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As important emerging contaminants, antibiotics have caused potential hazards to the ecological environ-
ment and human health due to their extensive production and consumption. Among various techniques
for removing antibiotics from wastewater, H,O,-based advanced oxidation processes (AOPs) have received
increasing attention due to their fast reaction rate and strong oxidation capability. Hence this review crit-
ically discusses: (i) Recent research progress of AOPs with the addition of H,0, for antibiotics removal
through different methods of H,0, activation; (ii) recent advances in AOPs that can in-situ generate and
activate H,0, for antibiotics removal; (iii) H,0,-based AOPs as a combination with other techniques for
the degradation and mineralization of antibiotics in wastewater. Future perspectives about H,0,-based
AOPs are also presented to grasp the future research trend in the area.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

In recent years, the presence of antibiotics in natural water bod-
ies has gained extensive attention from the environmental protec-
tion community, as they cause great harm to water bodies and
the natural environment, even when present in trace concentra-
tion. Discharged mainly from pharmaceutical industries, hospitals,
and the use of veterinary drugs in animal husbandry and aqua-
culture [1,2], antibiotic residuals have been frequently detected in
various water bodies worldwide including rivers, lakes, sea water
and even drinking water [3]. Their presence poses serious risks to
the environment and human health since they increase antibiotic-
resistance of microbial communities and cause non-negligible al-
terations in food chains [4].

To substantially remove antibiotics from water, various treat-
ment processes have been explored, including coagulation, mem-
brane separation, adsorption, biodegradation and advanced oxida-
tion processes (AOPs). AOPs are emerging and prominent methods
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and have attracted wide attention due to their excellent oxidation
capacity and high practical applicability [5,6]. AOPs based on hy-
drogen peroxide (H,0,), being a versatile, eco-friendly, and strong
oxidizing chemicals, have received great acceptance due to their
high degradation efficiency and environmental compatibility [7].
Thus, extensive research has been focused on these H,0,-based
AOPs and their combination with other techniques for antibiotics
removal from wastewater [8].

Some review papers on the AOPs for the treatment of antibi-
otics in wastewater have been published in recent years [9-13],
the fundamental mechanism of various conventional and emerg-
ing technologies for removal of antibiotics has been summarized.
For example, Wang and Zhuan [11] summarized the recent ad-
vance in antibiotics degradation by AOPs such as Fenton reaction,
ozonation or catalytic ozonation, photocatalytic oxidation, electro-
chemical oxidation, and ionizing radiation, and discussed several
important influencing factors and the applications for antibiotics
removal in water and wastewater. Alexsandro [12] reviewed the
development of electrochemical AOPs for the treatment of antibi-
otics present in synthetic and real wastewaters, and discussed their
fundamentals. However, no comprehensive review is available that
summarizes the current research status of the in-situ or ex-situ
H,0, and further applications in AOP for antibiotics removal from
wastewater.

1001-8417/© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. H,0, based AOP for removal of antibiotics in water and secondary wastewater.

Therefore, this review will focus on the major advances in in-
situ or ex-situ H,0,-based AOPs for removal of antibiotics from
wastewater effluents. As depicted in Fig. 1, this review system-
ically summarizes recent AOP studies with added H,0, or in-
situ produced H,0, through electrochemical, photochemical, bio-
electrochemical and photo-electrochemical methods. Furthermore,
H,0,-based AOPs combined with other techniques (e.g., membrane
filtration, anaerobic fermentation) for the degradation of antibiotics
from various wastewaters are discussed. In addition, the prospects
and challenges for the development of H,0,-based AOPs are sug-
gested.

2. AOPs with ex-situ H,0,
2.1. Fenton process

The classical Fenton process is widely used in wastewater treat-
ment. In this process, Fenton reagents (Fe** and H,0,) are added
and react with each other to form hydroxyl radicals (*OH) to de-
grade various pollutants, following the simplified reaction shown
in Eq. 1 [14].

Fet + H,0, — Fe’t 4+ *OH + OH- (1)

Advantages of Fenton oxidation are the high degradation effi-
ciency and easy operation, however, it also has several drawbacks
such as the generation of (large amounts of) iron sludge, and its
narrow and highly acidic optimal pH range (2-3) [15], which limit
its application in wastewater treatment. To overcome these draw-
backs, Fenton-like processes using different heterogeneous cata-
lysts to replace Fe2t have been developed rapidly in recent years
[16-18]. Many kinds of iron-based materials, such as zero-valent
iron (ZVI, Fe%) [19,20], goethite (a-FeOOH) [21], hematite (a-Fe,05)
[22] and magnetite (Fe304) [23] have been used as heterogeneous
Fenton catalysts. However, these catalysts generally result in a
lower reaction rate for degrading pollutants than the classical Fen-
ton [24].

Therefore, to solve this problem, there has been a shift in focus
to the modification of heterogeneous Fenton catalysts and addition
of external energy [25,26]. For example, pre-magnetization can in-
crease the Fe® corrosion rate to generate Fe?* owing to the “mag-
netic memory”, which thus enhances the Fenton performance [26-
28]. Moreover, to overcome the drawbacks of a narrow working
pH range, chelating agents can chelate with Fe-ions, thus prevent-
ing their precipitation at neutral pH conditions, promoting Fen-
ton or Fenton-like performance [29,30]. Ethylenediaminetetraacetic
acid (EDTA) is one of the low-cost “green” chelating agents that
has been widely applied [31-33]. As depicted in Fig. 2a, EDTA

could complex Fe* to form the Fe**-EDTA complex, which cat-
alyzes H,0, faster to generate "OH for sulfamethazine (SMT) re-
moval. Pan et al. [34] found that only 19.4% SMT was removed by
pre-Fe%/H,0, within 60 min at neutral pH, while 90.6% SMT was
removed after the addition of 0.1 mmol/L EDTA. Meanwhile, the
rate constant for SMT removal by pre-Fe?-EDTA/H,0, was 1.3 folds
larger than that by Fe®-EDTA/H,0,

In addition to a single catalyst, the combination of various cat-
alysts such as a-Fe,03/TiO, [35], Fe9/Fe;04 [36], FeY/Ce0, [37] and
Si-Al/a-FeOOH [38] has been investigated to enhance the removal
efficiency and the catalyst stability. Among them, carbon and iron
composite catalysts have been widely used as heterogeneous Fen-
ton catalysts for H,0, activation due to their strong adsorption
performance, mild reaction conditions, and limited by-products
[39,40]. As shown in Fig. 2b, Zhou et al. [41] performed a com-
prehensive study to investigate H,O, activation on a composite
material comprising powder activated carbon (PAC) and ferrofer-
ric oxide nanocatalyst (C@FONC). Among them, PAC provides more
adsorption active sites for the catalytic reaction, and FONC reacts
with H,0, to generate active radicals and accelerate the iron cycle.
Tetracycline (TC) removal efficiency by the C@FONC/H,0, system
reached 97% within 120 min (TCy=150 mg/L), which can be as-
cribed to the simultaneous occurrence of adsorption, Fenton-like
reactions, and reduction reactions.

Meanwhile, several recent studies have shown that a fast elec-
tron transfer can be achieved through the strong combination of
m-w and m-Fe interactions between the iron-carbon composite
catalyst and antibiotics [42-44]. A novel strategy of constructing
dual-reaction centers in a Fenton-like catalyst with a non-uniform
distribution of electrons by a lattice doping method is shown in
Fig. 2c. TC strongly interacts with graphene through m -7 interac-
tions and acts as an electron donor to transfer the electrons in TC
via graphene to the iron species through m-Fe interactions to ac-
celerate the conversion of Fe3* to Fe?*. The dual-reaction centers
and the accelerated electron transfer thus promoted the ‘OH pro-
duction to achieve a higher TC (~15%) and TOC (~20%) removal
with a lower iron leakage.

Bimetallic oxides (such as Fe-Cu, Fe-Co and Fe-Ce) also have
been widely studied in recent years, showing promises in pollu-
tants decomposition due to their great catalytic performance and
superior electron transport capacities [45,46]. As shown in Fig. 2d,
both Fe** and Co?* react with H,0, to form "OH, while Fe3* and
Co3* react with H,0, to form ‘OH according to the Fenton mech-
anism. Meanwhile, the reaction of Fe** and Co3* as depicted in
Eq. 2 is thermodynamically favored. As such, Fe?t and Co3* can
be continuously provided for H,0, activation, generating more free
radicals, thereby reaching significant removal of TC (83.5%) under
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Fig. 2. (a) Reaction mechanisms for SMT removal by pre-Fe?-EDTA H,0, system. Copied with permission [34]. Copyright 2020, Elsevier. (b) Schematic diagram of the reaction
mechanisms of TC degradation in the C@FONC/ H,0, system. Copied with permission [41]. Copyright 2020, Elsevier. (c) Mechanism of antibiotic removal through a Fenton-
like reaction by the Fe;04@Fe/graphene aerogel. Copied with permission [48]. Copyright 2021, Elsevier. (d) Proposed mechanism of heterogeneous Fenton-like degradation of

TC with CoFe-ONSs. Copied with permission [47]. Copyright 2021, Elsevier.

the neutral conditions after 50 min [47].
Co®* + Fe?* — Co** + Fe3+ (2)

2.2. Photocatalytic process with ex-situ H,0,

In the present research, the UV/H,0, process has been increas-
ingly used for degrading antibiotics in water and wastewater [49-
53]. UV irradiation can degrade antibiotics via direct photolysis and
*OH produced by the decomposition of H,0, through Eq. 3:

H,0, + hy — 2°*OH 3)

It is acknowledged that the oxidation mechanism of UV/H,0,
includes two aspects: (1) The direct UV induced photolysis to de-
struct the chemical bonds and subsequent breakdown of the con-
taminant if it can absorb the UV light [54], (2) "‘OH radical oxida-
tion because of UV light absorption by H,0, (the quantum yield
for the process is 1 mol “OH per Einstein absorbed by H,0,) [55].

In order to improve the degradation efficiency and mineraliza-
tion rate of various refractory antibiotics, increasingly, researchers
have paid attention to the research of the photo-Fenton (PF) pro-
cess. PF occurs in the presence of UV light or visible light with the
combination of H,0, and Fe** or Fe3* to enhance the additional
‘OH production, thus significantly the Fenton oxidation efficiency
[56].

It is worth noting that the difference between the Fenton and
the photo-Fenton reaction is that the photo-Fenton could con-
vert Fe3* into Fe?*, and further react to form a weak oxidizing
species as superoxide anion radical, CO, anion radical and H,0,
[57]. In order to enhance photo-Fenton oxidation via promoting
the conversion of Fe3+/Fe2*+ and improve the utilization efficiency
of H,0,, carbonaceous materials, such as graphene oxide-FePO4
(GO-FePO4) [58] are used as organic chelating agents to directly
chelate with iron species and donate electrons to accelerate the
reaction [59,60]. Cheng et al. [61] introduced GO into Fe(Ill)/H,0,
Fenton and photo-Fenton (visible light, A > 420 nm) systems to
remove chloramphenicol (CAP). As shown in Fig. S1a (Supporting
information), different from the researches pointing out that GO
acts as iron catalyst support, the GO/Fe(Ill)/H,0, system showed
a higher efficiency (complete removal of CAP within 40 min) with
a lower demand of H,0, dosage (0.146 mmol/L), indicating that

GO-mediated acceleration of H,0, decomposition via the iron ac-
tivation route enhances the “OH generation for CAP degradation.

Moreover, Du et al. [62] have prepared biogenic Fe-Mn ox-
ides (bio-FeMnOx) to catalyze the heterogeneous photo-Fenton for
ofloxacin (OFL) degradation. As shown in Fig. S1b (Supporting in-
formation), the removal efficiency of OFL was increased signifi-
cantly from 20% to 98.1% when both H,0, and UV light were
present, indicating that e~/h* was generated under photoexcita-
tion and migrated to the surface of bio-FeMnOx. As is shown in
Eqs. 4-6, electrons in the valence band are transferred to the con-
duction band when there is a photoexcitation. Then, the e~ /h*
pairs could migrate to the catalyst surface and interact with H,O,
OH-, O, and pollutants. Holes and electrons could be the princi-
pal contributors to the production of active species and, therefore,
may restrain the degradation of OFL.

catalyst + hy — hy, + e, (4)
hi, + HyO/OH™ — *OH + H* (5)
e, +0, - 03 (6)

Meanwhile, Fe3+can be transferred to Fe?* with the assistance
of photoexcitation, which promotes the Fenton reaction to be gen-
erate highly active (Eqs. 7 and 8) [63]. Photogenerated electrons
contribute largely to the reduction of Fe3* to Fe2t to ensure the
catalytic cycle (Eq. 9) [64].

=Fe’* + H,0 + hy — Fe?" 4+ *OH + H* (7)
=Fe’* + H,0, — Fe3* + OH™ + *OH (8)
e, + =Fe’t — =Fe?* (9)

Recent studies have also shown that suspended particles in
water have an impact on antibiotics degradation by UV/H,0,. As
shown in Fig. S1c (Supporting information), Nie et al. [65] sys-
tematically investigated the effect of different silica/alumina-based
oxide nanoparticles (MCM-41 and Al@MCM-41) in water on the
degradation of the antibiotic ofloxacin (OFX) by UV/H,0,. The re-
sults showed that not only the OFX degradation efficiency but
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also the reaction rate was greatly enhanced in the presence of
Al@MCM-41at a pH range of 3-9, especially at acidic pH values
with 84.51% at pH 5.

The mechanism behind the photo-Fenton reaction is to improve
the hydroxyl radical generation by a high iron recycle rate to re-
act with H,0, [66,67]. Recent literature has reported that 90%-98%
antibiotics can be effectively removed by the solar photo-Fenton
method [68,69]. Furthermore, this method also showed promis-
ing for the complete elimination of ampicillin (AMP), total cul-
tivable and AMP-resistant E. coli and ecotoxicity from secondary-
treated wastewater effluents [70]. More specifically, Ferro et al
[71] and Fiorentino et al. [72], compared the ability of solar/H,0-,
solar/TiO,, solar/H,0,/TiO, and solar photo-Fenton processes for
inactivating AMP-resistant E. coli, and confirmed that the best
disinfection efficiency was obtained by photo-Fenton at pH 4
(Fe2t/H,0,: 0.090/0.294 mmol/L). Meanwhile, solar photocatalytic
(TiO,) inactivation efficiency was also very promising, but the re-
covery of the catalyst after treatment should be taken into count
in a global assessment for wastewater reuse application.

2.3. Ozonation process with ex-situ Hy0,

Ozonation combined with H,0,, ie., the peroxone process, is
employed to promote the generation of a large number of *OH [73],
which removes a wide range of pollutants from water and wastew-
ater [74,75]. The O3/H,0, process involves a radical chain mecha-
nism based on ozone decomposition initiated by the hydroperox-
ide anion HO,~. The synergistic effect of O3 and H,0, promotes
the production of ‘OH, e.g., by the reaction of the H,0, conjugate
base (H,O~) with ozone generating ‘OH. Initially, O3 likely reacts
with excess HO,~, and the reaction process can be described by
Egs. 10 and 11.

H,0, 4+ 205 — 2°OH + 30, (10)

HO,; + 03 — °*OH + 05 + 0O, (11)

Previous studies indicated that O3/H,0, could be effective for
the mineralization of antibiotics. Chen and Wang [76] investi-
gated the degradation and mineralization of ofloxacin (OFX) by the
ozonation and peroxone process. As displayed in Fig. S1d (Sup-
porting information), the mineralization of OFX was significantly
enhanced (55%) by the peroxone process, compared to ozonation
(30%), though OFX could be rapidly oxidized by both processes.
The direct oxidation of OFX by ozone molecules might account for
the degradation of OFX in both the ozonation and peroxone pro-
cess, whereas, in the presence of H,0,, the improvement of ozone
decomposition and the formation of *OH radicals were responsible
for enhancing OFX mineralization. In general, the addition of H,0,
to ozonation improves mineralization efficiencies, showing that di-
rect ozone is more prone for antibiotic removal, while intermediate
compounds are more deeply degraded by "OH.

A series of scientific reports also indicated that the antibiotic
mineralization was mainly influenced by the operation conditions
such as pH, ozone dosage and temperature. In the O3/H,0, pro-
cess, high pH promotes O3 decomposition by both “OH and HO,*
and leads to more ‘OH production, resulting in a higher TOC re-
moval.

2.4. Ultrasound-enhanced AOPs with ex-situ H,0,

Although it has been well known that the Fenton process has
been proven to be the most effective AOP for efficient removal of
antibiotics from aqueous media, the main drawback of the Fen-
ton reaction is that it is not sustainable due to the slow reduc-
tion from Fe3+ to Fe?+ during the degradation. To improve the ef-
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fectiveness of Fenton at neutral pH, the combination with ultra-
sound (US) has attracted great interest [77-79]. US as a very effi-
cient physiochemical technology, which induces the production of
sonochemical micro-bubbles in the aqueous system [80,81]. Mean-
while, ultrasonic irradiation of liquids leads to acoustic cavitation
in which millions of cavity bubbles form, grow and subsequently
implode, resulting in physical and chemical effects [82].

The removal of antibiotics using US/H,0, with heterogeneous
catalysts has been widely used to improve the effectiveness of
AOPs, especially heterogeneous Fenton-like systems. Ma et al
[83] used nanosized zero-valent copper (nZVC) as H,0, activator
in conjunction with US for the oxidative degradation of norfloxacin
(NOR). Compared with the NOR removal efficiency of 46.68% in
nZVC/H,0, system, a significantly enhanced NOR removal of 91.5%
was obtained in the US combined Fenton process, which involved
a synergistic effect between sonolysis and Fenton-like reaction. The
introduction of US obviously avoided the aggregation of the cata-
lyst and changed the physiochemical properties of the catalyst sur-
face [84,85].

Additional related research on AOPs with added
H,0, for antibiotics removal are summarized in Table 1
[4,14,17,18,37,44,47,53,62,65,69,70,75,76,84-86]. Specific pa-
rameters such as H,0, activator, H,0, dosage, pH and other
experimental data have been listed in detail, which can provide
guidance for the subsequent removal of various antibiotics in
wastewater by AOPs with ex-situ Hy0,.

3. AOPs with in-situ production of H,0,
3.1. In-situ H,0, production in an electrochemical system

H,0, synthesis by electrochemical oxygen reduction reactions
(ORR) has garnered great attention as a green alternative to typical
AOPs [87]. Nowadays, the underlying challenge lies in developing
materials that exhibit high efficiency and low energy consumption
in the electrochemical generation of H,0,, favoring the degrada-
tion of antibiotics summarized in the following two parts of ho-
mogeneous electro-Fenton (homo-EF) and heterogeneous electro-
Fenton (hetero-EF).

3.1.1. Homogeneous electro-Fenton process

The electrochemical production of H,0, at the cathode via the
two-electron ORR (Eq. 12) with the addition of Fe2* induces the
common homo-EF process, in which *OH is produced from Fenton’s
reaction [88-90]. Thus, its practical application for the oxidation
of various antibiotics is closely associated with the production of
H,0,, and the FeZ*+[Fe3* cycle.

Oag) + 2H" + 2~ — H,0, (12)

In these cases, a lot of studies have been focused on cathodic
material fabrication and modification as it is one of the main fac-
tors determining the efficiency of EF [91,92]. Carbonaceous materi-
als are extensively used as cathode material due to their large sur-
face area, good electrical conductivity, global abundance and low
price, especially carbon black [93-95] has been demonstrated to
be highly active for two-electron ORR [96-99]. Meanwhile, carbon
materials doped with non-metallic elements such as O, N, S and
P have been proved high ORR activity and H,0, selectivity, which
considered as the promising catalysts [100]. Zhang et al. [101] syn-
thesized nitrogen-doped porous carbon (NPC) exhibiting high H,0,
selectivity, and achieving a high current efficiency of 87.7% (pH 1,
—0.5 V vs. SCE). As shown in Fig. 3a, both porous structure and
uniform distribution of N accelerated H,0, production and antibi-
otics degradation, which was valuable for homogeneous EF cath-
odes with high activity, selectivity and stability.
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Table 1
Antibiotics removal by AOPs with ex-situ H,0,.
Antibiotics Process based on H,0, activator H,0, dosage pH Antibiotics removal TOC removal (%) Refs.
H,0, efficiency (%)
Amoxicillin Homogeneous 0.08 g Fe%* 6 mL (3%) 3 80 (70 min) 43 [86]
(1 g/L) Fenton
Ciprofloxacin Homogeneous 0.274 g Fe?+ 0.8 mL (30% w/w) 3 95 (70 min) 58 (4]
Fenton
Tetracycline Heterogeneous 0.3 g/L iron-cobalt 20 mmol/L 7 83.5 (50 min) 42.3 (50 min) [47]
(50 mg/L) Fenton oxide nanosheets
Tetracycline Heterogeneous 1 g/L FeS 15 mmol/L 6 99.6 (3 h) 52.6 (3 h) [17]
(10 mg/L) Fenton nanospheres
Tetracycline Heterogeneous 10 mg/L 0.2 mL of 30% 8 >90 (30 min) [18]
(50 mg/L) Fenton MgNCN/MgO H,0,
nanocomposites
Tetracycline Heterogeneous 1 g/L Fe30,@Fe/GA 0.5 mmol/L 6 100 (80 min) 20 (80 min) [44]
Fenton
Tetracycline Heterogeneous Fe%/Ce0, 0.1 g/L 100 mmol/L 5.8 93 (60 min) 76.9 (4 h) [37]
(100 mg/L) Fenton
Ofloxacin UV/H,0, UV/biogenic Fe-Mn 0.04 mmol/L 7 98.1 (2 h) / [62]
(30 mg/L) oxides 5 mg/L
Oxytetracycline, Homogeneous UV 0.84 20 mg/L 7.5 97.1 for both TC / [53]
tetracycline Photo Fenton mW/cm/FeZ+ and OTC (60 min)
(100 mg/L) 20 mg/L
Oxytetracycline UV/pre Fe%/H,0, UV 6V, Pre-Fe? 0.3 0.3 mmol/L 7.3 90 (10 min) 82 [14]
(800 ng/L) mmol/L
Ofloxacin UVA-H,0,; induced Al@MCM-41 1.2 mg/L 7 93.17 [65]
(18 mg/L) by suspended 30 mg/L, UVA
particles
(AleMCM-41)
Tetracycline Heterogeneous Solar photo, 50 mmol/L 4.0 98.7 (60 min) 70.1 [69]
(100 mg/L) Photo Fenton yCeO,/Fh 0.4 g/L
Ampicillin Solar photo-Fenton Solar photo, Fe2+ 50 mg/L 3 99.9 (30 min) 24 (180 min) [70]
(100 pg/L) oxidation 5 mg/L
Sulfamethoxazole 03/H,0, 03 5.5 mg/min 453 nuL 7.7 100 (30 min) 83 (3 h) [75]
(0.08 mmol/L)
Ofloxacin 03/H,0, 0; 15 mg/L 40 mg/ L 6.7 100 (7 min) [76]
(20 mg/L)
Norfloxacin US-H,0,-catalyst US 20 kHz/nZVC 20 mmol/L no pH 91.5 (30 min) 31.8 (30 min) [84]
(5 mg/L) 0.25 g/L adjustment
Amoxicillin US-H,0,-catalyst US 37 kHz, sea 50 mmol/L 5 98 (60 min) [85]
(5 mg/L) sediment catalyst

45 g/L

Note: GA: graphene aerogel; AI@MCM-41: Al-modified zeolite; nZVC: nanosized zero-valent copper.

In addition to the electrode material, H,O, electro generation is
positively correlated with the dissolved O, in the aqueous solution.
Since the submerged cathode was limited by oxygen transfer in the
aqueous solution, it is critical to improve O, mass transfer for en-
hanced ORR performance [102,103]. Li et al. [104] proposed a sim-
ple electrode aeration (EA) for H,0, electrogeneration, in which
gas was directly supplied to the inside of the electrode, after which
it diffused to the outside of the electrode, and finally, flowed into
the solution. As shown in Fig. 3b, in comparison with the CF using
a solution aeration system, the constructed carbon felt with elec-
trode aeration system exhibited a high H,0, generation efficiency
and excellent homogeneous EF performance. Several studies have
found that the hydrophobic gas diffusion electrode (GDE) can en-
hance the mass transfer efficiency of oxygen and promote the ORR
reaction and H,0, generation [105,106].

It is well known that the use of ligands to promote iron solubil-
ity is a preliminary step in the homo-EF process, but the chelation
efficiencies of most organic ligands are unsatisfactory, resulting in
insufficient availability of Fe?*. In a recent work shown in Fig. 3c,
atomic “H was introduced to the EF process to accelerate the re-
generation of the Fe(Il)-complex at a mild pH using a Ni deposited
carbon felt (Ni-CF) cathode. The introduction of atomic ‘H signifi-
cantly elevated total organic carbon (TOC) abatement of CIP from
42% (CF) to 81% (Ni-CF) at a neutral pH [107]. As shown in Table
S1 (Supporting information), more related studies on the homo-EF
with the in-situ production of H,0, for antibiotics removal is sum-
marized.

3.1.2. Heterogeneous electro-Fenton process

Although the homo-EF has been extensively applied for the
degradation of various types of antibiotics, two obvious disadvan-
tages remain, which are limiting its wide application: (i) The pro-
cess is only optimum at strong acidic pH condition (i.e.,, pH 2.8-
3.5), and (ii) the catalyst cannot be recycled [108]. Therefore, het-
erogeneous electro-Fenton (hetero-EF) is a promising alternative to
homo-EF to overcome the above disadvantages [109,110].

Over the past few years, most Fe-based natural or synthetic
solid catalysts have been utilized as heterogeneous catalysts in
the EF process for the decomposition of H,O, to *OH, such as «-
FeOOH [111], FeS [112] and Pd/Fe304 [113]. However, the agglom-
eration of the nanoparticles reduces the efficiency of the hetero-
EF catalysis. Recent research has reported that core-shell struc-
tured catalysts containing a transition metal nanoparticle core and
a graphitized porous carbon shell show remarkably enhanced cat-
alytic activity and stability [114], especially MOFs-derived metal in-
corporated carbons [115]. As shown in Fig. 3d, Du et al. [116] syn-
thesized Fe-based nanoparticles with porous carbon (Fe/Fe;C@PC)
core-shell structured hybrid through one-pot pyrolysis of MIL-
101(Fe) and used them as an efficient hetero-EF catalyst for SMT
degradation.

Nowadays, the emergence of co-catalysts offers a new prospect
for the further development of AOPs [117,118]. In recent years var-
ious kinds of organic and inorganic materials have been added
as co-catalyst to enhance the generation of "OH [119,120]. Tian et
al. [121] compared the degradation of SMT by Fe® and Fe®/MoS,
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Fig. 3. (a) Mechanism of N-doped porous carbon cathode in situ high-selectivity production of hydrogen peroxide and degradation of antibiotics. Copied with permission
[101]. Copyright 2020, Elsevier. (b) The enhanced Electro-Fenton degradation mechanism of CF-EA. Copied with permission [104]. Copyright 2020, Elsevier. (c) Reaction
mechanism for CIP degradation by using Ni-CF cathode introduced atomic "H for H,0, activation. Copied with permission [130]. Copyright 2019, American Chemical Society.
(d) The proposed scheme of mechanism of the Hetero-EF process catalyzed by Fe/Fe;C@PC catalyst. Copied with permission [116]. Copyright 2020, Elsevier. (e) The proposed
enhancement mechanism of the MoS, co-catalyst heterogenous Fe®-EF process for SMT degradation. Copied with permission [121]. Copyright 2021, Elsevier. (f) Mechanisms
for TC degradation by 3.6-CCFO/CB@GF systems. Copied with permission [129]. Copyright 2021, Elsevier.

hetero-EF process, confirming the latter could enhance the rate
constant by twofold, compared to the Fe?-EF process under the
same optimal conditions. As shown in Fig. 3e, due to co-catalysis’s
characteristics, MoS, could greatly facilitate the Fe3*/Fe* recycle
reaction by the exposed Mo** active sites, which significantly pro-
moted the decomposition of H,0, that generated in Fe®-EF system
and improved the generation of hydroxyl radicals.

Until now, hetero-EF, which utilizes functionalized cathodes
has primarily focused on iron-fixed carbon supports, including
Fe;04@Fe,03/activated carbon aerogel cathode [122], Fe304/GDE
[123], Fe®-in-carbon nanotubes (CNTs) [124] and Fe;04/graphite
felt [125]. Notably, the introduction of other transition metals into
the structure of iron minerals to fabricate binary-oxide compos-
ite electrodes (e.g., FeCu/carbon aerogel [126], Mn/Fe@ porous car-
bon [127], and Cu-doped Fe@Fe,03/nickel foam [128]) has been
tested as a strategy to boost the cathode’s electron transfer effi-
ciency. Cui et al. [129] investigated the hetero-EF catalytic behavior
of Cu/CuFe,0,4/CB@GF as shown in Fig. 3f, which possessed wide
pH applicability (3-7) to TC degradation and maintained 80% re-
moval after five consecutive runs. Besides, other more recent stud-
ies related to hetero-EF for degradation of antibiotics are outlined
in Table S2 (Supporting information).

3.2. In-situ H,0, production in photo-electrochemical systems

The efficient decomposition of H,0, into *OH is one of the deci-
sive factors influencing the degradation efficiency of antibiotics. In
the EF process, light irradiation is helpful for the generation of *OH
with the semiconductor catalyst, since the photo-induced electrons
can promote the decomposition of H,0, [131]. Besides, the photo-
induced electron-hole pairs (e"-h™) on the semiconductor are also
beneficial for the generation of active species such as ‘OH and 0,"~
radicals [132]. The synergetic excitation of multiple active species
promotes the decomposition of organic contaminants. Therefore,
the photo-electrochemical (PEC) system especially photo-electro-
Fenton (PEF) process shows great potential in antibiotics removal.

Jia et al. [133] reported a novel Fe-free PEF system for CIP
degradation. As shown in Fig. S3a (Supporting information), a sen-
sible heterogeneous PEF degradation mechanism was proposed, the
MnOx formed solid heterojunction interface on g-C3N4 nanosheets
stably ensured the fast separation and transfer of charges. A series
of experimental data showed that a coexistence of *‘OH, ‘O,~, h*
and e~ in the PEF process and the ‘OH played the principal role
in the degradation of CIP. Compared with the traditional Fenton
reaction, the PEF system also showed an expanded range of pH 2-
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7, whose CIP degradation efficiency remained at 80.31% when pH
was 7. Moreover, the catalyst also showed excellent stability with
degradation efficiency of 91.62% after four consecutive runs. There-
fore, the photoelectric synergy system with the polyvalent man-
ganese was a promising approach in treating organic contaminants
in water.

3.3. In-situ H,0, production in bioelectrochemical system

Although H,0, based AOPs have been considered a promising
method to remove various antibiotics, the cost of H,0, and its risk
in transport and use may be the main restrictions for application
[134]. To solve the problem, many recent studies have considered
that bio-electrochemical systems (BESs) are low-cost and environ-
ment friendly technologies for H,0, synthesis, including microbial
electrolysis cells (MECs) [135] and microbial fuel cells (MFCs) [136].

Recently, in-situ H,O, generating BESs were coupled with EF-
based AOPs, and have been verified as a promising technique to
deal with antibiotics removal [137-139]. In such cases, H,0, is
continuously generated in-situ in the cathodic chamber by cou-
pling anodic oxidation of organic compounds (electricity produc-
tion). Thereby no external power input is needed as opposed to
the conventional EF or PEF methods. Furthermore, the H,0O, pro-
duces *OH by the external supplement of an iron source to oxi-
dize recalcitrant organics [140], which was shown effective for the
degradation of several common antibiotics such as penicillin [141],
TC [142] and erythromycin [143].

As well known, most of the conventional microbial oxidation
reactions of in-situ H,0, generating BESs in the anode chamber are
usually low-cost and self-sustaining. Electrochemical active bacte-
ria are firstly used to oxidize electron donors [144], then the elec-
trons transfer directly through an external circuit to the cathode
for H,0, production [145-147]. Meanwhile, Fe?t+ is generated in-
situ at neutral pH by direct electro-reduction of iron oxide in the
cathode chamber. A BEF system does not only produce *OH radi-
cals in the cathodic chamber for antibiotics degradation but also
generates electricity [142].

However, the exposure to antibiotics in the anode chamber
leads to harboring abundant antibiotic resistance genes (ARGs), and
the abundance might be increased with operation time, thus in-
creasing attention has been paid to efficiently remove recalcitrant
antibiotics in the cathode chamber using BESs. Besides, the iron
source plays a critical role to catalyze the Fenton oxidation in the
BESs. Recently, several studies have focused on heterogeneous iron
salts as Fenton catalyst in BES, including synthesized and/or nat-
ural iron oxides, such as lepidocrocite (y-FeOOH), maghemite (y -
Fe,03), clino-pyrrhotite (Fe;_S), limonite (FeOOH), iron vanadate
(FeVOy), iron phthalocyanine (FePc), Fe@ Fe,05 [148].

Wang et al. [149] investigated the removal of three veterinary
antibiotics i.e., TC, tylosin and sulfaquinoxaline in a set of a H-
type MEF system catalyzed by a novel M-type strontium hexafer-
rite nanoparticles (StM-NPs) as heterogeneous Fenton catalyst as
shown in Fig. S3b (Supporting information). The system resulted
in degrading 85.9%-88.2% of 10 mg/L antibiotics in 17 h, and com-
plete degradation occurred within 24 h with a TOC removal of
74%-87%. Conversely, 20% lower degradation of antibiotics was at-
tained using a homogeneous Fenton catalyst (i.e., FeSO4). The sys-
tem reached a maximum current and power output of 241 4+ 10.9
mA/m? and 1364 + 3.1 mW/m2, respectively, which exhibited a
promising and energy-efficient approach for the degradation of an-
tibiotics. Nevertheless, the technology still faces some drawbacks
at the present stage, such as low H,0, yield, low unit cell body
throughput, low current density and low conductivity [150]. Nev-
ertheless, the Fenton/ Fenton-like process based on microbial fuel
cells offers a green and sustainable solution for wastewater treat-
ment along with power production and utilization.
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3.4. In-situ H,0, production in photochemical systems

Nowadays, photocatalytic production of H,O, from water and
0, has received increasing attention as a sustainable and eco-
friendly alternative to other methods such as anthraquinone oxi-
dation, alcohol oxidation, and electrochemical synthesis because it
can in-situ produce H,0, and then effective photodegrade antibi-
otics and other organic pollutants into harmless products simul-
taneously [151-153]. According to the literature, the photochemi-
cal production of HO, can be divided into homogeneous photo-
Fenton and heterogeneous photo-Fenton processes.

3.4.1. Homogeneous photo-Fenton process

This novel photo-Fenton process is usually performed in the
presence of Fe3*, ligands (L), O, and light irradiation [154]. Pre-
vious studies have shown that the complexes formed with Fe3+
could produce both Fe?t and ligand-free radicals by ligand-to-
metal charge transfer (LMCT) under irradiation as shown in Eq. 13.
Then the ligand-free radical is able to react with dissolved oxygen
in water to form O,"~ as displayed in Egs. 14 and 15. The O,"~ rad-
ical and its conjugated acid form HO,'~, which can participate in
further reactions generating H,0,. As a consequence, “OH can be
formed by the Fenton reaction.

Fe(I)-L + hy — [Fe(ll)-L]* — Fe(l) + L° (13)
L*+0, - 05 +L (14)
0y + H" < HO3" (15)

3.4.2. Heterogeneous photo-Fenton process

In the heterogeneous photo-Fenton (HPF) process based on the
activation of O,, the in-situ generation of H,0, can be realized
by the reaction of dissolved O, with the photo-generated elec-
trons from semiconductors under light irradiation, then it can be
decomposed to *OH through homogeneous or heterogeneous Fe-
based catalysts for the degradation of contaminants [69,155]. In
this novel photo-Fenton process, the in-situ generation of H,0,
by the activation of O, is the prerequisite, which depends on the
properties of the semiconductor, the light irradiation and the sup-
ply mode of O,.

catalyst + hy — h* +e” (16)
2h* + 2H,0 — H,0, + 2H" (17)
2H* + 05" + e~ — Hy0, (18)
HO*/05"/h* + antibiotics — degradation products (19)

So far, iron catalysts supported on g-C3N4 [152,156-161], TiO,
[153], BiVO4 [162,163], MOFs and other porous materials have been
studied extensively as potential catalysts for photocatalytic pro-
duction of H,0, [164]. The synthesis strategies of iron catalysts
supported on these semiconductors are focused on iron species
in different states, from lattice doping and single-atom sites, to
surface amorphous/crystalline nanoparticles, and further to hetero-
junctions [165]. TiO, and BiOCl are wide band-gap semiconduc-
tors that can only respond to UV light, while g-C3N4 and iron-
containing MOFs are normally narrow band-gap semiconductors
that are visible light responsive.

Table S3 (Supporting information) lists the recent studies for
antibiotics removal in wastewater by the HPF processes. Although



X. Wang, J. Jing, M. Zhou et al.

these novel HPF processes have been widely applied for the degra-
dation of inorganic and organic pollutants due to the Fenton pro-
cess without the addition of H,0, and the reduction of Fe3*t to
Fe* by the photoelectrons, several drawbacks are still required to
overcome, such as the low utilization rate of light energy, low on-
site production efficiency of H,0,, high operational costs and de-
sign of photo-reactor, which will limit the development of this HPF
on a large scale.

To satisfy the practical application requirements regarding effi-
ciency and universality, many Fenton-like photocatalysts are con-
structed by anchoring metal ions or compounds on the surface
of photocatalysts [166]. This does not only broaden the pH range
of the reaction and eliminate the problem of removing soluble
iron ions, but also assists the photocatalysts to generate H,O, by
the reduction of oxygen [167-170]. Gao et al. [162] reported the
photoactivity of Fe3t grafted BiVO, photocatalyst by the visible
light photodegradation of various antibiotics. Following the mecha-
nism shown in Fig. S3¢ (Supporting information), the Fe3* species
do not only serve as efficient electron trapping centers to inhibit
recombination of photogenerated charges and activate molecular
oxygen as shown in Egs. 16-19, but also dramatically enhance the
surface area of the photocatalyst, providing more reaction sites.
Notably, the degradation rate of 7% Fe3*-BVO photocatalyst after
light irradiation for 10 min reached 80%, which was 63% higher
than for pure BVO.

4. Application for antibiotics removal from wastewater

According to the structural characteristics of antibiotics, they
can be mainly divided into quinolones, imidazole, tetracyclines,
sulfamic acid and lactone rings [171]. After the previous summary
of this review, we can conclude that the majority of antibiotics
can be effectively removed by H,0,-based AOP processes. Among
them, tetracyclines, sulfonamides, quinolones and chloramphenicol
antibiotics are most often used as target pollutants. However, at
present, metronidazole antibiotics cannot be degraded by a single
AOP based on H,0,, but the combined AOPs can effectively treat
metronidazole antibiotics (details will be introduced later).

In most cases, only one approach is used for antibiotics re-
moval. However, the actual sewer system wastewater is rela-
tively complicated containing various antibiotics. Herein, combined
methods may be more efficient than a single method. Recent lit-
erature has shown that the integration of two or more treatment
methods may help circumvent the limitations that a typical single
process presents during the degradation of antibiotics. Pan et al.
[14] investigated the novel UV/pre-Fe®/H,0, system to remove sev-
eral antibiotics classes from secondary wastewater effluents (SWE).
As shown in Fig. S4a (Supporting information), the corrosion of Fe?
is enhanced by magnetization based on the “magnetic memory” of
iron [28]. An outstanding mineralization rate was demonstrated for
various antibiotics from SWE at neutral pH with a TOC removal of
92.1%, while for UV/H,0, and UV/Fe®/H,0, system it was 53.9%
and 72.1%, respectively. To sum up, the UV/pre- Fe%/H,0, com-
bined process is a promising and cost-effective for the treatment
of antibiotics in SWE.

In addition to the photo-assisted catalysts for antibiotics re-
moval, photo-assisted MFC are also used to simultaneously gen-
erate and activate H,0, to promote the rapid degradation of an-
tibiotics. As described in Fig. S4b (Supporting information), Mo
and W catalytic species immobilized onto a graphite felt cath-
ode did not only enhance the cathodic reduction of metronidazole
(MNZ) under anaerobic conditions, but also intensified the oxida-
tion of MNZ under aerobic conditions, which further accelerated in
the presence of Fe3* in this combined system. Meanwhile, photo-
generated holes were directly involved into the oxidation of MNZ
under anaerobic conditions. This study demonstrates the efficiency
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of the combination of photo-assisted MFCs and a Fenton-MFCs pro-
cess for the intensification of the removal of antibiotics with simul-
taneous production of renewable electrical energy.

Coupling electrochemical processes with physical (e.g., mem-
brane filtration) [172], chemical (e.g, ionizing radiation, enzy-
matic oxidation) [173], or biological (e.g., anaerobic fermenta-
tion) [174,175] methods can expand the applicability of these
processes to more complex matrices, enhance the efficiency of
mineralization, avoid the formation of toxic by-products, and re-
duce the operating costs of the antibiotics degradation systems
[172,175-178]. Jiang et al. [179] prepared a novel graphene mod-
ified electro-Fenton catalytic membrane (EFCM) for in situ degra-
dation of the antibiotic florfenicol in low concentration. The degra-
dation mechanism is shown in Fig. S4c (Supporting information),
EFCM acted not only as a cathode for EF oxidation in a continu-
ous mode but also as a membrane barrier to concentrate and en-
hance the mass transfer of florfenicol, which increased its oxida-
tion chances. Similarly, Guo et al. [180] have developed a silicate-
enhanced flow-through electro-Fenton system with Fe,03 catalysts
confined within CNTs. The composite filter system demonstrated
an improved in-situ H,O, generation yield to produce more reac-
tive oxygen species, thus significantly boosting the reaction kinet-
ics and desirable catalyst stability. The above results collectively
highlighted the feasibility of the combined membrane filtration
— H,0,-based oxidation process for advanced water purification.
Other more recent studies related to the application of combined
processes for the treatment of antibiotics are outlined in Table S4
(Supporting information).

5. Conclusions and future perspectives

The H,0,-based AOPs have proven effective for detoxifying a
wide range of antibiotics in wastewater. Various H,0,-based AOP
processes, including AOPs that require H,0O, addition and the AOPs
with in-situ production of H,0,, are discussed. This study reviewed
various antibiotic removal strategies, focusing on the performance
and corresponding mechanisms.

Although numerous approaches have been reported to remove
antibiotics, most of them have some neglected disadvantages,
hence this process still requires further research for its commercial
applications and several challenges remain in this intriguing field.
In order to meet the highly competitive requirements of antibiotics
removal in actual wastewater in the future, main emphasis towards
H,0,-based AOPs should be put in the following aspects.

(1) The main challenges encountered in AOPs with added H,0,
are the limited H,0, activation efficiency. Although the opti-
mization of heterogeneous catalysts, photolysis, O3 and ultra-
sonic assistance has been widely used to enhance the utiliza-
tion efficiency of H,0, for improving antibiotics degradation
in wastewater, there are still few studies on the mechanism of
free radical formation and transformation, development of rate
expressions, and identification of scale-up parameters. Mean-
while, more research works should be focused on the stabil-
ity and cost of catalysts, H,O, utilization rate, and total energy
consumption during the antibiotics degradation in wastewater,
to evaluate the technical and economic feasibility of the pro-
cess.

(2) The efficiency of EF-based processes is highly dependent on
the synthesis of H,0,. However, development of electrochem-
ical production of H,0, is still challenging because of the low
H,0, yield and unsatisfactory current efficiency mainly deriving
from the catalytic activity and selectivity of catalysts. Moreover,
GDE in recent research still requires additional aeration, reduc-
ing electrode usage while generating extra energy consumption.
Thus, future studies need to focus not only on improving cata-
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lyst and reactor design but also on the reaction process at the

electrode interface to improve the utilization efficiency of oxy-

gen.
(3) In the photo-Fenton process based on the activation of O,, pho-
tocatalysts with long-term stability and with visible light re-
sponse performance should continue to be developed. Special
attention should be paid to the photo-catalysts composed of
semiconductor, iron and carbon, because carbonaceous materi-
als can promote the production of H,0, and the photoelectrons
can enhance the conversion of Fe3* to Fe*, which will favor
the utilization of H,0,. Moreover, the synthesis of photocata-
lysts that have a narrow band gap and efficient activity under
visible light needs to be further developed for more industrial
applications under solar light. In addition, the removal of cat-
alysts after treatment should be taken into account in a global
assessment for wastewater reuse application.
Hybrid methods are economically viable techniques for the
treatment of a wide range of industrial effluents. Also, the cap-
ital cost for reactors and other accessories can be reduced since
one reactor can simultaneously generate and consume H,0, in-
situ and remove pollutants without the need of multiple reac-
tors. The use of a combined process decreases the operational
costs related to energy consumption, and enhances *OH avail-
ability and treatment efficiency. Further research should aim
to improve the efficiency at wide pH ranges, application with
real wastewaters, strategies to apply this approach in pilot scale
studies and implementing a synergistic approach between an-
odic and cathodic environment. It is also essential to carry out
more studies on more types of antibiotic resistant bacteria and
viruses as good results have been shown in previous studies.
Finally, studies in real and natural contaminated water are re-
quired for the actual application of this process. Future stud-
ies should focus on the cost-effectiveness of H,0,-based AOPs
and explore the actual amount of energy consumed over the
other conventional treatment methods. It is necessary to carry
out more pilot-scale experiments with real industrial wastewa-
ter for the identification of scale-up parameters.
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