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A B S T R A C T   

In the face of the increasingly serious water pollution problem, sulfate radical-based advanced oxidation pro-
cesses gradually developed due to their remarkable ability to degrade refractory organic pollutants. Spinel ferrite 
nanoparticles (NPs) and their nanocomposites (NCs) can be used as catalysts to activate peroxymonosulfate 
(PMS) with great catalytic performance, high stability, and reusability, which has attracted some attention of 
scholars in recent years. Firstly, the advantages and mechanisms of PMS activation induced by various spinel 
ferrite NPs and their NCs for organic pollutants removal are reviewed in this paper. Secondly, the influence 
factors of catalyst performance and PMS activation are discussed. Finally, the challenges of PMS activation 
induced by spinel ferrite NPs and their NCs are put forward and the direction of improvement is proposed.   

1. Introduction 

With the rapid development of industrialization and the swift growth 
of population, organic pollution is becoming more and more serious 
(Pan et al., 2020; Shao et al., 2020, 2021; Wu et al., 2020). The stable 
nature of refractory organic pollutants enables them to persist in the 
environment for a long time and bring the risk of teratogenic and 
carcinogenic to organisms through bioconcentration (Xiao et al., 2019). 
Traditional biological treatment methods are difficult to handle re-
fractory organic pollutants. Therefore, advanced oxidation processes 
(AOPs), which can effectively degrade refractory organic pollutants, 
have become a current research hotspot. 

The highly reactive radicals generated by AOPs can directly degrade 
most organic pollutants or increase the biodegradability of pollutants 
through oxidation. AOPs usually take hydroxyl radical (•OH) and sulfate 
radical (SO4

− •) as the main active species. Despite hydroxyl radical- 
based advanced oxidation processes (HR-AOPs) having been exten-
sively studied in recent decades, their applications are still limited due to 
the harsh reaction conditions, the instability of oxidants, and a large 
amount of sludge production. Compared with HR-AOPs, sulfate radical- 
based advanced oxidation processes (SR-AOPs) has the advantages of 
more stable active species and higher radical activity. Besides, SO4

− •

can be used to attack organic pollutants which contain unsaturated 
bonds or aromatic Π electrons directly via electron transfer reaction (Hu 
and Long, 2016). The literature on SR-AOPs covers multifarious aspects 
of the environmental field, such as the removal of organic pollutants 
from wastewater (Yang et al., 2019; Bhat and Gogate, 2021; Giannakis 
et al., 2021), in-situ chemical oxidation (ISCO) technology (Tsitonaki 
et al., 2010; Yuan et al., 2014; Zhou et al., 2018) and biodegradability 
improvement (Rizzo, 2011). Consequently, SR-AOPs have attracted 
more attention and extensive research due to their broad application 
prospects. 

Peroxymonosulfate (PMS) (Fig. 1) is one of the major sources of 
SO4

− •, and its main properties are shown in Table 1. The activation 
modes of PMS can be divided into two categories: homogeneous systems 
and heterogeneous systems. Homogeneous activations usually have 
problems such as high energy consumption and difficult recovery. In 
contrast, heterogeneous systems have greater advantages and practica-
bility. Firstly, heterogeneous activators are convenient to separate from 
water for recycling and basically do not require secondary treatment. 
Secondly, heterogeneous systems can operate over a wide pH range (pH 
2–9) and is not prone to hydrolysis and precipitation of metal ions like 
homogeneous systems (Fang et al., 2013; Duan et al., 2015; Oh et al., 
2016). 
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Metal-based catalysts have been widely studied and used in hetero-
geneous systems for their ability to significantly improve reaction ac-
tivity. As competent metallic elements, Co-, Fe-, Cu- and Mn-based 
catalysts have made satisfactory progress in PMS activation (Lei et al., 
2015; Liu et al., 2016; Jawad et al., 2018). To further improve the 
properties, the researchers found that polymetallic coexistence in the 
catalyst could significantly promote the activation process. In this case, 
the research of PMS activation by ferrite NPs and their NCs has been 
developed. Ferrites are a class of magnetic complex oxides consisting of 
Fe and one or more other appropriate transition metal elements, which 
have the advantages of easy preparation, high specific surface areas, 
great chemical stability, tunable shape and size, low cost, and abundant 
resources (Reddy and Yun, 2016). Ferrites normally exhibit ferrimag-
netism and have strong magnetic properties. Therefore, ferrites have the 
significant advantage of being easily recovered from the water by 
magnetic separation, which can effectively alleviate the problem of 
residue. As a stable ferrite, the spinel ferrite has received special 
attention and is often used as an activator for PMS activation to oxidize 
refractory organic pollutants due to its simple chemical composition, 
high catalytic activity, stable spinel structure (shown in Fig. 2), and easy 
recovery (Kefeni et al., 2017). On account of strong metal interaction, 
spinel ferrite NPs and their NCs show excellent activated ability, which 
is much better than single metal catalysts. 

Until now, spinel ferrite NPs and their NCs have been widely 
researched for PMS activation. However, up to now, there are few 
comprehensive and detailed reviews have been made on PMS activation 
induced by various spinel ferrite NPs and their NCs for organic pollut-
ants removal (Peng et al., 2021). To promote further development and 
application, it is necessary to summarize this field and provide ideas for 
subsequent research. With the help of "Web of Science", the latest 
research on spinel ferrite NPs and their NCs/PMS system in the removal 
of organic pollutants in the past 5 years, as well as the classic and 

influential research in recent years are obtained. Herein, a systematic 
review focuses on various spinel ferrite NPs and their NCs for organic 
pollutants removal in SR-AOPs is carried out. And the frequently-used 
synthesis methods of spinel ferrite NPs and their NCs, influence fac-
tors, and mechanisms of PMS activation are discussed. Finally, the 
challenges and improved direction are proposed, hoping to provide 
guidelines for further research. 

2. Spinel ferrite nanoparticles and nanocomposites in PMS 
activation 

2.1. Spinel ferrite magnetic nanoparticles 

2.1.1. Superiorities of MFe2O4 NPs in PMS activation 
Spinel ferrites are named because their crystal structure is the same 

as that of the natural mineral spinel. The chemical formula of spinel 
ferrites is MFe2O4, where M represents bivalent metal ions with a radius 
close to Fe2+ (such as Co2+, Cu2+, Mn2+, Ni2+, Zn2+, etc.) or a variety of 
metal ion groups whose average chemical valence state is divalent. 
Different types of MFe2O4 can be prepared using different alternative 
metal ions. MFe2O4 doped with one metal ions are called single- 
component MFe2O4, while MFe2O4 doped with two or more metal 
ions are called multi-component MFe2O4. 

In SR-AOPs, typical single-component MFe2O4 NPs used as PMS 
catalysts are CoFe2O4, MnFe2O4, CuFe2O4, and NiFe2O4. The 
morphology and microstructure of these MFe2O4 NPs are shown in 
Fig. 3. The surface of MFe2O4 NPs is irregular granular with a porous 
structure, which not only increases the contact area between catalysts 
and reactants but also enhances the catalytic performance. Nevertheless, 
magnetic NPs reveal a tendency of aggregation, resulting in the loss of 
accessible active sites, which go against the catalytic process. Some 
scholars have confirmed that MFe2O4 NPs as polymetallic catalysts have 
faster and better catalytic performance than single metal catalysts due to 
the synergistic effect (shown in Fig. 4). A virtuous cycle is formed be-
tween M2+/M3+ and Fe3+/Fe2+, which accelerates the generation of 
radicals and promotes the smooth process of degradation. As an illus-
tration, Cai et al. (2020) observed that the degradation efficiency of 
bisphenol A (BPA) under the CoFe2O4/PMS system was 96.0% in 60 
min, while that of the Fe2O3/PMS system was only 21.6% in the same 
time. Moreover, Xu et al. (2016) found the degradation efficiency of BPA 
under CuFe2O4/PMS system was 95.2% in 60 min, while that of 

Fig. 1. The structure of PMS. HSO5
− is the active component of PMS. The 

dashed line is the fission position of the O–O bond during the formation 
of SO4

− •. 

Table 1 
The properties of PMS.  

Properties PMS Ref. 

Chemical formula 2KHSO5⋅KHSO4⋅K2SO4 

(Oxone®) 
Ike et al. (2018) 

CAS number 10058-23-8  
Standard reduction 

potential 
1.75–1.82 V Yu et al. (2020) 

O–O bond dissociation 
energy (kJ/mol) 

377 Benson (1978) 

Solubility in water at 25 ◦C 
(g/L) 

298 Kolthoff and Miller 
(1951) 

Average estimated lifetime hours to days Wacławek et al. 
(2017)  

Fig. 2. Schematic diagram of spinel ferrite structure (Harris et al., 2009), 
Copyright 2009 Elsevier. 
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CuO/PMS system was only 26.1% at the same time. 
Even under the same reaction conditions, varieties of single- 

component MFe2O4 NPs have diverse catalytic activities of PMS, 
which might be correlated with the activity of M2+ in the crystal phase. 
Ren et al. (2015) prepared different types of MFe2O4 (M = Co, Cu, Mn, 
and Zn) and observed the capacity of catalytic PMS was 
CoFe2O4>CuFe2O4>MnFe2O4>ZnFe2O4. CoFe2O4 exhibited the highest 
catalytic effect on PMS oxidation, which was related to the abundant 
hydroxyl sites on the CoFe2O4 surface and the best synergistic effect of 
Co and Fe ions. Although the catalytic activity of CuFe2O4 and MnFe2O4 
is not as high as that of CoFe2O4, Cu2+ and Mn2+ are not as likely to be a 
potential carcinogen as Co2+ (Guan et al., 2013). Besides, the cost of 
MnFe2O4 (2.43 dollars/100 g) is lower than that of CoFe2O4 (9.11 dol-
lars/100 g) (Pang and Lei, 2016). Thus, CuFe2O4 and MnFe2O4 might 
have immeasurable feasibility for application in the industrial field. 

Excellent stability and reusability are also important advantages of 
MFe2O4 NPs as competent PMS activators. Li et al. (2018) analyzed the 
XRD patterns of CoFe2O4 before and after reaction and peak locations of 
the used CoFe2O4, then found no obvious difference and valence state 
change happened on Fe3+, indicating the catalysts are structurally sta-
ble. Pan et al. (2017) conducted ion leakage and recycle tests, then 
observed that the concentration of Co2+ and Fe3+ in the reaction system 

were far below the limit value (2.0 mg/L) of EU’s “Registration, Eval-
uation, Authorization and Restriction of Chemicals”, revealing CoFe2O4 
would not induce serious secondary pollution. Owing to the relative 
stability of spinel structure, the leaching of metal ions from the solid 
phase could be markedly reduced (Zhang et al., 2013). Moreover, a 
study has shown that CoFe2O4 could be reusable for at least 5 cycles with 
very low cobalt leaching (<160 μg/L) (Cai et al., 2020), revealing its 
latent recyclability and favorable long-term durability. 

In conclusion, MFe2O4 NPs have the following advantages: (a) The 
presence of Fe3+ can significantly inhibit the leaching of M2+ due to the 
strong Fe-M interaction. MFe2O4 NPs show great stability owing to the 
stable spinel structure, which is also one of the reasons for the reduction 
of metal leaching. (b) MFe2O4 NPs can be readily recycled using mag-
netic separation thanks to their unique ferrimagnetic properties. (c) 
MFe2O4 NPs exhibit higher surface catalytic activity than single metal 
catalysts, which may be attributed to the strong synergistic effect be-
tween M and Fe. Moreover, the presence of Fe is discovered to be 
conducive to enhancing the content of hydroxyl groups (M-OH) on 
MFe2O4 NPs surface, which is regarded to contribute to the formation of 
MOH+ (Eq. (1)-Eq. (3)) (Yang et al., 2009). It is a crucial step in het-
erogeneous PMS activation by MFe2O4 NPs. 

Fig. 3. SEM images of (a) CoFe2O4 and (b) MnFe2O4 (Wang et al., 2012), Copyright 2012 Elsevier. SEM images of (c) CuFe2O4 and (d) NiFe2O4 (Laokul et al., 2011), 
Copyright 2011 Elsevier. 

Fig. 4. Degradation of BPA under different systems: (a) [BPA] = 0.1 mM, [Catalyst] = 0.2 g/L, [PMS] = 1.0 mM, pH0 = 6.3 (Cai et al., 2020), Copyright 2020 
Elsevier. (b) [BPA] = 50 mg L-1, [Catalyst] = 0.4 g L-1, [PMS] = 0.5 g L-1, pH0 = 6.72 (Xu et al., 2016), Copyright 2016 Elsevier. 
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Fe3+ +H2O→FeOH2+ + H+ (1)  

M2+ +FeOH2+→MOH+ + Fe3+ (2)  

MOH+ +HSO−
5 →MO+ + SO−

4 • +H2O (3) 

To further improve the catalytic performance and stability, some 
scholars used MFe2O4 NPs doped with different elements, namely multi- 
component MFe2O4 NPs, as catalysts for PMS activation. The influence 
of different element doping modifications on the catalytic performance 
was studied to determine the optimal doping type. For example, the 
NiFe2O4 and MnFe2O4 are doped by Co2+ or Cu2+ respectively to obtain 
different content of doped MFe2O4. The catalytic performance of 
NiFe2O4 is poor, while it is obviously improved after doping with Co2+. 
Low concentration doping is beneficial to improve the catalytic perfor-
mance of NiFe2O4, while high concentration doping will lead to lattice 
distortion and reduce the catalytic performance. On the contrary, for 
MnFe2O4, which has good catalytic performance, no matter doping Co2+

or doping Cu2+, its catalytic effect is not significantly improved. 
Therefore, the improved method of element doping is more suitable for 
MFe2O4 with poor performance in the PMS activation system. Mean-
while, the metal ion selected for doping should have a similar radius to 
the metal to be doped, the chemical properties, as well as the ability to 
gain and lose electrons, should also be similar so that the structure of the 
doped catalyst is relatively stable. 

2.1.2. Mechanism of PMS activation induced by MFe2O4 NPs 
Activation reactions in MFe2O4/PMS system mainly occur on the 

surface of MFe2O4 NPs. In the reaction process, SO4
− • and •OH are the 

main active species, which play a key role in the removal of organic 
pollutants. The prominent activity of MFe2O4 NPs is owing to the 
distinct synergistic effect, which is conducive to the continuous 
decomposition of PMS and the generation of radicals. A brief mechanism 
of PMS activation by MFe2O4 NPs is shown in Fig. 5. 

Metal ions act as Lewis acids and bind to the adsorbed H2O mole-
cules. It leads to the formation of a large number of activated hydroxyl 
groups (MOH+ and FeOH2+) on the surface of MFe2O4 NPs (Eq. (4) and 
Eq. (1)), which is the rate-limiting step of PMS activation. As well, 
FeOH2+ can furthermore react with M2+ to form MOH+ (Eq. (2)). Then 
these hydroxyl groups are combined with HSO5

− in the reaction solution 
through hydrogen bonds, and exist in the form of MFe2O4–O–H–HSO5

− . 

MOH + can activate HSO5
− to form SO4

− • and MO+ (Eq. (3)), while MO 
+ could reduce HSO5

− to MOH+ (Eq. (5)), building a virtuous cycle of 
repeated MOH+ production. In the presence of H+, MO + can be oxidized 
to M3+ according to Eq. (6) and Eq. (7). Besides, Fe3+ on MFe2O4 NPs 
surface can activate HSO5

− into SO4
− • and SO5

− • by Eq. (8) and Eq. (9). 
The generated SO4

− • can further form •OH according to Eq. (10). The 
formation of radicals on the catalyst surface is an important step in the 
oxidation process. As strong oxidants, SO4

− • and •OH lead to the 
degradation of organic pollutants through typical chain reactions. 

M2+ +H2O→MOH+ + H+ (4)  

MO+ +HSO−
5 →MOH+ + SO−

5 • (5)  

MO+ + 2H+→M3+ + H2O (6)  

M3+ +HSO−
5 →M2+ + H+ + SO−

5 • (7)  

Fe3+ +HSO−
5 →Fe2+ + H+ + SO−

5 • (8)  

Fe2+ +HSO−
5 →Fe3+ + SO−

4 • +OH− (9)  

SO−
4 • + H2O→SO2−

4 + HO • +H+ (10) 

Moreover, based on the standard reduction potentials of M3+ and 
Fe3+ (Eq. (11)-Eq. (13)), the reduction of M3+ by Fe2+ (Eq. (14)) is 
thermodynamically advantageous. This means that the catalyst con-
taining both M and Fe can facilitate the regeneration of M2+ on the 
surface of MFe2O4 NPs. In MFe2O4/PMS system, the collaborative cat-
alytic cycle of M2+-M3+-M2+ and Fe3+-Fe2+-Fe3+ is formed, which is one 
of the reasons why MFe2O4 maintains good catalytic performance. 
Through PMS activation, the valence states of M and Fe are reconverted 
to divalent and trivalent states, respectively. 

Co3+ + e− →Co2+ E0 = 1.81 V (11)  

Cu3+ + e− →Cu2+ E0 = 1.57 V (12)  

Fe3+ + e− →Fe2+ E0 = 0.77 V (13)  

Fe2+ +M3+→Fe3+ + M2+ (14)  

2.2. Supported spinel ferrite nanocomposites 

Composites can often combine the advantages of different materials 
and reduce some drawbacks to achieve better performance and catalytic 
effect. By loading MFe2O4 NPs onto a support to form MFe2O4 NCs, the 
stability of the catalyst can be further enhanced (Zhang et al., 2016, 
2020; Ma et al., 2020). In addition, the active site can be dispersed to a 
certain extent and the agglomeration of magnetic NPs can be relieved 
(Dong et al., 2019). 

2.2.1. Carbon-derived supports 
Carbon-derived materials are broadly employed as supports in PMS 

activation due to their superior controllability, high stability, and low 
leaching. The large specific surface area, developed porous structure, 
and abundant surface functional groups of carbon-derived materials are 
not only conducive to adsorb organic matter but also supply more active 
sites for reactions that occur on the surface of catalysts. As outstanding 
supports, carbon-derived materials can maintain the dispersion of NPs 
and the separation of charge. In addition, the introduction of magnetic 
MFe2O4 NPs enabled catalysts to be easily separated by magnetic sep-
aration. Meanwhile, carbon-derived materials are also dependable PMS 
activators (Xiao et al., 2018; Peng et al., 2020). They are accompanied 
by catalytic reactions in many adsorption processes and show catalytic 
activity (Yao et al., 2019). 

Some scholars prepared MFe2O4/biochar (BC) magnetic NCs and Fig. 5. Possible mechanism of PMS activation induced by MFe2O4 NPs.  
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applied them to the catalyst/PMS system (Fu et al., 2019; Zhao et al., 
2020). Li et al. (2020) loaded CoFe2O4 NPs with BC and fabricated 
CoFe2O4/BC with strong magnetic properties, hierarchical porous and 
graphitized structure, emphasizing the synergistic effect between 
graphitized structure and CoFe2O4. They observed that although the 
mass percentage of CoFe2O4 in CoFe2O4/BC was only 10%, the BPA 
removal efficiency by CoFe2O4/BC/PMS system was significantly better 
than that of pure CoFe2O4/PMS system under the same reaction condi-
tions. This phenomenon can be related to the positive promoted effect 
between graphitized structure and CoFe2O4 NPs (shown in Fig. 6a). It 
was found that the graphitized structure was conducive to PMS activa-
tion, and the graphitization process could convert amorphous carbon 
into graphitized carbon, which enhances the charge density of nearby 
carbon atoms, accordingly promoting electron transfer and producing 
more active catalytic sites (Tian et al., 2018). Carbon-derived materials 
with graphitized structures could realize a non-radical pathway by 
mediating the transfer of electrons from pollutants as electron donors to 
PMS as electron acceptors (shown in Fig. 6b). 

The interatomic force of graphene is very strong and it has a stable 
lattice structure. Graphene can not only offer attachment sites for 
MFe2O4 NPs but also improve the efficiency of electron transfer. As 
popular carbon-derived materials, graphene-based materials have 
attracted extensive attention from researchers because of their excellent 
performance and great potential in improving the properties of MFe2O4 
NPs in SR-AOPs (Yao et al., 2014a,b; Xu et al., 2019; Hao et al., 2020). 
Xu et al. (2015) found graphene-based CoFe2O4 (G-CoFe2O4) was more 
efficient than CoFe2O4 in PMS activation. Under the same reaction 
conditions, it only took 45 min for G-CoFe2O4/PMS system to 
completely degrade dimethyl phthalate, while the CoFe2O4/PMS system 
took twice the time. Graphene in these NCs acted as a substrate rather 
than a catalyst to adsorb organic pollutants. Graphene oxide (GO) is one 
of the important derivatives of graphene. The introduction of 
oxygen-containing functional groups not only makes GO chemically 
stable but also provides surface-modified active sites and large specific 
surface areas. In the process of composite with MFe2O4, GO can effec-
tively disperse the attached materials and prevent agglomeration. Chen 
et al. (2018a,b) synthesized CoFe2O4-GO coupled with PMS for nor-
floxacin removal. Under appropriate reaction conditions, norfloxacin 
can be completely degraded, revealing its excellent performance in 
activating PMS for organic pollutants removal. And GO did not only 
function as support here, but the surface oxygen species at its defective 
sites played a vital role in the degradation system. 

2.2.2. Water treatment residuals and sludge-derived supports 
Nowadays, with the shortage of resources, the technology and 

method of treating waste by waste have gained increasing attention 
from scholars. Water treatment residues (WTRs) often contain metal 
elements with catalytic properties, making them potential feedstock of 
metals, which can reduce resource consumption and costs. Sludges are 
carbonaceous, and the carbon material derived from them often has a 
microporous structure and provides a large specific surface area for the 

diffusion of reactants to the active site. Moreover, after treatment and 
processing, WTRs and sludges can become the supports of MFe2O4, 
promoting the uniform distribution of NPs and preventing the occur-
rence of aggregation phenomena. 

Li et al. (2019) employed WTRs as potential Fe source and catalyst 
support of CoFe2O4 and suggested the high efficiency of 
CoFe2O4@WTRs as PMS activator in degradation of atrazine. Under the 
optimum reaction conditions, the removal efficiency of atrazine can be 
up to 98.2% in CoFe2O4@WTRs/PMS system. Yang et al. (2020) fabri-
cated sludge-derived activated carbon and used it as a support for 
CoFe2O4. Experimental results showed that CoFe2O4-SAC/PMS system 
was superior to CoFe2O4/PMS system in the degradation process. The 
unique structure of SAC relieved magnetic CoFe2O4 NPs from aggrega-
tion partially. Furthermore, the high graphitized carbon could transfer 
electrons rapidly and had abundant structural defects, which might 
facilitate the transportation of unpaired electrons, leading to the gen-
eration of radicals (Zhang et al., 2010). 

2.2.3. Natural minerals 
Natural minerals are frequently-used as adsorbents catalysts or 

supports to remove organic pollutants due to their abundant resources, 
low cost, numerous surface groups, and strong stability in recent years 
(Li et al., 2018; Mukhopadhyay et al., 2020). Kaolinite is one of the 
common natural minerals with abundant aluminum hydroxyl groups 
and an eternal negative charge, which can prevent the agglomeration of 
MFe2O4 NPs by weakening the crystallization on the catalyst surface. 
Dong et al. (Dong et al., 2019) noted the outstanding strengths of 
kaolinite as support and prepared CuFe2O4/kaolinite NCs for efficient 
degradation of BPA. Fig. 7a–c distinctly shows the positive effect of 
kaolinite on avoiding agglomeration. CuFe2O4 NPs are evenly distrib-
uted on the surface of kaolinite, which means more exposure to the 
accessible active sites. Additionally, the aluminum hydroxyl groups on 
the surface of kaolinite can be considered as active sites for PMS acti-
vation (Li et al., 2019). Under the dual action of CuFe2O4 and kaolinite, 
the degradation efficiency of BPA can reach more than 98% in 60 min. 
The formation of SO4

− • is not only related to the high-valence metal ion 
(Cu (III)) but also induced by abundant hydroxyl groups on the surface 
of kaolinite (shown in Fig. 7d). In addition, Wu et al. (2019) employed 
organo-montmorillonite (OMt) as support for CoFe2O4 and investigated 
the degradation efficiency of carbamazepine (CBZ) by different PMS 
systems. Montmorillonite is a kind of low-cost and abundant natural 
material, which has wonderful specific surface areas and outstanding 
cation exchange capacity (Liang and Li, 2017). OMt is modified from 
montmorillonite with stronger hydrophobicity and greater layer spacing 
(Lu et al., 2014). In CoFe2O4/OMt/PMS system, Co2+/Co3+ and 
Fe2+/Fe3+ actively participate in the activation of PMS without signif-
icant changes in composition (shown in Fig. 7e). 

2.2.4. Mechanism of PMS activation induced by MFe2O4 NCs 
In fact, it is difficult to determine whether MFe2O4 NCs certainly 

induce radical pathways or non-radical pathways. Radical and non- 

Fig. 6. (a) The synergistic effect between graphitized structure and CoFe2O4 NPs (Li et al., 2020), Copyright 2020 Elsevier. (b) Mechanism of PMS activation induced 
by MnFe2O4/MS for organic oxidation (Fu et al., 2019), Copyright 2019 Elsevier. 
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radical pathways may occur simultaneously or independently. The 
specific pathway is related to the type, functional groups, and defect 
degree of supports. 

In the radical pathway, the O–O bond of PMS will break, splitting it 
into two parts. A part of them receives electrons from electron donors 
and releases as ions (SO4

2− and OH− ). The remaining part with unpaired 
electrons is called radicals (SO4

− • and •OH). 
In the non-radical pathway, the O–O bond of PMS will not be broken, 

but it is stretched to generate surface-active complex, which can straight 
attack pollutants or further react with OH− /H2O/O2 to produce 1O2. The 
attack of the surface-active complex on organic pollutants can be 
divided into two types: (1) PMS and pollutants are adsorbed at same or 
similar locations on the surface of the support. The ternary system of 
PMS/pollutant/support is formed, and the unbalanced electron distri-
bution leads to electron transfer in the structure. This allows the surface- 
active complex to further oxidize the adsorbed organic pollutants 
through rapid electron transfer rather than releasing radicals. (2) PMS 
and pollutants are adsorbed at different locations on the surface of the 
support. PMS is far from pollutants and direct electron transfer between 
them is difficult. This is where the support played a crucial role. For 
example, the lattice of carbon-derived materials can facilitate electron 
shuttle and accelerate electron transfer from pollutants to PMS. 

2.3. Synthesis methods 

At present, the frequently-used synthesis methods of MFe2O4 NPs 
and NCs mainly include sol-gel method, co-precipitation method, hy-
drothermal method, and template method. In practice, these methods 
are generally combined or modified to obtain better products with 
improved properties. Table 2 shows the synthesis methods of various 
MFe2O4 NPs and NCs, and Fig. 8 displays the preparation processes by 
different synthesis methods. 

MFe2O4 NPs preparation by sol-gel method involves adding the 
aqueous solution of Fe and M salts to an additive solution (such as citric 

acid or egg white) drop by drop. Then evaporating the mixture in a 
water bath to form a gel, which will be calcinated to obtain MFe2O4 NPs 
(Zhao et al., 2018). It has been proved that the sol-gel combustion 
method can effectively accommodate different cations in the complex 
and make the cations uniformly mixed (Ding et al., 2013). The raw 
materials used in the sol-gel method are first dispersed into the solvent 
to form a low-viscosity solution, which makes it easy to obtain unifor-
mity at the molecular level. 

Co-precipitation method has the advantages of simple process, easy 
control of preparation conditions, and short synthesis period. NaOH is a 
frequently-used precipitant, MFe2O4 NPs and NCs can be obtained by 
adding it to the pre-prepared mixed metal salt solution without 
complicated processing (Senapati et al., 2011). However, in the process 
of preparing MFe2O4 NPs by co-precipitation, every stage may lead to 
the formation of agglomerates, which will reduce the catalytic perfor-
mance of obtained materials. Supports with remarkable nature can 
effectively alleviate NPs agglomeration. 

Compared with sol-gel method and co-precipitation method, the 
biggest advantage of hydrothermal method is that the crystalline prod-
ucts can be obtained directly without calcination, avoiding the forma-
tion of particle agglomeration. Hydrothermal method takes an aqueous 
solution as the reaction system and heats the mixed salt solution of Fe 
and M in an autoclave. The temperature difference in the autoclave is 
controlled to generate convection, so that the solution reaches a su-
persaturated state, then products are synthesized and processed by 
recrystallization. 

Template method is used to synthesize ordered mesoporous or 
porous MFe2O4 NPs, which can effectively prevent self-aggregation and 
provide more active sites. Through the physicochemical interaction, 
precursors are formed in the cavity of the template. After extraction, 
oxidation, or calcination, products with ordered mesoporous or porous 
structures can be obtained from the template. 

Fig. 7. TEM images of (a) kaolinite, (b) bare CuFe2O4, (c) 40%-CuFe2O4/kaolinite NCs; (d) Possible mechanism of radical generation and transfer in CuFe2O4/ 
kaolinite/PMS system (Dong et al., 2019), Copyright 2019 Elsevier. (e) Diagram of PMS activation in CoFe2O4/OMt system (Wu et al., 2019), Copyright 
2019 Elsevier. 
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Table 2 
Synthesis methods of various MFe2O4 NPs and NCs.  

Material Synthesis method Raw materials Characteristics Ref. 

MFe2O4 (M = Co, Cu, Mn, 
and Zn) 

Sol-gel process with egg white Co(NO3)2⋅6H2O, Cu(NO3)2⋅3H2O, Mn 
(NO3)2⋅50%, Zn(NO3)2⋅6H2O and Fe 
(NO3)3⋅9H2O. 

The average crystallite size of MFe2O4 ranges 
between 18 nm and 44 nm. 

(Ren et al., 
2015) 

CuFe2O4, NiFe2O4 and 
ZnFe2O4 

Modified sol-gel method using high 
purity metal nitrates and aloe vera 
plant extracted solution. 

Ni(NO3)2⋅6H2O, Cu(NO3)3⋅3H2O, Zn 
(NO3)2⋅6H2O, Fe(NO3)3⋅9H2O and 
aloe vera extract solution. 

Crystallite size is 15–70 nm. (Laokul 
et al., 
2011) 

MFe2O4 (M = Mn, Fe, Co, 
Ni) 

Hydrothermal method FeSO4⋅7H2O or FeCl3⋅6H2O and MCl2 

(M = Mn, Co, Ni). 
NPs diameter is about 10–20 nm (NiFe2O4), 80–100 
nm (MnFe2O4) and 30–40 nm (CoFe2O4). 

(Wang 
et al., 
2012) 

(Fe3− xMnx)1− δO4 

(x = 0, 0.2 and 0.5) 
Co-precipitation method Ferrous sulfate, ferric chloride, and 

manganese sulfate. 
BET surface areas: 88.5 (x = 0), 68.0 (x = 0.2) and 
101 (x = 0.5) m2 g− 1. 

Yang et al. 
(2011) 

CoFe2O4 Modified sol-gel combustion method Co(NO3)2∙6H2O and Fe(NO3)3∙9H2O. The values of BET specific surface area, total pore 
volume and mean pore diameter are 59.5 m2/g, 0.2 
cm3/g, and 12.8 nm, respectively. 

(Cai et al., 
2020) 

CoFe2O4 Hydrothermal method Co(NO3)2⋅6H2O and Fe(NO3)3⋅9H2O. NPs with an average size of about 13 nm. (Li et al., 
2018) 

CuFe2O4 Sol-gel combustion method Cu(NO3)2⋅3H2O and Fe(NO3)3⋅9H2O. Quasi-sphere particles with particle sizes of about 
100 nm. 

Ding et al. 
(2013) 

CuFe2O4 Through the nanocasting strategy, 
using the as-prepared KIT-6 as hard 
templates. 

Cu(NO3)2⋅6H2O, Fe(NO3)3⋅9H2O, and 
KIT-6. 

Well-ordered mesoporous structure; Pore size is 2.3 
nm. 

Wang 
et al. 
(2014) 

CoFe2O4@WTRs Modified chemical co-precipitation 
combined with calcination method. 

Co(NO3)2⋅6H2O and drinking water 
treatment residuals (WTRs). 

The average pore size is 19.94 nm; the specific 
surface area is 18.82 m2 g− 1. 

(Li et al., 
2019) 

AC@CoFe2O4 Facile co-precipitation method Fe(NO3)3∙9H2O, Co(NO3)2∙6H2O, and 
AC. 

Light-colored shell and the dark-colored core; 
Nano-size: 5–20 nm. 

(Ma et al., 
2020) 

CuFe2O4/MWCNTs Sol-gel combustion method Cu(NO3)2∙3H2O, Fe(NO3)3∙9H2O, and 
MWCNTs-COOH. 

Highly stable skeleton and pore structure; Specific 
surface area is 40 m2 g− 1. 

(Zhang 
et al., 
2016) 

MnFe2O4/MX (X = stems 
(S), leaves (L) and cores 
(C)) 

Solvothermal method Fe(NO3)3⋅9H2O, MnCl2⋅4H2O and corn 
biomass (stems (S), leaves (L), and 
cores (C)). 

NPs diameter is 50–200 nm; the surface areas are 
389, 535 and 270 m2/g for MnFe2O4/MS, 
MnFe2O4/ML and MnFe2O4/MC, respectively. 

(Fu et al., 
2019) 

CoFe2O4-EG Co-precipitation method Co(NO3)2⋅6H2O, Fe(NO3)3⋅9H2O, and 
expanded graphite. 

The BET specific surface area and single-point total 
pore volume are 38.36 m2/g and 0.20 cm3/g, 
respectively. 

(Xu et al., 
2019) 

CuFe2O4/kaolinite Facile citrate combustion method Cu(NO3)2⋅2.5H2O, Fe(NO3)3⋅9H2O 
and kaolinite. 

The diameter is 10–20 nm; Pore size distribution is 
mainly in the range from 2 to 6 nm. 

(Dong 
et al., 
2019) 

CuFe2O4/Bi2O3 Simple sol-gel combustion method Fe(NO3)3⋅9H2O, Cu(NO3)2⋅3H2O, and 
Bi(NO3)3⋅5H2O. 

NPs with rough surface and agglomeration; Surface 
area is 78.088 m2/g, 

(Zhang 
et al., 
2020) 

CuO/Fe2O3/CuFe2O4 Simple one-step hydrothermal 
method 

FeCl3⋅6H2O and CuSO4⋅5H2O. All the samples consist of nanoparticles (10–30 nm) 
and nanoplates (about 100 nm). 

Lyu et al. 
(2020) 

CuO/MnFe2O4 Co-precipitation method Fe(NO3)2⋅9H2O, Mn(NO3)2⋅4H2O, and 
Cu(NO3)2⋅3H2O. 

A mixture of bumpy micropolyhedrons and 
nanoparticles. 

Ma et al. 
(2019)  

Fig. 8. The preparation processes of MFe2O4 NPs and NCs by different synthesis methods: (a) CuO/Fe2O3/CuFe2O4 preparation by hydrothermal method (Lyu et al., 
2020), Copyright 2020 Elsevier. (b) CoFe2O4@WTRs preparation by co-precipitation method (Li et al., 2019), Copyright 2019 Elsevier. (c) CuFe2O4 preparation by 
template method (Wang et al., 2014), Copyright 2014 Elsevier. 
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2.4. Application in removing organic pollutants from wastewater 

MFe2O4 NPs and NCs have been broadly used to remove organic 
pollutants in various wastewater because of their prominent catalytic 
activity to PMS, strong stability, and convenient reusability. Table 3 
shows the degradation of organic pollutants by different MFe2O4 NPs 
and NCs/PMS systems. 

With the development of industry, the treatment of wastewater 
containing phenols and dyes has become a thorny problem, because they 
are a kind of highly concentrated organic wastewater that is difficult to 
be biodegraded. It has been proved that MFe2O4 NPs and NCs play an 
energetic role in phenol-containing and dye-containing wastewater 
treatment (Ding et al., 2013; Yao et al., 2014a, 2014b; Du et al., 2016; 
Dong et al., 2019; Fu et al., 2019; Cai et al., 2020; Li et al., 2020). 
Organic pollutants are attacked by reactive oxygen species generated by 
the activation process of PMS, resulting in a variety of degradation in-
termediates, which are further converted into CO2 and H2O (Li et al., 

2020; You et al., 2021). 
Nowadays, the environmental pollution caused by drug residues has 

also attracted the great attention of scholars. Pharmaceuticals or their 
metabolites that are not fully absorbed and utilized can enter water 
bodies, which will pose a threat to ecological safety and human health. 
Antibiotics and pesticides are two classes of pharmaceuticals that are 
most widely employed in clinical treatment and practical application. 
And there has been evidence that MFe2O4 NPs and NCs/PMS systems 
can effectively remove residual antibiotics and pesticides in wastewater 
(Wang et al., 2017; Chen et al., 2018a, 2018b; Li et al., 2018; Li et al., 
2019; Xu et al., 2019; Yang et al., 2020; Liu et al., 2021; Zhang et al., 
2022). 

Landfill leachate is high-concentration organic wastewater formed in 
landfills that can penetrate the ground, causing soil and groundwater 
pollution. Karimipourfard et al. researched the application of magnetic 
CuFe2O4/rGO (Karimipourfard et al., 2019) and CuFe2O4 (Kar-
imipourfard et al., 2020) as PMS activators in landfill leachate 

Table 3 
Degradation of organic pollutants by various MFe2O4 NPs and NCs/PMS systems.  

Material Contaminant Reaction conditions Degradation performance Ref. 

MFe2O4 (M = Co, Cu, Mn, 
and Zn) 

Dibutyl phthalate (DBP) [PMS] = 20 μmol L− 1, [catalyst] = 0.1 g L-1, 
[DBP]0 = 2 μmol L− 1, pH = 7.0, time = 30 min. 

Removal efficiency: 81.0%(CoFe2O4), 62.3% 
(CuFe2O4), 42.3%(MnFe2O4) and 30.0% 
(ZnFe2O4). 

(Ren et al., 
2015) 

CoFe2O4 and MnFe2O4 Paracetamol [APAP]0 = 0.066 mM, [PMS]0 = 0.20 mM, m 
(MnFe2O4)0 = m(CoFe2O4)0 = 0.2 g/L, initial 
pH = 4.3, time = 120 min. 

TOC removal efficiency: 16.2%(CoFe2O4) and 
3.5%(MnFe2O4); APAP removal efficiency: 
90.5%(CoFe2O4) and 90.5% (MnFe2O4). 

Tan et al. 
(2017) 

CoFe2O4 Bisphenol A (BPA) [BPA] = 0.1 mM, [PMS] = 1.0 mM, [CoFe2O4] 
= 0.2 g/L, pH = 6.3, time = 60 min. 

Removal efficiency >95%. (Cai et al., 
2020) 

CoFe2O4 Atrazine [ATZ]0 = 10 mg/L, [CoFe2O4]0 = 0.4 g/L, 
[PMS]0 = 0.8 mM, pH = 6.3, time = 30 min. 

Removal efficiency: > 99%. (Li et al., 
2018) 

CuFe2O4 Iopromide CuFe2O4 dose = 100 mg L-1, initial iopromide 
concentration = 1 μM, PMS dose = 20 μM, pH =
6.0, T = 20 ◦C, time = 10 min. 

Removal efficiency: up to 70%. Zhang et al. 
(2013) 

CuFe2O4 Tetrabromobisphenol A initial TBBPA concentration = 10 mg L-1, initial 
PMS concentration = 0.2 mmol L− 1, catalyst 
load = 0.1 g L-1, time = 30 min. 

TBBPA removal efficiency: 99%. (Ding et al., 
2013) 

CoFe2O4@WTRs Atrazine [ATZ] = 10 μM, [PMS] = 0.25 mM, [catalyst] =
0 .03 g L-1, pH = 4.01, time = 20 min. 

ATZ removal efficiency: 98.2%. (Li et al., 
2019) 

MnFe2O4/MX (X = stems 
(S), leaves (L) and cores 
(C)) 

Orange II [PMS]0 = 0.5 g/L, [Catalyst]0 = 0.05 g/L, 
[MnFe2O4/MX]0 = 0.05 g/L, [orange II]0 = 20 
mg/L, initial pH = 5.8, time = 6 min. 

Removal efficiency: 93% (ML), 90% (MS) and 
93% (MC). 

(Fu et al., 
2019) 

CoFe2O4-EG Sulfamethoxazole (SMX) [SMX] = 10 mg/L, [Catalyst] = 0.6 g/L, [PMS] 
= 0.4 mM, pH = 6.0 ± 0.3, time = 20 min. 

Removal efficiency: > 99%. (Xu et al., 
2019) 

CuFe2O4/kaolinite Bisphenol A C0(BPA) = 50 mg L-1, C0(PMS) = 0.5 mM, 
C0(Catalyst) = 0.5 gL-1, initial pH = 7.0, time =
60 min. 

Removal efficiency: > 98%. (Dong et al., 
2019) 

CoFe2O4/OMt Carbamazepine (CBZ) [catalyst] = 0.4 g L-1, [CBZ] = 5 mg L-1, [PMS] 
= 0.5 mM, pH = 6.8, time = 60 min. 

Removal efficiency: 93%. (Wu et al., 
2019) 

CoFe2O4/BC Bisphenol A [PMS]0 = 0.5 g/L, [Catalyst]0 = 0.05 g/L, 
[BPA]0 = 10 mg/L, initial pH = 7.4, time = 8 
min. 

Removal efficiency: > 98%. (Li et al., 
2020) 

CuFe2O4@Biochar o-nitrochlorobenzene [o-NCB] = 500 mg/kg, [PS] = 0.1 mol/L, 
[catalysts] = 12 mg/g, initial pH = 7.3, soil 
moisture = 1.0 mL/g, time = 24h. 

Removal efficiency: 42%. (Zhao et al., 
2020) 

G-CoFe2O4 Dimethyl phthalate (DMP) [PMS]0 = 2.0 mM, [catalyst] = 0.5 g/L, [DMP]0 

= 0.05 mM, time = 45 min. 
Removal efficiency: almost 100%. (Xu et al., 

2015) 
MnFe2O4-rGO Orange II [Orange II] = 20 mg/L, [PMS] = 0.50 g/L, 

[catalyst] = 0.050 g/L, time = 120 min. 
Removal efficiency: 90%. (Yao et al., 

2014a, 
2014b) 

CoFe2O4-GO Norfloxacin (NOR) [NOR] = 15 μM, [Oxone] = 0.5 mM, [CoFe2O4- 
GO] = 0.3 g/L, pH = 7, time = 20 min. 

Removal efficiency: almost 100%. (Chen et al., 
2018a, 
2018b) 

NS-CNTs/CuFe2O4 Phenylbenzimidazole-5- 
sulfonic acid (PBSA) 

initial PBSA concentration = 5 mg/L, catalyst 
dose = 50 mg/L, pH = 7.0 ± 0.2, the molar ratio 
of PBSA to PMS 1:50, time = 40 min. 

Removal efficiency: 100%. Zhang et al. 
(2017) 

CoFe2O4-SAC Norfloxacin [NOR] = 10 mg/L, [PMS] = 0.15 g/L, [catalyst] 
= 0.1 g/L, time = 60 min. 

Removal efficiency: > 92%. (Yang et al., 
2020) 

CoFe2O4/TNTs Rhodamine B (RhB) [RhB]0 = 100 mg/L, volume (RhB) = 50 mL, 
[oxone] = 4.0 g/L, catalyst amount = 0.021 g, 
time = 30 min. 

Removal efficiency: 100%. (Du et al., 
2016) 

CoFe2O4/Al2O3 Sulfachloropyridazine (SCP) [SCP] = 5 mg/L, [PMS] = 0.5 mM, [CoFe2O4/ 
Al2O3] = 1.0 mM, initial pH = 7.00, time = 15 
min. 

Removal efficiency: 97.8%. (Wang et al., 
2017)  
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remediation. Under the optimal reaction conditions, the final removal 
efficiency of COD by the catalyst/PMS system could reach 65.1% and 
57%, respectively. 

2.5. Combination with other treatment technologies 

As effective methods to remove organic pollutants, ozonation (Wang 
and Chen, 2020; Wu et al., 2021), photocatalysis (Guo et al., 2019; Bie 
et al., 2021), and external energy (Yao et al., 2021) have also received 
extensive attention and research by scholars. Ozonation can play an 
important role in the disinfection of water and wastewater and the 
removal of organic matter from sewage (Wang and Chen, 2020). As a 
strong oxidant, ozone reacts quickly with pollutants and does not pro-
duce secondary pollution. However, the solubility of ozone in water is 
low and the operating cost of ozonation is high. Photocatalysis has 
developed rapidly in recent years due to mild reaction conditions and 
strong oxidative ability. The photocatalyst generates radicals under light 
to oxidize organic pollutants (Lang et al., 2014). Nevertheless, the issue 
of light transmittance needs to be considered. The wastewater contain-
ing suspended solids and deep chroma is not conducive to photocatalytic 
reaction. External energy usually involves ultrasonic or UV/visible 
irradiation, which is a means of enhancing oxidation and improving 
efficiency. As an auxiliary means, it has a "synergistic effect" with other 
oxidation technologies. 

As mentioned above, the highly active radicals (SO4
− • and •OH) 

generated by SR-AOPs can oxidize macromolecular refractory organics 
into low-toxic or non-toxic micromolecular substances. Various MFe2O4 
NPs and NCs/PMS systems showed satisfactory performance in 
removing organic pollutants from wastewater or landfill leachate. 
However, SO4

− • is less selective and can react with most substances in 
water, resulting in partial loss of oxidative capacity. To effectively 
remove organic pollutants, it is often necessary to add a large amount of 
persulfate, which will cause many sulfate ions to remain in the water. 
Multi-technology combination is a way to reduce costs and pollution 
while increasing treatment efficiency. Coupled photocatalytic and per-
sulfate oxidation system has been proved to be a promising degradation 
strategy of organic pollutants (Yang et al., 2019; Yang et al., 2021). 
Golshan et al. (2018) investigated the photo-oxidation efficiency of the 
TiO2@CuFe2O4/UV/PMS system and the system showed an excellent 
catalytic performance in real environmental samples. Yao et al., 2014a, 

b) evaluated the catalytic activity of the ZnFe2O4-rGO/PMS system for 
the oxidative decomposition of organic dyes under visible light irradi-
ation. The synergistic effect between photocatalysis and persulfate 
activation is an effective way to remove organic pollutants (Chen et al., 
2021). External energy plays a direct or indirect role in PMS activation 
(Takdastan et al., 2018). UV can stimulate the breaking of peroxide 
bonds and promote the generation of radicals, while visible light irra-
diation can promote electron transfer between organic pollutants and 
catalyst/PMS. In addition, ultrasonic irradiation can directly activate 
PMS to generate radicals. 

3. Influence factors of catalyst performance and PMS activation 

3.1. pH 

The pH of the reaction system can affect the activity, stability, 
oxidation potential, or surface charge of MFe2O4 NPs and NCs (Liang 
et al., 2007). It is well accepted that the activation energy is different 
under different pH conditions, and different catalytic systems require 
different optimal pH values (Ahn et al., 2016). It should be noted that 
most MFe2O4 NPs and NCs can play a role in a wide pH range and have a 
good application prospect in theory. In general, the degradation effi-
ciency decreases with the increase of pH value, and the over-alkaline 
condition is not conducive to the catalytic reaction (shown in Fig. 9a). 
Under over-alkaline conditions (pH > 10), OH− has a significant scav-
enging effect on SO4

− •, which converts it into •OH (Eq. (15)). Since the 
oxidative capacity of •OH is not as good as that of SO4

− •, the degra-
dation efficiency is decreased relatively. Meanwhile, it has been re-
ported that metal hydroxides can be produced under high pH, resulting 
in a decrease in oxidation potential and catalytic activity (Chan and Chu, 
2009). The precipitation of metal hydroxides will cause a large amount 
of sludge, leading to secondary pollution. Moreover, there is evidence 
that metallic catalysts are unstable under over-acidic conditions, and the 
leaching of metal ions at low pH will cause secondary contamination, 
which will hinder the reuse of the catalyst (Lei et al., 2015). 

SO−
4 • + OH − →SO2−

4 + HO• (15)  

3.2. Temperature 

Reaction temperature is one of the important factors affecting 

Fig. 9. Effects of different factors on catalyst performance and PMS activation: (a) pH and (b) temperature (Li et al., 2020), Copyright 2020 Elsevier. (c) PMS 
concentration and (d) catalyst dosage (Chen et al., 2018a, 2018b), Copyright 2018 Elsevier. (e) HCO3

− and (f) HPO4
2− (Xu et al., 2019), Copyright 2019 Elsevier. (g) 

different cobalt content in CoxFe3-xO4 (Al-Anazi et al., 2018), Copyright 2018 Elsevier. (h) the mass ratio of CuFe2O4 to rGO (Hao et al., 2020), Copyright 2020 
Elsevier. All reactions are carried out when other factors are at their optimum values. 

J. Sun et al.                                                                                                                                                                                                                                      



Journal of Cleaner Production 346 (2022) 131143

10

reaction efficiency. Increasing the temperature can often significantly 
improve the degradation rate and shorten the reaction time (shown in 
Fig. 9b). High temperature is also one of the ways to promote the 
decomposition of PS into SO4

− •. However, some studies have shown 
that the catalytic efficiency decreases when the temperature is too high 
(Zhao et al., 2018; Wu et al., 2019), which may be related to the 
increased probability of radical recombination and the reaction of metal 
ions with SO4

− • at high temperature. In fact, considering the practical 
application, the reaction system is generally carried out at room tem-
perature (about 25 ◦C), rather than the optimal temperature obtained in 
the experiment. This is since the optimum temperature tends to be high 
and difficult to operate. 

Moreover, different calcination temperatures lead to different spinel 
structures, which affect the catalytic performance. Bao et al. (2018) 
investigated the effect of calcination temperature on CoFe2O4 formation 
and properties. At a lower calcination temperature, NPs with a smaller 
particle size have a larger surface area, which can provide more active 
sites to generate more radicals. High calcination temperature can 
change the crystal structure, the degradation efficiency decreased with 
the increase of calcination temperature. Different MFe2O4 have various 
optimal calcination temperatures. The study by Deng et al. (2013) found 
that the CoFe2O4 obtained at a calcination temperature of 300 ◦C had 
the best catalytic activity. 

3.3. PMS concentration and catalyst dosage 

In this regard, it is generally believed by scholars that the increase of 
PMS concentration is beneficial to provide more SO4

− •, promoting the 
degradation reaction and improving the degradation efficiency (Zhao 
et al., 2014; Ji et al., 2015) (shown in Fig. 9c). Moreover, there is also an 
optimal amount of PMS concentration. Once the optimum concentration 
is exceeded, it causes a self-quenching reaction (Eq. (16)), which will 
clear itself or consume the remaining PMS, reducing the reaction effi-
ciency (Amasha et al., 2018). 

SO−
4 • + HSO−

5 →SO−
5 • +HSO−

4 (16) 

The dosage of MFe2O4 NPs and NCs should also be selected appro-
priately to match the PMS concentration. Increasing the dosage can 
provide more active sites, producing more active radicals and speeding 
up the reaction rate (shown in Fig. 9d). In addition, for metal-doped 
catalysts with porous structures, too high doping dosage will cause 
pore blockage, resulting in a decrease in surface area and pore volume, 
which reduces the reaction efficiency. 

3.4. Anions 

The presence of anions in water can react with reactive oxygen 
species (ROS) and have a scavenging effect on radicals to quench them, 
affecting the catalytic performance. Cl− is widely present in wastewater 
(Wang et al., 2011). It has the potential to react with ROS, thereby 
inhibiting the smooth progress of the reaction of MFe2O4 NPs and 
NCs/PMS system (Eq. (17)-Eq. (19)). In most cases, CO3

2− , HCO3
− , 

HPO4
2− and H2PO4

− all have a negative effect on the degradation re-
action (Waldemer et al., 2007; Vicente et al., 2011). Fig. 9e and f show 
the effects of HCO3

− and HPO4
2− on the degradation of SMX. In 

particular, HPO4
2− and H2PO4

− can not only quench radicals but also 
chelate metal oxides. Their reactions with SO4

− • or •OH are shown in 
Eq. (20)-Eq. (24). However, there is evidence that CO3

2− , HCO3
− and 

HPO4
2− can effectively activate persulfate and play a positive role in the 

degradation process (Yang et al., 2010). 

SO−
4 • + Cl− →SO2−

4 + Cl• (17)  

•OH + Cl− →HOCl− • (18)  

HOCl− • + H+→Cl • +H2O (19)  

SO−
4 • + CO2−

3 →CO−
3 • +SO2−

4 (20)  

SO−
4 • + HCO−

3 →HCO3 • +SO2−
4 (21)  

•OH + HCO−
3 →CO2−

3 + H2O (22)  

•OH + HPO2−
4 →HPO−

4 • +OH− (23)  

•OH + H2PO−
4 →H2PO4 • +OH− (24)  

3.5. The ratio of different components 

The ratio of different metals plays a vital role in the structure and 
performance of MFe2O4 NPs. Due to the different activities of metals, the 
ratio of each metal will affect the overall effect of the catalyst when 
diverse kinds of metals are combined (shown in Fig. 9g). Chen et al. 
(2018a,b) observed that the structure of CoxFe3-xO4 would transform 
from normal spinel into inverse spinel with the increases of x, resulting 
in the emergence of new active sites. To some extent, the Co content is 
directly proportional to the removal performance. However, whether 
higher Co content affects the properties of the final product is largely 
unknown. A similar result was reported by Su et al. (2013), who 
investigated the performance of CoxFe3-xO4 on PMS activation and 
found that the presence of Co in the spinel structure is conducive to the 
decomposition of organic pollutants. As the increase of Co content, the 
reaction rate increased. 

As for MFe2O4 NCs, the ratio of support to MFe2O4 will also affect the 
overall effect of catalyst, and there is an optimal value. Hao et al. (Hao 
et al., 2020) investigated the effect of graphene content in CuFe2O4-rGO 
on the degradation process and found the degradation efficiency 
increased first and then decreased with the increase of rGO content in 
NCs (shown in Fig. 9h). This may be related to the aggregation phe-
nomenon caused by the high magnetic CuFe2O4 NPs content, which 
leads to the reduction of specific surface areas and affects the catalytic 
performance. 

4. Conclusion and perspectives 

SR-AOPs are a kind of advanced oxidation processes with great po-
tential and prospect in the removal of organic pollutants. The intro-
duction of metals has made great progress in the heterogeneous system 
for PMS activation. Single metal catalysts as activators for PMS activa-
tion gradually expose some defects in practical application. Hence, ac-
tivators with polymetallic elements have been extensively and deeply 
studied in SR-AOPs. Spinel ferrite NPs not only have excellent catalytic 
performance and stability but also have strong ferrimagnetism, which 
makes them easy to recover from the reaction system. By fixing them on 
the support and synthesizing spinel ferrite NCs, the performance can be 
further enhanced and the self-agglomeration of magnetic NPs can be 
alleviated. A variety of superiorities make spinel ferrite NPs and their 
NCs ideal activator for PMS activation to remove organic pollutants. In 
this paper, research progress on PMS activation induced by typical 
spinel ferrite NPs and their NCs for organic pollutants removal are 
summarized, revealing the outstanding advantages and application po-
tential of them. To improve the technology and strengthen the practical 
application, several aspects of spinel ferrite NPs and their NCs in SR- 
AOPs are worthy of in-depth discussion and investigation: 

4.1. Ideal and reality 

Up to now, most of the research is based on simulations and carried 
out under ideal conditions in the laboratory. It is not clear whether 
spinel ferrite NPs and their NCs work as well in practice as they do in the 
laboratory. Thus, more consideration should be given to the influence of 
actual environmental conditions on properties and the degradation 
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effect. This is an area that needs to be explored and researched to prove 
that MFe2O4 NPs and NCs/PMS system has the potential of application 
from laboratory to industrial scale. In practice, for purpose of effectively 
removing organic pollutants, it is generally necessary to add a large 
number of PMS, resulting in the treated wastewater containing more 
sulfate ions. Current approaches to this problem are with the help of ion 
exchange or membrane processes to remove the residual sulfate anions 
before the wastewater is discharged into the environment, but this 
strategy increases processing costs. In addition, although studies have 
shown that spinel ferrite NPs and their NCs have good stability and a 
very low level of leaching, the ion leaching problem is still inevitable. 
Metal-containing sludge may become a new source of metals after 
proper recovery and treatment to further realize sustainable develop-
ment and a virtuous cycle. 

4.2. Performance improvement and cost consideration 

The self-agglomeration of magnetic NPs results in the loss of acces-
sible active sites. Scholars have focused on regulating the interatomic 
force of metal atoms in the synthesis process and developed a variety of 
technologies to prevent agglomeration or disperse agglomerated NPs, 
such as atomic layer deposition and pyrolysis strategies. It should be 
noted that it is effective to avoid agglomeration by means of supports, 
but the choice of support type will have an impact on the cost of the 
catalyst. For example, carbon-derived supports are normally expensive, 
which impedes their large-scale application in practice. Choosing cost- 
effective materials (such as natural minerals) for support is strongly 
encouraged. Furthermore, reasonable recovery and utilization of water 
treatment residuals and sludge-derived supports are also the focus of 
attention. Resource recycling and sustainable development are impor-
tant issues of global concern. 

4.3. Multi-technology combination 

It is an effective way to save cost and improve efficiency to develop 
the multi-technology combination. Nowadays, there have been many 
pieces of research that combine SR-AOPs with ozone oxidation, photo-
catalysis, or irradiation technology. The rational use of external energy 
is a fresh research direction. In SR-AOPs, it is a brand-new method to 
cooperate spinel ferrite NPs and their NCs with UV or microwave. 
Moreover, the synergistic mechanism of hybrid systems is worth further 
study to be better applied in practice. 

4.4. Emerging areas of application 

Spinel ferrite NPs and their NCs have been successfully applied to 
remove organic pollutants from wastewater. Over the years, in-situ 
remediation of soil and groundwater has gradually become an 
emerging area of concern. At the same time, the treatment of landfill 
leachate and medical concentrated waste liquid also deserves more 
attention. It has been proved that spinel ferrite NPs and their NCs/PS 
system can play a positive role in landfill leachate degradation. 

4.5. Selection and adjustment of activation pathways 

SR-AOPs based on radical pathways have great mineralization ability 
to organic pollutants. However, the natural organic matter and anions 
present in the actual water environment will consume radicals, resulting 
in a greatly reduced in its actual degradation ability. On the contrary, 
SR-AOPs based on non-radical pathways have strong resistance to the 
interference of various natural organic matters and anions, but the 
mineralization rate of organic pollutants is not high enough. In conse-
quence, for different water quality and organic pollutants, reasonable 
adjustment and precise selection of activation pathways are very 
necessary. 
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