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In the field of advanced oxidation processes (AOPs) of wastewater, many materials can be used as hetero-
geneous catalysts. The role of these catalysts is to activate oxidants and generate reactive oxygen species
(ROS) to decompose refractory pollutants. Perovskite oxide, an emerging catalyst in the field of AOPs, has
been extensively studied in wastewater treatment. Nevertheless, the application of perovskite in AOP sys-
tems still faces some problems, such as leaching of metal ions, a small surface area, a low number of
active sites, etc. Herein, this critical review comparatively examines the activation mechanisms of perox-
ymonosulfate, hydrogen peroxide, and peroxydisulfate. Furthermore, the formation pathways of oxidizing
species based on recent advances in experimental and theoretical studies were evaluated. In addition, the
impacts of water parameters and constituents such as initial pH, oxidant concentration, catalyst dosage,
natural organic matter, halide, phosphate, and carbonate were discussed. Finally, a critical discussion and
prospects of mechanism exploration and possible materials development are proposed to confront the

existing challenges in the application of perovskite oxides in AOPs.
© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

With the rapid development of human society, water pollu-
tion has become more and more complex. Conventional wastewa-
ter treatment methods have trouble treating emerging and refrac-
tory pollutants (such as pharmaceuticals, personal care products,
pesticides, herbicides, dyes). Advanced oxidation processes (AOPs)
have been regarded as an efficient advanced treatment technology
to produce reactive oxygen species (ROS) with high redox potential
and decompose pollutants in water.

Peroxide derivatives consisting of peroxide bonds (0—0) have
been extensively employed as the precursors of ROS in AOPs.
Among them, peroxymonosulfate (PMS), peroxydisumphate (PDS),
and hydrogen peroxide (H,0,) have attracted extensive attention
and have been widely researched. In AOP systems based on perox-
ides, the main ROS are free radicals, which have a high reactivity
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and a short half-life [1-9]. Wherein, hydroxyl radicals (*OH), sulfate
radicals (S04°~), superoxide radicals (O,"~), peroxyhydroxy radical
(HOy") etc., are the most common free radicals. However, there are
also non-radical ROS that’s generated in some systems, such as sin-
glet oxygen (10,).

Transition metal ions (especially Co, Fe, Cu, Mn, etc.) have been
employed as the most effective activators for the activation of per-
sulfate (including PMS and PDS) and H,0,. However, the key prob-
lem of homogeneous reactions is the secondary pollution caused
by the toxic metal ions. In addition, the free ions used as catalysts
are difficult to recover, which is not economical. Therefore, het-
erogeneous catalytic systems are more promising [10-12]. In het-
erogeneous catalytic systems, electron (e~) transfer between metal
oxides and peroxides take place at the interface to produce ROS
[13-16]. Nevertheless, the catalytic activity of single-metal oxides
is limited by the surface area and the number of active sites. To
solve these problems, researchers doped different metals with sin-
gle metal oxides. The synergistic effect between different metals,
the improvement of electronic structure and oxygen vacancy con-
centration make multi-metal oxides better catalysts [17-19]. As one
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kind of multi-metal oxide, perovskite demonstrates the advantages
of having a stable structure and diverse composition.

Perovskite has the general formula ABO3, wherein A-site ions
generally are rare earth or alkaline earth elements; B-site ions
usually are transition metal elements. At present, perovskites are
mainly prepared by the sol-gel method [20-24], combustion [25],
co-precipitation [26], chelating precursor method [27], and other
methods [28,29]. The structure of perovskite can be regarded as a
BX3 octahedron building with A cations introduced in it [30,31].
Because of the fluctuation of the cation radius, the crystal can de-
viate from the ideal structure within a certain extent [32]. Thus,
both A-site and B-site ions can be partially replaced by other metal
ions with similar radii and their crystal structure can remain un-
changed. Due to this characteristic, over 90% of the elements in
the periodic table can stably exist in the perovskite structure [31].
The unique structure of perovskite gives it its distinctive proper-
ties, such as its ferroelectricity [33], ferromagnetism [34,35], mul-
tiferroicity [36], piezoelectricity [37,38], superconductivity [39,40],
as well as its electrocatalytic [41,42], and photocatalytic properties
[43,44]. More importantly, the perovskite structure allows special
introduction of desired metal ions into the B-site to enhance cat-
alytic efficiency. Besides, the high thermal and hydrothermal stabil-
ity of the structure make it possible for perovskites to work stably
under various conditions. Therefore, perovskite can be a promising
activator of peroxide in AOPs. The advanced oxidation processes,
which use perovskite as heterogeneous catalyst to activate oxi-
dants, generate ROS, and degrade pollutants was called perovskite-
based AOPs.

Herein, the present review focuses on recent studies in ma-
terials design, characterizing the catalytic activity, identifying the
reactive species, and investigating the factors (reaction tempera-
ture, initial pH, oxidant concentration, catalyst dosage, co-existing
compounds) which affect the reaction efficiency. In addition, reac-
tion mechanisms (radical and/or nonradical) are probed by means
of both experimental and theoretical investigations. At last, the
research gaps of perovskite-based AOPs are detailed, and oppor-
tunities are proposed for further mechanistic investigations with
advanced strategies and applications of perovskite oxide catalysis
during catalytic oxidation.

2. Perovskite-based AOPs for water decontamination

Emerging and refractory pollutants are increasing in water en-
vironments. Perovskite-based AOPs are considered to be an effec-
tive treatment method for water contaminated by these pollutants.
Therefore, more and more new studies focus on perovskite-based
AOPs for the decontamination of water. To get a general under-
standing, we summarized some correlative studies and listed their
crucial information in Table 1.

In the perovskites used in these studies, the metal elements
on the A-sites were rare earth or alkali earth metal such as La,
Sr, Bi, Ca, and Ba. Among them, La was the most common, and
Bi often appeared in the photocatalytic reaction. The transition
metal elements on the B-sites varied, including Co, Fe, Cu, Mn,
Ti, etc. Wherein, Co was the most efficient and the most common
metal; Fe was the most typical metal in Fenton reaction. Over-
all, lanthanum-based perovskites (LaBO3), cobalt-based perovskites
(ACo03), and iron-based perovskites (AFeOs3) received the most at-
tention.

Based on the conventional ABO3 structure, researchers carried
out a series of modifications to improve the catalytic performance
of perovskites. One method is to change the surface properties of
perovskites. By doping different metal ions, the electronic struc-
ture, oxygen vacancy concentration, metal-oxygen bond strength,
and lattice structure of perovskites can be controlled [17], more
low-valence B-site transition metal active sites can be produced
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[18], and synergistic effects between different metals can be ob-
served [19]. Another method involves expanding the surface area.
The perovskites prepared by conventional methods have a close-
packed morphology, which limits the catalytic activity [45,46].
Previous studies expanded the catalyst surface area by preparing
nano-scaled perovskite with different configurations or by com-
positing perovskite with other materials. For nano-scaled per-
ovskite, nanoparticle is the most common configuration. Beside,
perovskites with the configurations of nanofiber [46] and hollow
fiber membrane [47] were also prepared. In regard to the materials
for modification, single-component metallic materials, nonmetal-
lic materials and natural minerals have been reported. In metal-
lic materials, metal oxides are most commonly used, such as ZrO,
[45], CeO, [48], LaO3 [18], Al;03 [49] and TiO, [50]. In addition to
metal oxides, Ming Zhu et al. [17] made CoOOH nanoflakes grow on
the surface of perovskite. In nonmetallic materials, carbon sphere
[51,52], mesoporous/macroporous SiO, [53] and g-C3N4 [54] have
been reported. In addition, as a natural mineral, montmorillonite
[54] has also been applied.

In these perovskite-based AOPs systems, PMS and H,0, have
often been selected as ROS precursors while PDS had relatively
few applications. Moreover, the target pollutants were primarily
classified into four groups: Aromatic compounds (represented by
phenol); dyes (represented by rhodamine B); pharmaceuticals and
personal care products (represented by carbamazepine), and herbi-
cides (represented by atrazine).

As for the reaction conditions, most of the studies performed
reactions at room temperature to simulate environmental condi-
tions. Part of the systems are combined with light, ultrasound,
electricity, and microwave to promote the reaction efficiency. For
photocatalytic systems, the low bandgap energy of perovskites
makes it possible for most systems to use visible light as a light
source. When perovskites were composited with the photocatalyst
titanium dioxide (TiO,) with a high bandgap energy, UV was also
used as a light source [50,55,56]. Sonolysis systems were usually
combined with Fenton systems to generate more ‘OH radicals. The
combination with electrochemical systems was scarcely reported
in the literature. Microwave was used to induce H,0, to trigger
thermal and non-thermal effects, which can enhance the degrada-
tion of organic pollutants. However, microwave absorbing catalysts
are essential in such systems. Thus the combination of microwave
and perovskites is logical.

In the perovskite-based AOPs, different ROS involved (including
free radicals and '0,) were clarified by electron paramagnetic res-
onance (EPR). Firstly, specific spin trapping agents captured ROS
to form adducts. For example, 5,5-dimethyl-1-pyrroline (DMPO)
was used to capture "OH, SO4"~, and O,'~, and 10, was captured
by 2,2,6,6-tetramethyl-4-piperidone (TEMP) [57-60]. Then the sig-
nals were detected and identified by EPR spectrometer. Except for
EPR, quenching agents (such as ethanol (EtOH), tert-butyl alco-
hol (TBA), sodium azide (NaN3) and furfuryl alcohol (FFA) [10,57])
were added to the reaction system to investigate the contribu-
tion of each ROS and probe the dominant ROS in the reaction. In
most PMS and PDS systems, SO4"~ was the dominant ROS, while
*OH also contributed to the reaction. In H,0, systems, ‘OH was
the dominant ROS, and other free radicals such as HO," and O,
also participated in the reaction. Meanwhile, some reaction sys-
tems generated 10, as the dominant ROS [18,57-59,61] or as the
assistant of the free radicals to decontaminate water [17,62-64].

As a heterogeneous catalyst, ion leaching and recycling of per-
ovskite must be considered in practical application. The long time
contact between perovskite and water phase inevitably leads to
ion leaching. For perovskite, ion leaching can change its surface
chemical composition, damage its crystal framework, and reduce
its catalytic activity, which is also one of the factors affecting the
reusability [65]. It is worth noting that due to the strong toxicity
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Table 1
Summary of the perovskite-based advanced oxidation processes in recent studies.
Perovskite catalyst Oxidant Target pollutant Degradation effect 2 Reaction conditions Ref.
PrBaCo;0s, s PMS Phenol k = 0.144 min~! [catalyst] = 0.1g/L; [10]
(20 mg/L) [PMS] = 2.0g/L
LaBO5(B = Co/Cu/Fe/Ni) PMS Rhodamine B k = 0.062/0.016/0.011/0.011 [catalyst] = 100mg/L; [12]
(10 mg/L) min~! [PMS] = 100 mg/L
(M = Co/Ni/Co/Fe)
LaBO; (B = Ni/Mn/Fe) P PMS Ofloxacin k = 0.239/0.083/0.0049 min~! [catalyst] = 0.1g/L; [57]
(10 mg/L) (B = Ni/Mn/Fe) [PMS] = 0.5 g/L; pH 7
LaFeO3 PMS Diclofenac 100% (30 min) [catalyst] = 0.1g/L; [79]
(0.025 mmol/L) [PMS] = 0.5 mmol/L; pH 7.0
Lag4SrosMn0O;_g P PMS Phenol k = 0.0308 min~! [catalyst] = 0.2g/L; [58]
(0.2 mmol/L) [PMS] = 6.5 mmol/L;
SrCo;_xTixO3_s PMS Phenol k = 0.056 mg L~! min~! [catalyst] = 0.1g/L; [PMS] = 2 [65]
(20 mg/L) g/L;
LaCo;_xMnO3_g PMS Phenol k = 0.053 min~! [catalyst] = 0.1g/L; [67]
(20 ppm) [PMS] = 2.0 g/L; pH 6.7
La; 15MnO3, 5 © PMS Rhodamine B k = 0.086 min~! [catalyst] = 0.2 g/L; [64]
(20 ppm) [PMS] = 0.8 g/L; pH 4.65
LaCo03/Zr0, PMS Rhodamine B k =0.171 min~! [catalyst] = 100 mg/L; [45]
(10 mg/L) [PMS] = 100 mg/L
CoTiO3 (nanofiber) PMS Amaranth k = 0.870 min~! [catalyst] = 100 mg/L; [46]
(50 mg/L) [PMS] = 100 mg/L
CoTiO3 PMS Acid azo dyes k = 0.278/0.272/0.109 min~! [catalyst] = 100 mg/L; [71]
(50 mg/L) AR27/AY17/AB120 [PMS] = 100 mg/L; pH 7.0
LaCo03-TiO, PMS Herbicide k = 6.0 £ 0.3/3.1 + 0.4/0.55 + [catalyst] = 0.5 g/L; [55]
(10 mg/L) 0.08/2.1 £ 0.2 L mol~! min~"; [PMS] = 0.15 mmol/L; pH 7.0;
(metazachlor/tembotrione UV light
tritosulfuron/ethofumesate)
SrCog5Tip403_5s@CoOOH © PMS Phenol k = 0.84 mg L-! min~! [catalyst] = 0.06 g/L; [17]
(20 mg/L) [PMS] = 2.0 g/L
LaCoO3 PMS Herbicide 100% (1 min)/ 100% (1 min)/ [catalyst] = 0.5 g/L; [78]
(1 mg/L) 100% (1 min)/ 90% (100 min) [PMS] = 0.1 mmoil/L; pH 3-5
(metazachlor/tembotrione
Jethofumesate/ tritosulfuron)
ACo03 PMS Phenol 100%/95%/84%80% (180 min) [catalyst] = 0.2 g/L; [77]
(A=La, Ba, Sr, Ce) (20 mg/L) (A = Sr/La/Ba/Ce) [PMS] = 0.1 mmol/L; nature
pH
Sr,CoFeOg PMS Bisphenol F k = 0.012 min~! [catalyst] = 0.3 g/L; [72]
(20 mg/L) [PMS] = 0.1 mmol/L; pH 7; UV
light
LaCoq.xCuxO3 ¢ PMS Phenol k = 0.302 min~! [catalyst] = 0.10 g/L; [62]
(20 mg/L) [PMS] = 0.20 g/L
BiFe;.xMny05 PMS Bisphenol A 100% (35 min/25 min/15 min); [catalyst] = 0.45 g/L; [73]
(50 mg/L) (0%/5%/10%Mn doped) [PMS] = 0.10 mmol/L; pH 2.5;
visible light
Ag-LaggCag,Fepg403_5 (hollow PMS Methylene Blue 90% (75 min) [PMS] = 0.6 mmol/L [47]
fibre membrane) (10 ppm)
Bag5Sr.5CoggFep203.5 PMS Phenol k = 0.032 min~! [catalyst] = 0.1 g/L; 2]
(40 mg/L) [PMS] = 6.5 mmol/L; pH 8.0
LaMnO3 ® PMS Ofloxacin/Phenol k = 0.088/0.042 min~! [catalyst] = 0.2 g/L; [59]
(10 mg/L/)/(20 mg/L) (Ofloxacin/Phenol) [PMS] = 0.5 g/L; pH 6.0
LaCoO4 PMS 2-phenyl-5- 100% (4.5 min); [catalyst] = 500 mg/L; [26]
sulfobenzimidazole [PMS] = 5.0 mmol/L; pH 2.5
(5 mg/L)
LaFeO3 PMS Diclofenac k = 0.0833 min~! [catalyst] = 0.1 g/L; [87]
(0.025 mmol/L) [PMS] = 0.5 mmol/L;
pH 7.0
Ag-LaggCag,Feq 4035 PMS Methylene Blue 90%(45 min) [catalyst] = 1.0 g/L; [60]
(10 mg/L) [PMS] = 0.24 g/L; pH 5.5
CaCu3Tig 012 PMS Ibuprofen 91% (30 min) [catalyst] = 20 mg/L; [93]
(20 mg/L) [PMS] = 0.5 mmol/L; pH 7.0;
visible light
LaCoO3/Al;03 PMS Atrazine 100% (30 min) [catalyst] = 100 mg/L; [49]
(5 mg/L) [PMS] = 100 mg/L; pH 6.8
LaFe;.xCuxO3_5 PMS Atrazine k = 0.0405 min~! [catalyst] = 0.5 g/L; [19]
(23 pmol/L) [PMS] = 0.5 mmol/L; pH 6.1
LaCoO3 PMS Carbamazepine k = 0.26 min~! [catalyst] = 0.05 g/L; [69]
(21.16 pmol/L) [PMS] = 0.5 mmol/L; pH 6.0
Lag4Sr1,0sMnOy © PMS Phenol k = 0.07006 min~! [catalyst] = 0.2 g/L; [PMS] = 2 [61]
(20 ppm) g/L
Lag5Sro5Fe0s PMS 2,4- k = 0.072 min~! [catalyst] = 0.6 g/L; [PMS] = 1 [63]
dichlorophenoxyacetic mmol/L; pH 4.65
acid
(10 mg/L)
BiFeOs PMS Rhodamine B k = 0.026 min~! [catalyst] = 5 mmol/L; [66]
(5 mg/L) [PMS] = 5 mmol/L; visible
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Perovskite catalyst Oxidant Target pollutant Degradation effect @ Reaction conditions Ref.
Co/BiFeO3 PDS Tetracycline 81.09% (55 min) [catalyst] = 0.5 g/L; [11]
(10 mg/L) [PDS] = 3.33g/L;
Lag7Srp3Mn0O3 PDS Methyl Orange k = 0.103 min~! [catalyst] = 25 mg/L; [68]
(13 ppm) [PDS] = 2.5 mmol/L; pH 1.4
Ce0,-LaMO3 H,0, Bisphenol F k = 0.07410 min~! [catalyst] = 0.4 mg/L; [48]
(M = Cu, Fe) (20 mg/L) [H,0,] = 12.5 mmol/L;
LaAlgg5Cug 0503 H,0, 2-Chloroprocaine 100% (120 min) [catalyst] = 1g/L; [H,0,] = 10 [89]
(10 mg/L) mmol/L
LaO3-LaFeOs P H,0, Methyl orange k = 0.0402 min~! [catalyst] = 0.5 g/L; [18]
(5 ppm) [H,0,] = 0.198 mol/L; pH 3
LaFeO3 H,0, Bisphenol A 21.8% (3 h); [catalyst] = 0.5 g/L; [94]
(15 ppm) [H,0,] = 2.38 mmol/L; pH
6.7; visible light; ultrasound
LaFeO3;/C H,0, Rhodamine B 85.5% (100 min) [catalyst] = 1 g/L; [51]
(15 mg/L) [H,0,] = 0.192 mol/L; visible
light
LaFeO3 H,0, Bisphenol A 21.8% (3 h); [catalyst] = 0.5 g/L; [95]
(15 ppm) [H,0,] = 2.38 mmol/L; pH
6.7; visible light; ultrasound
SryFeCuOg H,0, Cotinine k = 0.00397 min~! [catalyst] = 0.2g/L; [81]
(50 mg/L) [H,0,](electrogenerated); pH
3.0;
[Na;S04] = 0.05 mol/L
(supporting electrolyte);
electrochemical system
LaCu;_ M 03 H,0, Paracetamol 90% (5 h)/87% (5 h) [catalyst] = 0.2 g/L; [70]
(M = Mn/Ti) (50 mg/L) (M = Mn/Ti) [H,0;] = 13.8 mmol/L;
LaTip4Cug 03 H,0, Rhodamine B 94% (120 min) [catalyst] = 1.4 g/L; [83]
(8 mg/L) [H,0,] = 20 mmol/L;
LaFeO3 H,0, Sulfamethoxazole k = 0.029 min~! [catalyst] = 1.4 g/L; [86]
(3 mg/L) [H,0,] = 23 mmol/L; pH 6.48
BiFeggCup,03: H,0, Phenol k = 0.016 min'; [catalyst] = 0.5 g/L; [84]
(10 mg/L) [H,0,] = 10 mmol/L; pH 4.0
AFeOs (A = La/Bi) H,0, Phenol k = 0.13/0.15 h~'(A = La/Bi) [catalyst] = 0.1 g/L; [74]
(25 mg/L) [H202] = 3 g/L; pH 7.0
LaCuOs H,0, Tartrazine 46.6% (120min)/64.4% (120 [catalyst] = 0.25 g/L; [75]
(100 ppm) min) (visible light/UV) [H,0,] = 8 mmol/L; pH 3.0;
visible light/UV light
LaBO; H,0, Phenol 100% (2.5 h)/81% (10 h) [catalyst] = 0.5 g/L; [76]
(B = Cu, Fe, Mn, Co, Ni) (10 mmol/L) (B = Cu/Fe) [H,0,] = 0.7 mol/L; pH 3.0
H,0, Rhodamine B k = 0.0367 min~! [catalyst] = 1.0 g/L; [53]
LaFeO3;/mesoporous/macroporous (20 mg/L) [H,0,] = 10 mmol/L; pH 6.0;
silica visible light
LaFeO3; nanocrystalline H,0, Phenol 92% (360 min) [catalyst] = 3.0 g/L; [80]
(50 mg/L) [H,0,] = 8.82 mmol/L; pH
4.0; visible light
CeMgxFe;_x03.5 H,0, Methylene Blue 99% (180 min) [catalyst] = 1.0 g; visible light [23]
(25 ppm)
LaFeO3 H,0, Bisphenol A 90.8% (6 h) [catalyst] = 0.5 g/L; [82]
(66 pmol/L) [H,0;] = 2.4 mmol/L; pH 8.5;
ultrasound
LayTiyFeO3 H,0, 4-Chlorophenol k = 0.025 min~! [catalyst] = 0.5 g/L; [24]
(25 mg/L) [H,0,] = 125 mg/L; UV light
H,0, Bisphenol A 98.7% (2 min) [catalyst] = 0.2 g/L; [PMS] = 2 [54]
LaCug5C0g503/Montmorillonite (50 mg/L) g/L; microwave
/g-C3Ng
xCe/LaCog5Cug503@carbon H,0, Salicylic acid k = 0.687 min~! [catalyst] = 6.0 g/L; [52]
sphere (50 mg/L) [H,0,] = 2 mL/L; pH 6.0;
microwave
TiO, /SrTiO3 H,0,/PDS 4-Nitrophenol k = 0.0277 min~! [catalyst] = 0.1 g/L; [50]
(10 ppm) [H202] = 10 ppm/[PDS] = 10
ppm; pH 4.0; UV light
LaFeO3 H,0,/PDS 4-Chlorophenol 97% (60 min) [catalyst] = 0.5 g/L; [85]

(9 ppm)

[PDS] = 1.0 mmol/L;
ultrasound

2 Degradation effiect was expressed by rate constants (k) or degradation efficiency (%) within a certain period.

b Singlet oxygen (10,) is generated in this study and is the dominant reactive oxygen species (ROS).
¢ Singlet oxygen ('0,) is generated in this study but not the dominant reactive oxygen species (ROS).

of cobalt ions, the leaching control of cobalt-containing perovskites
has become a common concern [10]. According to the existing ex-
periments on perovskite recyclability, after several consecutive cy-
cles runs, catalytic performance of perovskite is slightly weakened,
which is due to ion leaching of perovskite and poisoning of active

sites by organic matters [58,62,65-70]. However, despite the reduc-
tion, the catalytic activity of perovskite is still nonnegligible. The
characterization methods show that the crystal structure of per-
ovskite does not change before and after the reaction, which indi-
cates that perovskite had good stability and reusability [62,71,72].
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3. Influencing factors of reactivity
3.1. Effect of temperature

Many studies showed that reaction temperature had a signifi-
cant effect on degradation kinetics [12,18,45,46,48,55,59,62,71-76].
Increasing temperature significantly enhanced the effect of oxidant
activation and accelerated the removal of pollutants [59,62]. Firstly,
higher temperature led to an increase in the diffusion and adsorp-
tion rate of pollutants [72]. Meanwhile, higher temperature pro-
vided more energy for the cleavage of O—0 bonds, thereby promot-
ing the production of free radicals [66]. For example, PMS can self-
decompose to generate more ‘OH under high-temperature condi-
tions (Eq. 1) [62,72].

HSO; + heat — SO3~ + *OH (1)

Arrhenius equation (Eq. 2) is an empirical formu demonstrating ing
the relationship between the chemical reaction rate constant and
temperature. Linearizing the Arrhenius equation and fitting exper-
imental data achieved a good fitting result, which indicated that
most reaction systems could use the Arrhenius equation to corre-
late degradation kinetics with temperature. Therefore, it is reason-
able to use this method to predict the rate constants at different
temperatures. Among the trials, the degradation rate constant (k)
increased with increasing temperature (7).

k = Aexp(—E?/RT) (2)

wherein, E, is the activation energy of degradation (kJ/mol), A is
the pre-exponential factor (min—1), R is the universal gas constant,
and T is the temperature (K).

In practical applications, maintaining a high temperature to op-
timize the reaction costs a large amount of energy, which is not
economical. The exception is dyeing wastewater, which can main-
tain a high reaction temperature. A high temperature effectively
utilizes thermal energy and improves reaction efficiency [75].

3.2. Effect of initial pH

The effect of the initial pH on the perovskite-based AOPs was
quite significant. The initial pH not only affected the existent forms
of pollutants, peroxides and ROS in the matrix, but it also affected
the surface electrical properties and ion leaching amount of the
catalyst, thereby changing the reaction efficiency.

3.2.1. Effect of initial pH on reactive oxygen species

At different initial pH, hydrogen ions (H*) or hydroxide ions
(OH™) directly affected the reaction activity by generating, scav-
enging, and converting ROS.

In a study conducted by Jie Miao et al. [58], under acidic (pH
3.2) and basic conditions (pH 9.2), H* and OH~ helped generate
10, (Egs. 3-8).

HSO; + H,0 & H,0, + HSO; 3)
H,0, % H* + HO; (4)
H,0, — 2°OH (5)
HO; — H* + 0% (6)
05~ + *OH — '0, + OH~ (7)
205" +2H' — H,0, + 10, (8)
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Under low pH conditions, the high concentration of H* in the so-
lution may decrease the number of free radicals (Eqs. 9 and 10)
[17,49,67].

*OH + H" + e~ — H,0 (9)

SOy + H" + e — HSO; (10)

Both SO4'~ and SOs°~can be converted to “OH under high pH con-
ditions (Egs. 11 and 12) [2,17,49,65,67,77].

SO;” + OH™ — SO2™ + *OH (11)

250" + 20H- — 2S03 + 2°OH + 0, (12)
3.2.2. Effect of initial pH on catalysts

The initial pH can affect the surface charge of the catalyst,
which will affect the adsorption and binding capacity with oxi-
dants and pollutants [2]. The pH at zero charge on the perovskite
surface is called the isoelectric point (pHpzc). When pH < pHpgc,
the surface of the perovskite is positively charged; otherwise, it is
negatively charged.

Many perovskites have a pHp,c higher than 7.0 (e.g., LaCoO;-
9.08 [78], Sr,CoFe0g-8.70 [72], LaCog4Cugg03-10.92 [62], LaCuO3-
7.60 [75], LaFe03-9.30 [79]). Thus, at low initial pH values, the per-
ovskites are more likely to be positively charged. Moreover, HSO5~
and S,0g%~ are easier to be adsorbed on the perovskite surface,
thereby promoting the activation efficiency. At the same time, pos-
itively charged catalysts also facilitate the adsorption of negatively
charged anionic contaminants, such as azo dyes [18,75,80].

Besides, at certain pH, ions can deposit on the surface of the
catalyst and affect the surface electrical properties. For example, a
large number of OH~ will deposit on the perovskite surface and
make it negatively charged, which hinders some negative groups
from approaching [12,45,46,71].

3.2.3. Effect of initial pH on oxidant

The initial pH can affect the form and stability of the oxi-
dant. For PMS, the ionization constants of H,SOs are pK;; < 0 and
pK;> = 9.4. Under acidic or neutral conditions, PMS mainly exists
as HSOs5™~ in solution, which is easier to be adsorbed and activated
on the positively charged catalyst surface [19,49,62,72,79]. Under
alkaline conditions, PMS mainly exists in the form of SO5%~, which
is less active [19,49].

In addition, pH affects the stability of PMS. At low pH val-
ues, hydrogen bonds will form between H* ions and O—O groups
of HSOs~. This phenomenon weakens the negative charge of
HSO5~ and inhibits its interaction with positively charged cata-
lysts [79]. Therefore, PMS is more stable and less likely to be
activated [12,45,46,71]. Under alkaline conditions, PMS will self-
decompose without generating ROS, which also influences the re-
action [46,71,72,77].

For H;0,, when pH < 3, H,0, will combine with H* to form
H30,* (Eq. 13), which is harder to activate [18,53,81] With the in-
crease of pH, H,0, becomes more active and begins to decompose
to H,0 and O, (Eq. 14) [53,82].

H,0, + H — H30; (13)

2H,0, — 2H,0 + O, (14)
3.2.4. Effect of initial pH on metal ion leaching

It is quite certain that metal ion leaching is more severe at
lower initial pH. This is because the acidic solution will corrode the
perovskites and release the metal ions. Free metal ions will act as a
homogeneous catalyst [2,72,78]. Although the reaction rate may in-
crease, the strong toxicity of metal ions will cause severe pollution
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to the environment. Thus, it is necessary to control the solution to
neutral or alkaline to reduce leaching [10,65,67,72].

3.3. Effect of oxidant concentration

At the beginning of the increase of the oxidant concentration,
the degradation rate constant improved significantly. This phe-
nomenon was because more oxidants were used as precursors to
produce ROS [12,55,66,77,78].

When the oxidant concentration reached a higher level, the re-
action efficiency stopped improving or was even suppressed. This
phenomenon was attributed to the limited catalyst which could
not provide enough active sites, thereby limiting the improvement
of the degradation efficiency. Moreover, the excess of oxidants ad-
versely affected the reaction (PMS will convert SO4*~ to less ac-
tive SO5*~ (Eq. 15) [19,49,62,72,79]; H,0, will compete with target
contaminants to react with *OH (Eq. 16) [48,53,74,75,83,84].

2HSO; + SO;~ — SO%™ + SO3™ + H* (15)

H,0; + *OH — H,0 + HOj (16)

3.4. Effect of catalyst dosage

At lower catalyst dosages, the optimal dosage and highest reac-
tion efficiency have not been achieved [12,78]. Therefore, increas-
ing the catalyst dosage provided a larger surface area and more
active sites, which facilitated the adsorption and binding with the
oxidant, thereby producing more free radicals and improving the
degradation efficiency.

However, when the catalyst dosage reaches a certain level,
the addition of catalyst no longer improved the degrada-
tion efficiency [19,49,62,68,72,74,77,81,82] and even inhibited it
[48,53,79,84,85]. The reasons for the inhibition are fourfold: (1)
Excessive perovskite particles aggregate and decrease the surface
area [72]. (2) Excessive metal active sites scavenge free radicals
[48,62,72,75,77,79,81,84,85]. (3) In systems with light irradiation,
perovskite particles increase the solution turbidity and scatter the
light, thereby reducing the intensity of the irradiation field. (4) In
systems with ultrasound, perovskite particles obstruct the distribu-
tion of sound waves and reduce the energy input into the system.

3.5. Effect of co-existing compounds

The composition of the wastewater is complicated. Salts, or-
ganic matter, and other substances will all affect the reaction.
Therefore, the influence of co-existing compounds on the reaction
becomes a common concern.

(1) Coexisting anions: According to current studies, the effect
of chloride ions (Cl~) depends on the concentration and pollu-
tant type. When the Cl~ concentration is low (compared with the
pollutant concentration), the effect on the reaction is negligible
[12,45,58,72,79,86]. When the Cl~ concentration reaches a high
level, it begins to affect the reaction.

In most situations, CI- hurts the reaction. This is due to the
production of chlorine free radicals (CI'/Cly,"~) [12,17,46,71,79],
chlorine (Cl,) and hypochlorous acid (HOCI) [67,73] (Eqs. 17-20)
with lower oxidation potential. In contrast, when phenol is the tar-
get pollutant, CI~ promotes the reaction. The positive effect is at-
tributed to the stronger selectivity of Cl'/Cl,"~. These radicals can
effectively attack electron-rich compounds or groups [79]. Coinci-
dentally, phenol is an aromatic compound with a hydroxyl group.
Electron donors will continuously supply charges to the benzene
ring with a high charge density. Therefore, CI°/Cl,"~ will react with
phenol faster than "OH and SO4'~ [17]. However, in the reaction
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system with 10, as active oxygen, the effect of ClI~ is not obvious
[18,59].

2CI~ + HSOs; + H* — Cl, + SO;™ + H,0 (17)
Cl~ + HSO; — HOCI + SO; (18)
Cl- + S0 — ClI* + S0~ (19)
-+ - Cy (20)

Bicarbonate/carbonate ions (HCO;~/CO3%2~) which can trans-
form into each other [73] exhibit a significant inhibition in
perovskite-based AOPs (including the systems that produce 10,)
[17,58,59,72,73,86,87]. Higher concentrations lead to more obvi-
ous inhibition [59,72]. HCO3~/CO32~ will act as radical quenchers
and generate less active HCO5*/CO3"~ (Egs. 21-24) [17,49]. Besides,
HCO5°/CO3"~ is easily adsorbed on the positively charged catalysts
and competes with oxidants [87].

€03 +S0; — CO3 +SO; (21)
HCO3 + SO3~ — HCO3 + SO2~ (22)
CO3” +°*OH — (O3 + OH- (23)
HCO; + *OH — CO5 + H,0 (24)

Phosphate/ hydrogen phosphate [dihydrogen phosphate (PO43~/
HPO,4%~/H,P0,~) is another group of ions that significantly in-
hibits the reaction [59,79,86]. The ionization constants of phospho-
ric acid (H3POy4) are listed as follows: pKy; = 2.12, pKyy = 7.21,
and pK,3 = 12. When pH = 7.0, H,PO,~ and HPO,2~ are the main
forms in solution. They are easy to chelate with the catalysts and
hinder the reaction between the catalyst and the oxidant [49,79].
At the same time, H,PO,4~ is an effective quencher of ‘OH (Eq. 25)
[49].

H,PO, + *OH — H,PO} + OH- (25)

Nitrate ions (NO3~) does not exhibit significant effects on the re-
action in most cases [17,18,49,59,79]. However, in the study con-
ducted by Tayyebeh Soltani et al. [73], NO3~ reacted with SO4
to form nitro radicals (NO3*) with higher redox potential (Eq. 26),
which increases the rate of degradation reaction.

NO; + SO;~ — NOj + S03~ (26)

Similar to NO3~, the bromate ions (BrO3~) in the solution can gen-
erate more active bromate radicals (BrO,*) (Eq. 27), thereby in-
creasing the reaction rate [73].

BrO; + 2H* + e~ — BrOj + H,0 (27)

Sulfate ions (SOi‘) in the solution exhibited no significant effect
on the reaction in different reaction systems [58,59,79,86].

(2) Natural organic matter: Humic acid (HA), a respective
natural organic matter (NOM) in wastewater, exhibited signifi-
cant inhibition on the reaction system at different concentrations
[58,59,67,72]. HA competes with the target pollutant and consumes
ROS in solution. Besides, HA combines with the active sites of the
catalyst, hindering the interaction between perovskite and oxidant
and reducing the production of free radicals [67].
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H,0,/H,0

Fig. 1. Proposed mechanism of peroxides activation on perovskite catalysts: Transi-
tion metal redox, light/ultrasound/microwave activation.

4. Mechanism of activation reactions
4.1. Transition metal activation

As shown in Fig. 1, the single-electron transfer that takes place
between the oxidant and the transition metal is the primary mech-
anism by which the perovskites activate the oxidant to generate
ROS.

Firstly, oxidants combine with the active sites on the perovskite
surface. Subsequently, electron transfer occurs, and the redox cycle
is completed. Detailed processes of activation are as follows: Low-
valence transition metals (M"*) donates one electron and oxidize
itself to a high-valence state (M(™1+). Oxidants (HSOs~, H,0,,
and S,0g2") receive this electron and generate the dominant free
radicals (SO4'~ and ‘OH) (Eqgs. 28-30).

M™ 4+ HSO; — M®+D+ 4 505~ + OH- (28)
M™ + H,0, — M®D+ 4 *OH + OH- (29)
M™ + S,03 — M®D+ 4 505 + SO;~ (30)

In order to complete the redox cycle, M(®+1+ needs to accept
one electron and be reduced to M™" again. Among different oxi-
dants, HSO5~ and H,0, can directly donate an electron to M(*+1)+
and generate other free radicals (SO5~ and HO,") at the same time
(Egs. 31 and 32). However, S,052~ cannot be used as an electron
donor. In other words, the redox cycle cannot be completed by
S,042~ alone [88]. Only when M(™+1+ captures electrons in other
ways can it be reduced to M™* again (Eq. 33).

M®+D+ L HSO; — M"™ 4 SO + H* (31)
MO+D+ 4 H)0, — M™ 4+ HOS 4+ H* (32)
M@+D+ +e — M (33)

Besides the redox cycle, there are some side reactions. In PMS or
PDS systems, SO4"~ can further react with H,O or OH~ to form
‘OH (Egs. 34 and 35). SO5°~ can self-decompose into SO4°~ and O,
(Eq. 36).

SO;” + H,0 — °*OH + SO2~ + H* (34)
SO;” + OH- — °*OH + SO02~ (35)
2507 — 2505 + 0, (36)
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In the H,0, reaction system, ‘OH can also attack H,0, molecules
to produce HO,', Eq. 37). HO," can further react with M("+1D+ and
M"™ to produce O, and HO,~ respectively (Eqgs. 38 and 39) [48].
When more than one type of transition metal ion participates in
the reaction, synergistic effects may occur between different ions
(such as the reduction of Fe3+ by Cu™).

*OH + H,0, — HO% + H,0 (37)
MO+D+ 4 HO3 — M™ 4+ 0, + HF (38)
M™ 4+ HO, — M®+D+ 4 HO, (39)

4.2. Oxygen vacancy activation

Oxygen vacancies exist on the surface of perovskites. Current
studies find the contribution of oxygen vacancies to activation
mainly in PMS and H,0, reaction systems.

In both PMS and H,0, systems, oxygen vacancies can be used
as defective sites to promote the formation of chemical bonds be-
tween perovskites and oxidants, which is beneficial to complete
the redox cycle from M(™+D+ to M+ (Eqs. 40-43). Meanwhile, oxy-
gen vacancies can affect the electron asymmetrical chemical states
of metals and enhance the activity of the catalytic sites [10,18,87].

M™ 4+ HSO; + Vo* — M®™D+ 4 S0 + HY + O (40)

M@+D+ 4 HSOZ + HY + 0 — M™ 4+ S0:™ + H,0 + Vo

(41)
M™ 4 Hy0, 4+ Ve — M®+D+ 4 *OH + HY + O (42)
M®D+ 4 H,0, + 0F — M™ 4+ H,0 + 10, (43)

where V," represents a doubly charged oxygen vacancy on the sur-
face of perovskite, and O,* represents an oxygen ion in the va-
cancy.

Distinguishingly, in the PMS system, some studies [17,58] show
that oxygen vacancy Vo™ can be easily converted into 10, (Eqgs. 44
and 45). In another study [57], oxygen vacancies did not directly
participate in the production of '0, but reduced the activation en-
ergy of the process (Eq. 46).

Ve - O (44)
07 + HSO; — HSO,; + '0, (45)
HSO; + S02~ — SO~ + HSO; + '0, (46)

In the H,0, system, oxygen vacancies provided other ways to
generate "OH. Since oxygen vacancies are rich in electrons, H,O,
molecules on it may have longer O-O bond length, which makes it
easier to decompose to “OH. Besides, oxygen vacancies also adsorb
H,0 and promote its decomposition (Eqs. 47 and 48) [89].

Ve + H,0, — °*OH + OH- (47)

Ve + H0 — °OH + H* (48)
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4.3. Energy input activation

(1) Light irradiation: Light irradiation is widely combined with
Fenton or Fenton-like reactions. Under the irradiation of light, the
photoelectron-hole pairs will be generated on the catalysts (Eq. 49)
[90-92]. Wherein, photoelectrons (eq,~) can participate in the re-
dox cycle [93] and react with H,0, to form *OH (Eqgs. 50 and
51). Electron holes (hy,™) can oxidize pollutants directly and pro-
duce ‘OH radicals by reacting with OH~ or H,0 (Eqs. 52 and 53)
[51,53,66,73,94,95].

ABO; + hv — e + hi (49)
M@+D+ +ec_b — M™ (50)
e, + H0, — °*OH + OH- (51)
hi, + H,0 — °*OH + H* (52)
h}, + OH- — °*OH (53)

Where hv represents the induce of visible light, UV light or other
form of light irradiation.

(2) Ultrasound: Ultrasonic-assisted Fenton reactions have re-
ceived increasing attention in recent years. Ultrasound forms tiny
bubbles in water through acoustic cavitation. Bubbles generate,
grow, and collapse in a short period of time and release a large
amount of energy within a small area, causing the phenomenon
of sonoluminescence and local hot spots. Such conditions promote
the production of free radicals.

With the help of ultrasound, H,0, can be produced from water.
Firstly, water is decomposed into ‘OH and *H by the ultrasound-
caused local spots (Eq. 54). Then, these radicals tend to combine
to form more stable substances (H,0, H, and H,0,) (Egs. 55-57).
H,0, continues to interact with the catalyst, and the traditional
Fenton reaction occurs. At the same time, the sonoluminescence
phenomenon leads to the production of photoelectrons, which fur-
ther react to generate ‘OH (Eq. 58) [85,95]. As for the H,0, in
the solution, ultrasound can also decompose them to produce ‘OH
(Eq. 59).

H,0 +))) - °*OH + °H (54)
*OH + °*H — H,0 (55)
*‘H+ *H - H, (56)
*OH + °*OH — H,0, (57)
3e” + 0y + 2H" — °*OH + OH~ (58)
H,0; +))) — °OH + *OH (59)

Where ))) represents the induce of ultrasound.

(3) Electrical energy: Electrochemical advanced oxidation pro-
cesses (EAOPs) mainly oxidize pollutants by in situ electrochemi-
cally generated ‘OH [96]. The anodicoxidation (AO) is one of the
most widely used EAOPs. Water molecules are adsorbed to the sur-
face of the anode (E) and are oxidized to generate ‘OH. The elec-
tric Fenton process (EF) is a combination of the AO and Fenton re-
action. EF generates "OH in two ways: One is the AO mentioned
above (Eq. 60). Another is to reduce the dissolved oxygen at cath-
ode in acidic medium to in situ produce H,0, (Eq. 61). Then the
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traditional Fenton reaction is carried out. And at the same time,
cathode helps to reduce transition metal ions to complete the re-
dox cycle (Eq. 33) [81].

E+ H,O — E(COH ) + Ht + e” (60)
0, + 2HT + 2 — H,0, (61)
Where E represents the anode of electrochemical system,

E("OH) represents the hydroxyl radicals generated on the anode
surface.

(4) Microwave: Some recent studies have reported perovskite-
based microwave-induced catalytic oxidation (MICO) [52,54]. It has
been proven that in such systems free radical still plays a ma-
jor role, input microwave (MW) asissted the reactions. Firstly, the
perovskites could absorb microwave energy and form many hot
spots on its surface, which can directly degrade pollutants Eq. 62).
More importantly, microwaves can stimulate the catalysts to gen-
erate electron-hole (e, -hy,™) pairs on the surface (Eq. 63). Simi-
lar to the photocatalytic process, the generated e.,~ not only pro-
mote the reduction reaction of transition metals, but it also reacts
with O,/H,0, to generate O,"~/'OH (Eqs. 64 and 51). The gener-
ated hy,™ can react with water/OH™ to generate ‘OH (Eqgs. 52 and
53). In addition, the oxidant (H,0,) can also absorb the energy of
microwaves and generate more ‘OH (Eq. 65).

ABO3; + MW — ABOs (hotspots) (62)
ABOs + MW — eg + hyy (63)
e, + 02 — 03 (64)
H,0, + MW — °OH + °*OH (65)

Where MW represents the induce of microwave.

5. Summary and prospects

In this review, we have evaluated recent studies on the appli-
cation of perovskite in wastewater advanced oxidation processes.
Overall, perovskite catalysts demonstrated good catalytic activity
and significantly improved the efficiency of AOPs. In order to fur-
ther improve the efficiency of perovskite-based AOPs, many meth-
ods have been implemented, including material modification (such
as metal doping and material compounding) and energy input
(light irradiation, ultrasound, electricity, and microwave). With the
help of perovskites, a large amount of ROS (mainly SO,4*~, “OH, 10,,
etc.) are produced in situ, which play the most important role in
the degradation of pollutants.

Factors affecting reaction efficiency include reaction temper-
ature, initial pH, oxidant concentration, catalyst dosage and the
presence of co-existing compounds. Wherein, high temperature
can accelerate the diffusion and adsorption of pollutants and pro-
vide more energy for the cleavage of the peroxide O—O bond,
which always has a positive effect. Initial pH can affect the type
and concentration of free radicals, the surface charge of the cata-
lyst, the existing form of oxidants and pollutants, and the amount
of metal leaching. Under the influence of both positive and nega-
tive aspects, the effect of initial pH did not show a specific rule.
Increasing peroxide and catalyst dosage can provide more precur-
sors and active sites for ROS production. However, the excessive
peroxide will lead to the quenching of ROS and too much catalyst
will lead to aggregation and subsequently reduce the surface area,
which limits the improvement of the degradation efficiency. There-
fore, the increase in oxidant concentration and catalyst dosage can
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improve the reaction efficiency to a certain extent, but there are
limitations. Co-existing compounds include various anions and nat-
ural organic matter. In general, the promotion results from the pro-
duction of more active ROS. The inhibition is not only caused by
the production of less active radicals but also the combination of
co-existing compounds and the catalyst surface. It is noteworthy
that the effect of the co-existing compounds on reaction efficiency
is more pronounced at higher concentrations.

The most important mechanism of perovskite-based AOPs is the
single-electron transfer between the transition metal and the per-
oxide. A redox cycle is completed, and a large amount of ROS is
produced in the process. Besides, oxygen vacancies on the per-
ovskite surface can effectively promote the redox cycle. There are
several different forms of energy input (light, ultrasound, electric-
ity, and microwave) to assist the reaction. Light irradiates on the
perovskite to produce the photoelectron/electron-hole pair. Ultra-
sound generates tiny cavitation bubbles in the solution which will
collapse and release a large amount of energy. The resulting phe-
nomenon of sonoluminescence and local hot spots promote the
generation of ROS. The input of electrical energy makes anodic ox-
idation combine with Fenton reactions and form an electric Fenton
reaction. The introduction of microwaves generate hot spots on the
surface of perovskite which assists the reaction. More importantly,
microwaves can also excite electron-hole pairs on the perovskite
surface which can promote the generation of free radicals.

Based on the review of the achievements so far and the discov-
ery of the existing problems, we propose some prospects for the
future application of perovskite oxides in wastewater treatment.

(1) The optimum pH is quite different in perovskite-based AOPs.
In terms of environmental friendliness, operability, and pro-
cessing costs, the reaction conditions close to the natural en-
vironment are the most ideal. Therefore, the perovskites that
can exert the strongest catalytic effect under neutral pH con-
ditions and efficiently degrade pollutants deserve more at-
tention.
Recyclability is one of the indispensable indicators for eval-
uating the perovskite catalyst. To realize the recovery of the
perovskite, it must first be separated from the wastewater.
One possible method is to choose magnetic materials as cat-
alysts. Thus, the development of perovskite catalysts with
magnetism can be considered in subsequent work.
Many current studies improved the effect of AOPs in degrad-
ing pollutants by inputting different forms of energy to the
system. However, it cannot be ignored that this method has
high requirements for equipment and energy. Due to the low
bandgap energy of perovskites, it can be activated by visible
light. Therefore, assistance from solar energy should be in-
corporated for the activation of perovskites to decrease en-
ergy input and lower processing costs.

In most perovskite-based AOPs, free radicals are the main

ROS. The interference of coexisting compounds on the reac-

tion is mainly attributed to the quenching of free radicals.

Correspondingly, in the AOPs that produce non-radical ROS

(such as 10,), co-existing ions show a less significant effect

on it [18,57-59]. It is feasible for future studies to establish

more perovskite-based AOPs dominated by !0, which can
avoid interference to a great extent.

(5) The current studies mainly focus on the degradation effi-
ciency of perovskite-based AOPs. However, the environmen-
tal toxicological effects of reaction by-products and the per-
ovskite material itself have not been adequately studied.
Therefore, more attention should be placed on this aspect
in the future to ensure environmental and biological safety.
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