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HIGHLIGHTS

® TX100 strongly enhanced the adsorption and photodegradation of NOF in Bi, WOg dispersions under visible light irradiation (400-750 nm).
e Cu?* (10 mM) significantly suppressed the photocatalytic degradation of NOF.

® FT-IR demonstrated that the NOF adsorbed on Bi,WOg was completely degraded.

® Three possible photocatalytic degradation pathways of NOF were proposed, according to the HPLC/MS/MS analysis.
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Photocatalytic degradation is an alternative method to remove pharmaceutical compounds in water,
however it is hard to achieve efficient rate because of the poor solubility of pharmaceutical compounds
inwater. This study investigated the photodegradation of norfloxacin in a nonionic surfactant Triton-X100
(TX100)/Bi, WOg dispersion under visible light irradiation (400-750 nm). It was found that the degrada-
tion of poorly soluble NOF can be strongly enhanced with the addition of TX100. TX100 was adsorbed
strongly on Bi; WOg surface and accelerated NOF photodegradation at the critical micelle concentration

ﬁiyr‘f/lvg;ii:in (CMC=0.25 mM). Higher TX100 concentration (>0.25 mM) lowered the degradation rate. In the presence
Surfactant of TX100, the degradation rate reached the maximum value when the pH value was 8.06. FTIR analy-

ses demonstrated that the adsorbed NOF on the catalyst was completely degraded after 2 h irradiation.
According to the intermediates identified by HPLC/MS/MS, three possible degradation pathways were
proposed to include addition of hydroxyl radical to quinolone ring, elimination of piperazynilic ring in
fluoroquinolone molecules, and replacement of F atoms on the aromatic ring by hydroxyl radicals.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

The increasing antibiotic resistance of microorganism and
antibiotic resistance in human body aroused by the presence of
antibiotics in natural water gains great public attention [1]. Many
antibiotics detected in aquatic environment, even at trace levels,
may cause antibiotic resistance and lead to an adverse effect to
aquatic wildlife, the ecosystem and human health [2,3]. Fluoro-
quinolones (FQs) is one of the most consumed antibiotics and has
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a total consumption of about 44 million kilograms every year in
the world [4]. Norfloxacin (NOF), a second generation synthetic
FQs, is widely used in veterinary medicine and treatment of human
infections. Three of the primary sources of antibiotics entering the
environment are medicine, agriculture, and pharmaceutical indus-
try. Because a large portion of the administered doses are excreted,
a substantial amount of NOF is released to the environment. NOF
has poor solubility in water and easily deposits on aquatic sedi-
ments and soil. Thus, its environmental occurrence, transfer, fate,
and potential risk during water treatment should be the focus of
our concern.

Among the removal technologies of heavy metals and FQs from
water, including adsorption, biological treatment, and advanced
oxidation/reduction process (AO/RP) [5-11], AO/RP has been
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proved to be a highly efficient and low cost method, and received
considerable attention. AO/RP with the highly reactive hydroxyl
radical (*OH), hydrated electrons (eaq) and hydrogen atoms (H*)
as main active species can effectively degrade these soluble biore-
fractory antibiotics [6]. The widely used photocatalyst, namely
TiO,, can mainly be excited by light in the ultraviolet region dur-
ing oxidation process [12]. However, the exciting light in the UV
region only accounts for 4% of the solar light in the complete spec-
trum of sunlight, which significantly limits the application of TiO,
in photocatalysis. Bismuth tungstate (Bi;WOg) was reported to
have an excellent photodegradation efficiency under visible light
(400-800nm) [13-16]. In previous studies, Bi;WOg prepared by
hydrothermal method displayed a certain photocatalytic activity
capacity to NOF and Rhodamine under simulated solar light irra-
diation [17-21]. However, the poor solubility of NOF in aquatic
environment limits the photocatalytic capacity to NOF.

In recent years, the use of surfactant solutions in prior extrac-
tion/washing steps for removal of organic contaminants from solid
phases has been largely applied in sediment or soil remediation. It
also gives a particular insight into potential use of dissolved sur-
factants in the photocatalysis treatment of complex poorly soluble
pollutant in aqueous solution.

It should be noted that some surfactants can be completely
decomposed by photocatalysis [22], so theoretically, they can com-
pete with the target substrate for active sites on the semiconductor
surface and thus retard the degradation of contaminants. Pra-
mauro et al. indicated that the degradation of some aromatic
pollutants in the presence of surfactants bearing alkyl chains is
possible, although at relatively low reaction rates [23,24]. The pos-
sible beneficial effects arising from adsorption of surfactants onto
the semiconductor surface were examined [25,26]. Hidaka et al.
proposed the use of amphiphiles in photocatalysis and their resis-
tance to radical attack and found that different types of surfactants
have various effects on the photocatalytic process [27], depending
on the pollutant hydrophobicity, solution pH, and surfactant con-
centration. Although the addition of surfactants will compete with
the target pollutant for active sites on the catalyst, the degrada-
tion of poorly soluble substances can be strongly enhanced with
the formation of surfactants micelle in aqueous solution. It was
reported that introduction of anionic surfactant in TiO, dispersions
induces the aggregation of cationic dyes, allowing the poorly sol-
uble dye adsorbed on the photocatalyst surface, which strongly
accelerated the photodegradation under visible light irradiation
[28-30]. However, the specific mechanism of the complex sys-
tem still remains unknown. What is more, many researchers have
investigated the degradation pathway of pharmaceuticals in bio-
logical treatment and UV light treatment, but few researchers paid
attention to the degradation intermediates during the visible light
treatment [31,32]. It is necessary to investigate the efficiency of
photocatalysis in degradation of antibiotics, such as NOF, in pres-
ence of surfactants under visible light. The degradation pathway
and products of the pharmaceuticals during photo treatment pro-
cess under visible light should also be our concern.

Triton X-100 (TX100), a nonionic surfactant, is capable of
solubilizing hydrophobic contaminants that are relatively water
insoluble. Previous study confirmed that TX100 was effective in
removing polycyclic aromatic hydrocarbons and benzoapyrene
from soils [33,34]. Besides, nonionic surfactants are preferable to
anionic and cationic surfactants due to the following reasons: (1)
They are less nontoxic [35]. (2) They are easily biodegradable and
purchased [36]. We conducted this study to evaluate the feasibility
of the photocatalytic decomposition of the target NOF by Bi, WOg
in surfactant micelles (TX100) and the impacts of the following
coexisting substances on the photocatalytic degradation of NOF by
Bi,WOg: inorganic anions (S042~,NOs~, and HCO3~) and inorganic
cations (K*, Ca%*, Cu?*, and Mg?*). Fourier-transform infrared (FTIR)

spectroscopy was used to determine whether the adsorbed NOF on
the catalyst was degraded. Furthermore, photodegradation prod-
ucts during the treatment process and pathways of photocatalytic
degradation of NOF were also investigated.

2. Materials and methods
2.1. Reagents

Norfloxacin (C;gH1gFN303, purity 99.8%) was purchased from
Aladdin-Reagent Company, Shanghai. Triton X-100 were purchased
from Aldrich Chemical Co., Ltd. Bismuth tungstate was synthesized
using bismuth nitrate pentahydrate (Bi(NOs3)3-5H,0) and sodium
tungstate dihydrate (Na,WO,4-2H,0) as precursors, which were
purchased from Chemical Technology Co., Ltd., Tianjin, China. The
preparation method is illuminated in Supplementary material. The
salts including sodium sulfate (Na;SO4), sodium nitrate (NaNO3),
sodium bicarbonate (NaHCO3), potassium chloride (KCI), magne-
sium chloride (MgCl,), copper sulfate pentahydrate (CuSO4-5H,0)
and calcium chloride (CaCl,) were obtained from Chemical Tech-
nology Co., Ltd., Tianjin, China. The mobile phase solvent for HPLC
analysis (i.e., acetonitrile, formic acid) came from Tedia Company.
All other reagents were of analytical purity. Solutions were pre-
pared with high-purity water (18.25 M cm~1) from a Milli-Q water
purification system.

2.2. Surface tension measurements

The CMC for the TX100 containing systems was measured
according to the Wilhelmy plate method using an interfacial ten-
siometer (Tensiometer K14 Kriiss, Germany), and were performed
in the absence and the presence of Bi, WOg. The mean value of the
five measurements set at a temperature of 25+ 1°C was accepted
as a result.

2.3. Photocatalytic degradation

Typically, photocatalytic degradation was performed in an
aqueous Bi, WOg suspension prepared by mixing 100 mg Bi, WOg
powder with 100mL of solutions containing NOF and TX100
at an appropriate concentration. Prior to irradiation, the sus-
pensions were stirred in the dark for 30min to achieve the
adsorption-desorption equilibrium. The light source, which was
300W Xe lamp (CEL-HXF300 AULTT, Beijing, China) with a 400 nm
cut off filter. At regular irradiation time intervals, 2 mL reaction
solution was withdrawn and filtered through 13 mm x 0.45 pm
membrane for NOF analysis.

2.4. Characterizations

FTIR spectra were obtained using a spectrometer (Spectrum GX,
PerkinElmer, USA) within the 4000-400 cm~! region at a 4cm™!
resolution. About 2mg of the milled sample was ground with
200 mg of KBr (FTIR grade) and compressed into a pellet under a
vacuum at a pressure of 75 KN cm~2 for 3 min.

Crystallographic information of Bi,WOg was obtained by X-ray
diffraction (XRD, 43 Rigaku D/MAX-RB, Cu Ka radiation, Japan). The
data were collected in the 20-80° 26 range with 0.4° steps and a
counting time of 5s per step.

UV-vis diffused reflectance spectra (DRS, Shimadzu, UV-3150,
Japan) of Bi, WOg were obtained on a Hitachi U-3010 spectrometer,
using BaSOy as the reference.
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2.5. Analytical determination

The photodegradation products and intermediates of NOF were
analyzed by HPLC (Agilent 1100). The determination of NOF and
TX100 in the filtrates was performed using HPLC with the UV detec-
tor at 280 nm for NOF and 220 nm for TX100 under the following
conditions: Kromasil C18 column, 250 x 4.6 mm i.d., at 25°C. The
mobile phase was 70:30(v/v) acetonitrile (CH3CN) and formic acid
solution (0.1% HCOOH); flow rate was 1 mLmin~!. For LC-MS/MS,
an Agilent high-performance liquid chromatography (HPLC) sys-
tem with the C18 column, 100 x 4.6 mm, 1290 auto sampler, 1290
Bin pumps, and API 3000 mass analyzer was used. LC separations
were performed at the flow rate of 0.2 mLmin~! with injection
volumes of 10 L. The linear gradient elution was selected as
the following: from 90% A (0.1% formic acid solution) and 10% B
(CH3CN) to 10% A and 90% B within 30 min and then reverse to
the initial conditions within 10 min. An electrospray interface (ESI)
was used for the MS and MS-MS measurements in positive ioniza-
tion mode at the full scan acquisition between m/z 100-600. The
collision energy varied according to the requirements for different
measurements, and the other parameters were set as the follow-
ing: the ESIwas set as 4 kV, and the temperature was 400 °C. The gas
(N3) flow rate was 11 Lmin~!, and nebulizer was 15 psi. Nitrogen
was used as a collision gas at 2500 mbar.

2.6. Acute toxicity evaluation

The toxicity tests of NOF and its intermediates on Escherichia coli
(E. coli) were operated according to the previous report [37]. Briefly,
E. coli suspension was adjusted with OD600 to be 0.1 by using 2 mM
sodium bicarbonate buffer. Then, a volume of 1 mL of 5 x 10~3 mM
NOF was mixed with 2 mL of diluted E. coli solution, and incu-
bated for 6 h. After the incubation, the mixture was centrifuged to
remove the supernatant in tube. A volume of 0.5 mL of the thawed
stock 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT) solution was added to the sample and kept at 37°C
for 1 h. Then acid-isopropanol (3 mL isopropanol with 0.04 M HCl)
was added and mixed thoroughly, and kept at room temperature
for 2 h to ensure that all of the dark blue crystals were dissolved.
The absorbance was measured at a wavelength of 570 nm using a
UV-vis spectrophotometer.

Inhibitions = =4 . 100 (1)
Ao
where Ag is the original absorbance of the E. coli suspension. A is the
absorbance of E. coli suspension after incubation. The intermediate
solutions of 6.3 x 10-2 mM NOF after reacting with the catalyst and
0.25 mM TX100 under visible light irradiation were sampled at dif-
ferent time intervals, diluted 12.5 times and used for parallel tests
instead of NOF. All of the samples were analyzed in triplicate.

3. Results and discussion
3.1. Effect of TX-100 concentration

The photocatalytic degradation of NOF in Bi,WOg dispersions
without or with different concentrations of TX100 was initially
investigated. As reported in previous studies, the surfactants in
aqueous solution can help contaminants be adsorbed on the
Bi,WOg surface [28]. It is much easier for those contaminants
surrounded by surfactant molecules to reach the Bi,WOg surface
to react with the reactive species excited by visible light. The
photodegradation of NOF with Bi, WOg under different TX100 con-
centrations are shown in Fig. 1a where the former 30 min refers
to the 30 min of dark adsorption. A great increase of degradation
rate was observed with the help of TX100 at concentrations from
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Fig. 1. (a) Photodegradation of NOF with Bi;WOg catalyst under different TX100
concentrations, and first-order fitting curves (inset). (b) Photodegradation of TX100
at different concentrations without NOF by Bi;WOg under visible light irradiation
at pH 8.

0.01 mM to 0.25 mM. However, with TX100 concentration increas-
ing to 0.3 mM, slight abatement of NOF degradation occurs. With
TX100 at the concentration of 0.25 mM, the removal of NOF is com-
pleted within 90 min of irradiation. While only about 79% NOF was
degraded by Bi;WOg without TX100 within 120 min. The opti-
cal property of TX100/Bi,WOg was analyzed by UV-vis diffuser
reflectance. 0.25 mM TX100 had no obvious effect on the optical
property of Bi,WOg (shown in Fig. S1).

As reported previously in most similar experiments, the kinetic
data of photodegradation of NOF were well fitted by the pseudo-
first-order kinetic law described by the equation:

—In (C%) =kt (2)

where Cy and C are the NOF concentrations at time zero and ¢t,
respectively, and k is the rate constant. All correlation coefficients
(R%) > 0.85. With the addition of TX100, k for NOF degradation was
significantly increased (Table 1). It can be found that the decompo-
sition rate of NOF in TX100/Bi, WOg dispersion at 0.25 mM Crx_100
was the highest, which is 25.8 times higher than that without
TX100.

The photodegradation of TX100 at different concentrations
without NOF by Bi,WOg was also investigated (Fig. 1b). It can
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Table 1

Kinetic parameters of the pseudo-first-order model of NOF degradation at virious TX100 concentration.

Sample TX-100(0mM) TX-100(0.01mM) TX-100(0.05mM) TX-100(0.1mM) TX-100(0.15mM) TX-100(0.2mM) TX-100(0.25mM) TX-100 (0.3 mM)
k 0.016 0.023 0.024 0.024 0.025 0.034 0.043 0.031
R? 0.85 0.90 0.89 0.91 0.94 0.98 0.96 0.96

be seen that TX100 concentration was reduced during the dark
adsorption, but kept stable under visible light irradiation, and
scarcely degraded by Bi,WOg photocatalysis. This is probably
because that the reactive oxygen species, such as 02-—, HO—, could
not break the C—0 and CC bonds of TX100. Herein, TX100 was obvi-
ously favorable to adsorption and biodegradation process of the
poorly soluble hydrophobic pollutant NOF by Bi;WOg.

In order to further investigate the above-mentioned effects, a
more complex behavior exhibited by TX100 in the bulk solution
and on the semiconductor-solution interface has to be carefully
examined. The molecular structures of TX100 and NOF and the pro-
posed mechanism of the enhanced adsorption of NOF on Bi; WOg
surface in TX100 system is given in Scheme 1. In an aqueous solu-
tion, surfactant monomers start aggregating to form micelles at
its critical micelle concentration (CMC). The CMC of the TX100
solution was 0.25mM, shown in Fig. 2. Below the CMC concen-
tration, TX100 present in the bulk solution and on solid-water
interface was in monomeric form. The semiconductor surface com-
bining with TX100 through hydrophilic reaction provided strong
capturing ability for the target NOF among the incorporated layers.
The bulky aromatic moiety of NOF with type -7 binding in the
nonionic TX100 molecules could easily and strongly interact with
the hydrophilic groups on the Bi,WOg surface, such as the O—H
functional bonds [38]. Consequently, the more TX100 monomers
incorporated on the surface, the more NOF could be implanted in
the space among TX100 monomers close to the hydrophobic ter-
minations. What is more, -1 binding facilitates electron transfer
from semiconductor surface to NOF, which improves the photocat-
alytic degradation of NOF [39]. Hence, the degradation efficiency
increased with the increasing amount of surfactant molecules
adsorbed, and more NOF can be photodegraded. However, with
further increase of the surfactant concentration above CMC, the
degradation efficiency decreased. It might be contributed to the
NOF incorporated in dense micelles could not contact with the
semiconductor surface, thereby decreasing the degradation effi-
ciency.
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Fig. 2. Variations in the surface tension as a function of the logarithm of the
TX100concentration at 25°C in the presence of Bi; WOg.

We conducted the photocatalytic degradation test of NOF by
0.25 mM TX100 under the same conditions without catalyst, shown
in Fig. S3. The results showed almost no degradation of NOF by
TX100 within 120 min. In general, -1 interaction between aro-
matic rings is a type of non-covalent interaction, which will not
decompose the NOF directly under visible light.

3.2. Effect of pH

Influence of pH varying from 3.96 to 10.1 on the photocat-
alytic degradation of NOF was also investigated in the aqueous
Bi; WOg dispersion in the presence of TX100 at 0.25 mM concen-
tration (Fig. 3a). In such dispersion, about 97% NOF is degraded
in 60 min at pH 8.06. While it takes 100 min for 97% NOF to be
degraded at pH 3.96. The degradation efficiency of NOF has an
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Fig. 3. (a) Effects of pH on the photodegradation of NOF (6.3 x 10-2mM) in
the presence of TX100 at the CMC (0.25mM). (b) pH variation during reaction
(ApH = pH¢ — pHinitial)-
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Scheme 1. (a) The molecular structures of TX100 and NOF. (b) The proposed mechanism of the enhanced adsorption of NOF onto Bi,WOg surface in TX100 system.

increasing trend with the pH increasing from 3.96 to 10.1. Such
variations in pH can be attributed to the co-adsorption of NOF and
TX100 on the Bi;WOg surface, in as much as the adsorption of
the nonionic surfactant decreases dramatically at low pH. Adsorp-
tion of NOF on BiWOg particles is thereby affected. Zhu’s group
reported that photocatalytic degradation rates of pesticide pyrid-
aben increased with the decrease of pH value due to the surface
charge variations of pyridaben adsorbed onto TiO, particles [40].
Different from their results, the adsorption of NOF on the Bi,WOg
particles is higher in alkaline condition in our study. It might be
because NOF was protonated at low pH, and its ionic characteris-
tics led to less solubilization of the NOF in the hydrophobic micelles.
At higher pH (above pK, value), NOF was deprotonated and it
behaves like a hydrophobic molecule and easily got solubilized
in the micelles [41]. Liu et al. [42] suggested that the adsorp-
tion behavior of the nonionic TX100 by the electric attractions on
the weakly charged surface of the catalyst was very insignificant
at weak acidic conditions. The fast photodegradation occurred in
photo irradiation part in alkaline condition because hydroxyl ion
could react with photogenerated hole to produce more hydroxyl
radical, i.e., BiyWOg (h*)+OH~ — *OH + Bi,WOg;whereas the pho-
todegradation was inhibited when pH was higher than 10.

Inorder to further explain the complex effect of pH on the photo-
catalytic degradation of NOF, the pH variation during photocatalytic
reaction was also investigated shown in Fig. 3b. It is noted that an
obvious pH decrease occurs during process of photocatalytic reac-
tion especially at pH 10.1 and 9. It suggests that many hydroxyl
ions were consumed during the photocatalytic reaction which was
consisted with the above mentioned reaction equation. There is a
gradual pH drop during the photocatalytic degradation when the
initial pH is 8.06 and 6.98. It implies that a continuous consumption
of OH~ occurs in the photocatalytic process as well.

3.3. Effect of inorganic ions

Many researchers found that the inorganic salts existing in
water showed a significant influence on photocatalytic treatment
of pollutants [43,44]. In this study, the effect of selected anions

(S042-, HCO3~, and NO3~) and cationic ions (K*, Ca2*, Mg2*, and
Cu?*) were investigated.

Fig.4a shows the effects of different anions on the photocatalytic
degradation of NOF, and the results showed that both SO42~ and
HCO3~ retarded the NOF decay rate, according to the equations
given in the previous literature:

S042~+°OH + HT— *SO4~ +H,0 (3)
HCO3~+°0OH — CO3°*~ +H,0 (4)

In the above reactions, SO42~ and HCO3~ acted as the scavenger
of *OH radicals, and meanwhile sulfate radicals (*SO4~) and carbon-
ate radicals (CO3*~) were formed with continuous consumption
of *OH radical. Especially, weaker oxidizing agent sulfate radical
formed by SO42~ reacting with *OH performed a selective oxida-
tion and had a larger molecular structure (than *OH), which might
hinder its reaction with the target compounds. In addition, it took
a longer time for the sulfate radical than *OH to react with the tar-
get NOF in theory, thus retarding the NOF decay in the presence of
S042~. However, NO3;~ did not show significant inhibition to the
photodegradation of NOF.

The commonly existing inorganic cations, such as K*, Ca2*, Mg2*,
and Cu?*, in natural water were also evaluated. Most inorganic
cations are in the highest and stable oxidation state in aquatic envi-
ronment [45]. It is supposed that these metal ions would have a
significant influence on the photodegradation of contaminants in
aqueous solution, since they will change the intrinsic viscoelas-
tic properties of the monolayer of nonionic and ionic surfactants
at the interface between solid surface and bulk solution [46]. As
the intrinsic viscoelastic properties of the monolayer changed, the
adsorption of contaminants was thereby affected. As shown in
Fig. 4b, all the metal ions display inhibition effects in photocatalytic
degradation of NOF. K*, Ca2*, and Mg2* show a slight influence.
This could be attributed to that the intrinsic viscoelastic properties
of TX100 monolayer were affected by the presence of these salts,
therefore CMC was influenced. The adsorption of NOF on Bi, WOg
particles greatly depends on the CMC in the dispersion. How the
salts in surfactant solution particularly affect surfactant adsorption
on Bi,WOg particles needs to be further investigated.
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Different from K*, Ca?* and Mg2*, Cu* (10 mM) significantly
suppressed the photocatalytic degradation of NOF in the reaction
solution (Fig. 4b). Cu2* also have an great influence on adsorption
of NOF probably because Cu?* react with TX100 to form Cu-chelate
which results in drastical decrease of the TX100 concentration in
solution. It was reported that CuZ* enhanced the photocatalytic
degradation of dimethoate at lower concentration, while inhibited
it at higher concentration [47]. In the photodegradation system,
*OH radical is the main oxidizing species [48,49]. As mentioned
above, Bi,WOg (h*)+OH~ — *OH +Bi, WOg. Photogenerated hole is
the key to form *OH radical. In the present study, the photodegra-
dation of NOF by Bi,WOg was inhibited by Cu?* at 10 mM. Hu et al.
[50] reported that Cu?* can accept the photoelectrons generated by
irradiated catalyst according to the reactions given as follows:

Cu?t +e - Cut+e - Cu (5)
Cu + h* - Cut +ht > Cu?t (6)

At higher Cu2* concentration, Cu?* may compete with OH~ for
the photogenerated holes on catalyst surface. Besides, Cu?* might
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be adsorbed onto Bi;WOg surface. Hence, Cu?* inhibited the degra-
dation by Bi;WOg and higher concentration of Cu2* ions would
resultin stronger negative effect for NOF degradation. Further study
is necessary for elucidating the inherent mechanisms.

3.4. FTIR spectra

Fig. 5a and b illustrates the FTIR spectra of BiWOg and its sec-
ond derivatives after adsorbing NOF at the wavenumber range of
3500-400 cm~!. The main band of Bi,WOg at 3406 cm~! attributed
to the OH stretching vibration of —OH in lattice water [51]. After
adsorption of TX100, a new peak at 1634 cm~! occurred and corre-
sponded to the weak C=C vibration from bending aromatic groups.
After adsorption of NOF, the spectrum of Bi,WOg changed. New
peaks appeared in the region of 1000-1500 cm~! attributed to the
adsorption of NOF. Compared with the FTIR spectrum of NOF, it
is obvious that new peaks of Bi,WOg with NOF adsorbed corre-
sponded to the stretching vibration of bonds in NOF.

The bands at around 1497 and 1275 cm~! corresponded to the
asymmetric and symmetric stretching frequencies of the CH;, and
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Fig. 6. Total ion chromatogram of photocatalytic degradation products of NOF over Bi, WOs. The dosage of Bi, WO is 1 g/L and the initial pH value is around 8.06, with TX100

(0.25 mM).

O—H bending vibration [52], respectively. C is used to represent
Bi; WOg +TX100 + NOF. The spectra of the Bi, WOg after the adsorp-
tion of NOF in TX00 solution and after degradation for 30 min were
similar to each other, implying that adsorbed substance on the
surface was still NOF after irradiation for 30 min. However, after
irradiation for 1 and 2 h, the spectra changed distinctly with the dis-
appearance of the peaks at 1250-1300 cm~! and 1450-1500 cm™!,
which corresponded to O—H amine stretching vibration and CH,

Table 2
The information of the intermediates.

deformation vibration, respectively [52]. The disappearance of
these two peaks indicates that the adsorbed NOF was degraded
and transformed to some intermediate products through losing the
—COOH and quinolone structure.

The crystalline phases of Bi, WOg before and after photoreaction
with NOF were also characterized by XRD. It can be seen that there
is no change of the crystalline phase after reaction, shown in Fig.
S2.
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Fig. 7. Possible photocatalytic degradation ways of NOF after irradiation over Bi, WOg.

3.5. Photocatalytic degradation intermediates and possible
degradation pathways for NOF

The main photodegradation intermediates were also identified
by HPLC and LC/MS/MS to determine the reaction mechanism along
the route to photodegradation. In regard to determination of the
photodegradation products during Bi,WOg treatment process of
NOF, all mass spectrogram of main intermediates are given in Fig. 6.
No intermediate was detected by LC/MS/MS during the adsorp-
tion process. However, twelve intermediates were identified in the
Bi,WOg irradiated process. The molecular weights of the interme-
diates and proposed molecular structure are summarized in Table 2.
Spectrum of all intermediates are given from Fig. S4 to Fig. S11. Best
choice of the chemical structure is in the light of prior knowledge
of the molecule pattern. Previous research found the products with
m/z of 322, 336, 294 and 251 [32], due to partial elimination of
the piperazine ring. These main products were also found in this
work, but the m/z 251 was found only in a small amount, and the
product with m/z of 306 was firstly found due to the losing of oxy-
gen atoms in the carboxy group. The intermediate NO7 with m/z
318 was attributed to the F atom replacement by hydroxyl ion.
The cleaved fragments with m/z [M +H-14]* and [M +H-26] * were

attributed to the loss of oxygen atoms and —CH,—CH,, generating
intermediates m/z 306 and 294, respectively.

According to the intermediate determination, the photocat-
alytic degradation of NOF was supposed to be mainly composed
by three pathways, including piperazine ring transformation (path-
way1), defluorination (pathway 2), and decarboxylation (pathway
3) (Fig. 7). In pathway 1, hydroxyl keto-derivative (NO2; m/z 350)
is obtained by an additional step of incorporation of an oxygen
atom. Subsequent loss of CO results in opening of the piperazinyl
ring (NO3; m/z 294), following by the structure rearrangement and
the generation of amide (with NH—CH=O0 group). Similar reaction
between piperazine ring and *OH radicals in TiO, photocatalysis
has been reported [32], and the products with m/z of 336 and 350
were detected in TiO, photocatalysis. The generation of NO4 (m/z
294) can be ascribed to the loss of CO, in NO3 with functional group
of —NH—COOH. The further *OH oxidation of NO4 led to the further
decarbonylation and the generation of NO5. From NO4 to NO6, the
amine with functional group of -NH—CH,—CH,—NH, (NO4) was
oxidized to amide —NH—CH=0 (NO5) and then decarbonylated to
amine NH; (NOG6). This is consistent with FTIR characterization that
the disappearance of peaks at 1450-1500cm~! due to loss of the
—CH,—CH,. Compared to oxidation of the piperazine ring of NOF,
the occurrence of NO7 with m/z 318 reveals the further oxidation of
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Fig. 8. The toxicity evaluation of NOF and the reaction solutions at different
time intervals under visible light irradiation. The original NOF concentration is
6.3 x 102 mM, BiWOg dosage is 1.0g/L, and TX100 concentration is 0.25 mM. The
reaction solution was diluted 12.5 times for toxicity test.

fluorine atom at the benzene ring which is substituted by hydroxyl
(shown in pathway 2). NO7 was obtained from the hydroxyl oxida-
tion at the carbon of piperazine, while no keto-derivative products
with m/z 348 were found. Compared to the main degradation route
pathway 1, pathway 2 is an alternative pathway, which did not
completely break the piperazine ring. The possible reason needs
to be further studied. Another degradation step was decarboxyla-
tion of the carboxyl group to form NO9 (m/z 306) in the pathway
3. This hypothesis is consistent with previous publications [53].
Four structures NO9, NO10, NO11, and NO12 with m/z of 306, 296,
270, and 227, respectively, were obtained from decarboxylation
and opening piperazine ring.

In conclusion, the photocatalysis degradation of NOF occurs at
least at two functional sections of the molecule, the piperazinyl sub-
stituent and, the quinolone moiety. Three reaction pathways were
proposed, which differs from others previously reported in the lit-
erature although with some analogous degradation parts [49]. The
decarboxylation here was revealed to be transformation of —COOH
to —CH,—OH, different from the pathway reported previous litera-
tures [32,54]. NO11 and NO12 were first reported. Besides, further
piperazine oxidation was not observed in the degradation pathway
2. Other degradation pathways might also exist but were not found
in this work.

In order to estimate the reusability of the catalyst in practical
application, the catalyst was washed by 1M HCI after each pho-
todegradation process for five successive cycles. According to the
results, the photodegradation efficiency slightly decreased with the
increasing cycles, but was still over 80% after the five cycles, higher
than the original photocatalytical degradation efficiency with only
Bi;WOg. The reduction of degradation efficiency after each cycle
can be explained by the loss of catalyst during the washing step
[55]. This indicates that this method can be reused effectively in
photodegradation process.

3.6. Toxicity evaluation

The toxicity evaluation results are shown in Fig. 8. NOF is a
fluoroquinolone antibiotic and have antibacterial effect, possess-
ing high antibacterial activity especially for aerobic gram-negative
bacilli, such as E. coli. The inhibition of E. coli activity by NOF was
26%. And the added TX100 has almost no obvious inhibition of E. coli

activity. As the reaction of the same amount of NOF with the cata-
lyst went on, its inhibition of E. coli activity decreased gradually to
lower than 10%, indicating the toxicity of the reaction intermediates
is much lower than NOF.

4. Conclusion

Amphipathic nonionic surfactant TX100 added to Bi, WOg aque-
ous solution is greatly in favor of adsorption and photodegradation
of NOF. The adsorption of NOF on the Bi, WOg surface is significantly
enhanced by TX100 during photocatalytic degradation process. The
degradation kinetics of NOF followed pseudo-first-order equation.
The surfactant monomer adsorbed on the Bi, WOg surface could
provide a nonaqueous “cage” leading to a higher degradation, but
with more than 0.25 mM of TX100, the degradation efficiency low-
ered. In the alkaline solution, the degradation rate of NOF was
higher than that in the acidic one, because alkaline media facilitates
the adsorption of TX100, and higher concentration of hydroxyl ions
in alkaline media could react with the holes to form hydroxyl rad-
icals. The effect of inorganic ions of SO4~, HCO3~, and Cu?* on the
*OH and h* during photocatalytic degradation process was further
confirmed. It can be confirmed that the photocatalytic degrada-
tion of NOF was mainly influenced by hydroxyl radicals and the
separation of photogenerated electrons and holes. FTIR analyses
demonstrated that the adsorbed NOF was completely degraded
after 2 h irradiation. According to the HPLC/MS/MS analysis, three
possible pathways of the photocatalytic degradation of NOF were
proposed, including piperazine ring transformation, defluorination,
and decarboxylation. The toxicity of the reaction intermediates are
less toxical than NOF. We have reasons to believe that photocataly-
sis under visible light irradiation treatment with the help of TX100
is an attractive method in treatment of antibiotics contamination
which are poorly soluble in water.
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