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A B S T R A C T   

Levofloxacin (LEV) is a broad-spectrum quinolone antibiotic and widely used for human and veterinary treat-
ment. Overuse of LEV leads to its frequent occurrence in the water environment. In this study, the transformation 
characteristics of LEV in water during the simulated chlorination disinfection treatment were explored. Fifteen 
major transformation products (TPs) of LEV were identified, and their plausible formation pathways were 
proposed. The reaction pathways were strongly dependent on pH condition, and LEV removal was relevant to 
free available chlorine (FAC) dose. Antibacterial activity of chlorination system was dramatically declined when 
FAC was more than 3-equivalent (eq) due to the elimination of antibacterial related functional groups. Geno-
toxicity of chlorination system increased more than 3 times at 0.5-eq of FAC and then decreased with increasing 
FAC dose, which were in accordance with the relative concentration of toxic TPs estimated by QSAR model. 
These results implied that the combination of bioassay, QSAR computation and chemical analysis would be an 
efficient method to screen toxic TPs under chlorination treatment. It is anticipated that the results of this study 
can provide reference for optimizing operational parameters for water disinfection treatment, and for scientif-
ically evaluating the potential risk of quinolone antibiotics.   

1. Introduction 

Since the first antibiotic Penicillin was discovered in 1928, antibi-
otics have saved hundreds of millions of lives by defeating bacterial 
diseases such as pneumonia, tuberculosis and meningitis (Robert Aus-
trian and Jerome Glod, 1964; Tunkel et al., 2004). In fact, except for 
therapeutic or disease-treating use, subtherapeutic antibiotics in animal 
feed are also widely used to enhance livestock production by promoting 
growth (Gaskins et al., 2002). Global antibiotics consumption increased 
from 21.1 to 34.8 billion defined daily doses (DDDs) during 2000–2015 
(Klein et al., 2018). Among them, about 50–90% of antibiotics 
consumed by humans or animals are excreted through urine and feces as 
a blend of unchanged parent and their metabolites (Ngoc Han et al., 
2016; Le-Minh et al., 2010). Antibiotics and some of their metabolites 
usually contain active groups, thus they may also cause significant 
adverse effects on organisms when they were released into environment, 
such as acute toxicity, chronic toxicity, genotoxicity, endocrine 

disrupting effects (Wang et al., 2018; Michalikova et al., 2019). Addi-
tionally, antibiotic resistance genes (Davies and Davies, 2010) and 
collateral effects on natural populations of microbiota (Blaser, 2016; 
Sarmah et al., 2006) in the environment are another serious issues. 

Levofloxacin (LEV) has broad antifungal spectrum and strong anti-
bacterial activity for Enterobacteriaceae and most Escherichia coli (Davis 
and Bryson, 1994), which is used in both human and veterinary treat-
ment. Because of the incomplete metabolism in body, LEV has been 
frequently detected in surface water and wastewater globally, and its 
concentration was up to 646 ng L− 1 in wastewater in Shandong prov-
ince, China (Mohapatra et al., 2016; Hanna et al., 2018). It was reported 
that LEV exposure even at environmental related level (μg L− 1) would 
enhance plasmid transformability (Wu et al., 2020), and LEV resistance 
of H. pylori was commonly observed in Japan and other countries 
(Miyachi et al., 2006). These studies implied that LEV residues in the 
environment may facilitate spread of antibiotic resistance and pose a 
great risk to health. 
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Disinfection is a necessary unit in water treatment process, and 
chlorination disinfection is the most popular method for treatments of 
drinking water, hospital wastewater, and reclaimed water due to its high 
efficiency, low cost and convenient operation. However, disinfectant 
chlorine (or hypochlorous acid) is a strong oxidant and active substi-
tution agent, it would react with lots of chemicals in water and form 
disinfection by-products (DBPs) with acute toxicity, genotoxicity even 
carcinogenicity (Reckhow et al., 1990). LEV has been frequently found 
in various water bodies and it would enter water disinfection unit. 
Several studies have explored the fates of fluoroquinolones antibiotics, 
such as ciprofloxacin (CF) and enrofloxacin (EF) during water chlori-
nation process (Dodd et al., 2005). Gudaganatti et al. (2012) investi-
gated kinetics and pathways of LEV transformation during water 
chlorination, they found that the second-order rate constants had a 
decrease with the increasing pH values. El Najjar et al. (2013) found that 
the acute toxicity (to marine bacteria V. fisheri) raised greatly after 
chlorination treatment on LEV, and identified 4 products. 

In the past decade, more and more studies focused on the toxicity 
variation of target contaminants by combining identification of TPs and 
toxicology measurement during disinfection treatment (Zhang et al., 
2019a, 2019b; Ding et al., 2018; Li et al., 2019). However, the toxico-
logical studies on TPs were challenging since too many kinds of products 
were formed during disinfection treatments. First, it was hard to obtain 
standard substances and identify the absolute molecular structures for 
those individual transformation products with low concentrations. For 
example, Phungsai et al. (2016) found 168 chlorine-containing formulae 
and their precursors in reclaimed water. Second, the probable joint ef-
fects, such as synergetic or antagonistic effects, among individual 
transformation products were not clear (Holmes et al., 2017). Third, the 
whole-toxicity of all TPs in disinfection system was dependent on 
ever-changing operational conditions (Rice et al., 2009) and evaluating 
the risks of them is time-consuming. Meanwhile, some reports demon-
strated that the toxicity of some TPs were much higher than their pre-
cursors under chlorination treatment (Xiao et al., 2013; Hu et al., 2003), 
thus it is quite urgent to develop a set of reasonable and reliable methods 
for estimating the potential risks of toxic TPs and understanding their 
formation mechanisms during water disinfection. 

As mentioned above, toxicity evaluation on these TPs newly identi-
fied in disinfection system is quite difficult, because it is hard to separate 
and purify them one by one from reaction mixture or to obtain their 
standards for bioassay. Quantitative structure-activity relationship 
(QSAR) technique maybe an effective way for estimating the toxicities of 
those emerging TPs (Li et al., 2016). It is well known that those com-
pounds in both training set and test set of QSAR model should have 
similar skeleton structure. In our previous study, a 3D-QSAR model was 
established for predicting the genotoxicity of 21 quinolone antibiotics, 
which has also been successfully used to estimate the genotoxicity of 16 
intermediates derived from the oxidation of ciprofloxacin (Li et al., 
2014a). LEV is a frequently-used quinolone antibiotic, thus this QSAR 
model could be used to evaluate the genotoxicity of TPs of LEV during 
chlorination. The aims of this study are: (1) To comprehensively 
investigate the transformation characteristics of LEV during chlorination 
disinfection treatment under different pH values and chlorine doses; (2) 
To trace the variation of genotoxicity and antibacterial activity of re-
action mixtures during chlorination treatment; (3) To identify major TPs 
and propose plausible transformation pathways; (4) To estimate the 
genotoxicity of some identified TPs by using the 3D-QSAR model 
established in our previous studies. It is anticipated that this study would 
provide a scientific method to evaluate the potential risk of quinolone 
antibiotics, and provide reference for optimizing operational parameters 
of practical disinfection treatment. 

2. Materials and methods 

2.1. Chemicals and solutions preparation 

Levofloxacin (purity > 99%) was obtained from Sigma-Aldrich. 
NaClO solution (8%) was supplied by Wako Co. Methanol and formic 
acid (for HPLC analysis) were purchased from Thermo Fisher Scientific. 
All working solutions were prepared in ultrapure water generated by 
Millipore Purification System. 

2.2. Chlorination procedures 

Chlorination experiments were carried out in 1000 mL of borosilicate 
glass flasks and kept constant stirring at 25 ℃. Considering the relative 
species distribution of free available chlorine (FAC) under different pH 
conditions (Fig. S1), the experiments were respectively conducted at pH 
4.6 (100% as HClO, 0.2 M of acetate buffer), pH 7.4 (50% as HClO and 
50% as ClOˉ, 0.2 M of phosphate buffer) and pH 11.0 (100% as ClOˉ, 0.2 
M of carbonate buffer) (Deborde and von Gunten, 2008). 

For obtaining stronger signal and isolating more products from re-
action mixtures, the initial concentration of LEV was set as 5 mM. 
Chlorination reaction was initiated by adding appropriate volume of 
NaClO solution (molar equivalent ratios of [FAC]0:[LEV]0 were set as 
0.5:1, 1:1, 3:1 and 5:1). A series of 5 mL reaction solution were taken 
from flasks at given intervals and immediately quenched by Na2SO3 
(molar equivalent ratio of [Na2SO3]:[FAC]0 was 1.2:1), the samples 
were stored in dark at 4 ℃, and then divided into three parts for LC-MS, 
GC-MS and toxicity analysis, respectively. 

As for UPLC-QTOF-MS analysis, the quenched samples were filtered 
through 0.22 µm glass fiber membrane and then directly injected. As for 
GC-MS analysis, the quenched samples were frozen dried and re- 
dissolved in 1 mL of methanol/acetone (1:1 v/v) solvents, filtered 
through 0.22 µm glass fiber membrane and then directly injected. 

2.3. Identification of transformation products 

2.3.1. Liquid chromatography/mass spectrometry method 
The major products in chlorination system of LEV were separated by 

a Dionex Ultimate 3000 UPLC equipped with Agilent SB-C18 column 
(150 × 4.6 mm, 5 µm), and their molecular structures were identified by 
a Bruker microTOF QII quadrupole time-of-flight mass spectrometer. 
The mobile phases were 0.1% (v/v) formic acid aqueous solution and 
pure MeOH, and the optimal gradient elution conditions of LC were 
described in Supporting Information Text S1. Positive mode electrospray 
ionization (ESI+) was utilized for MS analyses and the mass scan range 
was set from m/z 100–1000. The collision energy was 6.0 eV. Spray 
chamber temperature and drying gas flow were 350 ℃ and 6 mL min− 1, 
respectively. 

2.3.2. Gas chromatography/mass spectrometry method 
The hydrophobic TPs were separated and identified by Agilent 

7890A/5975C gas chromatography-mass spectrometry (GC-MS) equip-
ped with an enhanced chemstation from Agilent Technologies (MSD 
ChemStation E.02.00.493). One microliter of sample was injected with 
splitless mode into GC-MSD equipped with capillary GC column HP-5 
(30 m × 0.30 mm, 0.25 µm) by Agilent 7693A Auto injector. The 
injector temperature was set as 280 ℃, the flow rate of carrier gas He 
was set as 1.0 mL min− 1. The temperature programming of GC column 
ranges from 70 ℃ to 250 ℃ (kept for 2 min) and then to 300 ℃ (kept 5 
min) at the rate of 20 ℃ min− 1. Full-scan mode was employed with a 
scan range of m/z 50–550. 

2.3.3. Nuclear magnetic resonance method 
Some chlorination TPs of LEV were separated from mixtures and 

their absolute structures were measured by nuclear magnetic resonance 
(NMR). The compounds were prepared and isolated by silica gel column 
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chromatography and semi-preparative liquid phase chromatography. 
After separation, samples were tested by LC-MS to ensure that the purity 
of the product met the requirements of NMR test. The 1H NMR and 13C 
NMR spectra were performed by Bruker ARX 400 spectrometer (1H, 400 
MHz, Switzerland). The chemical shifts (δ values) were given in ppm 

downfield from tetramethylsilane, and the solvents were chloroform- 
d and DMSO-d. 

Fig. 1. Total ion chromatogram (with full scan mode) of the LEV chlorination mixture ([LEV]0 = 5 mM; [FAC]0 = 15 mM; reaction time = 2 h) under (a) pH 4.6; (b) 
pH 7.4; (c) pH 11. 
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Table 1 
15 major transformation products and their formation in chlorination systems.  

No Structure Formula Mass-to-charge (m/z) of molecular ion (M+H) Error value (ppm) pH 

Measured Calculated 4.6 7.5 11 

P1 C17H19ClFN3O2  352.1223  352.1223  0 √ √ √ 

P2 C15H17ClFN3O2  326.1067  326.1066  − 0.3066 √ √ √ 

P3 C16H17ClFN3O3  354.1011  354.1015  1.130  √ √ 

P4 C16H17ClFN3O3  354.1011  354.1015  1.130  √ √ 

P5 C17H19ClFN3O3  368.1176  368.1172  − 1.0866 √ √  

P6 C17H19ClFN3O4  384.1116  384.1121  1.302 √ √  

P7 C17H20Cl2FN3O3  404.0944  404.0939  1.237 √   

P8 C17H20Cl2FN3O3  404.0944  404.0939  1.237 √   

P9 C15H15ClFN3O3  340.0854  340.0859  1.407  √ √ 

P10 C14H15ClFN3O2  312.0911  312.0910  0.32 √  √ 

P11 C12H10ClFN2O2  269.0490  269.0488  0.7434  √ √ 

P12 C12H9ClFNO3  270.0330  270.0328  0.7434 √   

(continued on next page) 

M. Chen et al.                                                                                                                                                                                                                                   



Journal of Hazardous Materials 414 (2021) 125495

5

2.4. Antibacterial activity test 

LEV can restrain DNA replication and achieve sterilization by 
inhibiting DNA gyrase. The antibacterial activity of LEV and its TPs in 
chlorination system was measured. The strain of Escherichia coli was 
provided by China General Microbiological Culture Collection Center. 
The bacterial strain was fed in 10 mL Luria-Bertani broth and cultured 
12 h at 37 ℃. Then 40 μL of microbial culture suspension in Luria- 
Bertani broth and 125 μL of each sample after filtration through 0.22 
µm glass fiber membrane were carefully transferred into a 96-well 
microplate. After a 12 h of shaking inoculation at 37 ℃ and 130 rpm, 
the absorbance at wavelength 600 nm (OD600) was measured. Ultrapure 
water was employed as blank. 

The antibacterial activity of sample was calculated by the following 
equation: 

η =

(

1 −
OD600,T

OD600,B

)

× 100%  

where, OD600,T represents absorbance of test sample, and OD600,B rep-
resents absorbance of blank control. 

2.5. Genotoxicity test (SOS/umu assay) 

An International Standard Organization procedure (ISO 13829) of 
SOS/umu assay was used to evaluate genotoxicity of reaction mixtures 
and some TPs during chlorination disinfection process of LEV (Oda et al., 
1985; ISO, 2000). The test strain Salmonella typhimurium 
TA1535/pSK1002 was provided by Dr. Yoshimitsu Oda, Japan. 4-Nitro-
quinoline-N-oxide (4-NQO) was employed as positive control, ultrapure 
water was employed as blank and culture medium was employed as the 
negative control. A series of concentration of sample solutions were 
tested. The test was conducted in triplicate, and dose-response rela-
tionship was observed. 

2.6. QSAR method 

Comparative molecular field analysis (CoMFA) is one of frequently 
used methods to establish 3D-QSAR model (Cramer et al., 1988). A 
3D-QSAR model for predicting genotoxicity of quinolones parents and 
their intermediates derived from chlorination of ciprofloxacin in our 

previous study (Li et al., 2014a). The developed model has shown sig-
nificance and robustness to estimate genotoxicity of quinolone antibi-
otics, which can explain the structure-activity relationship of a 
compound intuitively (Gu et al., 2019; Zhao et al., 2019). Both of the 
calculation of structural descriptors of TPs and the genotoxicity 
endpoint of SOS/umu assay in current study were consistent with those 
described in our previous study. 

3. Results and discussion 

3.1. Identification of transformation products 

As shown in Fig. 1, TPs were well separated depending on the 
gradient elution procedure in LC-MS. The MS signals of TPs were strong 
enough against background noise (the ratio of Signal to Noise was much 
higher than 3). A total of 15 products were separated in chlorinated 
solution of LEV, and their MS1 and MS2 spectra of TPs are shown in 
Figs. S2 and S3, respectively. The software and analysis process of MS 
data were shown in Text S2. 

In order to make up the low sensitivity of ESI source for those 
compounds with low polarity, the samples were also detected by GC-MS 
with EI source, and the total ion chromatogram is shown in Fig. S4. It can 
be seen that two low polar products P1 and P11 had strong response in 
GC-MS, and their mass spectrum provided information of both parent 
ions and fragments (Fig. S5). 

It was found that TPs and their relative contents in aqueous chlori-
nation system of LEV were dependent on operational conditions (e.g., 
pH, FAC dose, reaction time). By optimizing the reaction conditions, 
four of key TPs P1, P6, P13 and P15 were successfully isolated from 
chlorination systems by silica gel column chromatography and semi- 
preparative liquid phase chromatography (the separation conditions 
were described in Text S3), and their NMR spectra were recorded in 
Figs. S6 and S7 (chemical shifts in details were listed in Text S4). For 
examples, the chemical shift δ of C atom of ‒COOH group in LEV is at 
179 ppm (13C NMR), while it vanished after decarboxylation in P1. 
Furthermore, the chemical shift δ of C(2) changed from 105 ppm to 
112 ppm because ‒COOH group was replaced by Cl atom in P1, and the 
position number of atoms in LEV were shown in Fig. S8. As for 1H NMR, 
due to elimination of ‒C˭O in C(7), the chemical shift of H in adjacent 
benzene ring of C(8) in LEV shifted to high field with smaller δ value in 

Table 1 (continued ) 

No Structure Formula Mass-to-charge (m/z) of molecular ion (M+H) Error value (ppm) pH 

Measured Calculated 4.6 7.5 11 

P13 C17H21ClFN3O5  402.1225  402.1227  0.4974 √ √ √ 

P14 C15H17ClFN3O4  358.0956  358.0964  2.234 √   

P15 C14H19ClFN3O3  332.1145  332.1172  8.130 √ √  

Note: Symbol "√" means the transformation product has been found under the corresponding pH condition. 
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P6, P13 and P15. 
Combining the information of MS1, MS2 spectra, isotopic abundance, 

NMR spectra, and chemical reaction principles, the molecular structures 
of 15 TPs generated from the chlorination of LEV were tentatively 
identified and shown in Table 1. Among these products, P1, P2, P8, P10 
and P11 had been reported previously (El Najjar et al., 2013; Kennedy 
Neth et al., 2019; Wang et al., 2019) and the other 10 products were first 
reported. 

3.2. Transformation pathways of products 

Considering the chemical properties of disinfectant FAC and sub-
strate LEV, and comparing the structures of LEV with its 15 TPs, three 
plausible transformation pathways of LEV during chlorination disin-
fection under three pH conditions were proposed (Fig. S9). The total 
transformation pathways were shown in Fig. 2, in which six main re-
actions were involved. 

The first three reactions were chlorination, decarboxylation and 
hydroxylation. The disinfectant HOCl (usually polarized as Clδ+-OHδˉ) is 
a strong electrophilic agent, which would be easily attacked by atom 
with more negative charge and form chlorinated derivatives (Hu et al., 
2003). The net atomic charges of LEV were calculated by MOPAC soft-
ware (Version 6) and showed in Fig. S10. Since the C(2) atom has high 
negative charge, chlorine substitution will readily occur. Then the 
carboxyl group would departure due to the high electron migration, and 
finally form 2-chloro-LEV (P1). The corresponding transformation 
mechanism is shown in Scheme S1, and the absolute molecular structure 
of P1 was confirmed by MS spectra (Figs. S2 and S3) and 13C NMR 
spectra (Fig. S7). Moreover, lots of bubbles were observed in reactor 
during chlorination process (Fig. S11), which may be CO2 gas resulted 
from the leaving carboxyl group. Chlorination and decarboxylation 

reactions were observed in previous studies as well (El Najjar et al., 
2013). Additionally, the N(19) atom in piperazine ring of LEV and an-
iline moiety of P11 also possess large negative charge, which will 
facilely attack Clδ+ to form chloramine, and the adjacent 
electron-deficient C atom easily bind with OHδ-, which formed hydrox-
ylated products. Thus, hydroxylated derivatives of P3, P4, P5, P6, P12 
and P13 generated from LEV and P11 through chlorination and hy-
droxylation reaction or further oxidation. The structure of hydroxylated 
derivatives P6 and P13 were further identified by 1H NMR spectra 
(Fig. S6). Similarly, hydroxylation during chlorination reaction was 
previously reported as well (Kennedy Neth et al., 2019; Hu et al., 2003; 
Nadh et al., 2001; Zhou et al., 2011; Arias et al., 1987), and the plausible 
hydroxylation mechanisms were shown in Schemes S2 and S3. 
Furthermore, the computation results on chlorine substitution, decar-
boxylation and hydroxylation positions from atomic charges of LEV, 
were consistent with the structure of the TPs characterized by MS and 
NMR, which implied that in-silico approach was powerful in predicting 
reaction positions during chlorination disinfection treatment. For 
example, Dong et al. (2020) combined the density functional theory 
(DFT) computation with experimental observations to predict possible 
degradation pathways of estriol (E3) in chlorination treatment and 
identified five intermediates. 

The fourth reaction is Baeyer-Villiger oxidation. The formation of 
two ester products (P6 and P14) in the LEV chlorination system were 
generated via Baeyer-Villiger reaction. The classical oxidant of Baeyer- 
Villiger reaction is peroxy acid (Baeyer and Villiger, 1900), and the 
disinfectant HClO is a weak acid and strong oxidant, just like peroxy acid 
(Horton et al., 1969), which would react with carbonyl groups in P5 and 
P2 to form ester products P6 and P14 (Scheme S4). Xiao et al. (2013) 
also found that HClO could oxidize the keto group of BP-4 (2-hydrox-
y-4-methoxy-5-sufonic acid benzophenone) into corresponding ester. 

Fig. 2. The plausible transformation pathways of LEV under chlorination treatment.  
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The extraneous O atom would possibly bind with either C(6) or C(2) in 
LEV (Friess and Soloway, 1951; Fermin and Bruno, 1993). When the 
extraneous O atom bind with C(6) in LEV, corresponding lactone 
products P6 and P14 formed. Moreover, the extraneous O atom would 
also possibly bind with C(2), thereby forming corresponding ester in-
termediates and hydrolysis followed to form P15. The plausible forma-
tion mechanism of P15 was shown in Scheme S5. 

The fifth reaction is hydrolysis of esters in aqueous chlorination 
system. Under alkaline condition, ester compound P6 was readily to 
hydrolyze and form P13, whereas significant hydrolysis did not take 
place under neutral and acid conditions, and P13 was accumulated in 
alkaline reaction systems as shown in Fig. S12e. The hydrolysis of esters 
in chlorination systems have also been observed by Xiao et al. (2013). 

The sixth reaction is dealkylation at piperazine ring. The N(19) atom 
in piperazine ring readily react with Clδ+ and cleavage/hydrolysis fol-
lowed, which made the formation of imine and CH2O. By dealkylation of 
piperazine ring, P1 was converted into P2, P9, P10, P11, and this re-
action has been frequently observed in chlorination treatments on an-
tibiotics containing piperazine ring (Dodd et al., 2005; Kennedy Neth 
et al., 2019). 

Besides, addition and oxidation reactions were also observed in 
chlorination system, whereas, they were typically slower than electro-
philic attacks of chlorine on the organic compounds (Deborde and von 
Gunten, 2008). Consequently, these reactions gave less contribution to 
the transformation of LEV. 

3.3. The influence of pH values on LEV transformation 

The pH condition of chlorination system would affect the 

distribution of FAC species, which have different reactivity. Fig. 3 
showed the time-dependent removal characteristics of LEV and the 
formation of P11 and P12 during chlorination treatment under three 
different pH conditions (4.6, 7.4 and 11.0). The concentrations of LEV in 
three pH systems quickly decreased in the initial 5 min and reached 
“stable” within 10 min reaction period. Nearly no LEV remained under 
pH 11.0, while about 22% and 34% of LEV remained under pH 7.4 and 
pH 4.6, respectively. These phenomena probably could be explained 
with the different species of FAC and their reactivity at three pH con-
ditions (Gudaganatti et al., 2012; Deborde and von Gunten, 2008). 
Under acid condition (pH 4.6), HClO is the single species with high 
reactivity, which would react not only with LEV, but also with in-
termediates derived from LEV, such as P11. These intermediates would 
rapidly exhaust active HClO in system, so that LEV could not get enough 
HClO and remained in the system. Similarly, the transformation from 
P11 to P12 was also greatly influenced by pH, the acidic pH condition 
would promote the protonation of N-chloramine group and its departure 
to form P12 (Scheme S2). The time-dependent concentration changes of 
residual FAC in various pH systems (Fig. S13) also shown that the re-
sidual FAC was higher at pH 11. Because the main form of FAC under 
alkaline condition is ClOˉ and its redox potential is lower than HClO, 
some of products only stayed as intermediate products and would not 
further consume FAC. Totally, the types of products in acid system were 
more than those in neutral system, and they were least in alkaline sys-
tem. For example, amino hydrolysis, addition and Baeyer-Villiger 
oxidation readily occurred in acid system and formed P6, P7, P8, P12 
and P14 (Fig. S12), while rarely occurred in neutral and alkaline systems 
(Horton et al., 1969; Ravacha et al., 1986; Alouini and Seux, 1987). 

Fig. 3. The time-dependent relative concentration changes of LEV, P11 and P12 in various pH systems ([LEV]0 = 5 mM; [FAC]0 = 15 mM) under (a) pH 4.6; (b) pH 
7.4; (c) pH 11.0. 

Fig. 4. (a) The time-dependent transformation trends of LEV with different doses of FAC; (b) Generation of main products of LEV chlorination with different doses of 
FAC ([LEV]0 = 5 mM; reaction time = 1 h; pH 4.6). 
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3.4. The influence of FAC dose on LEV transformation 

As mentioned above, chlorination treatment with 3-eq of FAC, 34% 
of LEV remained in acid system even after a 24 h reaction period, while 
it hardly remained in neutral and alkaline systems. The residual of LEV 
in acid system might be attributed to the strong reactivity of HClO which 
could react with more intermediates and was exhausted. In order to 
evidence this point, chlorination experiments with different FAC doses 
(1-, 3-, 5-eq to LEV) were conducted in acid system. As shown in Fig. 4a, 
higher FAC dose promoted the transformation of LEV, and less LEV was 
left in chlorination system. Moreover, the contents of some major 
products formed at three FAC doses were quite different after reaching 
reaction equilibrium (Fig. 4b). And, the transformation percentage of 
LEV was about 30% higher in the system at 3-eq of FAC than that at 1-eq. 
When FAC dose increased to 5-eq, LEV was removed completely while 
those intermediates identified did not increase obviously, implying 
these intermediates also continued to react with FAC and some unknown 
products formed in system (Xiao et al., 2013; Onodera et al., 1984; 
Norwood et al., 1980). 

3.5. Antibacterial activity variation during chlorination of LEV 

LEV is one of frequently used broad-spectrum antibiotics, which can 
effectively kill Gram-positive, Gram-negative, and atypical bacteria in 
medical treatment. When it enters into the environment, it would 
heavily affect community structure of microorganisms. Therefore, the 
antibacterial activity of LEV solution before and after chlorination 
treatment was tested with Escherichia coli. As shown in Fig. 5, When FAC 
dose was low (1-eq), the antibacterial activity of reaction mixtures 
didn’t change greatly. Whereas, when FAC dose increased to 3-eq in 
neutral and alkaline systems, the antibacterial activity of mixtures 
gradually decreased. It has been reported that some moieties, such as 
piperazine, carboxylic acid and keto groups in quinolones molecules, 
played important roles in killing Gram-positive bacteria, and -H and 
linear substituents -NH2CH2CH2NH2 at C(10) also exhibited antibacte-
rial activity to some extent (Kennedy Neth et al., 2019; Appelbaum and 
Hunter, 2000; Chu and Fernandes, 1989). Based on the molecular 
structures of intermediates identified in chlorination system with low 
dose of FAC, some TPs bearing antibacterial activity related moieties 
largely remained in chlorine system. However, with the increasing of 
FAC dose, those antibacterial activity related moieties, such as pipera-
zine ring, carboxylic acid and keto groups, were almost destroyed so that 
the antibacterial activity of reaction solutions decreased rapidly. Just as 
shown in Fig. 5, the antibacterial activity of reaction mixture almost 
disappeared under pH 11 and 5-eq FAC. These results indicated that 
high FAC dose would be of benefit to reduce antibacterial activity of 
quinolones and avoid effect of antibiotic resistance. 

3.6. Genotoxicity variation during chlorination of LEV 

Previous reports indicated that some quinolones had strong geno-
toxicity effects (Li et al., 2014a, 2014b). As shown in Fig. 6 and S14, the 
genotoxicity of reaction mixtures had significant increase after chlori-
nation treatment with low dose of FAC. Especially, at 0.5-eq of FAC, the 
reaction mixtures exhibited strongest genotoxicity, while the genotox-
icity gradually decreased with increasing FAC dose. In the chlorination 
system with low dose of FAC, the main components were those chlori-
nated TPs such as P1, P7 and P8, while they were further converted into 
down-stream products by excessive FAC. Therefore, it could be 
concluded that those chlorinated products had strong genotoxicity. 

In order to preliminarily recognize the possible toxic products, the 
relationships between the relative contents of every main products and 
genotoxicities were checked. Unfortunately, no significant relationships 
were observed yet. This result implied that these individual products 
had not very strong genotoxicity. Were there any synergetic toxicity 
effects among those products? We separated and purified one of main 
products P1 from reaction mixture, investigated the genotoxicity of bi-
nary mixture of P1 and LEV ([LEV]0 = 15 nM). As the concentration 
ratio of LEV to P1 was 2:1 (Fig. S15), the binary mixture exhibited the 
highest genotoxicity, which was as high as 2–3 times to individual LEV 
or P1. This result implied that there was synergetic toxicity effect be-
tween LEV and P1. Considering the chlorination mixtures at 0.5-eq of 
FAC exhibited the strongest genotoxicity, the absolute concentrations of 
P1 and LEV in the reaction solution were measured based on their 
standard calibration curves. The most interesting was that the 

Fig. 5. The antibacterial activity of LEV before and after chlorination under different conditions. Blue solid column indicates [LEV]:[LEV]0, red hollow column 
indicates antibacterial activity of the untreated sample divided by the antibacterial activity of the treated sample ([LEV]0 = 5 mM; reaction time = 1 h) under (a) pH 
4.6; (b) pH 7.4; (c) pH 11. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. The genotoxicity of LEV before and after chlorination under different 
operational conditions. 
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concentrations ratio of remaining LEV to P1 was just 2:1 (Fig. S16), 
which confirmed the synergetic toxicity effect between LEV and P1. 
However, the genotoxicity of reaction mixture was a little higher than 
that of binary mixture of LEV/P1 (2:1), implied that some unknown 
toxic products in reaction mixtures might contribute the extra toxicity. 

3.7. Estimation of genotoxicity for TPs 

A 3D-QSAR model based on CoMFA method was developed previ-
ously in our laboratory, which was not only used to predict the geno-
toxicity of quinolones, but also used to estimate the genotoxicity of 16 
transformation products from oxidation treatment of ciprofloxacin. In 
this study, 11 out of 15 TPs contained the similar skeleton structure (4- 
quinolone ring), which could be superimposed with template molecule 
(ciprofloxacin), and the database alignment method was applied to su-
perimpose these TPs. The energy minimization of 11 TPs was performed 
using Tripos force field with the Powell conjugate gradient algorithm 
and a convergence criterion of 0.005 kcal mol-1 Å-1. The structural de-
scriptors of 11 TPs were calculated using the standard tools available in 
SYBYL 7.0 molecular modeling package. The genotoxicity of 11 TPs 
were estimated and the results were shown in Table S1 and Fig. 7. 
Among them, 10 TPs exhibited stronger genotoxicity than their parent 
LEV. For example, the calculated genotoxicity of P1, P7 and P8 were 
higher than that of LEV. When FAC decreased from 5-eq to 0.5-eq under 
acid condition, the contents of main TPs (P1, P7 and P8) increased 
significantly, which was consistent with the higher genotoxicity tested 
by bioassay (Figs. 5 and 7). Therefore, it is reasonable to infer that 3D- 
QSAR model is a useful approach for predicting genotoxicity of both 
quinolones and some of their transformation products containing qui-
nolone ring during chlorination. 

As mentioned above, most of recent research focused on the whole- 
toxicity evaluation of disinfected aqueous solutions. However, the 
whole-toxicity of system varies with practical operation conditions, 
which make the results of whole-toxicity quite different and hard to 
reference for optimizing water treatment. Thus, based on the inherent 
molecular structure of compounds, developing some new methodologies 
to predict ecological risk of target pollutants and their transformation 
products during disinfection treatment is necessary. Results of this study 
demonstrated that the combination of experimental and in-silico ap-
proaches might be more efficient to screen precursors with high risk and 
prevent from the formation of toxic TPs during water treatment by 
optimizing operational parameters (Fig. S17). 

4. Conclusions 

The transformation behaviors of LEV and toxicity variation during 

chlorination treatment were characterized in this study. Fifteen main 
TPs were identified and plausible formation pathways under different 
pH conditions were proposed. Six main reaction mechanisms including 
chlorination, decarboxylation, hydroxylation, Baeyer-Villiger oxidation, 
hydrolysis and dealkylation were involved in chlorination disinfection 
process, which were influenced by pH and FAC dose. Under acid con-
dition, HClO was not only readily to react with LEV, but also with in-
termediates, whereas LEV was removed more thoroughly under alkaline 
condition. With increasing FAC dose, more LEV was removed, TPs firstly 
increased and further converted into unknown products. Correspond-
ingly, the antibacterial activity of reaction solution had significant 
decrease at high dose of FAC. The genotoxicity of chlorination system 
had significant increase when FAC doses were 0.5- and 1-eq from SOS/ 
umu assay, while the genotoxicity greatly decreased with increasing 
FAC dose. The genotoxicity of 11 main TPs was successfully computed 
by a 3D-QSAR model, 10 out of 11 TPs exhibited higher genotoxicity 
than their parent LEV. And the genotoxicity results from QSAR matched 
with SOS/umu assay well. It is anticipated that the results of this study 
can provide scientific reference for optimizing disinfection operational 
parameters. And it is expected the combination of experimental and in- 
silico approaches would be benefit for evaluating potential risk of pol-
lutants and their TPs during water treatment. 
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