5 → ≡MnIV−OH + SO•−

4 + OH− (46)

HO• + HSO−
5 → SO•−

4 + OH− (47)

OH− + SO•−
4 → SO2−

4 + HO• (48)

The acetylperoxyl radical (CH3C(O)OO
•) is the primary

ROS that efficiently degrades sulfamethoxazole (SMX) in the

Co3-xMnxO4/peracetic acid (PAA) system (Fig. 8) [19], stemming

from the electron transfer from PAA to the metal-hydroxyl species

in a high-valent state (Eqs. 49-51) and the attack from CH3C(O)O
•

to PAA (Eq. 52) [19]. And the values of kobs and TOF (turnover fre-

quency) were 0.54 min−1 and 21.6 min−1 in this system. Moreover,

reduction potential of Mn(IV)/Mn(III) (0.15 V) and Mn(III)/Mn(II)

Fig. 8. The proposed PAA activation mechanism to produce RO• . Reprinted with

permission [19]. Copyright 2023, Elsevier.

(1.51 V) are lower than Co(III)/Co(II) (1.81 V), which uncovered that

Mn(II) and Mn(III) reduced Co(II) to facilitate the redox cycling of

Co(III)/Co(II) thermodynamically favorable.

≡Co(III)−OH− + CH3C(O)OOH

→ ≡Co(II)−OH− + CH3C(O)OO• + H+ (49)

≡Mn(III)−OH− + CH3C(O)OOH

→ ≡Mn(II)−OH− + CH3C(O)OO• + H+ (50)

≡Mn(IV)−OH− + CH3C(O)OOH

→ ≡Mn(III)−OH− + CH3C(O)OO• + H+ (51)

CH3C(O)OOH + CH3C(O)O• → CH3C(O)OO• + CH3C(O)OH

(52)

In addition to common Fe, Cu, and Co oxides, oxides of other

elements such as Ni [131], Ce [153], Li [154] and Mg [155] have

been coupled with MnOx in various AOPs.

4.4. MnOx-carbonaceous material hybrids

Recently, carbonaceous materials with tunable electronic and

physicochemical features, superior acid and alkali resistances, large

surface areas, abundant reserves, and strong biocompatibility have

led to the rapid development [1]. In contrast to pure MnOx, car-

bonaceous materials compounded with MnOx have diverse influ-

ences on pollutant degradation mechanisms in AOPs in contrast to

pure MnOx.

The production of radicals relies primarily on metal sites in

AOPs with MnOx-carbonaceous, and the increase in radical pro-

duction is attributed to the redox cycles of different metal species,

which is similar to metal oxides alone [98,156-160]. Additionally,

radicals, such as SO•−
4

and HO•, also was available from the reac-

tion at surface oxygen-containing functional groups and the defect

structure of the material, produced from the introduction of car-

bonaceous materials [161]. However, the ratio of non-radical path-

ways increased with the addition of carbon materials compared to

that of pure metal systems.

In addition to the self-decomposition of PMS and superoxide

radicals oxidation [37,162], 1O2 was generated at the electron-rich

ketonic groups (−C=O) on the surface of carbonaceous materials in

AOPs with MnOx-carbonaceous material, which was considered as

an active site to activate PMS, leading to the cleavage of peroxide

O−O bond in the PMS [41,163]. For example, the −C=O within CNT

(carbon nanotube) was able to catalyze PMS to produce 1O2 [40],

and both of −C=O and defects on the surface of mMFC-6 (Mn-Fe

oxycarbide) could do the same [163].

Another non-radical pathway, electron transfer, facilitates the

oxidation of contaminants through the formation of surface-

activated complexes from the adsorption of oxidants on surface

9
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active sites, and transfer from pollution as electron donors to ox-

idants as electron acceptors mediated by catalysts. For example,

surface-activated complexes generated from a combination of sur-

face Mn(III) and PMS boosted electron transfer from the contami-

nant to Mn-BBC, facilitating the oxidation of the contaminants [38].

Functional groups on carbon materials, such as C−C/C−H, carboxyl

and hydroxyl groups [94], could be also active sites for adsorption

of PMS to produce metastable PMS.

Radical pathways coexist with non-free radical pathways in

many systems [41,164]; for example, both ROS and ETP have been

observed to jointly contribute to roxarsone (ROX) decomposition

in ball milling multi-walled carbon nanotubes with electrolytic

manganese residue (MT/EMR)/PDS systems [165]. Typically, radical-

induced oxidation, oxidation by 1O2 and electron transfer-mediated

oxidation are the three pathways involved in the presence of

MnFe2O4/MX and PMS. The activation mechanisms of the MnOx-

other support material hybrids are shown in Text S6 (Supporting

information).

5. Factors influencing the reactivity

5.1. Effects of pH

The pH has a significant impact on AOPs, which is reflected in

the distinct degradation effects of different systems at different pH

values. The reasons why the optimal pH values for the different

studies varied are explained below.

The classic Fenton reaction usually tends to be confined to

acidic environments, and the degradation efficiency is seriously in-

hibited when pH > 4 [166] because iron precipitates in neutral and

alkaline environments, forming iron sludge. Heterogeneous Fenton

or Fenton-like processes can extend the applicable pH range to

neutral [167]. This is a bottleneck for pollutant removal because of

the remarkable decomposition of H2O2 above pH 9. For example,

as the pH increased from acidic to neutral, the degradation rate of

CIP decreased from 69% to 42% during the electro-Fenton process

with MnCo2O4 modifying cathode [168].

In persulfate-based activation systems, degradation rates are

usually inhibited under acidic conditions (pH < 3). On the one

hand, acidic environments can lead to the dissolution of Mn on the

catalyst surface, which in turn may lead to the loss of active sites

and alteration of the surface structure of the catalyst [160], ulti-

mately leading to the inhibition of reactivity. In contrast, the com-

petition between protons and catalysts for binding to PS [169] and

quenching of the active species by H+ reduces the activity of the

catalyst [170,171]. For example, the degradation rate of CIP slowed

owing to the inhibitory effect of H+ on the generated radicals, re-

sulting in a lower oxidation potential when the pH reached 3 in

a system where CuS/Fe2O3/Mn2O3 and PMS existed together [69].

Under alkaline conditions (pH > 10), both improved and inhibited

degradation was possible. Enhancement effect was related to the

base activation of PMS [172] and the formation of more surface hy-

droxyl groups (−OH) on the catalyst surface [37], which provided

more active sites and species. Dampening effect was originated

from suppression of HO• generation, consumption of PMS (from

HSO−
5

to SO5
2−) as well as the self-quenching of SO•−

4
[173] re-

spectively.

Most importantly, the electronegativity of the catalyst surface,

PS ionization, and pollutant molecules affect the outcome of the

degradation reaction [174]. For instance, there were no obvious

changes in the degradation efficiency of CBZ in the pH range of

3 to 6.5, but there was a slight decrease at pH 8.0−10 in the

Fe3O4-MnO2-ZIF-67/PMS system. This is because when pH > 7, the

surface of Fe3O4-MnO2-ZIF-67 is negatively charged owing to the

zero point of charge with a value of 6.3, and PMS is primarily

in the form of HSO−
5
. Hence, the strong electrostatic repulsion be-

tween Fe3O4-MnO2-ZIF-67 and PMS inhibited the degradation ef-

fect [156]. In addition, the application of the pH could be broad-

ened by other properties of the contaminants. For example, BPA

was adsorbed on the surface of catalyst by π-π and hydrophobic

interaction, limiting the effect of the pH [88].

Finally, the pH affects the interconversion of radicals, which in

turn affects the degradation of pollutants. The reaction between

SO•−
4

and HO− would deplete SO•−
4

to produce HO• when pH >

7 [175,176]. However, the reduction potential of HO• is lower while

the lifetime of HO• is much shorter (20 ns) compared to SO•−
4

(30–

40 μs) [177], which might lead to the inhibition of the contaminant

degradation at higher pH.

5.2. Water anions

The impact of anions in water on the activation of oxidants is

summarized as follows: (1) competing with pollutants by reacting

with active species or oxidants, (2) changing the pH, and (3) af-

fecting the adsorption and reaction of pollutants and oxidants on

the catalyst surface.

All of carbonate (CO−
3
)/bicarbonate (HCO−

3
), nitrite (NO−

2
)/nitrate

(NO−
3
), chloride ion (Cl−) and dihydrogen phosphate ion (H2PO4

−)
compete with pollutants by reacting with active species or oxi-

dant. It is widely believed that HCO−
3

perceived as a scavenger

for highly reactive radicals or oxidants, can react fast with SO•−
4

,

HO• and IO−
4

to produce less reactive carbonate radicals (CO•−
3

and

HCO•
3
) to hinder degradation of pollutants [78,110]. In contrast, in-

hibition of pollutant removal is not caused by depletion of active

species in PAA activation system [31], owing to previous research

uncovered that HCO−
3
is difficult to react with RO• [178,179]. Hence,

it has been proposed that the generation of unreactive Mn com-

plexes inhibits SMX degradation in the PAA system [31]. Besides,

HCO−
3

could enhance the reactivity by reacting with PDS to form

a oxidant HCO−
4

[180]. The presence of Cl− exhibits mild inhibi-

tion at low concentrations and promotion at high concentrations

[102]. The inhibition sprang from the quenching of SO•−
4

and HO•

to generate less reactive chlorine radicals and the promotion de-

rived from the formation of active chlorines including Cl• and HClO

[181,182]. HPO4
2−, NO−

2
and NO−

3
can also quench SO•−

4
and HO•

to produce H2PO
•
4
, NO•

2
and NO•

3
with lower activity thereby in-

hibiting reactivity [88,183]. Thus, non-radical dominated systems

are less disturbed by anions.

Hydrolysis of weak acid anions CO−
3
, HCO−

3
and HPO2−

4
leads to

a change in the pH of the solution, which is another way for an-

ions in water to influence oxidant activation [155]. For example,

with the addition of 3 mmol/L bicarbonate to the solution, the pH

of the solution increased to 6.2, which lead to the weakening of

PMS activation, by negative charge on the surface of MnO2 and the

increasing repulsion between MnO2 and HSO−
5

surfaces [108].

Finally, the influence of water anions on the adsorption and

reaction of pollutants and oxidants on the catalyst surface was

investigated. HPO4
2− deactivates the catalyst surface via mask-

ing of active sites and competing adsorption sites. For example,

HPO4
2− adsorbed and attached to the surface OH groups of CeMO

nanocomposites, inhibiting the production of radicals [67]. In addi-

tion, HPO4
2− could coordinate with Mn(IV) to compete with PMS,

which inhibited PMS adsorption to generate surface-active Mn(IV)

[28]. Both pathways strongly influence pollutant degradation.

5.3. Natural organic matter

Natural organic matter (NOM) is widely found in natural wa-

ters. It is usually inhibitory to AOPs because of the masking of the

active site versus the quenching of the active species. For example,

fulvic acid (FA) is a NOM. It not only blocked the active sites by
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adsorbing onto the surface of Mn3O4 but also quenched the ac-

tive species in this system, leading to the inhibition of SMX degra-

dation [31]. However, NOM can facilitate contaminant removal in

a few peroxymonosulfate-based systems owing to the promotion

of PMS activation by semiquinone radicals stemming from NOM

[184]. Moreover, enhanced pollutant removal was observed in the

photocatalytic systems, which was attributed to the fact that NOM

can act as a natural photosensitizer [185].

6. Conclusions and perspective

This review focused on the activation mechanism of MnOx and

derivative-modified materials in AOPs, as well as the enhance-

ment mechanism after modification. The analysis of the activa-

tion mechanisms involved both radical and non-radical mecha-

nisms. The enhancement mechanism was elaborated for MnOx,

doped MnOx, metal oxide-MnOx hybrids, MnOx-carbonaceous ma-

terial hybrids, and MnOx-other support material hybrids. Moreover,

it briefly summarized the preparation method for MnOx and effects

of various influencing factors on the degradation reaction, includ-

ing pH, water anions, and NOM, were investigated. Although many

MnOx-based catalysts with superior performance have been devel-

oped, it is essential to recognize that their development in the en-

vironmental field has just initiated and faces various challenges.

Deep theoretical research and practical applications still have a

long way to go and the following issues require further study:

First, there are four outlooks for the mechanistic aspects as fol-

lows.

(1) It has been demonstrated that Mn(III) was deemed as an

active center of catalytic reaction. However, the role of the

Mn species in other valence states is usually overlooked.

Specifically, Mn(IV) can be instrumental in PMS adsorption

to enable efficient Mn(IV)/Mn(III) operation [186]. Therefore,

the functions of various valence states of Mn in MnOx and

derivative-modified materials must be explored in depth.

(2) There has been much more research on PMS activation for

organic contaminant degradation than for other oxidants by

employing MnOx and derivative-modified materials. Given

that PDS, PAA, O3 and PI are also considered indispensable

oxidants in AOPs and that their activation mechanisms are

different from those of PMS, studying the activation mecha-

nisms of other oxidants is important.

(3) More effort should be devoted to theoretical calculations and

modeling methods. It is beneficial to understand the differ-

ent modification effects on MnOx at the molecular level and

explain the changes in the electronic structure and reaction

energies of the modifications more clearly.

(4) Some studies have not delved deeply into the activation

mechanisms. Therefore, a deeper discussion of the underly-

ing mechanisms is required. The key factors that play a de-

cisive role in the formation of radicals should not be over-

looked.

Secondly, two outlooks for modification are listed below.

(1) Metals (Fe, Co, and Cu) are used significantly more in MnOx

modification than in non-metallic doping (N, B, and Se),

which could be attributed to the difficulty in successful non-

metallic doping. With nonmetallic doping holding promise

[187], it is worthwhile to address this difficulty.

(2) Morphology regulation and advanced structure construction

can enhance catalyst reactivity through promoting the for-

mation of oxygen vacancies and surface defects, facilitat-

ing charge motion, increasing the specific surface area, and

boosting mass transportation and light-harvesting [188,189],

while different exposed facets have different catalytic ac-

tivities and adsorption performances. However, few studies

have focused on morphology regulation, advanced structure

construction, and exposed facets of MnOx and derivative-

modified materials in AOPs. Therefore, there is an urgent

need to adjust the morphology to be more conducive to ac-

tivation, develop more advanced structures (such as ultra-

thin 2D/2D structures), and controllably synthesize precise

and specified exposed facets.

In the final analysis, the activation and enhancement mecha-

nisms of MnOx and derivative-modified materials are critical for

the development of MnOx-based catalysts for AOPs. We hope that

this study will provide guidance for future theoretical research and

environmental applications.
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