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a b s t r a c t

The widespread occurrence of antibiotics in wastewater aroused serious attention. UV-based advanced

oxidation processes (UV-AOPs) are powerful technologies in removing antibiotics in wastewater, which

include UV/catalyst, UV/H2O2, UV/Fenton, UV/persulfate, UV/chlorine, UV/ozone, and UV/peracetic acid. In

this review, we collated recent advances in application of UV-AOPs for the abatement of fluoroquinolones

(FQs) as widely used class of antibiotics. Representative FQs of ciprofloxacin, norfloxacin, ofloxacin, and

enrofloxacin were most extensively studied in the state-of-art studies. The evolvement of gas-state and

solid-state UV light sources was presented and batch and continuous flow UV reactors were compared

towards practical applications in UV-AOPs. Generally, degradation of FQs followed the pseudo-first or-

der kinetics in UV-AOPs and strongly affected by the operating factors and components of water matrix.

Participation of reactive species and transformation mechanisms of FQs were compared among differ-

ent UV-AOPs. Challenges and future prospects were pointed out for providing insights into the practical

application of UV-AOPs for antibiotic remediation in wastewater.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Fluoroquinolones (FQs) are broad-spectrum antibiotics that

have been widely used to treat urogenital, respiratory, and gas-

trointestinal infections in humans and animals [1]. They were the

second most commonly consumed antibiotics in humans between

2000 and 2015 across 76 countries [2] and the top commonly used

antibiotics in global aquaculture in 2017 [3]. In China, the usage of

FQs constituted 17% among all antibiotics [4], which was higher

than those in the United States [4] and European countries [5]. Af-

ter consumption, FQs are excreted unmetabolized (9.3%−86%) [4]

and released into the environment. However, due to the inade-

quate removal of FQs in the conventional wastewater treatment

plants (WWTPs) [6], they have been frequently detected in ef-

fluents of WWTPs [6,7] and surface water [8,9]. The ubiquitous

occurrence of FQs potentially threats the living organisms in the

aquatic environment. It has been proven that FQs could trigger

acute and/or chronic toxicity to a variety of aquatic organisms such

as cyanobacterium, duckweed, algae, daphnia, and fish, leading to

subsequent ecological disturbance [10,11]. The emergence of FQs
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could also contribute to the rise and spread of antimicrobial re-

sistance throughout the biosphere [1,6]. Therefore, development of

efficient treatment technologies for FQs in wastewater is urgently

needed.

In recent years, advanced oxidation processes (AOPs), mainly

based on the generation of highly reactive species such as hydroxyl

radicals (•OH), have shown outstanding efficiency in removing FQs

[12,13]. Particularly, ultraviolet (UV)-based AOPs (UV-AOPs) stand

out due to their ease of installation and operation in practical use

[14], which utilize UV light and photocatalysts or chemical oxi-

dants to decompose pollutants. Energetic UV photon could con-

tribute higher molar absorption coefficients and quantum yields of

reactive species targeting contaminants, thereby offering a poten-

tial to alleviate the overall energy consumption and reagent input.

UV-AOPs have been widely implemented in practical applications

[15]. Typical UV-AOPs include UV/catalyst, UV hydrogen perox-

ide (UV/H2O2), UV Fenton (UV/H2O2/Fe
2+), UV/persulfate (UV/PS),

UV/chlorine, UV/ozone (UV/O3), and UV/peracetic acid (UV/PAA)

processes. UV-AOPs have been extensively tested at laboratory- or

bench-scale [14] and successfully applied in removing antibiotics

and other micropollutants in full-scale WWTPs [16-18]. Some re-

view papers focused on or touched upon degradation of FQs by

specific UV-AOPs such as photocatalytic oxidation [19,20], photo-

https://doi.org/10.1016/j.cclet.2024.110138

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



H. Li, Z. Wang, J. Geng et al. Chinese Chemical Letters 36 (2025) 110138

Fig. 1. Annual peer-reviewed publications on FQs degradation by UV-AOPs over the past five years (a) and distribution of UV-AOPs tested for different FQs (b).

Fenton [21,22], UV/PS [23], and UV/chlor(am)ine [24]. However,

a comprehensive understanding on the fate and transformation

mechanisms of FQs in different UV-AOPs is lacking.

This review aimed to summarize the current advances in appli-

cation of UV-AOPs for the remediation of FQs in water in the last

five years. The evolutionary trajectory of UV sources and UV reac-

tors were summarized to shed light on the choice of light sources

and reactors. The degradation kinetics of FQs and the impact of

operating conditions were evaluated to provide an integrated pro-

file of removal efficiencies of different UV-AOPs for FQs removal.

The degradation mechanisms and the formation of transformation

products (TPs) were compared for in-depth comprehension of reac-

tive species participated in diverse UV-AOPs and the reactive sites

of FQs. The research trends and future research directions were

pointed out for providing insights into the practical application of

UV-AOPs.

2. Research scope

Studies on application of UV-AOPs in removing FQs in water

over the past five years (2018−2022) were retrieved by search-

ing Web of Science (https://www.webofscience.com) with key-

words of “fluoroquinolone” and “UV-AOPs/photocatalysis/UV cata-

lyst/UV H2O2/UV Fenton/photo Fenton/UV H2O2 Fe2+/UV persul-

fate/UV chlorine/UV ozone/UV peracetic acid”. A total of 92 peer-

reviewed articles were screened out covering various UV-AOPs

and combined processes, and these articles increased exponentially

over the past five years (Fig. 1a). Among them, UV/catalyst, as a

green and sustainable process, received significant attention in re-

moving FQs during 2018−2022. UV/PAA process has emerged at-

tention since 2021 and the combined UV-AOPs have also been de-

veloped for efficient removal of FQs.

Fig. 1b shows the distribution of UV-AOPs tested for differ-

ent FQs. The removal of nine individual FQs were investigated by

UV-AOPs, including ciprofloxacin (CIP), norfloxacin (NOR), ofloxacin

(OFL), enrofloxacin (ENR), levofloxacin (LEV), flumequine (FLU),

gatifloxacin (GAT), moxifloxacin (MOX), and pefloxacin (PEF). The

chemical structure and physiochemical properties of the nine FQs

are provided in Table S1 (Supporting information). As seen from

Fig. 1b, the third-generation FQs including CIP, NOR, OFL, ENR, and

LEV aroused higher attention than the fourth-generation FQs such

as MOX and GAT due to their higher frequency of usage. Among

them, CIP was the most investigated FQ since it is commonly used

in treating urinary tract infections and pneumonia, which has been

frequently detected in wastewater influents and effluents [7] and

global rivers [9].

3. UV sources and UV reactors

3.1. The development of UV sources and their application in UV-AOPs

The evolvement of UV light sources boosted the development of

the UV-AOPs. The commonly applied UV light sources in UV-AOPs

include mercury lamps, xenon pulse lamps, and UV light emitting

diodes (UV-LEDs) (Fig. 2a). Conventional mercury and xenon lamps

belong to the category of gas-state UV generation, while UV-LEDs

are solid-state UV tubes with diverse wavelengths tuning by the

solid composition of chips [25].

Conventional mercury lamps have been widely used as light

source in UV-AOPs. Based on the mercury vapor pressure inside

the lamp, mercury lamps are divided into high-pressure mercury

(HP-Hg), medium-pressure mercury (MP-Hg), and low-pressure

mercury (LP-Hg) lamps [26,27]. HP-Hg lamps produce intensified

characteristic spectral lines (with maximum output at 365nm,

Fig. 2b) at high pressures (∼100bar), with typical spectral power

ranging from 50W to 1600W [27]. HP-Hg lamps were used in

degradation of FQs in UV/H2O2 [28], UV/Fenton [28], and UV/PS

[29,30] processes. MP-Hg lamps could emit polychromatic light

(200−400nm, Fig. 2b) at pressures of 1−10bar [27], which were

applied in UV/PAA [31] process. LP-Hg lamps were the most widely

used light source in degradation of FQs in UV-AOPs, which could

emit monochromatic light at 254nm wavelength (Fig. 2b) at very

low pressures (∼10−3 bar). Application of LP-Hg lamps for FQs re-

moval was reported in UV/H2O2 [32], UV/PS [33-36], UV/chlorine

[32,34,37-39], UV/O3 [40,41], and UV/PAA [42] processes.

The xenon pulse lamp was patented in 1931 (Fig. 2a), and it is

a suitable choice to simulate sunlight in UV-AOPs due to its high

luminance, small size, and similar energy distribution to that of

natural sunlight. Xenon lamps were used in degradation of FQs

in UV/catalyst [43-52] and photo-Fenton [53,54] processes. How-

ever, the conventional gas-state UV light sources especially mer-

cury lamps are reported to have insufficient luminous efficiency,

high energy consumption, high operating temperature, short life

span, and health risks of exposure to mercury [55,56]. Meanwhile,

the production, import, and export of mercury-containing lamps

have been completely banned by the Minamata Convention on

Mercury since 2020.

The energy efficient and environment friendly UV-LEDs have

become a promising alternative in UV-AOPs. UV-LEDs can emit

flexible pulsed irradiation to suit specific requirements such as

275nm [57], 365nm [56,58], and 385nm [59]. After decades of

development, the wall-plug efficiency (WPE) of UV-LEDs has im-

proved ∼10 times (from less than 1% to 10.1%) and their output

power has jumped from <10mW to 1.88W. Currently, the life-

time of UV-LEDs could reach 20,000h and the cost could be less

2
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Fig. 2. The development of UV light sources (a) and their emission spectrums (b). Typical UV-AOP reactors (c).

than 0.1 USD/mW [25]. UV-LEDs has emerged great potential in the

elimination of FQs by UV/catalyst [56,58,60], UV/H2O2 [57], UV/PS

[59], and UV/chlorine [57] processes.

3.2. UV reactor configuration

The schematic illustration of the main UV-AOP reactors is pre-

sented in Fig. 2c. Generally, four types of experimental apparatus

were constructed depending on the configuration of lamps and re-

actors. The first three types (Type I−III) are batch reactors while

the Type IV reactor is a continuous flow reactor. The merry-go-

round reactor, as the first type UV-AOP reactor (Type I, Fig. 2c),

has been widely used in UV/catalyst [52,61], UV/H2O2 [28,62],

UV/Fenton [28], UV/PS [30,62], and UV/PAA [42] processes. Typi-

cally, a merry-go-round reactor is an apparatus in which several

quartz tubes are rotated around a mercury/xenon lamp to be ex-

posed to equal amounts of radiation (Type I, Fig. 2c). It allows mul-

tiple sets of reactions to be performed at the same time. The Type

II reactor (Fig. 2c) is equipped with a gas-state UV lamp or sev-

eral LED lamps with a quartz sleeve, which is housed in the center

of a cylindrical container axially along the length of the container.

The application of Type II reactor was reported in UV/H2O2 [32],

UV/chlorine [32,38,57,63], and UV/O3 [40] processes. The Type III

reactor (Fig. 2c) is comprised of a mercury lamp or LED lamps

placed above a stirred tank, which was reported in UV/catalyst

[56,58], UV/chlorine [37,39] processes. Different from these batch

reactors, a continuous flow reactor (Type IV, Fig. 2c) is equipped

with a cylindrical reactor exposed to UV irradiation of LED lamps,

which are evenly distributed in the inner wall of the reactor. The

compact LED lamps offer design flexibility of the UV-AOP reactors,

which can potentially be used in practical applications.

4. Assessment of the degradation kinetics of FQs in UV-AOPs

The formation of the main reactive species in different UV-AOPs

is illustrated in Fig. 3a, with the standard electrode potential (E0)

values shown in Fig. 3b [64-67].

4.1. UV/catalyst

UV photocatalytic oxidation is the most widely reported UV-

AOPs in the decomposition of FQs in wastewater owing to its en-

vironmental friendliness and satisfactory efficiency. In the pho-

tocatalysis process, organic pollutants can be degraded and even

mineralized into non-toxic low molecules such as CO2 and H2O.

Semiconductors have been widely used as photocatalysts, which

are chemically stable, inexpensive, and long-lived [20].

Semiconductors can be initiated by light with energy equal or

superior to the band-gap between its valence band (VB) and con-

duction band (CB) (Fig. 3a). After irradiation, electrons (e−) in the

VB are transferred to the CB, leaving the photogenerated hole (h+)
in the VB (Eq. 1). Then, e− could react with oxygen (O2) adsorbed

on the semiconductor to generate superoxide radicals (•O2
−) (Eq.

2). Further, •O2
− could react with H+ and generate hydroperoxyl

radicals (•HO2) (Eq. 3). Meanwhile, h+ could react with the sur-

face adsorbed H2O to form •OH (Eq. 4), which is the predomi-

nant reactive species in photocatalysis. The oxidants of •OH and

h+ could react with organic contaminants (Eqs. 5 and 6), leading

to the degradation of parent compounds and the formation of TPs.

The electron-hole recombination could occur in nanoseconds with

dissipation of heat (Eq. 7).

Semiconductor+hv→h+ + e− (1)

e− +O2 → •O2
− (2)

•O2
− +H+ → •HO2 (3)

h+ +H2O→ •OH+H+ (4)

•OH+organics→TPs (5)

h+ +organics→TPs (6)

h+ + e− →heat (7)

Table S2 (Supporting information) provides an overview of re-

cent work on photocatalytic degradation of FQs. Seven FQs in-

cluding CIP, ENR, NOR, OFL, LEV, GAT, and MOX were reported

by using a large variety of inorganic and organic photocatalysts.

These catalysts can be classified into metal-based, carbon-based,

3
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Fig. 3. Schematic illustration of the formation of reactive species in different UV-AOPs (a) and standard electrode potential (E0) of the involved reagents and reactive species

(b, data obtained from [64-67]).

and metal−carbon hybrid catalysts. Among the metal-based cata-

lysts, metal oxides (e.g., titanium dioxide (TiO2) [56,58,68], zinc ox-

ide (ZnO) [69]), and metal sulfides (e.g., cadmium sulfide (CdS [70])

were widely used in degrading FQs under UV light irradiation. TiO2

was the most widely used due to its outstanding activity, pho-

tochemical stability, low-cost, and relatively low toxicity [20,71].

However, owing to the wide band gap of TiO2 (3.20 eV) [58,72],

it can only be activated by UV light with wavelength shorter than

384nm (approximately 4% of the solar light spectrum), which lim-

its its practical application.

To reduce the recombination of electron-hole and expand the

spectral response, synthesis of metal-based heterostructures and

elemental doping of metal oxides have been developed [72]. For

example, metal-based composites such as CdS/TiO2 [72], ZnO/CdS

[73], and CeO2/ZnO [74] were used in FQs degradation to enhance

their photocatalytic activity under visible or UV light. At the same

time, elemental doping of metal oxides by transition metals (e.g.,

Fe [75], Ag [75], and Au [48]), and non-metal elements (e.g., N

[68]) were reported in previous studies. Recently, the bismuth (Bi)-

based catalysts have aroused extensive attention as a visible-light

responsive photocatalyst, given its narrow band gap (mostly less

than 3.0 eV), photostability, efficiency, and low cost [76]. For exam-

ple, BiOCl [77] and ZnO/Bi2WO6 heterojunctions [78] were applied

in degradation of NOR, CIP, and OFL under UV and visible light ir-

radiation.

Carbon-based catalysts especially graphitic carbon nitride (g-

C3N4) are widely used in photocatalytic degradation of pollutants,

due to the advantage of metal-free, low cost, and the ability to

absorb visible light with the bandgap energy of ∼2.7 eV [79]. It

was reported that ENR, LEV, and NOR could be fully removed

under visible light in less than 60min, when using oxygen- and

nitrogen-linked g-C3N4 organic polymer (OCN) [51] and inverse

opal potassium-doped g-C3N4 (K-g-C3N4) [47] as catalysts.

Recently, metal-carbon hybrid catalysts offer highly competitive

options in degrading FQs with synergistic advantages from metal

oxides and porous carbon. On one hand, carbon materials are com-

monly used as supports for metal oxides, which significantly in-

crease the active surface area of the catalysts. For example, a vari-

ety of metal−carbon hybrid catalysts, such as sepiolite and zeolite

TiO2 composites [68], graphitized mesoporous carbon (GMC)/TiO2

[80], TiO2/powered active carbon composites (TiO2/PAC) [81], re-

duced graphene oxide (rGO)/In2TiO5 [50], and TiO2 coated alkali-

cooking modified rice straw fiber (TiO2@AMSF) [82] have been

reported to show efficient removal of FQs under UV and visible

light irradiation. On the other hand, metal oxides have been used

to enhance the photocatalytic activities of carbon-based materi-

als such as g-C3N4, 2D/2D N-ZnO/g-C3N4 S-scheme heterojunc-

tion [83], shuttle-like CeO2/g-C3N4 composite [79], and LaFeO3/g-

C3N4/BiFeO3 (LCB) double Z-scheme structure [45]. For instance,

LCB exhibited an better photoactivity than g-C3N4 towards the

degradation of CIP, with the pseudo-first-order rate constants (k)

increased from 0.012min-1 to 0.058min-1 [45].

In addition, metal-organic frameworks (MOFs) are emerged as

attractive photocatalysts with large surface area, ultrahigh porosity,

and tailored structure [46,84]. For example, iron-doped copper 1,4-

benzenedicarboxylate MOFs (Fe3O4/CuO@C) [46] and Bi5O7I/UiO-

66-NH2 heterojunction [44] showed visible light-driven photocat-

alytic activity towards CIP removal, with k values of 0.028min-1

and 0.014min-1, respectively.

4.2. UV/H2O2 and UV/Fenton

UV/H2O2 process has been a popular treatment technique to

degrade organic contaminants in water due to its high efficiency,

sludge-free operation, and low investment cost [85]. It has been

applied in potable water reuse at full scale [86]. Photolysis of H2O2

by UV irradiation (usually 254nm) could break the O−O band and

generate •OH (Eq. 8 and Fig. 3a) [28,62]. UV/H2O2 process showed

efficient removal of a variety of FQs, with the maximum removal

efficiencies ranging from 86.0% to 100% (Table S3 in Supporting in-

formation).

H2O2 +hv →2•OH (8)

UV/Fenton is a classic Fenton-related oxidation process which

relies on the synergistic action of UV and Fenton’s reagent

(H2O2/Fe(II)). In comparison with the conventional Fenton reac-

tion, the introduction of UV light increases the efficiency of Fen-

ton reagent in oxidizing organic compounds and conserves dosage

of Fenton reagent [28]. UV/Fenton is comprised of homogenous

UV/Fenton process and heterogeneous UV/Fenton process. The for-

mation of reactive species in these two processes is illustrated in

Fig. 3a.

In the homogenous UV/Fenton process, Fe2+and H2O2 drive the

generation of •OH and Fe3+ under UV irradiation (Eq. 9) [13,87].

Fe3+ and OH− in the water could be complexed to form Fe(OH)2+,
which can further be reduced to Fe2+ under UV irradiation with

the generation of •OH (Eq. 10) [22,84]. Thus, the accelerated cycle

of Fe2+/Fe3+ promotes the utilization efficiency of H2O2, leading to

the enhancement of antibiotic removal [28].

Fe2+ +H2O2 → Fe3+ + •OH+OH− (9)

Fe(OH)2+ +hv→ Fe2+ + •OH (10)

4
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Homogenous UV/Fenton process has been applied in remov-

ing FQs (Table S4 in Supporting information); however, it suffers

from poor pH adaptability [84] and low Fe2+ utilization [88]. Thus,

the development of heterogeneous UV/Fenton process attracted in-

creasing attention, where Fe-containing solid catalysts were em-

ployed to initiate UV/Fenton reaction as replacement of Fenton

reagents (Table S5 in Supporting information). Compared with the

homogenous UV/Fenton process, •OH could be generated on the

surface of catalysts from the heterogeneous catalytic decomposi-

tion of H2O2 in heterogeneous UV/Fenton process (Fig. 3a), which

enhances the degradation efficiency and widens the pH adaptabil-

ity [21,88]. In addition, the heterogeneous catalysts could be recy-

cled and reused to reduce the cost [88]. Different kinds of hetero-

geneous catalysts were synthesized and applied in photo-Fenton

process for the removal of FQs under UV or visible light, including

nanoscale zero valent iron (nZVI) [89], rGO-ZnFe2O4 [53], FeCu/rGO

[90], highly dispersed FeC6 on sepiolite (Fe-Dis@Sep) [54], Fe-based

MOFs (L-MIL-53(Fe, Mn) and L-MIL-53(Fe, Cu) (MIL: Material of In-

stitute Lavoisier) [84], Fe3O4@MIL-100(Fe) [91], and Fe-TCPP con-

sisting of TCPP ligands and Fe-O cluster (Fe3O(COO)6) [92]).

4.3. UV/persulfate

UV/PS process exhibits great application prospect in the re-

moval of organic pollutants, which relies on the generation of

strong oxidant reactive species of SO4
•− (E0 =2.44V vs. NHE) and

•OH (E0 =2.73V vs. NHE) (Fig. 3b) [64]. SO4
•− and •OH could

be produced through the activation of peroxymonosulfate (PMS,

HSO5
−/SO5

2−) or peroxydisulfate (PDS, S2O8
2−) by different acti-

vation methods including UV irradiation, heat, ultrasonic irradia-

tion, transition metals, etc. [65,93]. Compared with other activa-

tion methods, UV/PS is regarded as an efficient, environmentally

friendly, and cost-effective approach for the elimination of pollu-

tants under mild conditions [94]. Our statistical results also indi-

cate significant differences of the k values among different UV-

AOPs (P<0.001, one-way ANOVA, Fig. S1 in Supporting informa-

tion). The superiority of UV/PS compared to UV/catalyst (P<0.001,

Dunn’s test), UV/H2O2 (P<0.01, Dunn’s test), and UV/Fenton

(P<0.001, Dunn’s test) processes was further elucidated based on

the data contained in this review.

UV/PS involves the breakage of the peroxide bond in PMS (Eq.

11) and PDS (Eq. 12) by the energy input from UV light to gener-

ate SO4
•− and •OH (Fig. 3a) [94]. Meanwhile, SO4

•− could be trans-

formed to •OH especially under alkaline conditions (Eq. 13) [93].

In comparison with •OH, SO4
•− has higher selectivity, higher oxi-

dation capacity, wider range of pH, and longer half-life [93].

HSO5
−+ hv→ SO4

•− + •OH (11)

S2O8
2− +hv→2SO4

•− (12)

SO4
•− +OH− → SO4

2− + •OH (13)

Recent studies of UV/PS in FQs elimination are summarized in

Table S6 (Supporting information). As seen, UVC-activated PS is

more preferred in degradation of FQs since FQs are reported to

have a significant absorption at ∼275nm UVC (π–π ∗ transition

of aromatic ring) [58]. Degradation of FQs was widely reported in

previous studies by using 254nm UVC to activate PMS or PDS [33-

35,62]. Tentatively, UV/PS degradation of NOR and OFL was con-

ducted under vacuum UV (VUV, 185nm) [95], and VUV/PS showed

rapid removal of NOR and OFL with the removal efficiency of al-

most 100% within 3min.

Milh and his co-workers compared the efficiency of UV/PDS

and UV/PMS processes for the removal of CIP in wastewater. They

found that UV/PDS was superior to UV/PMS, with the k values

of 0.752 and 0.145 min−1, respectively [33]. This is attributed to

the lower O−O band dissociation energy (140kJ/mol) in PDS than

that in PMS (377kJ/mol) [94]. Accordingly, less energy is required

by PDS to produce radicals in the cleavage of peroxide bond. The

performance of UV/PS process was further compared with other

UV-AOPs. Compared with UV/H2O2 process, UV/PDS oxidation was

substantially more efficient in removing OFL and LEV [62]. The k

values of OFL and LEV were 1.67−1.95 and 1.36−2.05 times higher

in UV/PDS than those in UV/H2O2 under different pH conditions

(3−11). Accordingly, the total cost of OFL and LEV removal by us-

ing UV/PDS process reduced by 40.8% and 24.8%, respectively, indi-

cating that UV/PDS process is more economically competitive than

UV/H2O2 process.

4.4. Other UV-AOPs

Degradation of FQs by other UV-AOPs including UV/chlorine,

UV/O3, UV/PAA, and the combination of UV-AOPs was also re-

ported, with details presented in the following section.

4.4.1. UV/chlorine

UV/chlorine, coupling chlorine with a UV light source, is an at-

tractive alternative in the UV-AOPs for FQs removal. Chlorine (e.g.,

Cl2, ClO2 or sodium hypochlorite (NaClO)) reacts with water to

form hypochlorous acid (HOCl) and hypochlorite ion (ClO−), which

acts as oxidants under UV irradiation [32,34,37-39,57] to produce
•OH and reactive chlorine species (RCS) of Cl• and ClO• (Eqs. 14−18)

(Fig. 3a) [86]. Cl• and ClO• are powerful oxidants with oxidation po-

tentials of 2.43V vs. NHE and 1.39V vs. NHE, respectively (Fig. 3b)

[64]. RCS preferentially react with electron-rich moieties and their

concentrations could be several orders of magnitude higher than

that of •OH in UV/chlorine process [32].

HOCl/OCl− +hv→ •OH/•O− +Cl• (14)

•OH+HOCl→ClO• +H2O (15)

•OH+OCl− →ClO• +OH− (16)

Cl• +HOCl→ClO• +H+ +Cl− (17)

Cl• +OCl− →ClO• +Cl− (18)

Degradation of FQs by UV/chlorine was reported by using

254nm [34,37,39,96] and 275nm [57] UV light (Table S7 in Sup-

porting information). For example, 98.9% of CIP could be removed

in 10min by UV/chlorine in reclaimed water from a water resource

recovery facility, with a k value of 0.6214 min−1, which was com-

parable to that in UV/PDS process [34]. At the same time, the k

value of CIP degradation in UV/chlorine process was 3.2 and 3.7

times higher than that of UV/H2O2 and direct UV in reclaimed wa-

ter [34]. The electrical energy per order (EEO) followed the order of

direct UV (2.23 kWh/m3) > UV/H2O2 (1.91 kWh/m3) > UV/chlorine

(0.84 kWh/m3) ≈ UV/PDS (0.76 kWh/m3). Another study showed

that compared with the UV/H2O2 process, UV/chlorine achieved

better removal of 28 micropollutants including FLU in simulated

drinking water and wastewater at the same molar oxidant dosage

[32]. The UV/chlorine process was less affected by wastewater ma-

trices than UV/H2O2. In addition, the UV/chlorine process saved

46.4% and 80.0% EEO for FLU removal than UV/H2O2 process in

simulated drinking water and wastewater, respectively [32]. The
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superior efficiency and economical feasibility of UV/chlorine over

UV/H2O2 in FQs elimination were also reported previously [57,96].

However, the biotoxicity of the chlorinated byproducts arising from

FQs degradation in UV/chlorine process should be evaluated in

view of health concerns [37,39,63]. It was reported that haloacetic

acids (HAAs) and non-HAAs disinfection byproducts formed in

UV/chlorine process contributed to the enhanced toxicity than UV

alone [63].

4.4.2. UV/O3

UV/O3 process is feasible for the treatment of FQs wastewa-

ter owing to the strong oxidation capacity. O3 strongly absorbs UV

light at 254nm and produces H2O2 (Eq. 19), which can be decom-

posed to •OH (Eq. 20) [41]. O3 could also react with H2O2 to yield
•OH (Eq. 21) [13,41]. The schematic illustration of the formation of

reactive species in UV/O3 process can be found in Fig. 3a.

O3 +H2O+hv→H2O2 +O2 (19)

H2O2 +hv→2•OH (20)

H2O2 +2O3 →2•OH+3O2 (21)

A pilot-scale study demonstrated that CIP could be fully re-

moved in 6min by (V)UV/O3 in biologically treated wastewater

from two medium-sized WWTPs (Table S8 in Supporting informa-

tion), with EEO values of 1.1 and 1.6 kWh/m3, respectively [41]. The

UV/O3 process was also effectively applied in treating high-salinity

organic wastewater, with toxicity of TPs similar or less than that of

CIP [40].

4.4.3. UV/PAA

The UV/PAA process emerged as an alternative in pollutants

abatement. Commercial PAA (CH3C(O)OOH) solution contains a

mixture of PAA, acetic acid (CH3COOH), H2O2, and H2O (Eq. 22),

with concentrations of 5%–15% (mainly 12%) [86,97]. H2O2 partic-

ipates in the perhydrolysis process, facilitating subsequent redox

reactions with the powerful oxidant PAA (E0 =1.96V vs. NHE) (Fig.

3b) [66,98].

CH3COOH+H2O2 →CH3C(O)OOH+H2O (22)

Under UV irradiation, the O−O band in PAA is cleaved, result-

ing the formation of •OH and a series of organic peroxyl radi-

cals including acetyloxyl radical (CH3C(O)O
•, E0 =2.24V vs. NHE)

and acetylperoxyl radical (CH3C(O)OO
•, E0 =1.60V vs. NHE) (Eqs.

23−25) (Figs. 3a and b) [31,67,99].

CH3C(O)OOH+hv→CH3C(O)O
• + •OH (23)

CH3C(O)OOH+ •OH→CH3C(O)OO
• +H2O (24)

CH3C(O)OOH+CH3C(O)O
• →CH3C(O)OO

• +CH3C(O)OH (25)

The UV/PAA process was used in decontamination of CIP, LEV,

NOR, and OFL in previous studies (Table S9 in Supporting informa-

tion) [31,42,99]. UV/PAA significantly promoted the degradation of

FQs compared to UV alone and the PAA process due to the for-

mation of •OH and carbon-centered organic radicals. In addition,

UV/PAA achieved higher removal efficiencies of CIP, NOR, and OFL

than UV/NaClO process in wastewater from effluent of a municipal

WWTP [42].

4.4.4. Combination of UV-AOPs

Combination of UV-AOPs was applied in FQs removal to achieve

a positive synergy effect (Table S10 in Supporting information). For

example, photocatalytic activation of PS was successfully applied

in the removal of NOR [79,100-102] and CIP [103] in wastewa-

ter. Photocatalytic activation of PS greatly improved the degrada-

tion of FQs than heterogeneous catalysts-mediated activation of

PS [79,100], UV/PS [102], and photocatalysis [102]. The photogen-

erated e− could react with PS to generate SO4
•− and •OH (Eqs.

26−28) [79,94], simultaneously inhibiting the recombination of

e−−h+ pairs and promoting the efficiency of the charge carriers.

HSO5
−+ e− → SO4

•− +OH− (26)

HSO5
− + e− → SO4

2− + •OH (27)

S2O8
2− + e− → SO4

•− + SO4
2− (28)

A previous study reported that 98% of NOR was removed

in 60min in a UV/TiO2@nZVI/PS system [100]. Wu and his co-

workers found that the degradation rate of NOR by UV/PDS in-

creased by 45.8% with the addition of a composite of nitrogen-

doped graphene (NGO) and Fe3O4, with the k value enhanced by

1.94 and 13.12 times compared to UV/PDS and UV/NGO-Fe3O4 pro-

cesses [102]. Apart from the direct electron transfer activation of

PS as stated in Eqs. 26−28, the synergistic effect was also at-

tributed to the indirect electron transfer activated by Fenton-like

catalysts [94]. Tian and his co-workers compared the removal of

NOR by three co-catalytic photo-Fenton-like processes including

WO3/Fe
2+/PMS, WO3/Fe

2+/H2O2, and WO3/Fe
2+/PDS under visible

light [104]. Among them, the PMS-based process showed the high-

est removal efficiency of NOR and the highest mineralization rate.

4.5. Effects of operation conditions on FQs degradation

The degradation kinetics of FQs in UV/AOPs is strongly af-

fected by the UV light intensity, dosage of catalysts/oxidants, ini-

tial concentration of FQs, solution pH, and water matrix compo-

nents [12,14,33,105]. UV light intensity is crucial in UV/AOPs and

degradation of FQs was found to be positively affected by the UV

power due to promoted direct photolysis and generation of reac-

tive species [33,39,106]. The effect of catalyst/oxidant dosage on

the k values of FQs in typical UV-AOPs is shown in Figs. 4a–d.

As seen, the k values of FQs were gradually increased at higher

concentrations of catalyst [44-46,51,72,77,107-110] (Fig. 4a), H2O2

[28,32,62,85,111] (Fig. 4b), Fe2+ [28,112,113] or Fe-based heteroge-

neous catalyst (Fig. 4c) [53,54,84,90,91,114], or persulfate (Fig. 4d)

[30,34-36,62,95,115,116], because higher dosage of catalyst/oxidant

enhanced the formation of reactive species such as •OH. However,

excessive dosage of catalyst/oxidant resulted in radical scavenging

with the formation of less reactive species and the degradation

was inhibited [28,62]. In the heterogeneous UV-AOPs, overdose of

catalyst decreased the catalytic efficiency by light screening and

loss of active sites due to catalyst aggregation [51,91,107,114].

The effect of initial concentration of FQs on degradation

kinetics was extensively investigated in UV-AOPs. The initial

concentration of FQs negatively affected the k values of FQs

in UV/catalyst [45,47,51,70,72,77,83,107,108,110,117,118], UV/Fenton

[53], and UV/PS [115] processes, due to the competition for the ac-

tive sites of the catalyst and the reactive species at higher concen-

tration of FQs. In addition, the degradation kinetics was pollutant-

dependent in UV-AOPs. Take photocatalysis process for example,

some studies showed that OFL had faster degradation than NOR

6
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Fig. 4. Effect of catalyst/oxidant dosage and pH on the pseudo-first-order rate constants (k) of FQs during UV/catalyst (a, e), UV/H2O2 (b, f), UV-Fenton (c, g), and UV/persulfate

(d, h).

and CIP [60,77,78], while LEV and ENR exhibited faster degradation

than NOR and CIP [60,83]. However, another study reported that

NOR had a higher degradation rate than LEV in CdS-photocatalysis

under UVA light [70]. The inconsistence in the pollutant-dependent

activities of FQs in UV-AOPs could be related to the discrepancy in

the adsorption of FQs on the catalyst, absorption of photons, and

thermodynamic and kinetic barriers resulting from structural dif-

ferences among different FQs [119,120]. The impact of structural

factors on the photochemical fate of FQs needs to be further clari-

fied by experimental and theoretical evidence.

Solution pH is critical for the degradation of FQs in UV-

AOPs, which strongly affected the dissociation of FQs, the surface

charge of catalyst, and the concentrations and speciation of rad-

icals [31,58]. In photocatalysis process, FQs degradation was fa-

vored in neutral or nearly neutral conditions when the zwitterionic

form of FQs dominated (Fig. 4e and Fig. S2 in Supporting infor-

mation) [44-46,58,72,77,78,82,83,107,108,117,118,121]. However, in

strong acidic or alkaline environment, the electrostatic repulsion

between ionic FQs and catalysts hindered the adsorption of FQs on

the catalyst and the corresponding degradation. In UV/H2O2 and

UV/Fenton processes, acidic condition was favorable for FQs degra-

dation (Figs. 4f and g, and Fig. S2 in Supporting information). The

optimum pH value was 3 in UV/H2O2 [62,85,122] and homoge-

neous UV/Fenton [28,104,113], since H2O2 could be dissociated to

form hydroperoxy anions (HO2
−) as aggressive agent of H2O2 and

•OH in alkaline solutions [28,62]. In addition, the decrease in the

oxidation potential of •OH with increasing pH and the formation

and precipitation of iron complex at pH > 4 further inhibited FQs

degradation [28,104]. In UV/PS, SO4
•− was the main active species

under acidic condition while •OH became dominant under alkaline

condition (Eq. 13). Previous studies reported that the degradation

efficiency of FQs decreased with increasing pH in UV/PS (Fig. 4h)

[29,30,36,62,116] due to the lower reactivity of •OH than that of

SO4
•–. However, other studies showed that neutral condition was

most favorable for FQs degradation [34,95,123] (Fig. 4h and Fig. S2

in Supporting information) since the zwitterionic form of FQs had

the highest reactivity towards the electrophilic attack.

Inorganic ions and dissolved organic matter (DOM) are ubiq-

uitous in water, which could significantly influence the degra-

dation of FQs in UV-AOPs [14,105]. Previous studies revealed

that the coexisting cations (Na+, K+, Ca2, Mg2+, Cu2+, and Fe3+)
[53,62,85,113,116] and anions (NO3

−, Cl−, Br−, H2PO4
−, HCO3

−,
CO3

2−, and SO4
2−) [29,30,44,62,85,111,113,116,123] could inhibit

FQs degradation in UV-AOPs by radical quenching. For exam-

ple, cations inhibited the removal of NOR in UV/H2O2 in the or-

der of Cu2+ > Ca2+ > Mg2+ due to the coordination between

NOR and the divalent metals [85]. Anions such as HCO3
− and

CO3
2− could react with •OH, SO4

•−, and •Cl to yield CO3
•− with

lower oxidation potential (E0 =1.57V vs. NHE) (Fig. 3b) [64]. More-

over, a stronger inhibition effect was observed at higher con-

centrations of cations and anions [113]. In addition, the coex-

isting DOM could significantly inhibit the degradation of FQs in

UV/catalyst [56,60,118], UV/H2O2 [62,111], UV/Fenton [113], UV/PS

[34,35,62,116], and UV/chlorine [34,37,38,63] processes, because of

the light attenuation effect, adsorption on the surface of catalysts,

and competition with the reactive species [124].

5. Assessment of the degradation pathways of FQs in UV-AOPs

Formation of TPs is concerned in UV-AOPs since they have po-

tential hazards to ecosystem. As seen from Table S1 (Supporting

information), different FQs share the same core structure of the

piperazine and quinolone moiety, thus the major reactive sites and

transformation routes of FQs generally exhibit a consistent pattern

[125]. CIP, as the most investigated FQ in the past five years (Fig.

1b), was used as a representative for illustrating the degradation

pathways of FQs in UV-AOPs. A total of 87 TPs of CIP were re-

ported in various UV-AOPs (Table S11 in Supporting information).

Among them, 12 TPs were identified in at least three types of UV-

AOPs, which were used for predicting the typical degradation path-

ways. Density functional theory (DFT) calculation interpreted that

the N atom of piperazine ring, F atom, and C2/C6 in the benzene

ring were the most active sites in CIP for •OH and SO4
•− attack

to initiate the reactions [58]. Generally, four degradation pathways

of CIP were proposed including (I) hydroxylation, (II) decarboxyla-

tion, (III) defluorination, and (IV) oxidation and dealkylation of the

piperazine ring (Fig. 5).

In pathway I, TP348 and TP364 with different isomers (Fig. 5

and Table S11 in Supporting information) were monohydroxyl and

dihydroxyl products formed by the addition of •OH, which were

commonly identified in UV/catalyst [43-45,56,58,80,82], UV/Fenton

[84], UV/PS [115], UV/chlorine [126], and combined UV-AOPs [127].

In pathway II, CIP underwent decarboxylation to produce TP288a

since the carboxyl group on the quinolone ring is a strong electron-

withdrawing group that easily attacked by •OH. TP288a was re-

ported in UV/catalyst [45,128], UV/Fenton [84], and UV/chlorine

[57] processes.

Defluorination (pathway III) is an important pathway for FQs

to reduce the toxicity, with the formation of TP330 and TP245 in

various UV-AOPs (Fig. 5 and Table S11 in Supporting information).

TP330 was likely generated by the substitution of the F atom on C7

by •OH, which was reported in UV/catalyst [56,58] and UV/chlorine
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Fig. 5. Typical transformation pathways of ciprofloxacin (CIP) in different UV-AOPs.

[126] processes. TP245 were formed by defluorination and dealky-

lation on the piperazine ring, which were reported in UV/catalyst

[44,45,58,74,128], UV/Fenton [53], UV/chlorine [126], and UV/O3

[40] processes.

Oxidation and cleavage of the piperazine ring were proposed

in pathway IV, which is easily attacked by electrophilic radicals

in the FQs structure. The introduction of keto group into the

piperazine ring led to the formation of TP346a, which was re-

ported in UV/catalyst [43], UV/chlorine [126], and UV/O3 [40].

Further oxidation and cleavage of the piperazine ring caused

the generation of TP362. Consequent loss of a −CO group led

to the formation of TP334a and TP334b. TP362 was reported

in both UV/catalyst [44,45,58], UV/chlorine [57,126], and com-

bined UV-AOPs [127], while TP334a and TP334b were identi-

fied in UV/catalyst [43-45,56,58,80], UV/Fenton [53], UV/PS [115],

UV/chlorine [126], and combined UV-AOPs [127]. TP291 could be

generated from dealkylation of TP334b, which was identified in

UV/catalyst [44,45,56,58,74], UV/Fenton [53,129], and UV/chlorine

[126] processes. TP306 and TP263 are partial and full dealkyla-

tion products of piperazine ring in CIP, which could also be gen-

erated from decarbonylation of TP334b and TP291. TP306 and

TP263 were frequently detected in UV-AOPs including UV/catalyst

[43-45,56,58,74,80,128], UV/Fenton [53,84,129,130], UV/PS [115],

UV/chlorine [37,57,126], UV/O3 [40], and combined UV-AOPs [127].

TP223 could be formed by losing a cyclopropyl group from TP263,

which was reported in UV/Fenton [53], UV/chlorine [37], and

UV/O3 [40] processes.

6. Conclusions and perspectives

From the recent advances summarized in this review, UV-

AOPs exhibited excellent performance in the abatement of FQs

with great potential in practical application. Photocatalysis pro-

cess was most extensively investigated among various UV-AOPs,

with great efforts on developing metal-based, carbon-based, and

metal−carbon hybrid photocatalysts. UV/PS and UV/PAA were

newly developed as alternatives in FQs abatement, characterized

by the formation of SO4
•− and peroxyl radicals, respectively, in ad-

dition to •OH. The UV light intensity, dosage of catalysts/oxidants,

solution pH, and water matrix components directly impacted the

formation and decay of reactive species thus the degradation of

FQs. Typical degradation pathways of FQs in UV-AOPs included

hydroxylation, decarboxylation, defluorination, and oxidation and

cleavage of piperazine ring.

However, recent advances in UV-AOPs are mostly based on

bench-scale experiments and the following aspects need to be ad-

dressed for practical application. Firstly, flexible design of contin-

uous flow UV reactors is critically important to achieve satisfac-

tory removal efficiency of FQs both in homogeneous and hetero-

geneous UV-AOPs. Although the energy efficient and environment

friendly UV-LEDs serve as alternatives of conventional UV lamps,

future works are needed to enhance the synergistic action of UV

light and oxidants/catalysts in the long-term operation. Secondly,

most studies evaluated the degradation performance of UV-AOPs

in synthetic wastewater by spiking individual FQs, and investiga-

tion on the removal efficiency of FQs with co-existing pollutants

and water matrix components in real wastewater is still needed

in future. Lastly, the toxicity of byproducts arising from antibiotic

degradation should be carefully monitored in UV-AOPs for process

optimization, risk assessment, and pollution control.
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