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researchers to better select two precursors. Secondly, the reaction mechanisms of SO3~ were reviewed for organic
pollutant degradation, and the reactivity was systematically compared between SO;~ and ¢OH. Thirdly, methods
for SO3~ detection were reviewed which include quantitative and qualitative ones, over which current contro-
versies were discussed. Fourthly, the applications of SO3 -AOPs in various environmental remediation were
summarized, and the advantages, challenges, and prospects were also commented. At last, future research needs
for SO3~-AOPs were also proposed consequently. This review could lead to better understanding and applications
of SO5 -AOPs in environmental remediations.

1. Introduction

Recently, environmental problems including various industrial
wastewater pollution, soil and groundwater pollution, and air pollution
have not been solved satisfactorily, while pollution from many emerging
contaminants has attracted close attention worldwide. There are many
emerging contaminants including endocrine disruptors, pharmaceuti-
cals and personal care products, disinfection by-products, microplastics,
and antibiotics, most of which are characterized by toxicity, biological
tolerance, or persistence (Luo et al., 2023; Zou et al., 2023). Usually,
traditional biological and chemical treatment technologies such as the
activated sludge process, biofilm-based process, and chemical coagula-
tion could not achieve an accepted removal efficiency (Giannakis et al.,
2021; Wang et al., 2023a). Therefore, the development of more efficient
environmental remediation strategies has become a research focus.

Advanced oxidation processes (AOPs) are such a group of technol-
ogies of which the Fenton or Fenton-like reactions and persulfate-AOPs
are the most frequently used. In these AOPs, various highly active spe-
cies such as hydroxyl radicals (¢OH) and sulfate radicals (SO3") are
generated which could degrade emerging contaminants into harmless or
low-toxic products, including carbon dioxide and water (Lee et al., 2020;
Lin et al., 2022). eOH are produced by the Fenton or Fenton-liked re-
action, that is activating HyO5 precursors through conditions such as
sound, light, electricity, and catalysts, but its short-lived, low selectivity,
and pH dependence limit its effectiveness in environmental remediation
(Wu et al., 2018b). Sulfate radicals-based advanced oxidation processes
(SO3™-AOPs) have received increasing attention in recent years as a
more efficient and stable environmental remediation technology (Ush-
ani et al., 2020; Wu et al., 2022). SO3™ have strong oxidation ability and
are widely used in environmental remediation, including wastewater
treatment (Chen et al., 2020b), sludge dewatering and conditioning
(Zhen et al., 2018), water disinfection (Wen et al., 2017), and membrane
separation (Ye et al., 2021b).

The precursors of SO3 are persulfate and sulfite, and various
methods to activate them have been proposed. Energy-based activation
methods such as heat, microwave, ultrasound, and ultraviolet can
directly apply energy to break the peroxide bond to generate SO5~ (Chen
and Huang, 2015; Zrinyi and Pham, 2017; Chen et al., 2020d). However,
its high equipment investment and power cost decide that it can only
play an auxiliary role in SO3 -AOPs. Cost-effective catalysts have
gradually become the mainstream in the activation of persulfate and
sulfite. Homogeneous catalysts have the advantages of fast reaction and
high utilization rate. The use of non-toxic transition metal ions such as
Fe?* to activate persulfate and sulfite to generate SO5~ has been widely
used in the treatment of actual wastewater (Liang et al., 2008). To
improve the recovery and stability of catalysts, more and more hetero-
geneous catalysts, such as biochar, zero-valent metals, metal oxides,
metal-organic framework derivatives, and single-atom catalysts have
been developed, which have high catalytic efficiency. So far, the pub-
lished reviews related to this content tend to describe the activation
method and formation mechanism of persulfate, and lack the discussion
on the activation mechanism of sulfite, another precursor of SO%~,
especially the difference between the two precursors in SO3 -AOPs.
Meanwhile, their mechanisms and specific applications in the process of
S04~ generation are rarely compared. In addition, systematic de-
scriptions of the reactivity of SO3~ and its application status in various

fields of environmental remediation have been poorly reported.

Based on the above gaps, this review summarizes the latest progress
in the activation of persulfate and sulfite by external energy, homoge-
neous and heterogeneous catalysts, and compares the differences in the
generation mechanism of SO~ under different activation conditions.
This provides a reference for researchers to choose the two precursors
better. At the same time, the reactivity of SO3~ and eOH with pollutants
was systematically compared, and the quantitative and qualitative
detection methods of SO~ were summarized. The existing disputes are
also discussed. In addition, we also focused on the application status of
SO%~ in environmental remediation, including industrial wastewater
treatment, groundwater and soil remediation, sludge dewatering and
conditioning, water disinfection, membrane separation, and air purifi-
cation, and proposed the main challenges and solutions of SO3 -AOPs in
future applications.

2. Characteristics of sulfate radicals

SO5™ are a kind of highly active free radical produced by persulfate
or sulfite as a precursor under the activation condition of external en-
ergy or catalyst. Table 1 shows a comparison of redox potentials of SO~
with other common reactive species. It can be seen that SO3™ is a strong
oxidant compared to other reactive species, with a redox potential of
2.6-3.1 V (Lee et al., 2020). The half-life of SO3~ is 30-40 ps, which is
higher than that of ¢OH whose half-life is less than 1 ps (Oh et al., 2016).
A longer half-life means better interaction with the target pollutant and
higher free radical utilization (Ushani et al., 2020). SO3~ are more se-
lective and tends to preferentially react with electron-rich compounds.
The reaction rate constant with compounds containing
electron-donating groups (amino, hydroxyl, etc.) is four orders of
magnitude larger than that with compounds containing
electron-withdrawing groups (nitro, carboxyl, etc.), and its reaction rate
range with aromatic compounds is much greater than eOH (the reaction
rate constant of aromatic compounds with ¢OH ranges from 2.0 x 10° to
1.0 x 10'° M~!s7!, while the reaction rate constant with SO§~ ranges
from 1.0 x 10° M5! to 6.0-8.0 x 10° M_ls_l) (Wojnarovits and
Takacs, 2019). eOH is pH-dependent, and its reactivity decreases with
increasing pH, but the reactivity of SO~ is independent of pH, which
means that it has better environmental adaptability. In addition, when
pH > 9, the main oxidant will be converted from SO~ to ¢OH through
single-electron oxidation (k = 6.5 x 10’ M~1s1), and this change may
make SO3 -AOPs better for the degradation of organic pollutants due to
the low selectivity of «OH (Oh et al., 2016; Lee et al., 2020). SO3™ has a
lower reaction rate with dissolved organic matter (DOM) than eOH
(Kso4e—spom = 6.8 x 10° mgC's™! and k.o + pom = 1.4 x 10*

Table 1
Redox potentials of common reactive species.

Reactive species Redox potentials, E° (V) References

S05 /505~ 2.6-3.1 Lee et al. (2020)

S0% /803~ 0.75 Das et al. (1999)

SO% /S0%~ 0.12 Das et al. (1999)

eOH/H,0 2.7 Schwarz and Dodson (1984)
*03/H,0, 0.89 Wood (1988)

10,/°05 0.83 Stanbury (1989)

eHO5 /H50, 1.44 Stanbury (1989)

FenyO*"/Fe (II) 1.95 Wang et al. (2022b)
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mgC1s1), so SO~ has a higher contaminant removal efficiency in the
presence of NOM (Lutze et al., 2015). However, compared with ¢OH,
common anions (especially halogen ions) have a greater scavenging
effect on SO, which is due to the by-products generated by the reaction
of eOH with halogen ions are reconverted to ¢OH under neutral condi-
tions. Although halogen anions react with SO3™ to form halogen radicals
with a lower redox potential (E%(CI*/Cl7) = 2.5V; E%(Cly/Cl7) = 2.2 V;
E°Br*/Br™) = 2.0 V; E%(Br3 /Br) = 1.7 V), the higher selectivity of
these halogen radicals can lead to efficient degradation of specific pol-
lutants in complex circumstances (Zhang and Parker, 2018).

3. Generation of sulfate radicals
3.1. Production from persulfate

Persulfate are similar to hydrogen peroxide in that both have
peroxide bonds, with sulfonic acid groups (-SO3) replacing one hydrogen
atom in Hy0; to form HSOs5 and two hydrogen atoms in HyO; to form
szoéi Therefore, persulfate can be divided into permonosulfate (PMS)
and perdisulfate (PDS) based on the number of sulfonic acid groups
connected by their peroxide bonds. External energy and electron
transfer can break the O-O bond in persulfate, resulting in the produc-
tion of highly reactive SO3~ and/or eOH (Fig. 1). However, different
activation methods have a great influence on the free radical yield of
PMS and PDS. This difference is due to their different molecular struc-
tures (Oh et al., 2016; Lee et al., 2020), On the one hand, compared with
PDS, the molecular structure of PMS is asymmetric, resulting in uneven
charge distribution, which makes PMS more easily activated by the
catalyst to generate SO3 . On the other hand, the two sulfonic groups in
the PDS further elongate the O-O bond, resulting in a longer bond than a
PMS with only one sulfonic group, which makes the PDS easier to
activate by external energy. Therefore, different activation methods will
lead to different effects of PMS and PDS in environmental remediation.
In this section, we will discuss the specific mechanisms of activation of
persulfates by external energy (heat, microwave, ultrasound, and ul-
traviolet), homogeneous and heterogeneous catalysts, summarize the
advantages and limitations of various activation methods, and make
some suggestions for further investigation.
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3.1.1. Activation of persulfate by external energy

The activation of persulfates by external energy is mainly achieved
by breaking their peroxide bonds. The activation effect mainly depends
on the bond energy of the peroxide bond. As shown in Table 2, among
the three peroxides, the O-O bond energy of PDS is the smallest and the
bond energy of Hy05 is the largest, which means that PDS and PMS are
more easily activated by external energy. External energies include heat,
microwaves, ultrasound, and ultraviolet light. Next, we will briefly
introduce the various external energy activation mechanisms of per-
sulfate and the status of their application in persulfate activation alone.

Thermal activation causes the peroxide bonds of PMS and PDS to
break to form SO~ and/or eOH by increasing the solution temperature
and inputting energy in the form of heat (Li et al., 2022b). Many in-
dustrial wastewaters, such as desulfurization wastewater, have a large
amount of waste heat, which can be used for thermal activation per-
sulfate, with higher feasibility and practical operation. PDS has good
pollutant removal efficiency even at lower temperatures (>50 °C), while
PMS is hardly activated. Even if the temperature rises to 80 °C, the
degradation efficiency of acid orange 7 is still very low (Yang et al.,
2010). This may be due to the higher O-O bond energy of PMS than PDS.
The oxidation efficiency of thermal activation is highly dependent on
temperature. The higher the temperature, the more external energy
input, and the more persulfate is activated. The promotion effect of too
high temperature on persulfate activation is also controversial. The

Table 2

Properties of PDS, PMS, and H,0.
Properties PDS PMS H,0,
Formula $,03~ HSO5 H,0,
Molecular weight (g/mol) 192 113 34.0
Redox potential (V) 2.01 1.82 1.78
Solubility (g/L, at 25 °C) 730 298 -
0-0 bond distance (A) 1.50 1.45 1.46
0-0 bond energy (kJ/mol) 140 140-213 213
Quantum yield of radical generation 1.80 0.52 1.0

The data was taken from Li et al. and Yang et al. (Yang et al., 2019b; Li et al.,
2022b).

External
energy

Heat, MW,
US, UV

PMS -

" Homogeneous
catalysts

Metal ions:

Energy, Enhance
mass transfer

Heterogeneous
catalysts

Unconstrained & electron

M™/M®+D+ pedox
cycle

carbon-based catalysts
Zero-valent metals MrH/M®+D* redox cycle
Metal oxides Adsorption
Metal-support

composite catalysts

Fig. 1. Activation mechanism of persulfate.
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increase of temperature (e.g., 80 °C) will accelerate the release of SO3,
leading to the excessive production of free radicals, which will lead to
the self-quenching reaction of free radicals (Xu et al., 2016; Li et al.,
2022b). In practical applications, it is necessary to reasonably set the
thermal activation temperature to avoid the low utilization of oxidants
due to insufficient activation efficiency and the waste of free radicals at
high temperatures. In addition, studies have shown that temperature not
only affects the yield of SO3~, but also affects the transformation
pathway and product distribution of pollutants. In the heat/PDS/ben-
zoic acid system, with the increase of thermal activation temperature,
the decarboxylation of benzoic acid is gradually the main process (Zrinyi
and Pham, 2017). Similarly, with the increase of temperature, the re-
action mechanism of sulfate radicals on phenol will also change. At room
temperature, the degradation products of sulfate radicals on phenol are
mainly hydroxyl benzene and oxidized open chain products, while the
thermal activation of persulfate at 70 °C will not lead to the minerali-
zation of phenol but to the formation of polymer-type products (Mora
et al., 2011). In addition, temperature also affects the proportion of io-
dide and bromide disinfection products in water (Chu et al., 2016).

Microwave (MW) is also an effective method to activate persulfate.
The mechanism of microwave heating is to make solution molecules
vibrate rapidly and violently in the alternating electric field of the mi-
crowave, thereby realizing the transformation from microwave to heat
energy (Li et al., 2022b; Xia et al., 2022a). The heat is generated from
the inside to the outside of the system, which is more uniform and faster
than direct heat conduction. Compared with conventional heating, MW
heating can well reduce the reaction activation energy and improve the
utilization rate of persulfate (Hu et al., 2019). Research shows that MW
can effectively activate PMS at a lower temperature than direct heating,
which well demonstrates the advantages of microwave heating (Qi et al.,
2017). Microwave heating is a reverse heating mode, and the microwave
effect caused by it can effectively heat the solution to activate persulfate.
However, the corresponding microwave equipment requires a large in-
vestment, so it is generally used as an auxiliary means in SO3 -AOPs
water treatment.

Ultrasound (US) is a mechanical wave with a frequency of more than
20,000 Hz and a wavelength of less than 2 cm. Ultrasound activation of
persulfate is achieved through the cavitation process, that is, local high
temperature and pressure are formed through the formation, growth,
and collapse of the cavity, thus causing the fracture of O-O bond in
persulfate to produce SO~ (Yang et al., 2019a). In addition to activa-
tion, the violent turbulence caused by ultrasound also accelerated the
reaction process. The SO3~ signal detected by electron paramagnetic
resonance (EPR) demonstrated the effective activation of persulfate by
US (Li and Zhu, 2016). Although US can be used alone to degrade spe-
cific pollutants, the synergistic effect of US and persulfate oxidation will
form a large amount of highly active SO3~, which is conducive to the
efficient degradation of more pollutants (Rayaroth et al., 2015). Ultra-
sound can also be used to enhance the activation of persulfate. With the
assistance of ultrasound, the concentration of SO3~ in the system is
significantly enhanced (Chen and Huang, 2015). The US has the dual
role of persulfate activation and enhanced mass transfer compared with
other activation methods, but ultrasound/persulfate is more energy
intensive, which hinders its large-scale application.

Ultraviolet (UV) light is an electromagnetic wave with a wavelength
of 10-400 nm. Only ultraviolet with the wavelength of 254 nm (UVas4)
can effectively activate persulfate. For UVys4, there are two common
types of lamps: low-pressure and medium-pressure mercury vapor
lamps. Low-pressure (LP) mercury lamps can only emit monochromatic
UV light at 254 nm, while medium-pressure (MP) mercury lamps emit
UV light in the range of 200-300 nm (Ao and Liu, 2017). The O-O bonds
of PMS, PDS, and H,0, can all break under UV to form SO5~ and/or
eOH, and their combination with UV can effectively degrade pollutants.
Under the irradiation of an MP mercury lamp, the activation efficiency
follows UV/PMS > UV/PDS > UV/H50, (Ao and Liu, 2017). Other
studies have found that PDS activation is most efficient when LP
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mercury lamps are used (Yang et al., 2010). This may be related to the
target pollutants, some of which have a certain light absorption capacity
and can be photodissociated directly. In addition, visible light (>400
nm) can also activate PDS to generate SO~ through the photosensiti-
zation of some dyes. For example, Rhodamine B (RhB) will be excited to
form RhB* under visible light irradiation, and further activate PDS
through RhB* (Gao et al., 2017). This may inspire PDS activation under
visible light.

Activating persulfate through external energy introduced above has
been proven to be effective, but when the scale of pollutant treatment
increases, the corresponding treatment cost will increase significantly,
which is the key problem hindering its large-scale application. In the
current research, heat, microwave, ultrasound, and ultraviolet are often
used together with the catalyst for the activation of persulfate, which
can save energy consumption and maximize the use of persulfate. We
will introduce this in detail in 3.1.2 and 3.1.3.

3.1.2. Activation of persulfate by homogeneous catalysts

Although the homogeneous catalyst has the disadvantages of being
difficult to recover and easily causing secondary pollution, when the
catalyst used is non-toxic to the environment and the cost is low, the
homogeneous catalyst has its unique advantages, such as fast reaction
rate and high utilization rate. As a transition metal, Co?* has a high
redox potential (EO(C03+/C02+) =192V, EO(Mn3+/Mn2+) =154V,
EOFe3*/Fe?™) = 0.77 V, E%(Cu®**/Cu®) = 0.17 V) (Anipsitakis and
Dionysiou, 2004). In many studies, it has been proved to be the best
metal element for PMS activation. For example, Zhang et al. synthesized
a very efficient and stable persulfate activator through the incorporation
of cobalt, and achieved complete removal of 10 pmol/L pollutants in 5
min (Zhang et al., 2022a). However, due to the potential carcinogenic
effect of cobalt compounds, the practical application of homogeneous
Co?* still has some limitations (Han et al., 2022).

Iron is often used as a homogeneous catalyst to activate persulfate to
generate SO3~ for environmental remediation due to its abundant re-
serves on earth and its advantages of being environmentally friendly
(Xiao et al., 2020). In Fe(II/III)/PDS system, ferrous ions transfer elec-
trons to persulfate, resulting in the breaking of peroxide bonds to
generate SO~ and eOH (Egs. (1)-(3)) (Rastogi et al., 2009; Zhu et al.,
2016; Xiao et al., 2020). However, there are also three unavoidable
problems in this homogeneous system:(i) the scavenging effect of Fe?*
on sulfate radicals; (ii) it is difficult to convert Fe>* into Fe®", resulting
in excessive accumulation of Fe3+; (iii) the system has strict pH re-
quirements, which limits its application. Fortunately, some studies are
using chelating and reducing agents to change this defect. Han et al.
(2015) adjusted the accessibility between Fe?* and PDS by using
different kinds of chelating agents and adjusting the ratio between
chelating agents and Fe?*, which achieved a decomposition rate of
91.7% for PDS at an initial pH = 9. In this study, the chelating agent
stabilizes Fe" by utilizing its steric hindrance effect, preventing the
consumption of SO§~ by Fe?' to a certain extent. Liang et al. (2008)
studied the effect of different complexing agents such as hydrox-
ypropyl-p-cyclodextrin, ethylenediaminetetraacetic acid, and citric acid
on maintaining effective Fe>* and activating PDS to degrade benzene,
and the citric acid was found to be the most effective chelating agent in
the system, which may be related to the moderate molecular structure
and good chelating ability of citric acid. For the problem that Fe>* is
difficult to reduce to Fe™, the addition of a reducing agent can promote
the conversion of Fe* to Fe?* to achieve fast cycling between them.
Studies have shown that the addition of hydroxylamine can accelerate
the conversion of Fe®* to Fe?* in the Fe>t/PMS system, thereby realizing
the rapid degradation of benzoic acid (Zou et al., 2013). Similarly, Zhou
et al. (2013) found that NayS»03 can act as both a chelating agent and a
reducing agent, to maintain the concentration of iron, and as a reducing
agent to accelerate the conversion of Fe®' to Fe?, respectively.

Fe*' + 8,08 — Fe*™ + 80, + 802 k=3 x 10'M s~ (€))
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Fe** + HSO; —» Fe** +S0, + OH k=3 x 10°M's™" 2
Fe*™ + HSO3 — Fe*™ + 505~ +-OH ©))

3.1.3. Activation of persulfate by heterogeneous catalysts

Heterogeneous catalysts have the advantages of strong adaptability,
convenient recovery, and low environmental pollution that homoge-
neous catalysts do not have. In this section, we will introduce the sim-
ilarities and differences in the mechanism of activating persulfate to
generate sulfate radicals from metal catalysts, carbon-based catalysts,
and metal-supported carbon-based catalysts.

Non-metallic carbon-based catalysts can not only completely avoid
the environmental pollution caused by metal dissolution, but also have
the advantages of huge surface area and easy modification (Liu et al.,
2015b; Oh et al., 2016; Ushani et al., 2020). Activated carbon (AC),
graphene oxide (GO), carbon nanotubes (CNTs), and biochar (BC) are
increasingly used to activate persulfate to degrade pollutants. AC has
good adsorption and catalytic surface functional groups, so it is often
used for non-metallic catalysts to activate various oxidants (HyO,, PMS,
PDS). It was found that powdered activated carbon had the best
degradation effect on phenol when PMS was used as oxidant (Saputra
et al., 2013b). The mechanism of AC activation of persulfate mainly
involves 7 electron transfer on the AC surface, and AC acts like Fe?* in
the Fenton reaction, acting as a carrier for electron transfer (Eq. (4) and
(5)) (Liang et al., 2009b; Yang et al., 2011). However, after activating
persulfate, the increase of AC surface acidity and the decrease of surface
area will lead to the weakened adsorption between pollutants and oxi-
dants, which makes AC lack good catalytic regeneration performance
(Dabrowski et al., 2005; Zhang et al., 2013a; Yang et al., 2015). In
addition, combining the semiconductor material C3N4 with activated
carbon can further improve the catalytic activity of AC. Wei et al. (2016)
used an in situ thermal method to support graphitic carbon nitride on
activated carbon (g-C3N4/AC), and the exposure of N-(C)3 groups in
g-C3Ny further enhanced the electron density and surface alkalinity of
AC, thereby increasing the stability and catalytic ability of AC.

ACsurface — OOH + SzOé’ — 8O, + ACsurface — 00 + HSO; (€))

ACsurface — OOH + S,0;~ — SO, + ACsurface —O - + HSO, )

Carbon nanotubes (CNTs) are a kind of coaxial circular tubes
composed of several to dozens of layers of carbon atoms arranged in a
hexagonal arrangement. The surface can be greatly increased by the
number of surface functional groups by chemical treatment such as acid
and heat, thereby increasing the active sites (Ren et al., 2011). Defect
sites such as vacancies and non-hexacarbonyl rings in carbon nanotubes,
zigzag edges with unconstrained n electrons, and Lewis basic groups
such as ketone and quinone (C=O) groups at the defect edges of
nanocarbon are greatly reduced (Kong et al., 2014; Duan et al., 2015b).
The electron transfer from CNTs to persulfate is enhanced, and even-
tually leads to the generation of SO;~ and eOH.

The doping of heteroatoms (N, S, B, etc.) also further changes the
surface charge density, which creates defects and forms active sites
(Zhao et al., 2013; Duan et al., 2015b; Liu et al., 2016b). Studies have
shown that N-doped single-walled carbon nanotubes exhibit an aston-
ishing reaction rate of 57.4 times faster than undoped carbon nanotubes,
which is consistent with the high asymmetric spin of adjacent carbon
atoms caused by N-doping with higher electronegativity and smaller
covalent radius (Deng et al., 2011; Duan et al., 2015b). In addition,
nitrogen doping can also significantly enhance the catalytic effect of
graphene by increasing the free electron flux density and specific surface
area of graphene (Liang et al., 2017). Kang et al. (2016) achieve nitrogen
doping and reduction of graphene oxide by hydrothermal method, the
prepared metal-free N-doped rGO can efficiently activate persulfate to
generate reactive radicals to degrade antibiotics. Further, Duan et al.
(2015a) prepared an N, S co-doped reduced graphene oxide with much
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higher catalytic activity than GO, rGO, S-doped rGO, and N-doped rGO,
and using various characterization techniques and density functional
theory (DFT) calculations to demonstrate that co-doped rGO can effi-
ciently activate sp? hybridized carbon lattices and facilitate electron
transfer from covalent graphene sheets to activate PMS.

There are also some studies using relatively inexpensive biochar (BC)
to activate persulfate to degrade pollutants, whose catalytic activity is
derived from the marginal pyridinic and pyrrolic N configurations in
biochar (Fang et al., 2015; Wang et al., 2019b). In short, non-metallic
carbon-based materials have the advantages of metal materials that
are difficult to compare, that is, no metal dissolution, non-toxic, how-
ever, the decrease of activity caused by the change of surface properties
after each use is still a problem to be overcome.

Metal-based catalysts have very high catalytic efficiency for persul-
fate, which is difficult to achieve with non-metallic carbon-based ma-
terials. The activation mechanism of zero-valent metal, mono-/bi-
metallic oxide, and metal-support composite catalysts for persulfate will
be introduced respectively. In the current study, the active components
of metal catalysts used to activate persulfate are mostly transition metal
elements (Mn, Fe, Co, Ni, Cu). And their activation mechanisms are
similar, that is, through the conversion between different valence states
of transition metals, the peroxide bond of persulfate is broken and finally
SO;™ are generated.

Compared with the homogeneous Fe>" system in the previous sec-
tion, Ji et al. (2013) developed a porous Fe;Os particle to achieve
high-efficiency removal of rhodamine within pH = 5-11, effectively
overcoming the limitation of pH on the homogeneous system. When
porous FeyOs3 is in contact with PMS, Fe3" sites are reduced to Fe?" by
PMS, and SO2~ is generated at the same time. The generated Fe?" is
oxidized to Fe>" while activating PMS to generate SO3~, and at the same
time, the cycle of iron species and the generation of free radicals are
realized. In addition, due to the high redox potential of SO5~ (2.6-3.1 V),
part of SO5~ can oxidize water to form eOH (1.9-2.7 V). At the same
time, metal oxides such as Mn,03, Fe304, and Co304 also have similar
catalytic activities and reaction mechanisms (Anipsitakis et al., 2005;
Saputra et al., 2013a; Tan et al., 2014). In addition, for zero-valent
metals (nano zero valent iron (nZVI), nano zero valent copper (nZVC),
etc.), are first oxidized by O and persulfate to intermediate valence ions
(Fe2+, Cu™), and then activated persulfate in a similar manner to metal
oxides to produce SO;~ and eOH (Ghanbari et al., 2014; Zhou et al.,
2018b).

Bimetallic catalysts made by replacing part of the active sites in iron
oxide with other metal ions have also been increasingly used in per-
sulfate activation recently. The valence state conversion between ions
accelerates the activation efficiency of persulfate. Magnetic
Fe304-MnO; core-shell nanocomposites show higher activity compared
to pure MnO», Fe3O4, and physical mixtures of Fe304 and MnO3 (Liu
et al., 2015a). Its high activity originates from a synergistic effect due to
the different standard redox potentials between the two metals (Eq. (6)
and (7)), which accelerate the cycling of each in activated persulfate.
Similarly, a type of CuFe;O4 magnetic nanoparticles also showed
excellent catalytic performance in persulfate activation, 10 mg/L tet-
rabromobisphenol A in the presence of 0.1 g/L CuFepO4 magnetic
nanoparticles and 0.2 mmol/L PMS was completely removed within 30
min (Ding et al., 2013), and its high activity was also related to the
cooperative transformation between Cu?*/Cu* and Fe>*/Fe?* (Eq. (6)
and (8)). It can be seen that the use of bimetallic catalysts can not only
combine the advantages of two single-metal catalysts, but also speed up
the cycle between different metal valence states, and finally achieve
efficient activation of persulfate. In addition, the design of electron-rich
oxygen vacancies in metal active sites can also significantly promote the
cycling between metals of different valence states, providing a new idea
for efficient catalyst design (Bao et al., 2023).

Fe" + e —» Fe** E°=0.77V 6)
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Mn*t + e - Mn*" E°=0.15V @

Cu** 4+e = Cut E°=0.17V (8)

Non-metallic carbon-based materials solve the problem of easy
dissolution of metal catalysts, but their catalytic activity and stability
limit their wide-ranging applications. Therefore, combining metal ma-
terials with non-metallic carbon materials, on the one hand, carbon
materials are used as carriers to stabilize and disperse metal nano-
particles to inhibit metal dissolution, and on the other hand, metals are
introduced to further adjust the electronic structure of the carbon region
to increase its activity and stability (Huang et al., 2021). Recently,
studies have shown that the composite of metal and carbon materials
can efficiently and stably activate persulfate to degrade pollutants. Liu
et al. (2019) prepared carbon-borne cobalt composites by carbonizing
saturated resin with cobalt ions at high temperatures, which showed
good catalytic activity in activating PMS to produce SO3~ and eOH to
degrade trimethoprim. The catalytic activity of carbon-borne cobalt
originates from the mutual conversion of Co>"/Co®" and the electron
transfer of oxygen-containing functional groups in the carbon substrate.
In addition, Khan et al. (Abdul Nasir Khan et al., 2019) synthesized a
hollow carbon-supported ultrafine Co3O4 nanoparticle with more than
twice the catalytic activity of solid carbon-supported Co304 nanoparticle
by etching pyrolysis of ZIF-67.

Similar to elemental cobalt, iron-containing composites are also
widely used in persulfate activation. Combining nZVI with mesoporous
carbon can effectively inhibit the aggregation and oxidation of zero-
valent iron, thereby greatly improving the utilization of zero-valent
iron (Jiang et al., 2018b; Li et al., 2020b). Biochar-loaded magnetic
iron oxide (nFe3O4/biochar) material can also activate persulfate effi-
ciently. Because biochar can not only better disperse Fe3O4 particles, but
also adsorb pollutants, which has a synergistic effect (Dong et al., 2017).
As mentioned before, bimetallic catalysts can accelerate the valence
conversion between two metals to increase catalytic activity, so loading
bimetals into carbon materials can also play a similar accelerating effect.
For example, cobalt-iron nanocomposite carbon materials have been
shown to have higher catalytic activity in activated persulfate, while
exhibiting good durability and recyclability (Lin and Chen, 2017; Out-
siou et al., 2017).

Metal-support composites can combine the advantages of metal
catalysts and carbon-based materials, and have good cycling stability
while possessing low metal leaching. However, compared to metal
nanoparticle-support composites, single-atom catalysts (SACs) have the
largest atom utilization efficiency, tunable electronic structures, supe-
rior structural stability, and high-performance metal active sites (Shang
et al., 2021; Wang et al., 2023b,c). Elements such as nitrogen, phos-
phorus, and sulfur are easier to coordinate with transition metals with
vacant orbitals because of their lone pair electrons, and on the other
hand, because of their greater electronegativity, they are more likely to
change the electron density on the carbon substrate and produce more
active sites, so they are usually doped on the support as heteroatoms to
synthesize single-atom catalysts (Wang et al., 2019a; Huang et al.,
2021).

Gao et al. (2021) prepared a single-atom iron catalyst by the cascade
anchoring method, which can completely degrade 100 pM of bisphenol
A in 3 min. It is one of the most active catalysts in persulfate-based AOPs.
The high activity of single-atom iron catalyst originates from the
Fe—pyridine N4 moiety, which can generate not only an electron-rich Fe
single atom as the active site but also eight electron-deficient C atoms
next to the pyridine N as the catalytic site, thereby greatly enhancing the
Increase the number of active sites to activate PMS to generate SO3~. In
addition, the regulation of metal-nitrogen coordination number in
single-atom catalysts can be achieved at different calcination tempera-
tures, and Liang et al. (2022) obtained Co-N4 and Co-Nj3 single-atom
cobalt catalysts at calcination temperatures of 800 °C and 900 °C,
respectively. Reducing the coordination number from 4 to 3 can
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significantly increase the electron density of Co single atoms, thereby
improving the conversion of PDS and generating more SO3 ™.

In addition to nitrogen, B and P can also be doped into single-atom
catalysts as heteroatoms to control the electron density of active sites.
Zhou et al. (2022) achieved the regulation of the electronic structure of
Cu-N4 by doping electron-deficient boron or electron-rich phosphorus
heteroatoms into the catalyst. Experimental results and DFT calculations
showed that the electron-deficient Cu—-N4/C-B catalyst induced the best
adsorption energy of PMS, while the electron-rich Cu-N4/C and
Cu-Ny4/C-P showed strong PMS binding, leading to active site poisoning.
SACs is an ideal candidate for Fenton-like reactions due to its high metal
utilization, tunable electronic structure and excellent activity, However,
there are also some drawbacks, such as reduced stability due to leaching
of active metals, application limitations due to a limited pH range, and
harsh synthesis methods (Xu et al., 2022). Furthermore, the specific
mechanism of the influence of heteroatom doping and different coor-
dination number on the final generation of active species is still unclear,
and further research on the intrinsic activation mechanism is needed.

The introduction of electrochemical technology into persulfate-
based advanced oxidation can achieve higher oxidant utilization and
better pollutant removal efficiency. In the electrochemical/persulfate
system, the role of electrochemistry is mainly to promote the valence
cycle of active metals in the catalyst and the direct electron transfer of
persulfate to generate SO3 . The electrochemically assisted Fe(IID)-
chelator-persulfate system can achieve efficient removal of pollutants
at neutral pH. In this system, the Fe(Ill)-chelator complex can be
continuously electro-reduced to Fe(Il) at the cathode, which ensures
efficient and continuous activation of persulfate, thereby achieving high
yield of SO~ and rapid removal of pollutants (Xiong et al., 2021). The
electrochemical activation of persulfate with sacrificial iron anode can
avoid the additional addition of iron source, and its treatment efficiency
is better than that of Fe>t/PMS system (Gao et al., 2022b). In addition,
the catalytic electrode prepared by loading highly active catalysts on
carriers with good conductivity and large specific surface area by sol-
vothermal method or electrodeposition method also has excellent cat-
alytic performance and stability (Xie et al., 2023). For example, Xie et al.
(2022) prepared a bimetallic modified nickel foam anode, which ach-
ieved a tetracycline removal rate of 93.05% within 1 h by activating
PMS. In the electrochemical/persulfate system, the current density has a
great influence on the activation of persulfate. Studies have shown that
with the increase of current density, the SO;~ and ¢OH generated in the
system can also activate persulfate (Li et al., 2022c).

In summary, PMS and PDS can be activated in various ways to pro-
duce SO3™. It is worth noting that under different activation modes, the
persulfate system can derive other active species (¢OH, 10,, 037), and
these active species can be converted to each other (Li et al., 2022a; Qi
et al.,, 2023). Between them, eOH can be generated either by the
cleavage of the peroxide bond of PMS or by the reaction of SO3~ with
H,0. PMS sometimes loses an H atom to generate SO5~ under catalysis,
and the generated SO3™~ can both react with O to generate O3~ and spin
itself to generate 10, (Wang et al., 2022a). Recent studies have shown
that 105 and 0%~ have other production pathways. Xie et al., 2022, 2023
combined quenching experiments and the electron paramagnetic reso-
nance (EPR) to prove that SO~ is the main contributor to other reactive
oxygen species, O3~ can be produced by the hydrolysis of SO5~ and the
electrochemical oxygen reduction process, and O, is mainly produced
by the disproportionation of O3 .

External energy can effectively activate persulfate and strengthen
mass transfer at the same time, but the construction and operation cost
of supporting facilities is high. The reaction rate of homogeneous cata-
lyst activating PMS is fast and the utilization rate is high, but it is faced
with the problem of excessive discharge of metal ions. Heterogeneous
catalysts such as monometallic/bimetallic catalysts and metal-support
composite catalysts overcome the above shortcomings, but their syn-
thesis steps often involve high temperature, high pressure and expensive
reagents. These complex operations increase the cost and risk of
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catalysts. Therefore, it is necessary to select relatively suitable treatment
conditions and catalysts according to specific application conditions. At
present, the development of metal-supported catalysts with simple
synthesis steps and cost-effective is the key to the practical application of
SO%™-AOPs.

3.2. Production from sulfite

Although PMS and PDS are often chosen as precursors of SO3~, There
are also some studies starting to use catalysts to activate lower-cost
sulfites (SO%37) to generate sulfate radicals for pollutant degradation.
The activation process of sulfite is through the formation of a metal/
carbon-sulfite complex, and then in the presence of O,, the complex
decomposes to produce SO3~, which in turn undergoes a series of re-
actions to produce SO3~ (Figs. 2 and 3). Compared with persulfate,
sulfites as a desulfurization byproduct have the advantages of low cost,
low toxicity and easy preparation, which should be another important
aspect of environmental remediation using SO3~ (Wu et al., 2021).

3.2.1. Activation of sulfite by external energy

Unlike persulfate, sulfite does not contain a peroxide bond, and the
external energy cannot make it produce SO3~ through the bond fracture.
However, sulfite has a strong ultraviolet absorption capacity. At pH 7.5,
the molar absorption coefficient of UVy54is 15.2 M~ lem ™! (Vellanki and
Batchelor, 2013). As shown in Egs. 9-13, sulfite first decomposes into
hydrated electrons (eaq) and SO3%™ under UV. The former is converted to
eH with hydrogen-containing substances, while the latter gradually
converts SO3~ into SO3 ™ in the presence of O,. e;q and eH are strong
reducing species and are used for dehalogenation in advanced reduction
processes.

UV/sulfite process is often used as oxidation-reduction coupling
process for dehalogenation and mineralization of pollutants. Song et al.
(2023) studied the reductive the dechlorination and oxidative miner-
alization of 2,4-dichlorophenol in the explosion-free UV/sulfite process.
The reductive active species (e;q and eH) are responsible for converting
2,4-dichlorophenol into dechlorination products, and SO3~ further
mineralizes it. The mineralization rate is higher than that of the nitrogen
aeration system. In electrode electrolysis, the anode will produce a lot of
05, which provides a good condition for the conversion of SO3~ in the
UV/sulfite system. The electrolysis-assisted UV/sulfite process can pro-
vide sufficient oxygen for the generation of SO~ in the system. At the
same time, the generated H' avoids acid addition, realizes the automatic
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Fig. 2. Activation mechanism of sulfite by metal catalyst.
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adjustment of pH and dissolved oxygen, and is an environmentally
friendly and low-cost water treatment process (Chen et al., 2021). It
should be noted that the sulfite concentration will have a great impact
on pollutant removal, and excessive sulfite will consume active species
(Eq. (14)) (Cao et al., 2021). There are few studies on the production of
SO~ by ultraviolet-activated sulfite, and most of them study the
UV/sulfite process as an advanced reduction process.

HSO; / SO +hv—S0y +e, ©
¢, +HSO; [ H* [ H,0~ -H +50% [ ol 10
SO; +0,- SO5 k=23 x 10°M~'S™! 11)
SOy +HSO; /805 —» 80, + 507 k=12 x 10°M~'S™! 12)
805 +805 =250, +0,,k=6 x 10°M~'S™! 13)
SO, +HSO; /SO — S0; + S0y 14

3.2.2. Activation of sulfite by homogeneous catalysts

It is difficult for sulfite to generate sulfate radicals by itself, which
needs to undergo auto-oxidation under the catalysis of transition metals
(Mn(II), Co(I), Ni(II), Cu(II), Cr(III/VI)) to generate oxygen-containing
sulfur radicals. Specifically, when M® P*is added to the sulfite system,
an M™ * -S03~ complex is immediately formed, which is then oxidized
by 05 to M®*1+.50%~ complex, which undergoes electron transfer and
finally decomposes into M™* and SO3~, SO3~ combines with O, to form
SO2~, which will further self-oxidize with sulfite to form SO3~ (Zhou
et al., 2018a). Studies have shown that in Fe(II)/sulfite systems, the
rate-limiting step is the decomposition of Fe(III)-sulfite complexes (k =
0.91 sfl) (Lente and Fabian, 2002). In addition, UV-Vis as an external
energy can also promote the activation of sulfite by homogeneous cat-
alysts. Zhang et al. (2013b) studied the decolorization of Orange II by Fe
(ID-sulfite system under UV-Vis irradiation and proved that UV-vis
irradiation can greatly promote the decolorization of Orange II solution
by Fe(Il)-sulfite system. Meanwhile, the initial working pH increased
from 4 to 6.1, which will greatly reduce processing costs. The key to the
generation of SO3 is the internal cycle of Fe?*/Fe>* in the Fe(II)/sulfite
system. However, a part of SO3~ and SO5~ will be used for the conver-
sion between Fe(IIl) and Fe(II) (Egs. 15-19) (Yang et al., 2009; Wu et al.,
2021), which reduced degradation efficiency of target pollutants. Wang
et al. (2021a) also achieved 100% removal of sulfamethoxazole by uti-
lizing SO5~ and eOH generated by UV/Fe>* /sulfite system. In this sys-
tem, NO3 can significantly increase the reaction rate because it can
generate additional free radicals through photosensitization. However,
matrix effects and pH dependence are urgent issues in the system.

Fe*™ +SO; +H" — Fe't + HSO; k= (43+£2.4) x 10'M's™" 15)
Fe*" + HSO5 - Fe** +S0, +OH ,k=1.0 x 10°M's™! (16)
Fe** + 80, — Fe™ + 507 k=8.6 x 10°M~'s™" 17)
805 +805 - S0; +S0; k=9 x 10°M~'s™! (18)
SO5 + HSO; — HSO; + SO, ,k=2.5 x 10*'M's™" 19

In addition to the use of metal-activated sulfites to degrade pollutants,
the reductive removal of heavy metals can also be achieved by utilizing
the metal cycle therein. Yuan et al. (2016) achieved a rapid reduction of
Cr(VI) and simultaneous oxidative removal of contaminants in the Cr
(VI)/sulfite system. This provides a good solution for the treatment of
organic wastewater containing heavy metals (Jiang et al., 2018a).
Compared with Cr(VI) or Fe(II)/sulfite system, the oxidative capacity of
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Fig. 3. Activation mechanism of sulfite by carbon catalyst. Reproduced from Ref (Zhang et al., 2021).

the Co(II)/sulfite system exhibits higher pH independence. Yuan et al.
(2018) achieved rapid degradation of paracetamol by Co(II) catalyzed
sulfite under alkaline pH. This is due to the different ratios of
HSO3/S03™ in the solution at different pH, as shown in Egs. (18) and
(19) (Yuan et al., 2018; Wang et al., 2021a), the reaction rate of SO3~
and SO3~ produced by sulfite auto-oxidation is faster than that of HSO3.
While in neutral or alkaline conditions, sulfites always exist in the form
of SO3™ (pKa = 7.2).

3.2.3. Activation of sulfite by heterogeneous catalysts

Homogeneous catalysts inevitably suffer from low catalyst recovery
and secondary pollution due to metal leaching. Based on the above
considerations, many heterogeneous catalysts (carbon materials, nano-
valent iron, metal oxides, spinel, metal-carbon support composite cat-
alysts, etc.) have been developed to activate sulfites. They have the
advantages of high stability, low metal leaching rate, and easy recovery.

Recent studies have found that the defect structure and oxygen-
containing functional groups (C—=0, C-OH) on the surface of carbon
materials contribute to the formation of SO3  in sulfite activation
(Zhang et al., 2021; Hung et al., 2022). On the one hand, the C element
of ketonic groups in carbon materials can be complex with sulfites. On
the other hand, the defective structure of carbon materials enhances its
conductivity and provides a driving force for electron transfer inside the
sulfite-carbon material complex, which eventually leads to the genera-
tion of ketone oxygen radicals and oxygen sulfur radicals. The latter
further reacts with O, to form SOj%~, which realizes the activation of
sulfites (Fig. 3) (Zhang et al., 2021).

Similar to persulfates, transition metals and their oxides also play an
important role in sulfite activation. Xie et al. (2017) developed an
oxygen-containing Fe®/sulfite system to achieve efficient degradation of
pollutants in weakly acidic and neutral environments. In this system, the
sulfate radicals that are produced by the reaction between metal-sulfite
complexes and oxygen are the main active species. Studies have shown
that compounding zero-valent iron with its oxide helps to improve sul-
fite activation efficiency, Yang et al. (2020b) prepared a Fe@Fe;03
core-shell nanomaterial, which greatly promoted the cycling of Fe?* and
Fe37, thereby accelerating the generation of SO5~ and eOH, and ach-
ieved the efficient removal of Orange II under wide pH. Spinel ferrites

(MFe304, M = Mg, Mn, Ni, Zn, Fe, Co) have also been used in sulfite
activation systems as novel heterogeneous catalysts due to their unique
ferromagnetic properties (Yang et al., 2009; Wu et al., 2021). Liu et al.
(2017) used a CoFep0O4 nanocatalyst to activate sulfites to degrade
pollutants and demonstrated that the formation of Co—~OH complexes on
the surface of CoFe20y is crucial for the generation of sulfate radicals.
Additionally, studies have shown that combining external energy with
spinel-type ferrite can also further improve catalytic performance.
Huang et al. (2018) demonstrated that under the activation of UV-vi-
sible light, the generated photogenerated holes favored the oxidation of
sulfite and accelerated the decomposition of metal-sulfite complexes on
the surface of ZnCu-ferrite, thereby increasing the catalytic efficiency.
However, in addition to the target pollutants, SO3~ also have higher
reaction rates with sulfites (7.5 x 102 M~s™) (Zhou et al., 2018a). In
the sulfite activation system, the amount of sulfite should be controlled
to avoid the internal reaction of SO3 .

Furthermore, the metal-carbon material composite catalyst can
achieve more efficient sulfite activation. Zhao et al. (2023) synthesized
micron-sized iron-carbon composites to achieve efficient degradation of
metronidazole. The introduction of carbon into ZVI can significantly
enhance its corrosion and release more Fe?" for the activation of sulfite.
Similarly, the Co@NC catalyst prepared by encapsulating cobalt nano-
particles inside carbon nanotubes exhibits high efficiency, excellent
repeatability, and stability for the catalytic oxidation of methyl orange
in the presence of sulfite and O,. The synergistic effect of internal cobalt
nanoparticles and external carbon enhances catalytic degradation (Wu
et al., 2018a).

As mentioned above, both persulfate and sulfite can be used as
precursors of SO~ production, Fig. 4 shows the advantages and disad-
vantages of the two precursors as well as their applicable ranges, which
is conducive to better selection. In addition, they are different in acti-
vation mechanism, activation methods, and application scenarios. First,
their activation means and SO5~ production mechanism are different.
The details are as follows: (i) Unlike the activation of persulfate under
UV, the activation of sulfite by UV is due to its strong UV absorption
capacity. (ii) The catalytic effect of metal-based catalysts on persulfate
and sulfite is essentially achieved by different valence transformations of
metal ions. However, unlike persulfate activation, the metal-sulfite
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Fig. 4. Comparison of the advantages and disadvantages of persulfate and sulfite in SO -AOPs.

complex needs to be formed during sulfite activation. (iii) In sulfite
activation, SO~ cannot be directly generated by sulfite activation, but
must first form SO3™ as an intermediate active species, and then oxidize
to SO~ under the action of O,. Secondly, in the process of sulfite acti-
vation, reducing active species (hydrated electrons (e;q) and hydrogen
radicals (eH)) are generated at the same time. They have different
degradation mechanisms and kinetics, which may lead to different
degradation products and intermediates toxicity from sulfite-based
SO3-AOPs in environmental remediation. Finally, compared with per-
sulfate, sulfite has a lower cost and is more conducive to the industrial
application of SO3 -AOPs. However, the formation of SO7™ in sulfite
activation needs to be in an aerobic environment. Therefore, sulfite-
based SO3 -AOPs are suitable for aerated water or oxygen-rich
environments.

© ‘ +H20 @
Single-electron Nucleophlllc

4. Reaction mechanisms of sulfate radicals

Although the reactions of SO3  with different pollutants have
different intermediate products and reaction kinetics, in the process of
oxidizing pollutants, the following three reactions are inseparable: (i)
hydrogen atom abstraction (HAA), (ii) radical adduct formation (RAF),
(iii) single electron transfer (SET) (Fig. 5) (Chen et al., 2020a; Zhang
et al., 2023a). The difference is the priority of the reaction pathways and
kinetics when oxidizing different kinds of pollutants. The single-electron
transfer and radical adduct formation reactions of SO~ with pollutants
have faster second-order reaction rate constants than hydrogen atom
abstraction, while eOH is more prone to radical adduct formation (Xiao
et al., 2015). For different kinds of pollutants, SO~ and eOH have
different reaction pathways and kinetics, which leads to different

-SO4
OH - 5
SO

- transfer attack -H,0
Radical adduct Hydrogen atom
formation abstraction

Radical adduct Hydrogen atom

formation OH abstraction

Fig. 5. Oxidation pathways of benzene ring-containing substances by hydroxyl radicals and sulfate radicals.



J. Xie et al.

degradation mechanisms and the generation of intermediates (Li et al.,
2020a). Recently, Zhang et al. (2023a) systematically proposed a theo-
retical calculation method for the dynamic analysis of the electronic
structure of free radicals attacking organic pollutants in the active re-
gion for the first time. This method identifies the reactive sites of pol-
lutants by pollutant degradation path and DFT calculation. In this
section, the general rules and characteristics of the reaction of SO~ with
organic substances (aliphatic compounds and aromatic compounds) are
introduced by comparing the reactivity similarities and differences with
oOH.

4.1. Hydrogen atom abstraction

HAA reaction is the process by which free radicals extract a hydrogen
atom from a pollutant molecule. Compared with the HAA reaction of
SO3~ with corresponding compounds, the HAA reaction of eOH with
pollutants is more thermodynamically feasible. Aromatic compounds
and molecules containing amine and amides moieties react with SO~
generally by single electron transfer, while hydrogen atom abstraction
generally occurs on the C-H bond of aliphatic compounds (Xiao et al.,
2015; Wojnarovits and Takacs, 2019). Li et al. (2018b) used DFT cal-
culations to demonstrate that din-butyl phthalate catalyzed degradation
was caused by HAA and RAF on the aliphatic chain, and ¢OH was more
reactive to the H-removal reaction than SO5~. This conclusion is also
verified in the reactions of SO5~ and eOH with crown ethers, which react
with crown ethers through HAA to generate ether radicals, and the re-
action rate constant increases linearly with the number of H atoms in
crown ethers (Wan et al., 2012). For example, when crown ethers
(12-crown-4 (12C4), 15-crown-5 (15C5), 18-crown-6 (18C6)) and their
analogs 1,4-dioxane (6C2) reacted with SO~ and eOH, their rate con-
stants increased as the alkyl chain increased, and the rate constant of
SO~ is one to two orders of magnitude smaller than that of eOH. The
reaction rate constants of SO3~ with 6C2, 12C4 and 18C6 are 6.6 + 0.1
x 10’ M %57, 23+ 0.1 x 105 M 's' and 4.2 + 0.1 x 105 M 's7),
respectively, while the reaction rate constants of ¢OH with them are 3.4
+02x10°M s}, 7.2 402 x 10° M s and 10.9 + 0.2 x 10°
M s, respectively (Wan et al., 2012).

The HAA reaction is closely related to the bond length of C-H and the
charge density of H atoms. Likewise, the longer the C-H bond is, the
fewer positive charges the removed hydrogen atoms carry, and the HAA
reaction is more likely to occur (Wang et al., 2021b,c). In addition, due
to the certain electrophilic properties of HAA channels, the presence of
some electron-donating groups, such as allyl, hydroxyl, and carboxyl
groups, will also facilitate the HAA reaction of SO3~ with organics (Lee
etal., 2020; Wang et al., 2021b,c). However, in terms of the degradation
of halogenated organic compounds, SO~ achieves efficient dehaloge-
nation of aliphatic halogenated compounds by removing hydrogen
atoms and breaking C-C bonds, and its reaction rate is 10 times that of
eOH (Hou et al., 2017).

4.2. Radical adduct formation

SO%~ and ¢OH can react with contaminants through the RAF path. In
the RAF reaction, the unpaired electrons of SO~ and eOH are trans-
ferred to the bonding orbital of the compound, resulting in the orbital
breaking and the formation of two new o orbitals, thereby forming a free
radical adduct (Zhang et al., 2023a). Pollutants are converted into in-
termediates with smaller molecular weight by RAF reaction. However,
SO5™ has a higher electrophilic index and larger steric hindrance, which
makes it exhibit different addition behavior from e¢OH. The lower energy
barrier of SO3~ makes RAF react faster than eOH, but the larger steric
hindrance of SO~ reduces the stability of the radical addition products
(Zhang et al., 2023a). In the RAF reaction with aromatic rings and
olefinic double bonds, the mechanisms of SO3~ and eOH are similar, that
is, #OH can directly generate eOH adducts with it. However, when
attacked by SO37, it needs to overcome an additional radical adduct
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formation step, and then undergo a nucleophilic attack by H0 to form
eOH adducts to complete the hydroxylation process (Fig. 5) (Antoniou
et al., 2010; Gu et al., 2012; Sharma et al., 2015; Li et al., 2018b). For
example, in the degradation of bisphenol A (BPA), SO3~ undergoes RAF
reaction with aromatic rings to form unstable SO3~ adducts. Then
electron transfer occurs between the aromatic ring and SO5~ and leads to
the release of SOF, the product of which is vulnerable to nucleophilic
attack by H,O due to its electron deficiency (Antoniou et al., 2010; Xie
et al., 2012). This leads to the formation of ¢OH adducts, which are then
dehydrated to form highly oxidized phenoxy-BPA radical, and the for-
mation of phenyl radical cations can lead to various secondary reactions
of functional groups (Norman et al., 1970; Sharma et al., 2015; Luo
et al., 2018) (Fig. 6). In the above process, the formation of
phenoxy-BPA radical can also be achieved by direct HAA reaction of
SO~ or eOH with BPA. As mentioned above, RAF is not the only
mechanism of pollutant degradation, often accompanied by HAA reac-
tion or SET reaction. Li et al. (2020a) systematically investigated the
contribution of SO3~ and eOH to the removal of phenacetin, in which
eOH was involved in the RAF reaction (69%) and HAA reaction (31%),
while SO3~ was involved in RAF reaction (55%), HAA reaction (28%)
and SET reaction (17%). By simulating the degradation kinetics of
phenacetin, it is proved that UV/PDS can degrade the target compound
more effectively than UV/H30,. Similarly, some studies specifically
analyzed the RAF and HAA reaction mechanism of ¢OH and SO;™ by
theoretical calculation, and the results showed that the reaction induced
by SO~ had a lower free energy barrier than that of ¢OH, and the RAF
takes precedence over HAA in both ¢OH and SO~ with Acetaminophen
reactions (Xu et al., 2021).

4.3. Single-electron transfer

We mentioned that compounds with amines, amides, and aryl groups
tend to proceed with SO}~ through the single-electron transfer pathway
in 4.1. Due to the electron donor effect of this electron-rich functional
group, the electron cloud density of the molecules can be increased,
which makes them more prone to SET reactions with SO5~ (Mei et al.,
2019). Moreover, the reaction rate range between SO3~ and aromatic
compounds is much larger than that of ¢OH. The reaction rate constant
between compounds containing strong electron donor substituents and
S04~ is more than 4 orders of magnitude larger than that containing
strong electron adsorbent. This reflects the different reaction mecha-
nisms between SO3~ and eOH, that is, SO~ is more selective than eOH
(Wojnarovits and Takacs, 2019). The SET reaction rate of SO3~ and
aromatic compounds (ACs) is closely related to the electron-donating
properties of substituents. Luo et al., 2017, 2018 studied the Gibbs
free energy of 76 ACs and SO3  reactions and found that it increased
with the decrease of the electron-donating properties of substituents on
ACs. And SO3™ is more likely to react with ACs through the SET channel
than eOH. However, the favorable way for eOH to interact with aro-
matic pollutants is the RAF reaction (Yang et al., 2017). Based on this
finding, they further proposed two basic mechanisms for the SET reac-
tion: (i) For benzoate compounds, their carboxylic acid groups may
undergo decarboxylation after the SET reaction (Zemel and Fessenden,
1978). (ii) For other aromatic compounds, a phenyl cation may be
formed after the SET reaction, and the subsequent reaction depends on
the electronic effect of the functional group on the benzene ring. The
oxidation reaction of two aniline drugs, sulfamethoxazole, and diclofe-
nagc, is initiated by the formation of N-centered phenyl radical cations by
the single-electron transfer reaction with SO3~, followed by a series of
decarboxylation, hydroxylation, and bond-breaking reactions to achieve
final degradation (Mahdi Ahmed et al., 2012; Ghauch et al., 2013). SO~
mediated attack on phenol is also caused by electron transfer from
organic compounds to SO3  to form the hydroxycyclohexadienyl
radical, whose hydrolysis leads to the formation of hydroxylated radical
products, which are then further reacted with O, to form more stable
catechol and hydroquinone (Anipsitakis et al., 2006; Olmez-Hanci and
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Fig. 6. The possible mechanism of BPA degradation by SO5~ and eOH. Reproduced from Ref. (Sharma et al., 2015).

Arslan-Alaton, 2013). The highest occupied molecular orbital energy
(Ezomo), a measure of electron distribution and donor capacity, is
related to the electron-donating capacity of organic compounds and is
commonly used to construct quantitative structure-activity relationships
(QSAR) of SO3™ reactions with organic matter (Fang et al., 2012; Xiao
et al., 2015). Since compounds with high Eyopo tend to provide elec-
trons, Egomo is a quantitative indicator that determines the degree of a
free radical oxidation reaction in the SET reaction in the QSAR model,
and some studies have found that ACs with high Eyomo are more
responsive to SO5~ (Fang et al., 2012; Luo et al., 2018). However, for
other structurally diverse compounds, Egomo and ksp4.— did not show
this trend. This reflects that there is no major reaction path between
SO3~ and the compound. HAA, RAF, and SET reactions are all possible,
depending on the structure and functional group type of the target
compound (Xiao et al., 2015).

Based on the above discussion, we obtained some rules about the
reactivity of SO3: (i) the HAA reaction usually occurs on the C-H bond
of aliphatic compounds. The longer the C-H bond, the more likely the
HAA reaction is to occur, and the reactivity of ¢OH to h-dehydrogena-
tion is higher than that of SO3 ™. (ii) RAF reaction generally occurs in the
aromatic ring and alkene double bond, unlike ¢OH, SO~ adduct reac-
tion needs to overcome an additional radical adduct formation step. (iii)
The SET reaction occurs in compounds containing electron-rich func-
tional groups such as amines, amides, and aryl groups, and their electron
donor effect makes electron transfer between organic matter and SO~
more likely to occur. In addition, the reaction rate range of SO~ with
aromatic compounds is much faster than that of eOH; (iv) The types of
structure and functional group of organic compounds determine the
reactivity of SO3 ™. There is no main reaction path between SO3~ and
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them, However, when the reaction of SO;~ with compounds is domi-
nated by SET and RAF, the second-order rate constant is faster than that
of HAA.

5. Detection methods of sulfate radicals
5.1. Probe methods combined with competitive kinetics approach

Due to the short lifetime of active species (SO3~, ¢OH, 10,4, *03) in
water, their concentrations in SO3 -AOPs systems are difficult to accu-
rately measure. Therefore, it is common to use quenchers with very high
reaction rates to scavenge free radicals and then compare the removal
efficiency of pollutants with and without quenchers to finally obtain the
relative content of each free radical (Oh et al., 2016; Zhou et al., 2018a;
Gao et al., 2022a). Table 3 lists the second order rate constants for the
reactions of common probe compounds/quenchers with SO;~ and ¢OH

Table 3
Rate constants for reactions between selected chemical probes and either hy-
droxyl radicals or sulfate radicals. Reproduced from Ref. (Liang and Su, 2009).

Chemical probes Nor ™ s H «OH M s
Anisole 4.9 x 10° 7.8 x 10°
Benzoic acid 1.2 x 10° 4.2 x 10°
Benzene (2.4-3) x 10° 7.8 x 10°
Ethanol (1.6-7.7) x 107 (1.2-2.8) x 10°
Methanol 3.2 x 10° 9.7 x 108
Nitrobenzene <10° (3.0-3.9) x 10°
Propanol 6.0 x 107 2.8 x 10°
Phenol 8.8 x 10° 6.6 x 10°

Tert-butyl alcohol (4.0-9.1) x 10° (3.8-7.6) x 108
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(Liang and Su, 2009). Alcohols such as methanol (MeOH), ethanol
(EtOH), isopropanol (IPA), and tert-butanol (TBA) are the most
commonly used quenchants. Among them, MeOH and EtOH show high
reactivity to eOH and SO3 simultaneously, while TBA without
a-hydrogen shows inconsistent reactivity to ¢OH and SO5~ (Kso4e_TBA
=4.0 x 10°M s}, Keon +18a = 6.0 x 108 M 1s™1) (Buxton et al., 1988;
Clifton and Huie, 1989). Based on this feature, the relative contents of
oOH and SO3~ can be obtained by comparing the removal efficiency of
contaminants before and after the addition of TBA (Li et al., 2024). Some
studies have also found that free radicals produced during PMS activa-
tion may stay on the surface of the catalyst and not be released into
solution, i.e., “surface-bound free radicals.” For such active species, it is
difficult for hydrophilic substances such as methanol and tert-butanol to
reach the catalyst surface to achieve quenching effect, KI and dimethyl
sulfoxide (DMSO) are usually used as quenching agents to verify the
existence of surface-bound free radicals. Wang et al. (2017) combined
methanol, tert-butanol and potassium iodide to quenching the system
and found that the main active species was surface-bound SO4e—, pro-
posing that bisphenol A was adsorbed on the catalyst surface and
degraded in situ by surface-bound SO4e—. Yao et al. (2017) also re-
ported that in the presence of DMSO scavenger, the degradation of or-
ange II would be greatly inhibited, while the presence of methanol had
no effect on it. It is worth noting that KI will consume persulfate, while
DMSO will affect the adsorption of the active site, which may affect the
accuracy of the quenching results (Wang and Wang, 2020).

A recent study has questioned the usefulness of quenching in
assessing the role of various active species in SO3 -AOPs. Researchers
often believe that adding high-concentration quenchers can completely
remove the target active species, but in addition, high-concentration
quenchers also bring many confounding effects to the persulfate sys-
tem, such as accelerating the decomposition of PMS, interfering with the
generation of active substances and quenching of non-target active
substances (Gao et al., 2022a). Based on this finding, the different
removal efficiency of pollutants can not only be attributed to the
quenching of target active species by the quencher but also related to the
confounding effect caused by the high concentration of the quencher.
Therefore, the explanation of the role of various active species in the
persulfate system by the quenching method is controversial and worth
reexamining. Besides, some catalysts also have certain adsorption to
alcohols, which can lead to the coverage of active sites by alcohol
quenchers (Zhang et al., 2012).

Aromatic compounds with strongly electron-withdrawing functional
groups (nitrobenzene, benzoic acid, etc.) are also ideal probes to
differentiate SO5~/eOH reactivity (Wang et al., 2023b). In SO3-AOPs
systems, the relative content of SO~ and eOH can be obtained by
calculating the reaction rate constants of chemical probes in different
quenching systems under the assumption of excessive PMS (Oh et al.,
2016). Specific steps are as follows:

When no quencher is added, the reaction rate of the chemical probe
can be expressed as:

acy

o (ki[-OH|C, + k, [SO; | C,) = — kCp

(20)
when chemical probes that only react with -OH are added, the reaction
rate of the chemical probe can be expressed as:

dCp

L= —k[SO;]Cr= —KCp

dt @D

where Cp is the chemical probe concentration, k; and kj are the sec-
ond-order rate constants of reaction between chemical probe with ¢«OH
and SO5™ respectively, k and k’ are the apparent first-order rate con-
stant. k; and kg can be obtained from Table 3 according to the different
chemical probes used, and k and k’ can be calculated from experimental
data (Liang and Su, 2009). Therefore, the relative concentrations of
S04~ and eOH can be obtained according to the ratio of k’ to k, and the
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steady-state concentration of SO;~ can be obtained according to Egs.
(20) and (21).

Using high performance liquid chromatography (HPLC) to determine
the characteristic products of the reaction between the trapping agent
and the active substance is also a quantitative method of free radicals. At
present, there are HPLC quantitative detection methods for high valence
iron species and ¢OH (Saha and Kumar Gupta, 2018; Wang et al., 2018).
Unfortunately, there are few studies on the quantitative determination
of SO3~ by HPLC. It is necessary to develop some trapping agents that
react with SO3~ to quantitatively detect their concentration.

5.2. Electron spin resonance spectroscopy

Electron spin or paramagnetic resonance (ESR/EPR) is a technology
used to qualitatively or quantitatively detect magnetic substances con-
taining one or more unpaired electrons, which provides an effective
method for detecting SO3~ and eOH containing unpaired electrons
(Hayyan et al., 2016). However, these free radicals usually have a short
life and are difficult to be detected directly. Therefore, spin traps will be
used to react with free radicals to generate stable spin adducts, and the
corresponding characteristic peaks will be obtained through ESR
detection. The spin trap is a kind of diamagnetic organic compound
including nitroso and nitrogen oxides. 5,5-Dimethyl-1-pyrroline
(DMPO) and 2,2,6,6-tetramethylpiperidine (TEMP) are the most
commonly used spin traps. As shown in Fig. 7, when DMPO is used as the
capture agent, the characteristic peak intensity ratios of the corre-
sponding adducts formed with SO3~, ¢OH, and O3 are 1:2:1:2, 1:2:2:1
and 1:1:1:1 respectively, while the capture agent of 105 is TEMP, and the
characteristic peak intensity ratios of the adducts are 1:1:1 (Wang and
Wang, 2020). However, in SO3 -AOPs, DMPO-SO3~ and DMPO-eOH
often coexist, and when 5-diethoxyphosphoryl-5-methyl-1-pyrroline-N--
oxide (DEPMPO) was used as a spin trap to capture SO3 , it was
observed that DEPMPO-SO3~ would undergo nucleophilic substitution
with HO/OH™ to form DEPMPO-eOH, which affects the accuracy of the
measurement results (Timmins et al., 1999). Therefore, ESR is generally
used for qualitative or semi-quantitative measurement. Zhang et al.
(2022c) developed and verified the qualitative and semi-quantitative
capture capability of SO§ /eOH and 'O, using the soluble probe 9,
10-anthracenediyl-bis(methylene)-dimalonic acid. This method is
more convenient and reliable than the electron paramagnetic resonance
detection using DMPO and TEMP as spin trapping agents and the ROS
quenching by alcohol, furfuryl alcohol, and 1-histidine. Due to the low
lifetime and high activity of ROS, and they often appear in the
SO5~-AOPs system at the same time, their roles in pollutant degradation
are often confused, and the existing detection methods are difficult to
accurately quantify the content of each active species, therefore, it is
necessary to develop more accurate and advanced detection techniques
to gain a deeper understanding of their contributions and response
mechanisms.

5.3. Transient absorption spectroscopy

Transient absorption spectroscopy can determine some reactive
substances by comparing the spectra of photoexcited and unexcited
samples, which can be used for the qualitative detection of SO3~ (Wang
and Wang, 2020). Studies have shown that the reaction of purine and
pyrimidine derivatives with ¢OH and SO;~ can obtain the maximum
transient absorption spectra at different wavelengths. The former has
the maximum absorption at 340 nm, while the latter has the maximum
absorption at 320 nm (Pramod et al., 2006; Manoj et al., 2007). In
addition, by photolysis of S;03~ aqueous solution, it was also found that
SO%~ can be adsorbed on the surface of suspended silica nanoparticles
and form a characteristic transient adduct with Ap.x &~ 320 nm (Care-
gnato et al., 2003). Unfortunately, this method has not been applied to
the study of SOZ -AOPs, but these characteristics suggest that transient
absorption spectroscopy may provide new ideas for the detection of
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SO% .

In SO5 -AOPs systems, SO;~ and eOH often coexist, which have
different selectivity and oxidation capacity to pollutants. Therefore, it is
critical to determine the presence of SO3~ and assess its contribution to
further understand its reaction pathway. In general, the detection and
identification of SO~ strategies are as follows: (i) use of chemical re-
agents (quencher/chemical probe) to selectively react with reactive
species in combination with competitive kinetic methods to determine
relative/steady-state concentrations of sulfate radicals. (ii) Indirect
detection of sulfate radicals using electron spin resonance spectroscopy
to detect adducts formed by the reaction of spin traps with free radicals.
(iii) The maximum transient absorption spectroscopy of different
wavelengths generated by the reaction of SO3~ and ¢OH with the same
substance are potential detection methods.

6. Applications of sulfate radicals-based AOPs

Based on the above discussion, we know that the strategy of acti-
vating sulfite or persulfate to produce SO3~ has been very mature, and
understand its reactivity with pollutants. Although SO3™-AOPs have
great application potential, their specific application methods (reactor
design, combination strategy with other treatment methods) and prac-
tical processing variability and challenges are rarely summarized sys-
tematically. In order to make readers more clearly understand the
prospects and shortcomings of SO3~ in practical applications, in this
section, we will comprehensively explain the application of SO3~ in
environmental remediation, focusing on its application in industrial
wastewater, soil and groundwater, sludge dewatering and conditioning
and membrane separation. The application status, the potential reaction
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mechanism, and the shortcomings of SO3 -AOPs in practical applica-
tions are summarized. In addition, the application prospects of SO3~ in
water disinfection and air purification are briefly introduced.

6.1. Wastewater treatment

Wastewater mainly includes domestic sewage and industrial waste-
water produced in the process of production and living. With the
increasing use of pharmaceuticals and personal care products, many
recalcitrant pollutants are beginning to appear in domestic sewage.
Conventional sewage treatment facilities cannot remove them. In
addition, Industrial wastewater has the characteristics of large daily
discharge, variety, and toxicity, which has caused great harm to the
environment and human health. The traditional biological method has
some limitations for the removal of stubborn contaminants, and the
toxic substances also limits its application in industrial wastewater
(Zhao et al., 2006). Physical methods such as coagulation and mem-
brane separation only transfer pollutants and are difficult to eliminate.
Advanced oxidation technology is very effective for the removal of
various refractory pollutants and toxic substances. Compared with eOH,
the strong oxidizing property and long half-life of SO3~ make it more
effective in wastewater treatment. Its pH independence and low reac-
tivity with dissolved organic matter make it more suitable for the
treatment of various industrial wastewater. In addition, in terms of
precursors , persulfate with long life and easy transportation and stor-
age also makes SO%~ consistently produced, thereby providing contin-
uous removal of total organic carbon (TOC). On the contrary, H,O5 as a
liquid is not easy to store and will decompose slowly, making it less
efficient than persulfate. Moreover, the ineffective consumption of HyO4
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by eOH also limits its removal of TOC (Li et al., 2009; Chen et al.,
2022b).

The application of SO3-AOPs in wastewater treatment mainly in-
volves the following three aspects: (i) Completely remove stubborn
pollutants that are difficult to be removed by conventional methods to
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reduce the toxicity of wastewater. (ii) The conversion of macromolec-
ular organic compounds into small molecular substances to improve the
biodegradability of wastewater. (iii) Reduction or adsorption precipi-
tation of heavy metal ions to reduce heavy metal pollution. In the pro-
cess of actual wastewater treatment, especially industrial wastewater,

Table 4
Performances of different SO3-AOPs systems for wastewater treatment.
wastewaters SO3 -AOPs Wastewater characteristics Operational conditions Removal efficiency Refs.
Landfill leachate UV/PMS COD =978.69 mg/L, NH;-N =6.23mg/  PMS = 0.048 mol/L, pH = 7.5, 37.39% COD, 95.88% CN Guo et al. (2020)

Landfill leachate

nano-Fe304/PDS

L, color number (CN) = 0.328 cm ™, pH
= 8.05

COD = 780-1160 mg/L, color =
380-460 times, pH = 6.5-7.1, NH3-N =
120-160 mg/L

Landfill leachate CuFe304/PDS COD = 2600 + 130 mg/L, BODs = 980
+ 50 mg/L, NHz-N = 2560 + 128 mg/L,
Color (Pt-Co units) = 5110 + 255.50,
pH=8+0.16
Landfill leachate Fe;03/Co304/ COD = 14,000 mg/L, NH;-N = 3120
exfoliated graphite mg/L, Color = 1028°, pH = 8.98
(EG)/PDS
Landfill leachate Electrolysis/ COD = 14,200 mg/L, TOC = 5600 mg/L,
FeTiO3/UV-LED pH = 8.56, TDS = 18,860 mg/L

Landfill leachate

Electrolysis (Fe/C

COD = 1041.38 mg/L, NH3-N = 444.39

granules)/PDS mg/L, pH = 7.81
Landfill leachate MW/PDS/H20- COD = 526.58 mg/L, CN = 4.226, pH =
7.37
Landfill leachate MW/ZV1/PDS TOC = 169.25 mg/L, CN = 0.102 cm’l,
pH = 8.65
Landfill leachate MW/PS COD = 829.69 mg/L, chroma = 0.393
em™!, pH = 7.87, BODs = 91.27 mg/L
Petrochemical UV/PDS/Fe?* COD = 950 + 50 mg/L, BODs = 190 +
wastewater 10 mg/L, Color (absorbance at 400 nm)
= 0.411 £+ 0.003 cm’l, pH=7.10 +
0.04
Petrochemical UV/PDS/Fe*" Catechol = 200 mg/L, COD = 3500 mg/
wastewater L, BODs = 370 mg/L, TOC = 1500 mg/L,
pH=6.3
Petrochemical H,0,/PDS/Fe** Dinitrotoluene = 603.1 + 6 mg/L, COD
wastewater = 3285 + 40 mg/L, BODs = 150 + 20
mg/L, pH = 6.7
Petrochemical US/nZVI/PMS COD = 1025 mg/L, BODs = 250 mg/L,
wastewater TOC = 275 mg/L, Total phenols = 47.6
mg/L, pH = 6.7
Petrochemical US/PMS/Ozone COD = 825 mg/L, TDS = 748 mg/L, pH
wastewater =6.5
Petrochemical US/Electrolysis/PDS ~ COD = 750 mg/L, BODs = 115 mg/L,
wastewater TOC = 274 mg/L, pH = 7.28
Pharmaceutical UV/MnO,/PMS COD = 354 mg/L, BODs = 185 mg/L,
wastewater TOC = 152 mg/L, Total phenol = 20.1
mg/L, pH = 5.6
Printing and dyeing ~ UV/US/PMS COD = 1280 mg/L, TOC = 550 mg/L,
wastewater pH = 8.9
Printing and dyeing US/UV/ZnO/PDS COD = 1546.2 mg/L, BODs = 231.4 mg/
wastewater L, TOC =714 mg/L, pH = 8.3
Printing and dyeing US/UV/Fe-Biy03/ COD = 2612 mg/L, BODs = 118 mg/L,
wastewater PMS TOC = 897 mg/L, pH = 8.01
Printing and dyeing ~ US/UV/CeO3Fe304/ COD = 875 mg/L, BODs = 240 mg/L,
wastewater PMS TOC = 232 mg/L, pH = 6.4

Winery wastewater

Winery wastewater

UV/LaCoO3-TiOy/
PMS

UV/Fe*"/PMS

COD = 139.25 mg/L, BODs = 42.5 mg/
L, TOC = 44.50 mg/L, pH = 3.43

COD = 513 mg/L, Total polyphenols =
33 mg/L, TOC = 143 mg/L, pH = 4.0

Time = 60 min

nano-Fe3O4 = 1.5 g/L, PDS =
3.5 g/L, pH = 3.0, Shaking
speed = 350 rpm, Time = 120
min
CuFe,04=1.5g/L,PDS=5g/
L, pH = 2.0, Time = 60 min

Fe;03/Co304/exfoliated
graphite (EG) = 0.1 g/L, PDS
=5g/L, pH = 0.05, Time = 60
min

FeTiO3 = 1 g/L, PDS = 234
mM, pH = 8.6, UV-LED = 200
mA/cmz, Time = 480 min
Fe/C granules = 1 g/L, PDS =
28 mM, Operating voltage = 5
V, Time = 120 min

MW power = 450 W, Hy0, =
PDS = 3.7 mM, pH = 3, Time
= 16 min

MW power = 320 W, PDS =
30 mM, ZVI = 0.5 g/L, pH = 3,
Time = 10 min

MW power = 450 W, PDS = 8
g/L, pH = 3, Time = 20 min
PDS = 4 mM, Fe*t = 0.3 g/L,
pH = 7, Time = 60 min

PDS = 4 mM, Fe®* = 0.3 g/L,
pH = 4, Time = 60 min

H;0,=0.2g/L,PDS=0.5g/L,
Fe?" = 0.3 g/L, pH = 11, Time
= 60 min

PMS =1.25mM, nZVI=0.4g/
L, US power = 200 W, pH = 3,
Time = 90 min

Ozone = 6.8 mg/L, PMS = 1.5
mM, US power = 200 W, pH =
7, Time = 60 min

Potential electrode = 10V,
PDS = 20 mM, US power =
300 W, pH = 3, Time = 120
min

PMS = 1.0 mM, MnO, = 0.25
g/L, Natural pH, Time = 120
min

PMS = 1.5 mM, Natural pH,
Time = 90 min

PDS = 2.43 mM, ZnO = 0.88
g/L, US power density = 300
W/L, pH =6

PMS = 6 g/L, Fe-Biy05 = 0.88
g/L, pH = 8.01

PMS = 1.5 mM, CeO,-Fe304 =
0.3 g/L, pH = 7.0, Time = 90
min

PMS = 10 mM, LaCoO3-TiO,
=0.5g/L, pH = 7.0, Time =
180 min

PMS = 2.5 mM, Fe*" =1 mM,
UV365 = 70 W/m?, pH = 6.5,
Time = 90 min

63% COD, 98% Color

57% COD, 71% NH3-N,
63% Color

67.1% COD, 90.6% NH4-N

90% COD, 90%
mineralization

72.9% COD, 84.1% TOC,
99.3% NH3-N

73.5% COD, 98.1% CN

78.63% TOC,
80.39% UVys4

65.65% COD,

84.15% UVys4

70% COD, 100% Color,
BODs5/COD: from 0.2 to
0.45

64.7% Catechol,
39.7% COD

100% Dinitrotoluene,
89.1% COD

60% COD, 47% TOC, 61%
Total phenols, BODs/COD:
from 0.24 to 0.41

85% COD, 75% TOC

82.31% COD

65% COD, 60% BODs, 53%
TOC, 74% Total phenol

64.8% COD, 50.9% TOC,
92.9% Color

96.6% COD, 97.1% TOC,
BODs/COD: from 0.15 to
0.61

91% COD, 77% TOC

63% COD, 44% TOC, 55%
BODs, 78% Color

60% COD, 95% Polyphenol

75% COD, 56% TOC

Liu et al. (2018b)

Karimipourfard et al.
(2020)

Guo et al. (2019)

Silveira et al. (2018)

Yu et al. (2020)

Chen et al. (2020c¢)

Yang et al. (2022)

Chen et al. (2019)
Babaei and Ghanbari
(2016)

Delavaran Shiraz

et al. (2018)

Takdastan et al.
(2019)

Barzegar et al. (2018)
Ghanbari et al.
(2020)

Yousefi et al. (2019)

Eslami et al. (2018)

Ahmadi and
Ghanbari (2018)
Asgari et al. (2020)

Dinesh et al. (2016)

Ghanbari et al.
(2019)

Solis et al. (2018)

Rodriguez-Chueca
et al. (2017)
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these functions often coexist. Table 4 summarizes the application status
of SO3 -AOPs in wastewater treatment in recent years.

The most important role of SO3 -AOPs in practical wastewater
treatment is to remove toxic pollutants and macromolecular organic
compounds that are difficult to degrade by using highly oxidizing SO3~,
to achieve detoxification and improve the biodegradability of waste-
water. Chen et al. (2022b) combined experimental and computational
studies to prove that PDS/Fe(Il) offers better performance than HyO5/Fe
(II) in improving the biodegradability of wastewater. However, the
application of the PDS/Fe(II) process is limited by pH. At present, the
catalysts used for activating persulfate in practical applications are
gradually developing from a single homogeneous catalyst to a multi-
phase composite catalyst. Liu et al. (2018b) used nano-FegO4 as PDS
catalyst to achieve 63% COD removal rate and 98% chroma removal
rate of landfill leachate, and the aromatic nature and molecular struc-
ture complexity of organic matter were reduced under the strong
oxidation of SO5". Similarly, FeTiO3, CuFe;04 (Karimipourfard et al.,
2020), and Fey03/Co304/exfoliated graphite (Guo et al., 2019) com-
posite catalysts also have a good catalytic effect in the degradation of
landfill leachate. They can effectively activate PMS/PDS to produce a
large amount of highly active SO, so as to achieve a high removal rate
of COD, NH}-N, and color. Furthermore, the catalytic activity and sur-
face area can be further improved by loading them on the support.
Zero-valent iron nanofiber/reduced super-large graphene oxide as per-
sulfate activator can achieve up to 80.87% COD removal rate and
72.38% NH3-N removal rate in treating real leachate, and the biode-
gradability (BODs/COD) of leachate was also increased from 0.25 to
0.52 (Soubh et al., 2018).

To further improve the utilization of the oxidant and reduce SO3~
residue in water, combining UV (Silveira et al., 2018), electrolysis
(Silveira et al., 2018; Yu et al., 2020), MW (Qi et al., 2017; Hu et al.,
2020; Yang et al., 2022) with the catalyst, and simultaneously activating
H20, and PDS/PMS to generate more free radicals, can realize effective
purification of wastewater. Specifically, the presence of current density
enhances the formation of hypochlorite and the conversion of PDS to
SO3%~, which improves the decolorization efficiency. The decolorization
of landfill leachate increases the light penetration and the photoreduc-
tion of Fe(III) to Fe(II) on the FeTiO3 surface, which promotes the cat-
alytic effect of Fe(Il) on PDS and Hy02. Yu et al. (2020) developed a
three-dimensional electrode of Fe/C particles to simultaneously achieve
anodic electrolysis of chlorine species and activation of PDS, which
significantly promoted the removal of refractory organic pollutants from
wastewater (Fig. 8a). Co-TiOy/zeolite catalyst, on the one hand, uses the
photoabsorption ability of TiO, to form electron-hole pairs to stimulate
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the decomposition of PDS to generate SO3~, on the other hand, cobalt
doping enhances the catalytic activity of PDS, which can realize pho-
tocatalysis and co-catalysis of PDS at the same time (Egs. 22-25) (He
et al., 2019). Akbar et al. (Eslami et al., 2018) applied UV/MnOy/PMS
process to the treatment of petrochemical wastewater and pharmaceu-
tical wastewater. Under the conditions of 1 mM PMS, 0.25 g/L MnO,, 2 h
reaction time, and natural pH, the biodegradability of the two waste-
water was improved. The BOD/COD ratio increased from 0.49 to 0.52 to
0.61, respectively, and the toxicity was reduced by more than 40%.

Co —TiO, +hv(UVlight) — TiO, (h};) 4 TiO; (e, ) (22)
0, +¢,—-0; 23
H,O+hi,—» -OH+H* @4
8,05 +e, - SOy +SO; (25)

Heavy metal pollution is also a major problem in environmental
remediation, phytoremediation is considered to be the best way to
remove heavy metals (Iyyappan et al., 2023). When organic pollutants
and heavy metals exist in wastewater, their effective removal at the
same time has special significance for environmental remediation. In a
recent study, SO3 -AOPs were demonstrated to be an efficient process
for removing organic pollutants and heavy metals from wastewater.
Persulfate can not only be activated by natural sulfide metal minerals to
produce SO3 to remove organic pollutants, but also stimulate the
catalyst itself to reduce heavy metals studies have shown that pollutant
intermediates degraded by SO3~ can also enhance the photoreduction of
Cr(VI) by minerals. Oxalic acid and formic acid, the degradation in-
termediates of Rhodamine B, are introduced to cooperatively promote
the reduction of Cr(VI) in the chalcopyrite/PDS system through their
clearance of photogenic holes (Zheng et al., 2022).

Heavy metals in industrial wastewater usually coexist with chelating
agents to form a heavy metal complex, which has a stable chelating
structure and is difficult to remove by chemical precipitation. SO3~ can
directly destroy the chelating structure of heavy metals, resulting in a
decomplexation reaction and metal ion precipitation, which is condu-
cive to the removal of heavy metals in subsequent steps. Hong et al.
(2022) used the highly efficient co-activation of PDS with alkali and CuO
to decomplexate Cu-ethylenediamine tetraacetic acid (Cu(II)-EDTA) at
the same time and precipitated Cu(Il), and could completely remove
3.14 mM Cu(Il) within 2 h. However, the activation process of PDS is
acidic, which increases the amount of alkali required for Cu(Il) precip-
itation, and CuO itself also has the risk of Cu(II) dissolution. Zero-valent
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Fig. 8. Mechanism of electro-assisted SO3 -AOPs wastewater treatment. (a) Three-dimensional Fe/C particle electrode/PDS system. (b) Iron electrode/PDS system.

Reproduced from Ref (Yuan et al., 2014; Yu et al., 2020).
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iron (ZVI) can avoid the above problems. ZVI, as the activator of PDS,
generates SO3~ which destroys the chelating structure of Cu(II)-EDTA,
and the generated Fe®" can replace part of Cu(II) and EDTA chelating,
which synergically promotes the release of Cu(II). The released Cu(II) is
finally adsorbed on the ZVI surface and further reduced to zero-valent
copper (Fei et al., 2021).

As mentioned above, the application status and mechanism of SO3 -
AOPs in wastewater treatment mainly include: using the strong oxida-
tion of SO3~ to remove stubborn pollutants and convert macromolecular
compounds into small molecular substances, reduce the toxicity of
wastewater and improve the biodegradability of wastewater; Under the
mediation of SO3~, heavy metal ions can be reduced or adsorbed and
precipitated to reduce heavy metal pollution.

However, there are some problems that need to be noted when SOj-
AOPs is applied in wastewater treatment. Firstly, the addition of oxidizer
will introduce a large amount of SO3~ into the treated wastewater and
increase the TDS of the water body. As shown in Table 4, the dosage of
persulfate in the actual wastewater treatment is mostly between several
grams and tens of grams, which will eventually be converted into SOF,
all of which are greater than the applied water sanitation standard
stipulated in China (TDS <1000 mg/L). In addition, if biological treat-
ment is carried out later, the SO%’ is likely to be converted into HsS,
increasing the risk of subsequent treatment. It is suggested that SO3™ -
AOPs be used as an auxiliary means for wastewater treatment, such as in
membrane reactor for wastewater post-treatment, to give full play to the
oxidation capacity of SO~ and reduce its influence on water quality.
Secondly, special attention should be paid to the generation of toxic
byproducts in the practical application of SO3 -AOPs. Unlike the
reversible reaction of ¢OH with halogen ions (Eq. (26)), SO5~ is prone to
react with halide ions to form halogen free radicals (Eq. (27) and (30)),
which can further react with organic matter in the wastewater to form
toxic halide byproducts. Finally, in order to maximize persulfate utili-
zation, researchers often use complex methods to synthesize more effi-
cient catalysts and apply external energy or electricity to increase SO3~
yield, but this is often divorced from practical application. It is necessary
to give full play to the advantages of the diversity of SO3 -AOPs acti-
vation means according to the actual situation, such as using the waste
heat of industrial wastewater to activate persulfate for wastewater
treatment, and using the iron-containing sludge generated in the floc-
culation stage to make biochar activated persulfate (Merzouk et al.,
2011; Liu et al., 2012).

X~ +-OH2HOX ™ (26)
X +80; -X 27)
X +X X, (28)
Xy + H,0—~HOX (29)
HOX +1"—X03 (30)

6.2. Groundwater and soil remediation

The contamination of soil and groundwater by organic pollutants is a
major threat to the supply of drinking water. Ex-situ remediation is often
not widely used due to the high cost of ex situ treatment and the
complexity of the site. Therefore, in situ remediation (ISCO) is increas-
ingly used in soil and groundwater remediation as a more efficient and
economical method (Tsitonaki et al., 2010; Liu et al., 2014). The oxi-
dants used in early ISCO were permanganate (MnOjy) and H,0o, but the
resulting manganese oxides (such as MnOj) clogged soil pores and
prevented the transport of oxidants underground. HyO5 can undergo
Fenton reaction/Fenton-like reaction with underground minerals to
generate eOH, and the instability of HoO, and the decomposition of
H20; by catalase in the underground will cause a lot of losses (Kwan and
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Voelker, 2003; Waldemer and Tratnyek, 2006). Persulfate has recently
become a popular ISCO oxidant (Waldemer et al., 2007; Costanza et al.,
2010). Compared with conventional oxidants, persulfate have greater
stability in the underground environment. In the absence of an external
activator, the half-life of persulfate in the aquifer is more than 2 years
(Jiang et al., 2017). In the presence of natural Fe/Mn minerals, persul-
fate decomposition can be accelerated, but the half-life is still between a
few months and a year (Liu et al., 2014). Persulfate is more stable and
easier to transport in the subsurface environment, allowing for higher
utilization of the oxidant.

Aquifer sediments in the subsurface environment contain large
amounts of metal minerals in which transition metals can activate per-
sulfate. Therefore, adding persulfate alone is also used in soil and
groundwater remediation. Fe(I[)-O complexes in in-situ underground
sediments can effectively activate persulfate to produce SO3~ for the
remediation of aniline-contaminated groundwater. Under the condi-
tions of persulfate concentration of 10-50 mM, precipitate amount of
100-300 g/L, and aniline concentration of 0.05-1.0 mM, more than 90%
of aniline can be removed within 6 h (Mustapha et al., 2021). Yan et al.
(2019) used four kinds of soil and aquifer sediments to study the acti-
vation ability of underground media to in-situ chemical oxidation of 1,
4-dioxane, and proved that dissolved iron in sediments was the main
reason for persulfate activation, and manganese oxide and soil organic
matter also promoted to a certain extent. It is worth noting that the
respiration of organic matter in the underground anoxic environment
leads to the reductive dissolution of Fe-oxyhydroxides, resulting in some
dissolved Fe(Il) (12 pM-518 uM) in groundwater (Zhang et al., 2018).
Fang et al. (2023) added PMS directly to Fe(II)-rich groundwater with
high arsenic (As) to achieve in-situ immobilization of As(III). Fe(II) can
activate PMS to produce active substances to oxidize As(IIl), and the
generated Fe(III) can form colloids to flocculate and adsorb As(V). The
removal efficiency of As(Ill) can reach 98.8% within 1 min. Environ-
mentally friendly cysteine (Cys) can also be used in groundwater
remediation. Cys can not only form complexes with Fe?* to stabilize
Fe?" but also its reduced sulfhydryl group (-SH) can accelerate the redox
cycle of Fe®* to Fe?*. By adding Cys to the Fe?*/PS process, the higher
removal efficiency of targeted contaminants over a wide pH range can
be achieved (Jiang et al., 2020). Similarly, citric acid (CA) can also be
used to chelate Fe(I)-activated persulfate for groundwater remediation.
When the PDS/Fe(II)/CA molar ratio is 15:2:1, trichloroethylene can be
completely degraded within 60 min (Wu et al., 2014). In addition to Fe?
*, humic acid in soil and groundwater can also play an important role in
S05 -AOPs. Redox-active functional groups such as quinones in humic
acid can effectively activate persulfate to degrade 2,4,4-tri-
chlorobiphenyl. The coordination reaction of quinones with hydroqui-
none produces semiquinone radicals, which induce persulfate activation
to generate SO3~ to degrade pollutants (Fang et al., 2013).

The activation of persulfate by using active components in under-
ground environment is a unique advantage of SO3 -AOPs in soil and
groundwater treatment, but it is difficult to achieve the expected effect
in practical application, which requires the addition of artificial cata-
lysts or combined with electrochemical treatment technology. The cat-
alytic activity of bimetallic Fe-Mn oxides for PDS in the actual
groundwater sand column is very stable and can be continuously oper-
ated for 115 days. SO3~ and eOH play a major role in the system, and the
reaction stoichiometric efficiency of PDS is 3-5%, which is much higher
than that reported in HyO2-based ISCO (<0.28%) (Yang et al., 2020a).
Magnetite and Cu?* have a synergistic effect on the activation of PDS.
Cu®t is adsorbed and reduced by the structural Fe(II) on the surface of
magnetite under neutral or alkaline conditions to form Cu', which
contributes to the activation of PDS (Chen et al., 2020b). It provides a
new way to improve the effect of mineral activation PDS in ISCO. Dong
et al. (2019) used sulfide-modified nanoscale zero-valent iron to activate
persulfate to remove trichloroethylene. Compared with nZVI,
sulfide-modified achieves a higher removal rate and mineralization ef-
ficiency of trichloroethylene by increasing the number of electrons and
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accelerating electron transfer. Combining electrochemistry with ISCO is
also a very effective remediation method for soil and groundwater.
In-situ electrolysis of iron electrodes is a good example of application
(Fig. 8b). On the one hand, positive/negative current is applied to the
iron anode to promote/inhibit the generation of Fe?*, which realizes the
control of the degradation reaction of underground pollutants by per-
sulfate. On the other hand, OH™ is produced by electrolysis at the
cathode to regulate pH and redox potential, which inhibits the leaching
of underground heavy metals (Yuan et al., 2014). The three-dimensional
electrode composed of CuFe;O4 magnetic nanoparticles as a particle
electrode and catalyst of PDS can effectively remove atrazine. When the
dosage of CuFe;04 was 3.0 g/L, the concentration of PDS was 4.0 mM,
the current density was 4 mA/cm? and the initial pH was 6.3, the
degradation efficiency and TOC removal rate of atrazine were 99% and
22.1%, respectively (Li et al., 2019a).

Due to the complex nature of the soil, particular attention should be
paid to the effect of water composition on the removal of target con-
taminants in persulfate-based ISCO. CI~ and HCO3 are common sub-
strates in water environments, and sometimes interfere with soil and
groundwater remediation. However, it has been reported that C1~ plays
a positive role in the persulfate activation of iron-based catalysts. Cl™
can inhibit the corrosion of iron, improve the utilization efficiency of the
catalyst and produce more SO3~ (Li et al., 2018a). HCOg3 also has an
activation effect on PDS. Jiang et al. (2017) demonstrated for the first
time that PDS can be activated by bicarbonate to form HCOz which
plays a major role in the conversion of acetaminophen. In the degra-
dation of persulfate-based phenolic compounds, nitrite can lead to the
formation of nitration byproducts, which account for about 70% of
phenol products (Ji et al., 2017). However, nitroaromatic compounds
are carcinogenic, mutagenic, and genotoxic. The formation of nitrified
organic byproducts in SO -AOPs should be carefully reviewed and
possible health and ecological effects assessed. Special attention is also
needed to the primary alkalinity and pH values in contaminated
groundwater, which mainly affect the surface complexation of aquifer
minerals. Higher alkalinity facilitates the formation of inactive surface
carbonate complexes, which inhibit persulfate activation, while lower
pH facilitates the formation of active surface hydroxyl complexes, which
can accelerate the remediation (Li et al., 2017). The oxygen content in
the underground environment also affects the type of products. For
example, in the presence of O, about 30%-60% of benzene is converted
into phenol, and the remaining benzene is converted into ring-cracking
products. In the case of anoxia, the concentration of ring-cracking
products increases relative to phenol (Liu et al., 2016a).

In summary, persulfate-based ISCO is very promising in the reme-
diation of contaminated soil and groundwater. Its unique advantage is
that some components in the underground environment can be used for
persulfate activation, such as a large number of metal minerals in aquifer
sediments and their soluble and active functional groups in humic acid
(e.g., quinones). In addition, compared with KMnO4 and H50», persul-
fate has greater stability in underground environments. In practical
applications, it is more important to note that some intermediates may
be more toxic than their parent compounds, especially when the nitrate
content is high. Before specific applications, the potential risks of in-
termediates need to be carefully evaluated. In practical applications,
toxicity monitoring is carried out regularly to ensure that groundwater is
not subject to secondary pollution. In addition, attention should also be
paid to the risk of groundwater pH reduction caused by persulfate
decomposition, which may lead to the leaching of underground heavy
metals.

6.3. Sludge dewatering and conditioning

With the increasing demand for sanitation and water treatment fa-
cilities, more and more sludge is produced. Sewage sludge contains
various toxic substances such as pathogens, heavy metals, and organic
pollutants, which can cause serious pollution risks (Wu et al., 2020).
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Sludge dewatering is essential to reducing sludge volume and sludge
toxicity, while SO3 -AOPs have an irreplaceable role in regulating
sludge dewaterability and removing heavy metals and organic
micro-pollutants (Liu et al., 2018a). Extracellular Polymers (EPS) are
macromolecular polymers secreted by microorganisms in vitro, which
exist inside and on the surface of activated sludge floc, and their effects
on the stability, flocculation, and metabolism of activated sludge can
significantly interfere with the hydrophilicity and hydrophobicity of
biological floes (Liu and Fang, 2003). EPS is the most important deter-
minant of sludge dewatering performance.

The highly oxidizing SO~ in SO3 -AOPs can effectively degrade EPS
and destroy hydrophilic proteins and fluorescent substances in EPS,
resulting in the release of bound water and the increase of zeta potential,
thus improving the dehydration ability (Zhen et al., 2019; Liu et al.,
2021a; Bai et al., 2022). Studies have shown that when EPS is destroyed,
hydrophilic substances are exposed first, resulting in the expansion of
protein structure, exposing the internal unsaturated hydrophobic
structure, and resulting in the release of bound water (Li et al., 2019b;
Chen et al., 2022a). In addition, SO~ can also crack the cell membrane,
release intracellular substances and water, and further increase the
dewaterability (Liu et al., 2018a; Li et al., 2019b).

The high temperature produced by the mesophilic or thermophilic
digestion process can activate persulfate and produce SO3~, which can
oxidize toluene and other organic matter in the anaerobic digested
sludge, thereby improving its dewaterability (Wactawek et al., 2016).
ZVI and Fe?* are the most commonly used catalysts in SO§"-AOPs sludge
treatment. In addition to activating persulfate to produce SO3~, they also
act as flocculants. After the sludge floc is broken into small particle size
by destroying the EPS structure by SO3~, the oxidation products of ZVI
and Fe> can reduce the electrostatic repulsion by compressing the
double electric layer and neutralizing the negative charge of the sludge
colloidal particles, so that the sludge particles with small particle sizes
can be aggregated into large sludge particles (Fig. 9) (Xiao et al., 2017;
Lietal., 2019b). The improvement effect of ZVI-activated PDS on sludge
dewatering performance is lower than that of Fe?", because the iron
oxide layer formed near the metal surface of ZVI can inhibit the acti-
vation of PDS (Zhen et al., 2018). Some studies have shown that the iron
oxide layer on the surface of ZVI will be destroyed when
ultrasonic-assisted ZVI-PDS is used (Liu et al., 2020). However, when
Fe?* or ZVI activated sulfites were used for sludge dewatering, the
capillary suction time reduction was 73.2% and 81.7%, respectively.
ZV1/sulfite system is more beneficial to improve the dewatering prop-
erty of sludge. This is because of the slow-release rate of Fe?" in the
ZV1/sulfite system, which helps to avoid the adverse consumption of
Fe?" on SO§~ (Liu et al., 2021a,b). Shi et al. (2015) introduced phos-
phogypsum into the system to promote the formation of columnar
dihydrate gypsum crystals in the sludge, which formed a permeable and
rigid lattice structure in the sludge and enhanced sludge dewatering. In
addition, introducing oxalic acid into the Fe?*-PDS system can also
enhance sludge dewatering. On the one hand, the Fe3*-oxalic acid
complex can enhance the reflocculation of sludge particles. On the other
hand, the chelation of oxalic acid can also promote the dissolution of
heavy metals from sludge (Zhang et al., 2023b).

Micropollutants generally have long-term persistence, and their
concentration in sludge is about 100 mg/kg TS (Liu et al., 2018a).
Heat-PDS, MW-PDS, and FeS-PMS have been proven to be effective in
degrading micropollutants (i.e. toluene, ciprofloxacin, and triclosan) in
sludge (Bilgin Oncu and Akmehmet Balcioglu, 2013; Wactawek et al.,
2016; Liang et al., 2021). Heavy metals are another risk species in
sludge, with a total concentration of several thousand mg/kg DS (Babel
and del Mundo Dacera, 2006). SO3 -AOPs promote the release and
dissolution of heavy metals in sludge by destroying sludge flocs and
reducing pH, thus reducing the toxicity of dewatered sludge (Li et al.,
2019b; Bai et al., 2022).

In summary, the role of SO3 -AOPs in sludge dewatering and con-
ditioning is mainly reflected in the following aspects: (i) SO3~ can
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Fig. 9. The possible mechanism of ZVI/PDS treatment enhancing anaerobically digested sludge dewaterability. Reproduced from Ref (Li et al., 2019b).

effectively degrade hydrophilic proteins and fluorescent substances in
EPS in sludge, so as to release the bound water and improve the dew-
atering performance. (ii) The iron-based catalysts used in the sludge
treatment of SO5 -AOPs, in addition to activating persulfate, also act as
flocculants to promote the reflocculation of the sludge after dehydra-
tion. (iii) SO~ can also promote the release and dissolution of heavy
metals in sludge by destroying sludge flocculants and reducing pH, thus
reducing the toxicity of dehydrated sludge. However, the side effects of
adding persulfate and catalyst on sludge treatment also lack systematic
studies, such as the impact of Fe?' introduction on sludge calorific
value, and the impact of SO5~ on the transmission of antibiotic resis-
tance genes inside and outside the sludge microorganism cells (Lu et al.,
2020; Bian et al., 2021).

6.4. Membrane separation

Another application of SO3 -AOPs is the combination with mem-
brane separation. On the one hand, it can improve the utilization rate of
oxidant, on the other hand, it can realize self-cleaning of the membrane
and improve the flux, which has a synergistic effect (Lee et al., 2022).
Effluent organic matter, biopolymer, and humus will block the pores
inside the membrane and form a pie structure, reducing the membrane
flux and causing organic pollution of the membrane (Pramanik et al.,
2019; Zhang et al., 2022a). Pramanik et al. (2019) proved that UV/PDS
pretreatment could effectively alleviate organic pollution of forward
osmosis membranes, and SO3 generated by UV/PDS pretreatment
could effectively decompose large molecular weight hydrophobic com-
pounds into small molecular weight hydrophilic substances, thus
significantly enhancing the flux of membranes. At present, more
research is to combine the membrane with a catalyst with good catalytic
performance as a highly active catalytic self-cleaning membrane to
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simultaneously achieve efficient decontamination and self-cleaning of
the membrane. Ye et al. (2021a) constructed a macroporous
Fe-Co@NC-CNTs/PVDF catalytic membrane. The fully exposed active
site catalyzed the PMS to produce a large amount of SO3~, which had
good catalytic and self-cleaning properties in the coexistence system of
HA and BPA. 100% removal of BPA was achieved within 40 min while
maintaining an extremely high flux (10464.45 L m~2 h™1). Similarly,
they also coated metal nanoparticles in N-doped microtubule compos-
ites and fixed them on polyvinylidene fluoride (PVDF) membrane,
effectively avoiding membrane contamination. The unique structure not
only prevented the agglomeration of nanoparticles but also suppressed
metal leaching (Ye et al., 2021c). Yue et al. (Yue and Sun, 2021) spe-
cifically compared the flux retention rate of the catalytic self-cleaning
membrane in the presence of PMS, and the results showed that the
flux retention rate of the membrane was increased by 30% under the
action of PMS. The combination of SO3 -AOPs and membrane separa-
tion was proved to be effective. In addition, the loading amount of the
catalyst in the film can be controlled through multiple impregnation
cycles to achieve the best utilization of the catalyst and film (Bao et al.,
2018).

The loading of highly efficient persulfate catalysts onto the mem-
brane to form a self-cleaning catalytic membrane is an innovative
combination of SO3 -AOPs and membrane separation technology. The
self-cleaning of the membrane can be achieved while improving the
utilization rate of the oxidant. It should be noted that in the long-term
operation, the catalytic activity and transmembrane pressure will
deteriorate, the consumption of active sites and the accumulation of
small molecular organic matter on the catalytic membrane will hinder
its activation of persulfate, resulting in further damage to the catalytic
membrane, especially in the treatment of actual water samples (Xia
et al.,, 2022b). Therefore, further efforts are needed to improve the
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long-term stable operation ability of self-cleaning catalytic membrane in
complex water matrix.

6.5. Water disinfection and air purification

In addition to the above applications, SO3 -AOPs also have appli-
cations in water disinfection and air purification. Water disinfection is a
method of killing microbial pathogens in water to avoid waterborne
diseases. It is generally divided into the physical disinfection methods,
electrochemical disinfection methods, and chemical disinfection
methods. The former two methods have high energy consumption and
operation cost. Traditional chemical disinfectants such as free chlorine,
chlorine dioxide and ozone have strong bactericidal effects on microbial
pathogens (Xiao et al., 2019). However, they can produce disinfection
byproducts (DBPs) and cause secondary pollution to the water body.
SO%~ has a high redox potential and is easy to react with cell structure,
resulting in microbial inactivation while producing a low level of DBPs
(Lin and Xia, 2022). Under the oxidation of SO3~, the cell mem-
brane/cell wall of microorganisms is first destroyed, and then the anti-
oxidant enzymes and genetic material are induced to be inactivated,
leading to cell death (Wang et al., 2019¢). By contrast, Wen et al. (2017)
demonstrated the effect of UV/PMS on the cell membrane and cell wall
destruction in microorganisms. Under UV alone, the surface structure of
microorganisms will not be damaged, while UV/PMS will damage the
membrane structure, resulting in the release of intracellular substances
and the inactivation of spores. The current research has proved that
SO%™ has strong oxidation and a wide range of pH adaptation. It can
effectively destroy intracellular biomolecules (lipids, carbohydrates,
proteins, DNA/RNA), and has inactivation effects on microorganisms
such as Escherichia coli, MS; phage and bacillus spores, which has broad
application prospects in the inactivation of pathogenic microorganisms
in water (Wang et al., 2021b,c). In addition, the potential risks of SO~
deactivation techniques, such as the effect of SO?( residues in water on
TDS and the secondary toxicity of low-level DBPs, should be taken into
account.

Persulfate can be used as an absorbent and supplemented by certain
activation means to promote the absorption and oxidation of gaseous
pollutants in the water phase (Zhang et al., 2015). For example, Ade-
wuyi et al. (Adewuyi and Sakyi, 2013b, 2013a) achieved efficient
removal of NO from gas-liquid contactors by using sodium persulfate
solution activated simultaneously by temperature and Fe?". Further-
more, they demonstrated that the presence of SO, significantly enhances
the absorption and oxidation of NO, while the SOy itself is completely
removed, which may be helpful for wet flue gas desulfurization. BTEX
waste gas (benzene, toluene, ethylbenzene, xylene) is a volatile petro-
leum organic pollutant, which is difficult to be removed by a wet
washing system because of its insolubility. When the persulfate solution
containing Fe?* is used for wet washing, the mass transfer effect and
oxidation of BTEX can be greatly improved (Liang et al., 2009a). The
oxidation and mass transfer of insoluble waste gas can be achieved
simultaneously by using water containing strong oxidizing SO3~ to wet
wash the toxic waste gas (benzene, toluene, etc.) that is insoluble in
water in the gas phase, which provides a new solution for the purifica-
tion of harmful gases and the application of SO3 -AOPs in this field.

7. Conclusions and perspectives

To sum up, this review presents the state-of-art development of SO5~
generation and application in environmental remediation. The genera-
tion mechanism of SO3~ under different activation strategies is
emphasized, which provides a new idea for the rational design of cata-
lysts in practical applications. The latest application status of SO5~ in
different fields of environmental remediation is systematically summa-
rized, and the main challenges in the application of SO3™ in different
fields are presented. Based on the previous review and discussion, future
research needs for SO3 -AOPs were also proposed, as described below.
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(1) The metal-support composite catalyst combines the advantages of

(2

—

mono-metal/bimetallic oxides and carbon materials, which has
low metal leaching rate and good cycling stability. It is an ideal
catalyst for activating persulfate and sulfite to produce SO3 .
However, the synthesis process usually involves complex mate-
rials and harsh conditions, which limits their application in
practical environmental remediation. Therefore, the develop-
ment of simple and cost-effective metal-supported catalysts is the
key to bringing SO3 -AOPs to practical applications.

Both persulfate and sulfite can be used as precursors for the
production of SO3, but they are different in the specific activa-
tion mechanism, action mode, and application scenarios. Low-
cost sulfites are more favorable for industrial applications of
SO5 -AOPs, but the formation of SO3~ in sulfite activation re-
quires an aerobic environment. Therefore, sulfite-based AOPs are
suitable for aerated water bodies or oxygen-rich environments. In
addition, in the process of sulfite activation, reducing active
species (hydrated electrons (e;q) and hydrogen radicals (eH)) are
generated at the same time. They have different degradation
mechanisms and kinetics, which may lead to different degrada-
tion products and intermediates toxicity from sulfite-based AOPs
in environmental remediation. It needs to be further studied.

(3) When reacting with different kinds of pollutants, SO3~ and eOH

show different reactivity, which is related to their oxidation po-
tential, electrophilicity, and reaction energy barrier, and also
related to the highest occupied molecular orbital and electrostatic
potential of pollutant molecules (Zhang et al., 2023a). Combining
the degradation products of pollutants and DFT calculation to
analyze the active sites of target pollutants, and thus to analyze
the energy evolution law of the reaction between two kinds of
free radicals and pollutants through three paths, is a more
in-depth understanding of the degradation mechanism of organic
pollutants under the action of active species, which can greatly
promote the selective degradation and directional transformation
of target pollutants.

(4) Since SO3™ is very easy to be converted into eOH, the existing

detection methods are difficult to accurately determine the con-
tent and contribution of SO3~. The use of HPLC to determine the
characteristic products of the reaction between the capture agent
and the active substance has been used as a quantitative method
for high-valent iron species and e¢OH. Unfortunately, there are
few studies on the quantitative determination of SO~ by similar
methods. It is necessary to develop capture agents that specif-
ically react with SO3~, coupled with high-precision instruments
to quantitatively detect their concentrations, so as to gain a
deeper understanding of their contributions and response
mechanisms.

(5) SO5 -AOPs are recommended as an adjunct to wastewater

(6

7

—

—

treatment, such as in membrane reactors for wastewater
retreatment, to maximize the oxidation capacity of SO3  for
stubborn contaminants and reduce its impact on water quality. In
addition, special attention should be paid to the production of
toxic by-products. Unlike the reversible reaction of ¢OH with
halogen ions, SO5~ tends to react with halogen ions to form
halogen radicals, which can further react with organic matter in
wastewater to form toxic halide byproducts.

The potential risks of intermediates need to be carefully evalu-
ated before specific application, as some intermediates may be
more toxic than their corresponding parent compounds. In
addition, attention should be paid to the risk of pH reduction in
groundwater due to persulfate decomposition, which can lead to
the leaching of heavy metals underground.

SO5~ can effectively destruct the structure of sludge and make it
release the bound water and heavy metals, which has a good
application prospect in sludge dewatering and harmless treat-
ment. However, the side effects of adding persulfate and catalyst
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on sludge treatment also lack systematic studies, such as the
impact of Fe?" introduction on sludge calorific value, and the
impact of SO3~ on the transmission of antibiotic resistance genes
inside and outside the sludge microorganism cells, and the sub-
sequent treatment of sludge dehydrated filtrate.
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