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ABSTRACT

The intensive production and utilization of antibiotics worldwide has inevitably led to releases of very large
amounts of these medicines into the environment, and numerous strategies have recently been developed to
eliminate antibiotic pollution. Therefore, bismuth-based photocatalysts have attracted much attention due to
their high adsorption of visible light and low production cost. This review summarizes the performance,
degradation pathways and relevant mechanisms of typical antibiotics during bismuth-based photocatalytic
degradation. First, the band gap and redox ability of the bismuth-based catalysts and modified materials (such as
morphology, structure mediation, heterojunction construction and element doping) were compared and evalu-
ated. Second, the performance and potential mechanisms of bismuth oxides, bismuth sulfides, bismuth oxy-
halides and bismuth-based metal oxides for antibiotic removal were investigated. Third, we analysed the effect of
co-existing interfering substances in a real water matrix on the photocatalytic ability, as well as the coupling
processes for degradation enhancement. In the last section, current difficulties and future perspectives on pho-
tocatalytic degradation for antibiotic elimination by bismuth-based catalysts are summarized. Generally,
modified bismuth-based compounds showed better performance than single-component photocatalysts during
photocatalytic degradation for most antibiotics, in which h™ played a predominant role among all the related
reactive oxygen species. Moreover, the crystal structures and morphologies of bismuth-based catalysts seriously
affected their practical efficiencies.

1. Introduction

total of 53,800 tons of antibiotics were released to rivers and waterways
in China in 2013 (Zhang et al., 2015). Although antibiotics usually have

Antibiotics have been acclaimed as one of the major achievements in
the history of microbiology because of their excellent therapeutic effects
on bacterial infections. In recent years, people have increasingly
depended on antibiotics and have used them excessively. Statistically,
global antibiotic consumption was 35 billion defined daily doses in 2015
(Antonanzas and Goossens, 2019). Unfortunately, those consumed an-
tibiotics cannot be completely metabolized in the human body or ani-
mals and are partially excreted through faeces and urine. Consequently,
parent compounds and their metabolites are widely present in municipal
wastewater, surface water and groundwater. It was estimated that a
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a shorter half-life than persistent organic materials (Trojanowicz, 2020),
the sustained use of antibiotics has resulted in incessant exposure in the
environment, rendering them pseudo-persistent (Patel et al., 2019).
There is growing concern that residual antibiotics in aquatic eco-
systems may cause a risk to human health. First, long-term antibiotic
exposure may affect the distribution of the microbial community in the
aqueous matrix and subsequently affect other advanced living organ-
isms through food chain transmission, endangering the safety of the
ecosystem (Meredith et al., 2015). Second, the prevalence of antibiotics
at a low concentration may promote the selection of antibiotic resistance
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genes (ARGs) and antibiotic-resistant bacteria (ARB) (Berendonk et al.,
2015; Qin et al., 2020a, 2020b). Third, antibiotic residues have caused
great risks of acute and chronic toxicity and serious harm to human
health. For example, the accumulation of tetracycline can inhibit bone
growth in children (Daghrir and Drogui, 2013); sulfonamides can easily
cause allergies in sensitive individuals (Giles et al., 2019). Therefore, it
is imperative to develop valid technology to thoroughly eliminate an-
tibiotics from water, and various strategies have been employed to solve
the problem of antibiotic pollution in recently (Xia et al., 2021).

Biotic elimination processes, such as biodegradation by bacteria and
fungi, and non-biotic processes, including sorption, hydrolysis, elec-
trolysis, oxidation, and reduction, have attracted much attention (Cheng
and Hu, 2017; Y. Liu et al., 2017; Qin et al., 2020a, 2020b; Wei et al.,
2017). Specifically, the photocatalytic degradation of antibiotics based
on semiconductors is an effective, eco-friendly and promising method
for toxic antibiotic degradation (Ajiboye et al., 2021). These antibiotics
are finally deconstructed into small molecules or mineralized into CO4
and H,O by oxidative radicals generated from semiconductor photoex-
citation even under mild operation conditions (Sturini et al., 2012). In
recent years, many researchers have been devoted to fabricating new
photocatalysts to eliminate antibiotics with satisfactory efficiency
(Wang et al., 2020; An et al., 2015). For example, Zhu et al. (2013) used
nanosized TiO; to degrade tetracycline in water under UV irradiation,
and 95% of tetracycline (20 mg/L) was eliminated after 60 min. How-
ever, TiO can be excited only by ultraviolet light with wavelengths
shorter than 387.5 nm (approximately only 4% of the solar light spec-
trum). Thus, to better exploit the solar light spectrum, it is highly
desirable to develop and synthesize advanced photocatalyst systems
with enhanced photocatalytic activities that can also be activated by
visible-light irradiation. Recently, g-C3Ny, silver, and bismuth-based
catalysts have been hot areas of research due to their narrow band
gap and strong absorption in the visible light region (Chen et al., 2017;
B. Li et al.,, 2018; Nabi et al., 2019). Song et al. (2020) found that
Zn0O/AgVOs3 composites with an optimal AgVOs3 content could remove
90% of ciprofloxacin (10 mg/L) after 90 min of reaction. Similarly,
91.2% tetracycline (10 mg/L) could be effectively decreased via the
photocatalytic degradation of AgsPO4/Co3(PO4)2@Ag in 60 min (Shi
et al., 2020)and 100% levofloxacin (20 mg/L) by Cuy-xS/g-C3N4 in 20
min irradiation with simulated sunlight (Zhou et al., 2020). However,
photogenerated electrons will reduce Ag" to Ag nanoparticles for
silver-based catalysts and cause photo-corrosion (Dai et al., 2012). For
g-C3Ny, the inherent disadvantage is the rapid recombination of pho-
togenerated electrons and holes, as well as their relatively small specific
surface area (Yin et al., 2015).

In comparison with the aforementioned visible light catalysts,
bismuth-based photocatalysts have the following advantages: low pro-
duction cost, high photostability, narrow band gap, resistance to photo-
corrosion, large specific area/pore volume and so on (Malathi et al.,
2018). Numerous recent reviews have focused on the development of
bismuth-based composite oxides for photocatalytic hydrogen generation
(Fang and Shangguan, 2019), water oxidation (Huang et al., 2014) and
dye degradation (Ponraj et al., 2017; Singh et al., 2018; Sivakumar et al.,
2014). However, there is a paucity of collective information on the ap-
plications of bismuth-based photocatalysts in antibiotic degradation. For
the purpose of enhancing the degradation of antibiotics via the con-
struction of novel bismuth-based photocatalysts with high efficiency and
low cost, the design and synthesis of different bismuth-based photo-
catalysts for the photocatalytic degradation of antibiotics were sum-
marized first. Then, the performance, degradation pathways of typical
antibiotics, and potential mechanisms during bismuth-based catalyst
degradation were evaluated. Third, the challenges and future perspec-
tives of the application of those bismuth-based catalysts were emphat-
ically analysed.
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2. Classification, band gaps of typical bismuth-based
photocatalysts and the dominant photocatalytic degradation
mechanisms for antibiotic removal

2.1. Classification of bismuth-based photocatalysts and band gap
distribution

Bismuth, with an atomic electron configuration of 6s26p>, is a
metallic element from the fifth group of the sixth period in the periodic
table and usually exists in the form of Bi3t (Zhang et al., 2018). The
lone-pair distortion of the Bi 6s orbital in bismuth-based complex oxides
may lead to the overlap of O 2p and Bi 6s orbitals in the valence band,
which benefits the reduction of the band gap and mobility of photoin-
duced charges, as well as improving the visible light response perfor-
mance. Meanwhile, the Bi®* valence state also has good absorption of
visible light once the 6s orbital is empty (Liu et al., 2017). Recently, a
series of new bismuth-based photocatalysts with different crystal
structures have been reported, and they can generally be classified as
bismuth oxides, sulfides, oxyhalides and metal oxides according to their
composition. The corresponding band gaps of typical bismuth-based
photocatalysts are listed in Table 1.

Most bismuth-based catalysts, listed in Table 1, are active under
visible light irradiation, with a band gap of less than 3.0 eV, except for
BisFeTi30s5, BiOF, 8-Biz0O3, and BiOCl. Specifically, the band gaps of
BiyS3, BiOI and LiBiO3 are <2.0 eV, implying their excellent perfor-
mance in visible light adsorption. To enhance the mineralization rate of
residual antibiotics in wastewater, a high charge-separation efficiency,
long-term stability, appropriate band edge positions and strong redox
ability were also needed for the photocatalysts in addition to a narrow
band gap (Zhou et al, 2014). Thus, numerous controllable
bismuth-based compounds have been prepared via morphology/-
structure mediation, heterojunction construction and element doping
because single-component photocatalysts cannot achieve such charac-
teristics simultaneously (Ding et al., 2017). The characteristics of
different bismuth-based catalysts and their performance in antibiotic
photocatalytic degradation are described in detail in the following
sections.

2.2. Fundamental mechanism and main active species of typical bismuth-
based photocatalysts for antibiotic degradation

The predominant mechanisms of the bismuth-based photocatalysts
for antibiotic photocatalytic degradation could be summarized as
absorbing photons, excitation and reaction (Fig. 1). Specifically, once
the photocatalyst absorbs photons with energy higher than its band gap,
the electrons in the valence band could be excited and jump into the
conduction band ((1)Eq. (1)); thereafter, the photoinduced electrons
and holes were efficiently separated and migrated to the surface of the
photocatalyst. Photogenerated holes attacked those antibiotics directly
(Eq. (2)) and theoretically led to a significant degradation of those toxic
antibiotics. In addition, the oxidative pathway was initiated when the
holes further migrated to the photocatalyst surface, accompanied by
hydroxyl radical (¢OH) generation upon the oxidation of HoO/OH™ (Eq.
(3)). In this case, the standard redox potential of photocatalysts should
be higher than that of «OH/OH™ (41.99 eV) (Yang et al., 2018). In fact,
hydroxyl radicals have stronger oxidation potentials (E° = 2.8 eV) and
lower selection than other oxidants during the decomposition of
aqueous contaminants (Homem and Santos, 2011; Lee and von Gunten,
2012). Interestingly, almost all the tops of the valence band
bismuth-based photocatalysts are higher than the redox potential of
eOH/OH™ (+1.99 eV) (Fig. 2), implying that hydroxyl radicals can be
easily generated during bismuth-based catalysing. Generally, the reac-
tion pathway between the hydroxyl radical and antibiotics could be
summarized as follows: (1) both ¢OH and antibiotics are simultaneously
adsorbed on the surface of the catalyst and then react; (2) eOH in the
solution reacts with the antibiotics adsorbed on the surface of the
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Table 1
A summary of the typical bismuth-based photocatalysts and the detailed information of their band gaps, crystal structures and etc.
Categories General Compounds Band gap Crystal structure References
formula (ev)
BiyX3 BiyO3 y-BiO3 1.64 body-centered cubic Gurunathan (2004)
a-BinO3 2.8-2.91 monoclinic (Ho et al., 2013; Wu et al., 2020; Yan et al., 2014a)
B-Bio0O3 2.1-2.4 tetragonal (Li et al., 2018; Schlesinger et al., 2013; Yan et al.,
2014b)
8-BiyO3 3.01-3.55 cubic fluorite-type Xie et al. (2012)
BiyS3 BiyS3 1.3 orthorhombic Shahbazi et al. (2020a)
Binary compounds BiOX BiOF 3.6 - Su et al. (2010)
BiOCl 3.5 tetragonal Wang et al. (2007)
BiOBr 2.6 tetragonal Ye et al. (2014)
BiOI 1.8-1.9 tetragonal Ye et al. (2014)
Multi-component bismuth Bi,M, 0, Bi,Tiy07 BigTiz012 2.5-2.7 - (Murugesan et al., 2010); (Nogueira et al., 2014)
compounds Bi;2TiO5g
BiyTi4011
BiyTiz032
Bi,WOg¢ 2.77-2.8 orthorhombic (Shahbazi et al., 2020b);
Yu et al. (2005)
BiVO,4 2.3-2.5 monoclinic; tetragonal; Ajiboye et al. (2021)
octahedral
Bi;MOg 2.63 - Bi et al. (2007)
Bi;MoOg 2.7 orthorhombic Lou et al. (2018)
M;BixO, Bi>CrOg 1.99 - Li et al. (2020)
KBiO3 2.04 - Zheng et al. (2018)
NaBiO3 2.2 - Liu et al. (2013)
LiBiO3 1.8 - Ramachandran et al. (2011)
AgBiO3 0.8-2.5 - Boruah et al. (2019)
Others BisFeTiz015 3.2 - Zuo et al. (2019)
Photon source
» A J (Xe/fluorveent/halogen lamp)
< = 0, c.g. sulfamethazine |
p v Q h\’EF,g r‘;
Step 1 Antibiotics ; &'{—‘\\
» \. . }. » \&‘
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Fig. 1. Degradation mechanisms of antibiotics by bismuth-based photocatalysts.
catalyst; (3) eOH adsorbed on the surface of the catalyst reacts with the
0.5 - bo, KBiQ, surrounding antibiotics; and (4) ¢OH reacts with antibiotics in solution.
00F T Bis,” Tmoa ‘mjn?:;‘“‘o‘ o 00] B0, AgBl(()) 20, Specifically, the first pathway has been regarded as the dominant
T " |1 2 6 1. . . . .
05| 2| sior | PP bi BIVO, > pathway for antibiotic photocatalytic degradation by bismuth-based
o T > ﬁ = E catalysts (Guo et al., 2017; Chen et al., 2020).
[ ) . .
10+ E >l 2 i’, > E FARARS 9 - > In contrast, a reductive pathway could also be observed if the con-
2 - v ) ~ ) . . : . .
S s z & A B « E I a duction band potential of the semiconductor is negative compared to
< . _E Aot LS4 1oLl = dowon that of the Oy/e03 redox potential (—0.13 eV versus normal hydrogen
é" ) - electrode (NHE)), wherein O is reduced by electrons to ¢O3 (Eq. (4))
m 25k 1 (Kaur and Kansal, 2016). After being excited, hydrogen ions could
30k recombine with the electrons and generate heat energy (Eq. (5)), which
» would decrease the efficiency of the photodegradation.
’ = Then, the antibiotics, as well as their intermediates, were converted
4.0 | ~  Bottom of conduction band to small molecule compounds via the oxidation of oxygen species (h*,
asl —  Top of valence band 03 or ¢OH) and eventually decomposed into CO3 and H0 (Eq. (6)).

Fig. 2. The band edge positions of bismuth-based photocatalysts.

Photocatalyst 4+ iv — photocatalyst + h* + e~ (€D)]

h™ + antibiotics — HyO + CO5 + degradation products 2)
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H,O/OH™ + h' — eOH + H* 3
0; +e  — o0y ()]
H" +e¢ - energy 5)

Antibiotics + radicals (¢OH or ¢0;) — CO, + H,0O + small molecule com-
pounds (6)

However, the roles of diverse active species vary for degradation of
different antibiotics due to their dissimilar electronic structures. To
detect the priority active species during the reaction, various scavengers,
such as KI (scavenger for h*), AgNOs (scavenger for e ), MeOH (scav-
enger for ¢OH), and benzoquinone (scavenger for eO5 ), were added into
the reactors to trap the active species (Zhao et al., 2021), and detailed
information can be found in Table 2. Clearly, h™ played the predominant
role during the photocatalytic degradation of bismuth-based photo-
catalysts for most antibiotics (Zhang et al., 2015; Zhu et al., 2020).
Taking quinolones as an example, the main reason for their higher
photocatalytic degradation might be that the piperazine moiety was
considered vulnerable to h' attack (Lv et al., 2020; Zhang et al., 2015;
Anetal., 2010a, 2010b). Moreover, the oxazole ring of sulfonamides can
also be attacked by h™ (Ling et al., 2020). In addition, hydroxyl radicals
(eOH) usually react rapidly and non-selectively with most organic
contaminants; thus, they also play a critical role in antibiotic photo-
catalytic degradation (Table 2). As shown in Table 2, the generated eO3
in is unstable, and disproportionation easily occurs to produce other
ROS (reaction oxygen species) including ¢OH (Zhang et al., 2010).

2.3. Bond breakage of antibiotics during typical bismuth-based
photocatalytic degradation

Destruction of the chemical structures and bond breakage informa-
tion of typical antibiotics (sulfonamides, quinolones, tetracyclines,
cephalosporins, etc.) during typical bismuth-based photocatalytic
degradation are summarized, and the results are listed in Fig. 3. Taking
sulfamethoxazole (SMZ) as an example (Fig. 3a), the S-N bond was
considered a very vulnerable bond to be attacked by O3 (marked as
pathway 1), and the oxazole ring can be easily destroyed via ROS attack
(marked as pathway 2). Meanwhile, hydroxylation of the benzene ring
and the connected NHy have also been widely reported (pathways 3 and
4) (Niu et al., 2013). Overall, intermediate products of antibiotics are
produced under a series of hydration, replacement and oxidative pro-
cesses with the attack of reaction oxygen species (ROS), and ring
structures can be further oxidized and ruptured.

Although the majority of antibiotics were efficiently destroyed by the
active species generated from bismuth-based compounds, some
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researchers also persisted that those antibiotics could not be thoroughly
mineralized (An et al., 2010a, 2010b) and eventually converted into
metabolites or intermediates. For instance, Chu et al. (2016) revealed
that only 31% of the total organic carbon (TOC) was removed after 360
min of irradiation with Bi;WOg (0.5 g L‘l), although a removal rate as
high as 100% of tetracycline (TC) was observed. Since those antibiotics,
as well as their metabolites, intermediates, or precursors, can signifi-
cantly affect the bacteriostatic activity in wastewater, further work is
needed to enhance bulk oxidation.

3. Efficiencies, characteristics and operational parameters of
bismuth-based compounds for antibiotic photocatalytic
degradation

3.1. Performance of bismuth oxides

Bismuth oxide, a common oxide semiconductor, has been reported to
have various crystal structures, including y-Bi2O3 (body-centered cubic),
B-BizO3 (tetragonal), 8-BizO3 (cubic fluorite type) and a-Bi;O3 (mono-
clinic). The order of the band gap of these four structures is y-Bi;O3
(1.64 eV) <p-Biz03 (2.1 eV) < a-BizO3 (2.8 eV) < 8-Biz03 (3.0 eV)
(Gurunathan, 2004). Specifically, a-BioOs is the only stable phase over a
wide temperature range, while f-, 8-, and y-BiO3 are metastable at room
temperature. Clearly, y-BizO3 has the narrowest band gap; thus, it can
efficiently utilize light in the visible region of the solar spectrum (Wang
etal., 2017). However, the photocatalytic efficiency of pure BizOs is still
insufficient for antibiotics unless it is doped with suitable compounds,
especially for the §-phase (which exhibited the highest band gap among
all phases of BiyO3). For this purpose, several approaches have been
applied for enhancing the photocatalytic activity of Bi»Os, such as het-
erostructure construction, cation/anion/zerovalent element doping, and
shrinkage of the BiO3 band gap. The latest investigations on modified
Bip03 for antibiotic degradation are summarized, and detailed infor-
mation can be found in Table 3. Wu et al. (2020) prepared Bi-bridged
Z-scheme BiOCl/BiyO3 heterojunctions with oxygen vacancies via a
one-step hydrothermal method and proved that it exhibited excellent
photocatalytic activity in degrading TC (with a removal efficiency of
94.79%) due to the enhanced separation of the photogenerated elec-
tron-hole pairs and the high redox ability of the Z-scheme. Ren et al.
(2014) demonstrated that 50% NiFe,04/Bi>O3 heterostructures exhibit
effective electron hole pair separation and achieved a TC degradation of
90.78% in 90 min (only 70% for Bi,O3). Moreover, the heterostructures
can be recovered under a magnetic field similar to the magnetic core—
shell Fe304@Bis03-RGO heterojunctions (Zhu et al., 2017). In addition
to the efficient separation of photogenerated electron-hole pairs, the
photocatalytic properties of semiconductors are highly dependent on

Table 2
The main active species of different bismuth-based photocatalysts for antibiotic degradation.

Class Antibiotic Radicals (rank by obviousness) Bismuth-based photocatalyst Band gap Reference

Quinolones ciprofloxacin 03 > h">eOH Z-scheme Ag/AgBr/BiVO, - Chen et al. (2018)
levofloxacin e >eOH>h">e03, Bi;WOg nanocuboids 2.61 Kaur and Kansal (2016)
ciprofloxacin h* BiOBr 2.55 Zhang et al. (2015)
norfloxacin h™>eOH>e05 Ag3P0,4/Bi;WOg/Multi-Walled Carbon Nanotubes 2.75 Zhu et al. (2020)

Tetracyclines tetracycline eOH, ¢0O5 BiVO,4/TiO2/RGO 2.29 Wang et al. (2019)
doxycycline eOH, ¢O5 BiV0,4/TiO2/RGO 2.29 Wang et al. (2019)
tetracycline hydrochloride h* > 03 g-C3N4/BiOBr - Shi et al., 2020

> eOH
tetracycline h* > eOH monoclinic— 2.3 Ming et al. (2015)
tetragonal BiVO4

Sulfonamides sulfamethazine 03, h" Biy03-TiO2/PAC Ternary Nanoparticles - Zhuang et al. (2020)
sulfamethazine h*>e05>-OH m-Biy04 2.08 Chen et al. (2019)
sulfamethazine h*>e05>-0H Z-Scheme - Wen et al. (2020)

Agl/BisV,04; photocatalyst

sulfamethoxazole 05 >h" TiO4 nanocrystals in situ wrapped-Bi,O4microrods 2.015 Ling et al. (2020)
sulfamethoxazole ¢OH>e0, BiOCl/g-C3N4/Cu,0/Fe304 nano-junction 2.58 Kumar et al. (2018)

Cephalosporins ceftriaxone sodium h*>e05>e0H Bi,WOge/g-C3Ny - Zhao et al. (2018)
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(1) S-N breakage
(2) Open oxazole ring
(3 Oxidation of the aniline moiety

4) Hydroxyl radical on the aniline ring

1) Fluorine replaced by hydroxyl group

(2’ Piperazine is attacked

{1} C=C double bond is attacked

(2) Hydration process with the attack of
ROS

{1: C-N bond rupture from C-8 side
chain

(2) C-N bond rupture from Ceftriaxone
sodium structure

Fig. 3. Structural destruction and bond breakage of typical antibiotics (a. sulfonamides; b. quinolones; c. tetracyclines; d. cephalosporins) during typical bismuth-

based catalyst photocatalytic degradation.

Table 3
Comparison of the catalytic activity of bismuth-oxides for antibiotic degradation.
Photocatalyst Dosage  Light Antibiotics Concentration/volume Preparation methods Irradiation time/ References
source of antibiotics degradation efficiency
Bi,03 nanotubes 0lg 300 W tetracycline 10 mg L™'/100 mL microwave-assisted 1 h/80% Zhang et al.
Xe synthetic method (2013)
50%NiFe;04/Biy03 0.1g 150 W tetracycline 10 mg L~'/100 mL microwave-assisted 90 min/90.78% Ren et al.
heterostructures Xe synthetic method (2014)
magnetic core-shell 0.01g 500 W ciprofloxacin 20 mg L~'/40 mL a self-assembly method 240 min/98.3% Zhu et al.
Fe304@Bi203-RGO Xe (2017)
heterojunctions
Z-scheme BiOCl/Bi-Bi,03 0.02 g 300w tetracycline 10 mg L™'/100 mL hydrothermal method 150 min/94.79% Wu et al.
heterojunction Xe (2020)
Phosphate-modified m-Bi;O4 0.02 g 350 W sulfamethazine ~ 8 mg L™'/50 mL hydrothermal method 60 min/ > 95% Chen et al.
Xe (2020)
BiOCly o1y 1/p-BiaO3 composite - 350 W tetracycline 20 mg L~1/50 mL precipitation method 120 min/82.4% Ma et al.
Xe (2020)

their morphologies and sizes.

To date, Bi;O3 has been reported to have various morphologies,
including nanoparticles, nanorods, nanowires, nanofibres and thin films
(Zhao et al., 2004; Vila et al., 2013; Wu et al., 2011), which can modify
the active specific surface of catalysts and significantly enhance anti-
biotic removal (Reverberi et al., 2018). Zhang et al. (2013) synthesized
monoclinic Bi;O3 nanotubes via a rapid microwave-assisted synthetic
method, and 83.63% of tetracycline was photodegraded under visible
light in 60 min. However, only 72% of tetracycline was degraded under

day-long exposure to radiation from a xenon lamp with Bi;O3 nanoplates
(Sanchez-Martinez et al., 2016).

3.2. Performance of bismuth sulfides

BiyS3 exhibits an orthorhombic crystal structure and a band gap
energy of 1.30 eV, molecular weight of 514.1 g mol %, density of 6.8 g
em ™3 and melting point of 775 °C (Mohammad-AliShahbazi et al.,
2020). These properties guaranteed its potential application as a
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visible-light photocatalyst. However, the narrow band gap between the
conduction band and its valence band implies a facile recombination of
photogenerated electrons and holes. In addition, the serious
photo-corrosion of BiySs further restricts its photocatalytic activity.
Therefore, few studies have employed pure BiyS3 to photodegrade an-
tibiotics. Recently, some modified photocatalysts with high availability
of visible light and good inhibition of electronic-hole recombination
have been synthesized, and the detailed information is summarized in
Table 4. Askari et al. (2020) used a ternary heterojunction of double
Z-scheme CuWO4/BiyS3/ZIF67 to degrade metronidazole (MTZ) and
cephalexin (CFX) under LED (400 W/rnz, A > 400 nm) illumination,
leading to maximum degradation efficiencies of 95.6% for MTZ and
90.1% for CFX, approximately 9 times higher than that of Bi»Ss3. Simi-
larly, Z-scheme LaTiOoN/BiaSs@RGO(LBR) nano-heterostructures were
prepared by a solvothermal method and showed remarkable perfor-
mance in TC photodegradation under visible light irradiation, and
96.4% of TC was eliminated within 90 min under visible light. TC
degradation with the LBR heterojunction was also ~9 times faster than
that with bare BiyS3 (Sharma et al., 2020). Compared with binary
composites, ternary conjunctions of Bi»S3 can separate charges and in-
crease visible light absorption, resulting in remarkable enhancement in
photocatalytic activity (Wu and Xing, 2018). Under almost the same
conditions, the catalytic efficiency of BisS3-pillared g-C3Ny is inferior to
that of LaTiO2N/BisS3 Z-scheme nano-heterostructures, which require a
longer time (150 min) to reach the same level removal efficiency
(92.5%) (Chen et al., 2017). Overall, it is difficult to simultaneously
achieve efficient charge carrier separation and high redox ability in
conventional heterojunctions. The enhancement in photocatalytic ac-
tivity is primarily attributed to Z-scheme charge transfer between LaT-
iO2N and BiySs, which is facilitated by reduced graphene oxide sheets
via strong interfacial contact maintaining high potential for redox con-
versions (Bao et al., 2018). It is interesting that increasing the opera-
tional temperatures benefited the adsorption of the antibiotics on the
active surface of the catalyst, decreased the aggregation of pollutant
particles, and improved the electron-hole pair generation. However, a
further increase in temperature results in more recombination of
photoinduced charge carriers, as well as a decline in dissolved oxygen.
Moreover, the weight ratios of BiySs specifically affect the photo-
catalytic activity of the heterojunction, which has been recently
emphasized (Chen et al., 2017).

3.3. Performance of bismuth oxyhalides

Binary bismuth-based catalysts usually contain bismuth-oxyhalide
and bismuth-based metal oxides. Bismuth oxyhalides have been
proven to exhibit remarkable photocatalytic activity owing to their
unique layered structures, which can induce the effective separation of
photogenerated electron-hole pairs. The band gap of bismuth-
oxyhalides decreases with an increase in the halogen atomic number
(BiOF 3.6 eV > BiOCl 3.5 eV > BiOBr 2.6 eV > BiOI 1.8-1.9 eV). BiOCl, a
p-type semiconductor with a band gap of 3.5 eV, can only absorb UV
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light (Zhang et al., 2015). However, this material shows much higher
photo-corrosion stability than visible light-absorbing BiOBr and BiOI.
BiOI microspheres have been successfully applied to degrade TC under
visible light, and 94% of TC was removed after 120 min of operation,
whereas the corresponding removal rate of TOC was only 28.68% (Hao
et al., 2012). The results indicated that TC was mainly transformed to
intermediate products but not completely mineralized. Most BiOI cata-
lysts with three-dimensional (3D) or porous structures were tradition-
ally synthesized in complicated solvent systems under high
temperature/pressure for long reaction periods. This was the main
barrier for the practical application of BiOI. Among bismuth oxyhalides,
BiOBr has been recognized as the best visible-light photocatalyst for
antibiotic degradation (Huo et al., 2012). For example, Zhang et al.
(2015) synthesized flake-shaped BiOBr via a hydrothermal method, and
ciprofloxacin (with an initial concentration of 5 mg/L) was degraded
completely within 140 min under visible light irradiation. Intriguingly,
CIP (ciprofloxacin) oxidation is dominated by the direct hole oxidation
process during the visible light-induced photocatalytic process on
BiOBr, whereas ¢OH (the common active species in advanced oxidation
processes) is not effective. It was also noted that the mineralization of
CIP was incomplete and closely related to the resistance of the core
quinolone ring.

To overcome these barriers, enormous effort has been made to
maximize antibiotic abatement, such as developing heterojunctions or
doping with metals. Generally, doping with metal/nonmetal ions can
introduce an intermediate energy level for the purpose of narrowing the
energy band. Moreover, Lv et al. (2020) found that the introduction of
Cu into BiOBr could enhance the adsorption capacity between the
photocatalyst and norfloxacin, which is considered to be the main
reason for efficiency improvement. After 90 min, 99% of norfloxacin
was removed under the application of copper-doped BiOBr micro-
flowers, which is 2.28 times higher than that of undoped BiOBr. The
other photocatalytic performances of BiOX heterojunctions are shown in
Table 5. Obviously, the removal efficiency for different antibiotics is
more than 80% within 120 min. In addition, density functional theory
(DFT) calculations show that the valence band (VB) of BiOBr is
composed of hybrid Br 4p, O 2p and Bi 6s orbitals, whereas the con-
duction band (CB) bottom primarily consists of Bi 6p orbitals. Theo-
retically, BiOBr with a smaller Br:O ratio may possibly reduce its VB
edge and then show a decrease in the band gap energy (Eg) and present
stronger absorption in the visible light range than BiOBr. For instance,
the synthesized Biz4O31Brip nanoflakes exhibit a stronger visible light
absorption (band gap energy of 2.51 eV), larger BET surface area (40.1
m?g), and negatively charged surface, which results in a higher pho-
tocatalytic activity than that of three-dimensional (3D) BiOBr micro-
spheres for TC degradation under visible light irradiation and is
meaningful for future industrial applications.

3.4. Performance of bismuth-based metal oxides

Bismuth metal oxides (such as BioWOg, BisMOg, BiVO4, and

Table 4
Comparison of the catalytic activity of bismuth-sulfides for antibiotic degradation.
Photocatalyst Dosage  Light source Antibiotics Concentration/ Preparation Irradiation time/ References
volume of antibiotics ~ methods degradation
efficiency
Bi modified Bi,S3 pillared g- 0.05g 300 W Xe tetracycline 10 mg L™!/50 mL solvothermal 150 min/92.5% Chen et al.,
C3Nyphotocatalyst method 2017
flower-like BiOBr/Bi,S3 composites 01g 36 Watts, indoor ciprofloxacin; 20 mg L™1/100 mL - 60 min/97.22%; Imam et al.
fluorescent light ofloxacin 60 min/89.28% (2020)
double Z-scheme CuWO,/BiS3/ 0.3g/L  LED (400 W/m?, metronidazole 20 mg Lt hydro-thermal 80 min/95.6% Askari et al.
ZIF67 ternary heterostructure A > 400 nm) (MTZ); cephalexin method (MTZ); 90.1%(CFX) (2020)
(CFX)
LaTiO,N/BiyS3Z-scheme nano 0.03 g 300 W Xe tetracycline 10 mg L~1/100 mL solvothermal 90 min/96.4% Sharma et al.
heterostructures modified by rGO method (2020)

with high interfacial
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Table 5
Comparison of the catalytic activity of Bismuth oxyhalides for antibiotic degradation.
Photocatalyst Dosage  Light Antibiotics Concentration/ Preparation methods Irradiation time/ References
source volume of degradation efficiency
antibiotics
BiOI microspheres 0.05¢g 1000 W Xe tetracycline 15 mg L™'/50 mL a facile solution method at 120 min/94% Rong et al.
room temperature using PVP (2012)
as surfactant

g-C3N4/BiOBr 0.15g 300 W Xe tetracycline 20 mg L~'/50 mL a modified chemical bath 120 min/86.1% Shi et al.
heterojunctions on carbon hydrochloride deposition method (2020)
fibers

BisTiz0;2/BiOBr - 300 W ciprofloxacin 20 mg L~!/100 mL traditional solid state method 120 min/96% Shen et al.
heterojunction metal combined with a successive (2019)
photocatalyst halide in-situ growth method

biochar@ZnFe;04/BiOBr Z-  0.05 g 300 W Xe ciprofloxacin 15 mg L™'/100 mL solvothermal method 60 min/84% Chen et al.,
scheme heterojunction 2019

tube-like S-scheme BiOBr/ 0.001 500 W tetracycline 20 mg L™'/50 mL coprecipitation method 120 min/80% Imam et al.
BiO (HCOO)Br-x g Xe (2020)
heterojunction

graphene-like BN 0.05g 300 W Xe tetracycline; 20 mg L™1/100 mL; anionic liquid assisted 80 min/70%; (Jietal
modified BiOBr flower- lamp ciprofloxacin 10 mg L'/100 mL solvothermal process. 80 min/81.5% (2016))
like materials

flake-shape BiOBr 0.02¢g 400 W ciprofloxacin 5mg L!/40 mL hydrothermal method 140 min/100% Zhang et al.

halogen (2015)
copper-doped BiOBr 0.01g 200 W Xe norfloxacin 10 mg L~'/150 mL solvothermal method 90 min/>99% Lv et al.
microflowers (2020)

a mesoporous spindle like 0.05g 150 W norfloxacin 5mg L~!/100 mL hydrothermal method 60 min/ > 80% Ma et al.
BiVO,4/nanosheet BiOCl Xe (2017)
composite

polyaniline/bismuth-rich 0.02¢g visible light  ciprofloxacin; 10 mg L™1/50 mL; a facile solution method at 30 min/96.0% Xu et al.
bismuth oxyhalide (A>420 tetracycline 20 mg L~'/50 mL room temperature 50 min/99.0%; 10 (2019)
composite nm) min/73.0% 20 min/

75.3% 240 min/85.7%

BiOCl/g-C3N4/Cuy0/Fe304 0.02g 800 W Xe sulfamethoxazole 100 pM/100 mL facile co-precipitation 60 min/99.5% Kumar et al.

method (2018)

Bi,Ti;07) have been recently received substantial attention, comparable
to that of bismuth oxyhalides, due to their potential application in the
photocatalytic removal of recalcitrant pollutants, and detailed infor-
mation on their behaviours and performances in antibiotic photo-
catalytic degradation is summarized in Table 6. These hybrid oxides
exhibited a layered Aurivillius structure and were mainly composed of
BiyO3 and metal oxides, including V205, W503, M0203, TiO,, etc. (He
et al.,, 2014). BiVO4, a new n-type semiconductor, has been recom-
mended for its high visible light-driven performance in the degradation
of ciprofloxacin. Recent experimental results revealed that the efficiency
of BiVO4 was approximately four times higher than that of TiOz in
ciprofloxacin degradation (Shi et al., 2013); specifically, its photo-
catalytic activity was highly dependent on its crystal phase. Similarly,
nanocrystal and monoclinic-tetragonal BiVO4 also exhibited excellent
photoactivity in antibiotic removal, and as much as 67.61% of cipro-
floxacin and 80.5% of tetracycline could be efficiently degraded in 60
min. Unfortunately, the light conversion efficiency of bismuth-based
metal oxides is quite low, closely related to the fast recombination be-
tween electrons and holes.

Recently, a series of composite photocatalysts, such as g-C3N4/
BiVO4/RGO, BiVO4/Z-scheme, Z-Scheme Agl/Bi4V,0;1; and BiVO4/
TiO2/RGO heterojunction, have been successfully applied for antibiotic
degradation (Table 6). BiaWOg, with a band gap of 2.77 eV, is another
typical n-type semiconductor belonging to the Aurivillius family with a
structure composed of perovskite layers and has been prospectively used
in heterogeneous photocatalysis for antibiotic degradation. The recent
work of Zhu et al., 2020 found that the doping of Mg, Fe, Zn and Cu
dramatically improved the photocatalytic degradation behaviour of
Bi;WOg for NOR (norfloxacin) and CIP removal, and as much as 89.44%
of NOR and 99.11% of CIP could be removed by 1% Mg/BiaWOg, closely
related to its high specific surface area, strong electrostatic absorption,
and significant photogeneration of «05 and h™. In contrast, others also
pointed out that the doping of transition metals appears to expand the
optical absorption, sometimes leading to an undesired instability and

low quantum yield of photocatalytic reactions.

The photocatalytic degradation performance of other bismuth-based
metal oxides for antibiotic removal was analysed and summarized in
Table 6; these oxides exhibited an outstanding elimination efficiency
and a slow reaction rate (>120 min). Generally, multiple bismuth
compounds have frequently been applied to degrade organic pollutants
under visible light radiation. Hailili et al. (2017) found that 3D
flower-like BisFeTi3O15 could achieve complete mineralization of anti-
biotics and reduced total organic carbon analysis with approximately
99.34% tetracycline removal in 60 min.

4. Effect of other pollutants on bismuth-based photocatalysts for
antibiotic degradation

In addition to antibiotics, large quantities of anions (HCO3, SO3~ and
NO3) and other organic pollutants (such as humic acid and fulvic acid)
are also abundant within municipal wastewater (Parvez et al., 2013).
Thus, the negative effect of those constituents on the bulk removal of
antibiotics during photocatalytic degradation has been of great concern.
The recent work of Zhao et al. (2019) found that the photocatalytic
degradation efficiency of TC was seriously inhibited with increasing
humic acid concentration within the g-C3N4 surface-decorated
Bi»0,CO3 photocatalytic degradation system, closely related to the re-
action with active species (e.g., singlet oxygen) and the competitive
absorption of short-wavelength photons under UV-vis irradiation. For
comparison, Kumar et al. (2021) stated that the anions HCO3, SOZ~ and
NOj3 exhibited a detrimental effect on OFL (ofloxacin) degradation
during the photocatalysis of the Z-scheme g-C3N4/BisTi3012/BisOsly
heterojunction, and the inhibition rate decreased in the order SO~ >
HCO3 > NOs3. The corresponding interfering mechanisms of typical
pollutants in wastewater on bulk photocatalysis are summarized and
listed in Fig. 4. Briefly, HCO3 ions could inhibit degradation via the
scavenging of eOH radicals. Similarly, anions such as Cl~, SO%’ and NO3
could occupy the surface-active sites of bismuth-based compounds,
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Table 6
Comparison of the catalytic activity of bismuth-based metal oxides for antibiotic degradation.
Photocatalyst Dosage Light Source Antibiotics Concentration/ Preparation Methods Irradiation Time/ References
Volume of Degradation
Antibiotics Efficiency
BiVO, nanocrystal 0.15¢g 150 W halogen  ciprofloxacin 10 mg L~'/100 mL a facile microwave-assisted 60 min/67.61% Shi et al.
method (2013)
monoclinic-tetragonal BiVO,4 01g 150 W Xe tetracycline 10 mg L™'/100 mL a facile microwave-assisted 60 min/80.5% Ming et al.
method (2015)
8-C3N4/BiVO4/RGO 0.04 g 500 W halogen  ciprofloxacin 35 mg L™'/40 mL hydrothermal method 150 min/72% Jiang et al.
(2017)
BiVO,/Z-scheme - 300 W Xe ciprofloxacin 10 mg L™1/600 mL a modified hydrothermal 120 min/91.4% Chen et al.
method (2018)
Z-Scheme 0l1lg - sulfamethazine 10 mg L™! hydrothermal method and 60 min/91.47% Wen et al.
Agl/BisV201, ! in-situ precipitation (2020)
method
BiVO,4/TiO2/RGO - 1000 W Xe chlortetracycline 10 mg L! one-pot 60 min/80.0% (Zhu et al.,
hydrothermal process 2017)
Wei et al.
(2019)
Bi,WOs/Ag,0/CQDs 0.05g 500 W Xe tetracycline 20 mg L™1/40 mL precipitation process 60 min/>98% Shen et al.
(2018)
Bi,WOg nanocuboids 0.075g 150 W Philips levofloxacin 10 mg L.7'/100 mL ultrasonic assisted 150 min/80% Kaur and
CFL bulb, 1475 hydrothermal method Kansal
lux, (2016b)
400-520 nm
CQDs/BisWOg 0.05¢g 300 W Xe ciprofloxacin 10 mg L"1/100 mL hydrothermal method 120 min/87% Di et al.
(2015)
BiOCl/Bi;WOg 01lg 300 W Xe ciprofloxacin 10 mg L~1/100 mL a controlled anion 300 min/65% Chen et al.
exchange method (2016)
Bi,WOg/g-C3Ny 01g 300 W Xe ceftriaxone 10 mg L™'/100 mL hydrothermal 120 min/94.5% Zhang et al.
sodium method (2018b)
metal-doped 02g 300 W Xe norfloxacin 10 mg L.71/200 mL hydrothermal method 150 min/82.76% Zhu et al.
Bi, WO, (2020)
mesoporous Bi,WOg 0.01g 350 W Xe tetracycline 20 mg L~!/20 mL hydrothermal 120 min/97% (Chu et al.,
method 2016)
Bi;Ti»07/TiO2/RGO 0.01g 500 W Xe ciprofloxacin 10 mg L™'/40 mL solvothermal method 180 min/85% (Li et al.,
2020)
Ag3P0O,4/BiaWOg/Multi-Walled 0.03 g 1000 W Xe norfloxacin 10 mg L~1/50 mL hydrothermal 180 min/94.34% Zhu et al.
Carbon Nanotubes method and in-situ (2020)
precipitation
Z-scheme BiO-xBr/Bi,0,CO3 0.01g 500 W Xe ciprofloxacin 40 mg L-1/40 mL hydrothermal method 180 min/>90% Ding et al.
(2017b)
CdS-Bi;M00Og/RGO 0.02¢g 500 W Xe ciprofloxacin 20 mg L-1/40 mL solvothermal method 60 min/91% Chen et al.
(2020)
CaBiO3 0.03 g 100 W ABET ciprofloxacin; 10mgL 1/100 mL; novel glycine- 90 min/90.5%; Rokesh et al.
Sunlite solar tetracycline 30 mg L™'/100 mL complexation method and 90 min/68.6% (2020)
simulator conventional ion-exchange
method
Ultrathin oxygen-vacancy 0.04 g 300 W Xe ciprofloxacin 10 mg L.7'/100 mL hydrothermal method 120 min/79.6% Zhang et al.
abundant WO3decorated (2019)
monolayer Bi;WOg nanosheet
Anchoring single unit cell defect 0.05¢g - ciprofloxacin 50 mg L~!/100 mL CTAB-assisted 120 min/77.95% Li et al.
rich bismuth molybdate layers hydrothermal method (2020a)
on ultrathin carbon nitride
nanosheet
3D flower-like 0.04 g 300 W Xe tetracycline 1¥10° mol L™/ hydrothermal synthesis 60 min/99.34% Hailili et al.
BisFeTizO5 100 mL (2017)

further restricting eOH generation and affecting the interactions of an-
tibiotics with the catalysts (Yang et al., 2018). Interestingly, a low
concentration of NO3 may somehow enhance the degradation of anti-
biotics; for instance, the recent work of Guo et al. (2017) reported that
the rate constant increases from 0.0583 min~! to 0.0751 min ' when
the nitrate concentration increases from 0.3 mM to 3 mM during the
catalysis of BiOBr/iron oxides. However, a significant inhibition was
observed once the concentration of NO3 reached 7 mM. Thus, it is ur-
gent to develop new coupled approaches with bismuth-based catalysts
to promote the generation of reactive oxygen species, which is beneficial
for antibiotic photocatalytic degradation and to reduce the prevalence of
conventional contaminants.

5. Photocatalytic degradation enhancement of bismuth-based
catalysts for antibiotic and ARB removal

5.1. Coupling process for efficiency enhancement of bismuth-based

photocatalysts

Recently, a series of novel processes coupled with bismuth-based

catalysts have been developed for antibiotic degradation (Fig. 5). For
example, recent work demonstrated that the introduction of HyO into
the SSL/BioWOg photocatalytic system (SSL/Bio,WOg/H205) can signif-
icantly enhance the degradation efficiency of norfloxacin. As much as
79.4% of norfloxacin was degraded within 12 min (11.4% higher than
the system with only SSL/BiaWOg), which was ascribed to the synergetic
role of HyO2 (Song et al., 2006). Simultaneously, the e” generated from
the Bi;WOg photocatalytic reaction could be efficiently captured by
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Fig. 5. The mechanism of coupled processes with bismuth-based compounds
for antibiotic degradation.

H,0, and gave rise to eOH radicals while benefiting the separation of
photo-generated e~ and h' from the Bi,WOg surface. Undoubtedly,
increasing the number available h* with its longer lifetime would
improve norfloxacin decay via new eOH radical generation (Chen and
Chu, 2016). Furthermore, some researchers have attempted to modify
bismuth-based photocatalysts to construct a heterogeneous
photo-Fenton system to improve the degradation efficiency of antibi-
otics. For instance, Chen et al. (2013) found that the
SSL/(C/Fe-BiaWOg)/H20, system exhibited excellent norfloxacin
decay, in which 97% of norfloxacin was degraded after 1 h photo-
catalytic degradation. Yi et al. (2018) combined an environmentally
friendly biomimetic material hemin and Bi;WOg to obtain a novel
hemin-modified Bi,WOg (H-BiaWOg) photocatalyst and found that the
photocatalytic Fenton-like process showed a 99.5% degradation effi-
ciency of rhodamine B (RhB) under simulated solar light irradiation
(SSL/H-BisWOe/H205). However, its efficiency for antibiotic degrada-
tion should be further explored.

5.2. ARB removal during bismuth-based catalyst photocatalytic
degradation

Recently, there has been growing pressure for wastewater treatment
plants to mitigate the discharge of antibiotic-resistant bacteria (ARB)
and extracellular resistance genes (eARGs), in addition to antibiotics. As
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mentioned above, bismuth-based catalysts can generate reactive oxygen
species (ROS), such as h™, eOH, and 05 in the visible right region, and
these ROS can destroy the cell membrane of bacteria and enter the cell to
oxidize/damage proteins and nucleic acids (Fig. 6). Xiang et al. (2016)
revealed that 30%BiOl/BiVO4 composite photocatalysts exhibited
excellent photocatalytic antibacterial activities for P. aeruginosa (with an
antibacterial rate of 99.99%), wherein eO; and h™ were the main
reactive species. Zhang et al. (2010) synthesized visible light-driven
(VLD) AgBr-Ag-Bi,WOg nanojunctions and found that 5 x 107 CFU
(colony-forming units) mL™! E. coli K-12 could be completely inacti-
vated within 15 min. However, antibiotic-resistant bacteria (ARB) usu-
ally display a stronger resistance to disinfection methods than bacterial
populations (Mao et al., 2015); thus, the performance of bismuth-based
catalysts on ARB and ARGs should be of great concern. Recently, Li
et al., 2020a, 2020b, 2020c, 2020d constructed hierarchical Bi;0,CO3
microspheres wrapped with nitrogen-doped reduced graphene oxide
(NRGO) to enhance the inactivation/degradation of multidrug-resistant
E. coli NDM-1 (New Delhi metallo-f-lactamase 1) and plasmid-encoded
ARG (blaNDM-1) in secondary effluent and proven their feasibility in
ARG removal. Specifically, NGWM (NRGO-wrapped BisO»,CO3 micro-
spheres) showed a much higher decay efficiency of ARB in secondary
effluent (3.08 + 0.27 x 10® CFU/mg catalyst) than Bi202CO3 micro-
spheres (0.78 + 0.09 x 108 CFU/mg catalyst) and GWM (2.07 + 0.18 x
10® CFU/mg catalyst). Moreover, other novel visible light-driven pho-
tocatalysts (as shown in Table 7) were also explored for the improve-
ment of antibiotic degradation. In comparison with other visible
light-driven catalysts, bismuth-based photo-catalysts exhibited the ad-
vantages of low production cost, high photostability, narrow band gap,
resistance to photo-corrosion, large specific area/pore volume and so on.
Thus, more attention should be given to declaring the removal mecha-
nism of ARB by bismuth-based compounds and further enhancing ARG
elimination.

6. Conclusion and perspectives

Great advantages have been observed when using bismuth-based
photocatalysts for antibiotic photocatalytic degradation. In this re-
view, the performance, mechanisms and pathways of bismuth-based
compounds related photocatalytic degradation for typical antibiotic
removal are summarized. In general, single-component bismuth-based
photocatalysts exhibit a narrow light absorption range and weak redox
ability. Thus, modified bismuth-based compounds have been exten-
sively investigated via morphology/structure mediation, heterojunction
construction, and element doping and have shown better performance in
antibiotic photocatalytic degradation. Although remarkable results have
been achieved in the field in bismuth-based photocatalysts for antibiotic
removal, tough challenges, such as the existence of multiple sources of

Extracellular
|

Intracellular
|

O h2Eg 0,

reduction DNA

0y breakage

Polysaccharide
CB

Bi
ation bt =%

Recombi

o

oxidation
H,0

: Plasmid
conformation

Fig. 6. The mechanism of sterilization by bismuth-based photocatalysts.
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Table 7
Comparison of the catalytic activity of other visible-light-driven photocatalysts for ARB and ARGs elimination.
Photocatalyst Dosage Light source ARG/ARB Initial copies of Degradation efficiency and ~ References
ARGs or bacterial irradiation time/
concentration
8-C3Ny 5g/L a Xenon lamp ARB: CIP-resistant ARB (Raoultella 1.5 x 10® CFU/mL At 60 min, the inactivation Ding et al.
equipped with a planticola (NR112011.1), Escherichia coli of the ARB isolates was in (2019)
400 nm optical (KU156692.1), Escherichia coli the range of 0.31-0.41log.
filter (NR136472.1)), OFL-resistant ARB
(Escherichia coli (KP, 181716.1))
Ag/AgBr/g-CsNy 211 a 500 W Xenon ARB: tetracycline (TC)-resistant 107 CFU/mL ARB:6.1 log after 90 min Yu et al.
mg/L arc lamp with a Escherichia coli (TC-E. coli) ARGs: 49%, 86%, 69%, (2020)
cutoff filter (A < ARG:TC-resistant genes (TC-RGs): three and 86% for tetA, terM,
420 nm) TC-RGs (terA, terM, and tetQ) and the class tetQ,and intll, respectively.
1 integron gene intll
TiO2/Ag/GO nanocomposites 100 500 W Xenon ARB: E. coli HB10663 (resistance to 10® CFU/mL 87.8% in 10 min under (Guo M T and
mg/L lamp tetracycline and gentamicin), E. coli simulated sunlight Tian X B.
HB10667 (resistance to streptomycin) and irradiation. 2019)
E. coli HB101 (resistance to kanamycin,
tetracycline, and ampicillin)
Ag/TiO,/graphene oxide - 300 W Xe lamp ARGs: tetA and ampC - 99.99% within 30 min Zhou et al.,
(GO) combined with a 2020

polyvinylidene fluoride
(PVDF) ultrafiltration
membrane

pollutants within wastewater, the complex characteristics of antibiotics,
the potential threat of ARGs, and difficulties in implementing bismuth-
based photocatalysts for intermediate and ARG removal, are also faced
during the practical application of bismuth-based photocatalysts. Thus,
we recommend the following research directions:

First, the evaluation of photocatalytic degradation by bismuth-based
catalysts has mostly been conducted in synthetic solutions with anti-
biotic concentrations under the level of mg/L. Actually, the concentra-
tion of antibiotics in surface water and wastewater treatment plant
effluents is usually at the level of pg/L or ng/L. Thus, applying bismuth-
based photocatalysts for practical applications of antibiotic degradation,
especially for conditions with trace antibiotics, should be of great
concern.

Second, considering that hydroxyl radicals exhibited a stronger
oxidation potential but were less selective, the reaction pathway be-
tween hydroxyl radicals and contaminants was mainly ascribed to
adsorption on the surface of catalysts. Future studies should pay atten-
tion to the absorbability of bismuth-based catalysts for antibiotic
removal and the interference of other pollutants.

Third, the degradation pathway provides a clear illumination of the
fate and transformation of antibiotics during the photocatalytic degra-
dation process. Thus, exploring the photocatalytic degradation mecha-
nism in depth at the atomic level is compulsory for promoting the
efficiency of antibiotic degradation.

Fourth, anions in real water matrices exerted a negative influence on
antibiotic removal during bismuth-based catalyst photodegradation. For
this reason, catalysts that have excellent anti-influence ability on inor-
ganic salts should be developed.

Fifth, in addition to concern about antibiotics, there is growing
pressure for wastewater treatment plants to mitigate the discharge of
ARB and eARGs. It is urgent to develop a new technical route for the
simultaneous removal of antibiotics and ARB or ARGs by bismuth-based
photocatalysts. Thus, coupling photocatalysis with other treatments,
such as electrocatalysis, the Fenton process, and biodegradation, should
be further explored.

Finally, the loss of heavy metal elements (such as ZnO and Ag) from
bismuth-based heterojunctions, via photo-corrosion, from photo-
catalysts into the solution either prior to or after irradiation may be of
greater harm to humans than antibiotics; thus, their toxicity should be of
great concern.
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