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a b s t r a c t

Trace levels of antibiotics in water bodies could present a public health risk. However, advanced oxi-
dation can potentially transform trace antibiotics; therefore, this study investigates the degradation 
of typical pharmaceuticals such as ofloxacin (OFL) in aqueous solution by the UV/H2O2 advanced 
oxidation process. The results show that OFL could be rapidly degraded by UV/H2O2, and that the 
degradation process is dependent on the H2O2 concentration and on the initial concentrations of 
OFL. The pseudo-first-order rate constant (k) of OFL is significantly improved by ·OH generated by 
H2O2; however, with an increased OFL concentration, the k declines. In actual water bodies, the rate 
constant of OFL is lower than that in ultrapure water. Further analysis has indicated that the acidic 
and basic environments or the existence of natural organic matter and chloride ion inhibit the deg-
radation of OFL. The experimental results indicate that the laboratory results could not be extended 
directly to actual water treatment without further consideration. Six degradation products of OFL 
were determined by ultra-performance liquid chromatography-high resolution mass spectrometry. 
The degradation pathways mainly encompass ring openings at both the piperazinyl substituent and 
the quinolone moiety.
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1. Introduction

In recent years, the use of pharmaceuticals has increased 
worldwide [1], mainly in medical processes [2]. As most 
antibiotics cannot be absorbed completely by human beings 
or animals, researchers have detected various types of anti-
biotics in their original form or as metabolites in surface 
water, groundwater, and even drinking water [3]. The pres-
ence of such antibiotics in the environment could affect the 
water quality, potentially damage the aquatic ecosystem, 
and threaten public health [4]. Consequently, the interest of 
scientists in the occurrence, fate, and behavior of antibiotics 
has been increasing [5].

As a typical fluoroquinolone pharmaceutical, ofloxacin 
(OFL) is widely used to cure respiratory diseases and bacte-
rial infections. OFL has been detected in many aquatic eco-
systems, with concentrations reaching the ng/L-μg/L level 
[6]. OFL is difficult to hydrolyze or biodegrade because of 
the stability of the quinolone ring in the OFL molecule and 
OFL can therefore remain in the environment for quite a 
long time.

Various treatment technologies have been used to 
remove antibiotics, such as adsorption [7], biodegradation 
[8], Fenton oxidation [9], O3 oxidation [10], photocatalysis 
[11], and the like. However, traditional sewage treatment 
plants are problematic, as they are not designed to remove 
such chemical compounds effectively [3]. For decades, sig-
nificant progress has been made with advanced oxidation 
processes (AOPs) that employ the high and non-selective 
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oxidation ability of the hydroxyl radical (·OH). One of the 
most advanced and widely used AOPs to degrade antibi-
otics in water is UV/H2O2, which can mineralize the tar-
get pollutant effectively in a considerably short reaction 
time [12]. Recently, significant advances have been made 
in understanding the aquatic UV/H2O2 degradation of 
some pharmaceuticals; however, tailored data on the pho-
totransformation of OFL in the aquatic environment are still 
mainly lacking.

In this work, we focused on the degradation of OFL 
by UV/H2O2 and established the degradation kinetics in 
ultrapure water. In addition, considering the sophisticated 
composition of actual water bodies, we determined the 
optimum H2O2 concentration, and we examined the effect 
of the pH value and the existence of natural organic mat-
ter (NOM) and inorganic ion on the degradation of OFL. 
Furthermore, we determined the photo products of OFL 
and proposed transformation mechanisms. The results we 
obtained can provide a fundamental basis for the treatment 
of water that contains antibiotics.

2. Methods

2.1. Reagents

Ofloxacin (C17H20FN3O4, 98%) was purchased from 
Hefei Bomei Biotechnology Co. Ltd., China and H2O2 (30%), 
acetic acid, and sodium chloride, all of analytic grade, were 
supplied by the Beijing Chemical Plant, China. Humid 
acid (HA) and fulvic acid (C14H12O8, FA) were separately 
obtained from Aldrich, US and the Shanghai Future Indus-
trial Co. Ltd, China. Acetonitrile and methanolof a suitable 
grade for high performance liquid chromatography (HPLC) 
were obtained from Tedia Chemicals, US. All the reagents 
were used as received, without further treatment, and all 
the aqueous solutions were prepared with ultrapure water.

2.2. Analytical methods

The OFL was determined by HPLC (Agilent 1200 series, 
US), equipped with a variable wavelength detector (VWD) 
and a Symmetry-C18 column (4.6 × 150 mm, 5 μm). The 
mobile phase was 10% acetonitrile and 90% acetic acid solu-
tion (0.8%, v/v), the flow rate was 1 mL/min, the detection 
wavelength was 286 nm, the column temperature was 30°C, 
and the injection volume was 20 μL. An ultraviolet-visible 
(UV-vis) spectrophotometer (Analytikjena Specord Plus 
200, Germany) was used to measure the absorbance spectra 
of the OFL solution. The total organic carbon (TOC) was ana-
lyzed by a TOC-Vcph analyzer (Shimadzu, Japan) and the 
pH value was determined by a PHSJ-5 pH-meter (Shanghai 
Precision & Scientific Instrument Co. Ltd., China).

The degradation products of OFL by UV/H2O2 were 
analyzed by ultra- high-performance liquid chromatogra-
phy-high resolution mass spectrometry (UPLC-HRMS). 
UPLC analysis was performed by using a Waters ACQUITY 
UPLC system (Waters Corporation, Milford, USA) with a 
Waters ACQUITY UPLC BEH C18 Column (1.7 μm, 2.1 × 
50 mm) (Milford, MA, USA). The column temperature was 
maintained at 30°C. Elution was performed at a flow rate of 
0.3 mL/min by using the mobile phases of solvent A (0.1% 
formic acid in water) and solvent B (acetonitrile). The sol-

vent gradient was 0–3 min, 5%–20% B; 3–4 min, 20%–40% B; 
4–6 min, 40–100% B, 6–7 min, 100% B, 7–7.1 min, 100%–5% 
B, 7.1–11 min, 5% B.

Mass spectrometry (MS) detection was carried out on a 
Waters SYNAPT G2 HDMS system (Waters MS Technolo-
gies, Manchester, UK), equipped with a dual electrospray 
ionization probe. Before analysis, sodium formate was used 
for calibrating. The optimal conditions for analysis were set 
as follows: the resolution mode was selected for both posi-
tive and negative ionization modes, source temperature was 
set at 120°C, desolvation gas temperature was 350°C, cone 
gas flow was 50 L/h, desolvation gas flow was 700 L/h, cap-
illary voltage was 3.0 kV for the positive mode and 2.0 kV 
for the negative mode, sample cone voltage was 30 V, and 
the extraction cone voltage was 5.0 V. A lock mass calibrant 
leucine-enkephalin (2 ng/mL) in 0.1% formic acid water/
acetonitrile (50:50, v/v) was continuously introduced into 
the mass spectrometer via the second Lock-Spray ESI probe 
at a flow rate of 5 μL/min, generating reference ions for the 
positive ion mode ([M+H]+ = 556.2771) and the negative ion 
mode ([M–H]– = 554.2615), to ensure accuracy during the 
MS analysis. Data were acquired between m/z 100 and 1000 
Da, with a scan time of 0.2 s, and were further processed 
with the MassLynx 4.1 software (Waters). 

2.3. UV/H2O2 degradation reaction

The degradation reactor comprised a 500 mL self-made 
cylinder, an 11 W low-pressure Hg vapor lamp (Institution 
of Light Source, Beijing), emitting UV light at 254 nm, and a 
quartz sleeves set between the cylinder and the lamp. Mag-
netic stirring was conducted during the reaction to ensure 
homogeneous UV exposure. As reported in our previous 
work [4], the UV fluence was calculated by multiplying the 
average photon fluence rate with the exposure time. A pho-
ton fluence rate of 4.5 × 10–5 E/m2/s was obtained using 
atrazine as the actinometer by referring to the published 
procedures [1], which is equal to the power output of 2.12 
mW cm–2. The effective path length of our photochemical 
reactor was 1.9 cm determined by hydrogen peroxide acti-
nometry [13].

Solutions (500 mL) of mixed OFL and H2O2 were 
transformed in the reactor, and, after magnetic stirring 
for 2 min, the lamp was switched on at given time inter-
vals. Finally, two samples were withdrawn and were ana-
lyzed immediately by HPLC. When required, HA, FA, 
and Cl– would be added to the OFL solution before the 
reaction took place.

2.4. Actual water sampling and treatment method

In this study, we conducted the degradation reaction of 
OFL in three types of actual water, i.e., raw water from the 
Xinlicheng reservoir, sand filter effluent from the second-
ary water purification plant, and sedimentation tank efflu-
ent from the secondary sewage plant. The sample locations 
were all in Changchun, Jilin province, China. These three 
types of water were defined as surface water (SW), drink-
ing water (DW), and waste water (WW), respectively. The 
water samples were filtered by using 0.45 μm filter mem-
branes and were stored at 4°C. Table 1 shows the water 
quality parameters.
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3. Results and discussion

3.1. Effect of H2O2 dose

In practical application, the H2O2 dose is an important 
parameter, as the removal efficiency for organic matter 
would be low when the concentration of H2O2 was low; 
however, a high H2O2 concentration could result in excess 
H2O2 and increasing treatment costs. Therefore, it was nec-
essary to determine the optimal concentration of H2O2. Fig. 1 
shows that adding H2O2 efficiently accelerated the removal 
of OFL; the higher the dose of H2O2 the faster would be the 
OFL degradation. This is because H2O2 could generate the 
strongly oxidizing substance ·OH under UV irradiation, 
and, in turn, ·OH could oxidize OFL.

Conversely, as shown in Fig. 2, with a further increase 
of the H2O2 concentration, until the molecular ratio of H2O2/
OFL was more than 1000, that is, the concentration of H2O2 
was 5 mM, reaction rate constant of OFL decreased. This is 
because H2O2 is also an ·OH quencher, which could react 
with ·OH and result in the formation of less-active HO2· [Eq. 
(1)]. This dual role of H2O2 has been reported by previous 
studies; for example, Ghaly et al.[14] found that when the 
H2O2 concentration was greater than 20 mM, the chloro-
phenol degradation decreased because of the ·OH capture 
effect. 

H2O2 + ·OH → HO2· + H2O (1)

Consequently, we chose 240 μM H2O2 as the optimal 
condition for the following experiments.

3.2. Effect of initial concentration of OFL

The contaminant concentration has a significant effect 
on the selection of the removal technique and the specific 
treatment parameters. The effects of the initial OFL con-
centrations on the degradation of UV/H2O2 are shown in 
Fig. 3, which indicates that with an increase in the OFL 
concentration, the removal efficiency of OFL decreased. 
However, with the increase of the initial concentration, the 
absolute degradation amount increased at the same UV flu-
ence, especially in the latter part of the reaction. This can 
be ascribed to a stronger reaction impetus from a greater 
initial concentration. For the following procedure, we chose 
5 μM OFL. 

The experimental results indicate that in the early stage 
of the reaction, the target pollutant was degraded quickly; 
however, as the reaction time continued, the amount of 
degradation per UV fluence input slowed rapidly. This is 
ascribed to the high concentration of H2O2 generating a 
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Fig. 3. Effects of initial concentration of ofloxacin on its degrada-
tion in UV/H2O2 process, [H2O2]0  = 240 μM.

Table 1
Actual water quality

SW DW WW

pH value 8.05 7.91 8.04
Dissolved organic carbon 
(DOC, mg/L)

2.65 0.85 2.20

A254 (cm–1) 0.0785 0.0601 0.1125
Alkalinity (HCO3

–, mM) 2.28 1.75 4.35
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high concentration of ·OH, efficiently degrading the OFL; 
however, with the consumption of H2O2, the OH concen-
tration was also low, which led to the degradation of OFL 
being reduced.

When the concentrations of OFL and H2O2 were 5 μM 
and 240 mM, the degradation of OFL in the UV/H2O2 sys-
tem obeyed the pseudo-first-order kinetics equation, as 
shown in Figs. 1 and 3. The reaction rate constant was 9.44 
× 10–3 cm2/mJ.

3.3. Effect of initial solution pH

The pH value is an important factor in the degradation 
of organic pollutants. The pH value changes the existing 
form of the organic matter, and different forms of organic 
matter have different UV absorption capacities, which fur-
ther change the reactivity. What is more, the photolysis 
rate of H2O2 is different at different pH values; generally, 
alkaline conditions are beneficial to the photolysis of H2O2. 
Therefore, we inspected the effect of the pH value on the 
degradation of OFL in ultrapure water (Fig. 4). The orig-
inal pH value for a mixed solution of OFL and H2O2 was 
7.29, and sulfuric acid and sodium hydroxide were used to 
adjust the pH value. Fig. 4 indicates that both acidic and 
alkaline conditions prohibit the degradation of OFL, and, 
with the increase of pH, the prohibition effect increases.

OFL is considered an amphoteric compound, and with 
changes in the pH of aqueous solutions, it is ionized into 
three forms, namely, cationic (OFL+), zwitterionic (OFL0), 
and anionic (OFL–) [see Eqs. (2) and (3)]. The literature 
refers to the molecular structure and form distribution of 
OFL [15].

OFL+ ↔ OFL0 + H+      pKa1 = 6.08 (2)

OFL0 ↔ OFL– + H+      pKa2 = 8.25 (3)

The UV absorption of the different speciations of OFL 
differed. As shown in Fig. 5, the OFL+ absorption for UV254 
was stronger, and OFL0 and OFL– were relatively weaker. 

In strong alkaline (pH = 10.85) and neutral conditions, the 
OFL mainly exist in the form OFL– and OFL0, separately, 
with the absorption of these two speciations being similar 
(Fig. 5). However, the degradation of OFL in an alkaline 
condition (pH = 10.85) is strongly inhibited (Fig. 4), which 
indicates that the speciation of OFL may not be the predom-
inant factor influencing the degradation. Further more, we 
consider that H2O2 is a weak acid (pka = 11.7), it stably exists 
in acidic and neutral conditions, whereas, in alkaline condi-
tions, H2O2 could ionize to generate HO2

–. As the HO2
– could 

scavenge ·OH, it leads to a decline in the degradation rate of 
OFL in alkaline conditions.

3.4. Effect of water quality

The laboratory experimental results of OFL degrada-
tion in ultrapure water were considered to give reference 
to practical applications. However, as the composition of 
actual water is quite complicated, we needed to know how 
the degradation of OFL would take place in actual water; 
therefore, in this study, we investigated the degradation of 
OFL in three different actual water samples. The results are 
shown in Fig. 6. It is obvious that the degradation of OFL 
in the actual water by UV/H2O2 was strongly prohibited 
compared with that of the ultrapure water. The degradation 
rate constant of OFL decreased in the order kUW > kDW > kSW 
> kWW. However, for UV direct photolysis of OFL without 
H2O2 in the actual water samples, the degradation of OFL 
was enhanced compared with that in the ultrapure water 
(Fig. 7). The degradation rate constant of OFL was found to 
follow kDW > kSW > kWW > kUW.

By comparison, it was obvious that the role of actual 
water in OFL degradation was different in UV and UV/
H2O2 system. This was because actual waters were alkaline 
(the pH value of DW, SW, and UW was 8.05, 7.91, and 8.04 
separately), and alkaline condition inhibited the degrada-
tion of OFL in UV/H2O2 system (Fig. 4), but improved the 
direct photolysis of OFL (Fig. 8). Therefore, we inferred that 
pH value of actual water played important role in the deg-
radation of OFL.
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3.5. Effect of NOM

Because of the non-selective oxidation of ·OH during 
the UV/H2O2 treatment, NOM reacts with ·OH, such as HA 
and FA. Therefore, we considered the effect of HA and FA 
on the degradation of OFL, with the results being shown in 
Fig. 9. The figure indicates that both HA and FA reduce the 
degradation rate of OFL and, with an increasing concentra-
tion of HA and FA, this reduction effect increases and the 
OFL degradation rate declines. This phenomenon could be 
explained as follows: HA and FA absorb the incident light, 
thereby decreasing the UV transmittance, further lowering 
the production of ·OH, and inhibiting the degradation of 
OFL because of radical oxidation [16]. In addition, both HA 
and FA could scavenge ·OH, and OFL could compete with 
HA and FA for ·OH, leading to the OFL degradation rate 
slowing down [17].
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3.6. Effect of chloride ion

Similar to NOM, the inorganic ions Cl– could react 
with ·OH; therefore, we also studied the effect of Cl– on 
the degradation of OFL. Our results are shown in Fig. 10. It 
is obvious that Cl– reduced the degradation of OFL; when 
the concentration of Cl– increased, the inhibitory effect on 
OFL also increased (Fig. 10). This is because the Cl– would 
react with ·OH to produce less-active oxidants (ClOH·–, 
HClOH·, Cl·, and Cl2·

–) [Eqs. (4)–(7)][17], with the dom-
inant species being Cl2·

– [18]. The redox potential of Cl2·
– 

(1.36 V) was much less than that of OH· (2.9 V). As a result, 
in the presence of a high level of Cl–, less OFL would be 
degraded.

Cl– + ·OH ↔ ClOH·– (4)

ClOH·– + H+ ↔ HClOH· (5)

HClOH· ↔ Cl· + H2O (6)

Cl· +Cl– ↔ Cl2 ·
– (7)

3.7. Identification of intermediates and degradation pathways of 
OFL

During the degradation process of OFL by UV/H2O2 
([OFL]0 = 5 μM, [H2O2]0 = 240 μM) the pH value of the mixed 
solution changed from 7.29 to 6.75 after irradiation for 5 
min, and after irradiation for 30 min, the TOC of the mixed 
solution decreased from 1.43 mg/L to 1.36 mg/L. The deg-
radation efficiency of OFL reached 100% after irradiation 
for 5 min, suggesting that despite OFL being decomposed, 
it had not completely mineralized. To obtain more interme-
diates information, high concentration of OFL(50 μM)and 

H2O2 (1 mM), and prolonged UV irradiation time (10 min) 
were applied. Finally, six degradation products of OFL were 
determined by UPLC-HRMS, on which detail information 
is shown in Table 2.

Given the structure of OFL and the characteristics of 
the UV/H2O2 system, a degradation mechanism of OFL 
is proposed, as shown in Fig. 11. The main substitutes 
in OFL were piperazinyl, quinolone, and oxazine sub-
stituent. Previous studies have reported that OFL was 
prone to degradation in piperazinyl and quinolone moi-
ety, and resistant to degradation in oxazine moiety, and 
that it was difficult to defluorinate [19]. The experimental 
results we obtained are in agreement with these previous 
deductions.

In quinolone substituent, the oxidization of the oxy-
gen-centered radical to undergo decarboxylation formed 
m/z = 318, and the ·OH attack at the quinolone moiety 
resulted in the formation of the carbon ring-centered radi-
cal, leading to the formation of m/z = 334. After the break-
age of the carbon double-bonded side chain on the ring 
structure with a keto group, m/z = 338 was formed with 
the aid of ·OH.

In piperazinyl substituent, the m/z = 378 formation 
is attributed to hydroxylation at the piperazinyl ring, and 
m/z = 336 was formed after multiple reactions, leading to 
the opening of the N-piperazine ring. Furthermore, m/z = 
279 was generated by the oxidation of the piperazine side 
chain and an amino group was reduced, which had also 
been reported within the sonophotocatalytic treatment of 
OFL [20].

4. Conclusions

The UV/H2O2 advanced oxidation process was able to 
rapidly degrade OFL, with the degradation process follow-
ing the first-order reaction kinetics. The ·OH generated by 
H2O2 significantly improved the reaction rate of OFL; the 
rate constant increased linearly with the concentration of 
H2O2. However, with a continuous increase of the H2O2 dos-
age, the rate constant of OFL slowed down, and when the 
concentration of H2O2 was greater than 5 mM, the rate con-
stant of the OFL decreased. However, the absolute amount 
of degradation of OFL increased with an increase in the ini-
tial concentration of H2O2. In all three types of actual water, 
the degradation of OFL was prohibited compared with that 

Table 2
Degradation products of ofloxacin by the UV/H2O2 process, 
identified by UPLC-HRMS [OFL]0 = 50 μM, [H2O2]0 = 1 mM, 
irradiation for 10 min

m/z Retention 
time (min)

Molecular 
formula

Error 
(ppm)

Difference 
with OFL

Degradation 
site moiety

279 1.40 C13H11FN2O4 3.6 –5C 9H N piperazinyl
318 1.43 C17H20FN3O2 0.3 –C 2O quinolinic
334 1.06 C17H20FN3O3 –5.7 –C O quinolinic
336 1.32 C16H18FN3O4 –2.7 –2C 2H piperazinyl
338 0.99 C16H20FN3O4 0.0 –2C quinolinic
378 1.61 C18H20FN3O5 0.5 +O piperazinyl
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UV/H2O2 process, [OFL]0 = 5 μM [H2O2]0 = 240 μM.
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of the ultrapure water. The degradation rate constant of 
OFL decreased in the order KUW > KDW > KSW > KWW, which 
could be related to the actual water environment. Further 
analysis indicated that the acidic and basic environments or 
the existence of NOM and chloride ion inhibited the degra-
dation of OFL, validating our deduction. The findings of the 
study indicate that laboratory results could not be directly 
extended to actual water treatment without further consid-
eration. Six degradation products of OFL were determined 

by UPLC-HRMS, with the degradation pathways mainly 
encompassing ring openings at both the piperazinyl sub-
stituent and the quinolone moiety.

Acknowledgements

This work was funded by the National Natural Sci-
ence Foundation of China (No. 41403101 and 51608225), 

N

O

N

N

O

OH

O

CH3H3C

F

N

O

N

N

O

OH

O

CH3H3C

F

HO

+O

m/z 378

-C 2O

N

O

N

N

O

CH3H3C

F

+O

N

O

N

N

O

CH3H3C

F OH

m/z 318

m/z 334

N

OH

O

N

N
CH3H3C

F

-C +O

m/z 338

-2C 2H O

N

O

HN

H
N

O

OH

O

CH3H3C

F

m/z 336

N

O

H2N

O

OH

O

CH3

F

m/z 279

-3C 7H N

Ofloxacin, m/z 362

O

O

Piperazinyl substituent

Quinolone moiety

Oxazine moiety

Fig. 11. OFL degradation pathways induced by the UV/H2O2 process.



H. Xue et al. / Desalination and Water Treatment 72 (2017) 386–393 393

the Environmental Protection Department of Jilin Prov-
ince (No. 2015–17), and the Education Department of Jilin 
 Province (No. 2016058).

References

[1] S. Canonica, L. Meunier, U. von Gunten, Phototransformation 
of selected pharmaceuticals during UV treatment of drinking 
water, Water Res., 42 (2008) 121–128.

[2] R. Li, S.E. Williams, Q. Li, J. Zhang, C. Yang, A. Zhou, Photo-
electrocatalytic degradation of ofloxacin using highly ordered 
TiO2nanotube arrays, Electrocatalysis, 5 (2014) 379–386.

[3] Y. Pi, J. Feng, M. Song, J. Sun, Degradation potential of oflox-
acin and its resulting transformation products during Fenton 
oxidation process, Chin. Sci. Bull., 59 (2014) 2618–2624.

[4] F. Yuan, C. Hu, X. Hu, J. Qu, M. Yang, Degradation of selected 
pharmaceuticals in aqueous solution with UV and UV/H2O2, 
Water Res., 43 (2009) 1766–1774.

[5] F. Yuan, C. Hu, X. Hu, D. Wei, Y. Chen, J. Qu, Photodegradation 
and toxicity changes of antibiotics in UV and UV/H2O2 pro-
cess, J. Hazard. Mater., 185 (2011) 1256–1263.

[6] M.S. Peres, M.G. Maniero, J.R. Guimaraes, Photocatalytic deg-
radation of ofloxacin and evaluation of the residual antimicro-
bial activity, Photochem. Photobiol. Sci., 14 (2015) 556–562.

[7] X. Cao, H. Pang, G. Yang, Sorption behaviour of norfloxacin on 
marine sediments, J. Soil Sediment., 15 (2015) 1635–1643.

[8] C.L. Amorim, I.S. Moreira, A.S. Maia, M.E. Tiritan, P.M.L. Cas-
tro, Biodegradation of ofloxacin, norfloxacin, and ciprofloxacin 
as single and mixed substrates by Labrys portucalensis F11, 
Appl. Microbi. Biotechnol., 98 (2014) 3181–3190.

[9] M.I. Vasquez, E. Hapeshi, D. Fatta-Kassinos, K. Kuemmerer, 
Biodegradation potential of ofloxacin and its resulting trans-
formation products during photolytic and photocatalytic 
treatment, Environ. Sci. Pollut. Res., 20 (2013) 1302–1309.

[10] K.S. Tay, N. Madehi, Ozonation of ofloxacin in water: By-prod-
ucts, degradation pathway and ecotoxicity assessment, Sci. 
Total Environ., 520 (2015) 23–31.

[11] C. Rodrigues-Silva, M.G. Maniero, S. Rath, J.R. Guimaraes, 
Degradation of flumequine by photocatalysis and evaluation 
of antimicrobial activity, Chem. Eng. J., 224 (2013) 46–52.

[12] J. Sun, M. Song, J. Feng, Y. Pi, Highly efficient degradation of 
ofloxacin by UV/oxone/Co2+ oxidation process, Environ. Sci. 
Pollut. Res., 19 (2012) 1536–1543.

[13] F.J. Beltran, G. Ovejero, J.F. Garcia-Araya, J. Rivas. Oxidation 
of polynuclear aromatic hydrocarbons in water. 2. UV radia-
tion and ozonation in the presence of UV radiation. Ind. Eng. 
Chem. Res., 34 (1995) 1607–1615.

[14] M.Y. Ghaly, G. Härtel, R. Mayer, R. Haseneder, Photochemi-
cal oxidation of p-chlorophenol by UV/H2O2 and photo-fenton 
process. A comparative study, Waste Manage., 21 (2001) 41–47.

[15] K.W. Goyne, J. Chorover, J.D. Kubicki, A.R. Zimmerman, S.L. 
Brantley, Sorption of the antibiotic ofloxacin to mesoporous 
and nonporous alumina and silica, J. Colloid Interface Sci., 283 
(2005) 160–170.

[16] M. Kwon, S. Kim, Y. Yoon, Y. Jung, T.-M. Hwang, J. Lee, J.-W. 
Kang, Comparative evaluation of ibuprofen removal by UV/
H2O2 and UV/S2O8

2− processes for wastewater treatment, 
Chem. Eng. J., 269 (2015) 379–390.

[17] C. Tan, N. Gao, Y. Deng, Y. Zhang, M. Sui, J. Deng, S. Zhou, 
Degradation of antipyrine by UV, UV/H2O2 and UV/PS, J. 
Hazard. Mater., 260 (2013) 1008–1016.

[18] G. Le Truong, J. De Laat, B. Legube, Effects of chloride and 
sulfate on the rate of oxidation of ferrous ion by H2O2, Water 
Res., 38 (2004) 2384–2394.

[19] Y. Pi, J. Feng, J. Sun, M. Song, J. Sun, Oxidation of ofloxacin by 
Oxone/Co2+: identification of reaction products and pathways, 
Environ. Sci. Pollut. Res Int., 21 (2014) 3031–3040.

[20] E. Hapeshi, A. Achilleos, M.I. Vasquez, C. Michael, N.P. Xek-
oukoulotakis, D. Mantzavinos, D. Kassinos, Drugs degrading 
photocatalytically: Kinetics and mechanisms of ofloxacin and 
atenolol removal on titania suspensions, Water Res., 44 (2010) 
1737–1746.


