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A B S T R A C T

The occurrence of fluoroquinolones (FQs) in the ambient environment has raised serious concerns. In this study,
the photocatalytic degradation kinetics and mechanism of ciprofloxacin (CIP) was investigated in ordered me-
soporous g-C3N4 (ompg-C3N4). Under simulated sunlight irradiation, ompg-C3N4 exhibited a 2.9 fold more rapid
reaction for CIP degradation than bulk g-C3N4. This enhancement may be attributed to the large specific surface
area and effective charge separation of ompg-C3N4. The eradication of CIP followed the Langmuir–Hinshelwood
(L–H) kinetics model, and surface reactions played a significant role during the photocatalysis process. Further
study of reactive species (RSs) by both ESR technology and RSs scavenging experiments revealed that the su-
peroxide anion radical (O2%

−) and photohole (h+) were primarily responsible for the degradation of CIP. Based
on the identification of intermediates using liquid chromatography with tandem mass spectrometry (HPLC-MS/
MS), and the prediction of reactive sites via Frontier Electron Densities (FEDs), the degradation pathways of CIP
were proposed. A comparison of the degradation among FQs revealed that the piperazine moiety showed a
dramatic effect on the degradation of FQs during the photocatalysis process. A residual antibiotic activity ex-
periment revealed that ompg-C3N4 provided a very desirable performance for the reduction of antibiotic activity.
The sufficient photocatalytic degradation of CIP in ambient water revealed that a sunlight-driven ompg-C3N4

photocatalytic process may be efficiently applied for the remediation of CIP contaminated natural waters.

1. Introduction

In recent years, the presence of antibiotics in wastewater and
drinking water has attracted increasing concern [1,2]. Fluor-
oquinolones antibiotics (FQs) are one type of the most important syn-
thetic antibiotics that are widely employed to treat infections caused by
a broad spectrum of bacterial species [3,4]. Due to their stable chemical
structures and recalcitrance to biological degradation, most of FQs
cannot be effectively removed by conventional sewage treatment pro-
cesses [5]. Therefore, FQs have been frequently detected with notice-
able concentrations (e.g., from 0.6 to 5.6 μg/L) in aqueous environ-
ments [6,7]. It has been demonstrated that antibiotic residues in the
environment could result in the evolution of novel antibiotic resistant

bacteria that ultimately pose threat to the public health [8,9]. Thus,
new techniques for the treatment of water resident FQs are required.

Currently, advanced oxidation processes (AOPs) have been devel-
oped to remove FQs from wastewater [9–11]. Photocatalytic tech-
nology, as a type of AOPs, has received intensive attention due to its
high efficiency and enduring stability [12]. Many traditional photo-
catalysts (e.g., TiO2), have exhibited the capacity to degrade these FQs
through the generation of reactive oxygen species (ROS) under UV light
irradiation [13]. However, the poor light harvesting ability, narrow
applicable range of pH, difficult separation, potential ecotoxicity of
these photocatalysts hindered their practical application [14,15], and
therefore, the development of environment friendly and highly pH
tolerant sunlight/light-driven photocatalysts is required.
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Due to the unique photoelectric properties, non-toxic, and en-
vironment friendly with biocompatibility graphitic carbon nitride (g-
C3N4) has garnered intensive attention as a photocatalyst, and has
shown great potential applications in hydrogen production [16], CO2

reduction [17], and pollutant degradation [18]. However, the low
specific surface area ( < 10m2/g), as well as high recombination rates
of photogenerated electron-hole pairs of bulk g-C3N4 largely reduced its
photocatalytic performance, which greatly limits its practical applica-
tions [19]. In order to address these limitations, several techniques
including nanostructure fabrication [20], metal or non-metal doping
[21], and semiconductor coupling [22] have been employed. The fab-
rication of porous g-C3N4 has been considered to be the most effective
way to enhance its photocatalytic activity [20]. The high specific sur-
face area of porous g-C3N4 can increase the population of available
active sites and thus enhances its absorption capacity. In addition, be-
cause of the short diffusion path of electrons from the interior to the
surface, the recombination rates of photogenerated electron-hole pairs
of porous g-C3N4 may be largely restrained [23]. Previous studies have
described the synthesis of ordered mesoporous g-C3N4 (ompg-C3N4),
which exhibited excellent photocatalytic performance in the degrada-
tion of dyes [23].

To date, various g-C3N4 based materials, including g-C3N4 [24],
graphitic C3N4/Ag3PO4 [25], Au-porous graphitic C3N4/graphene [26],
and graphene quantum dots-BiVO4/graphitic C3N4 [27], have also been
developed for the degradation of FQs. These studies mainly reported on
the synthesis procedures of the photocatalysts, as well as revealing their
degradation efficiencies toward FQs. Nevertheless, the photocatalytic
degradation kinetics of FQs by these g-C3N4 based photocatalysts have
not yet been reported. Moreover, relationships between the chemical
reactivity and molecular structures of FQs during the g-C3N4 based
photocatalytic process remain unknown. Furthermore, data relating to
the residual antibacterial activity of treated FQ solutions during the g-
C3N4 based photocatalytic process has not been obtained. Therefore,
further studies are required to elucidate the degradation mechanisms of
FQs via g-C3N4 based photocatalysts.

In this study, a sunlight-driven photocatalyst (ompg-C3N4) was
synthesized, employing SBA-15 as a hard template. The photocatalytic
degradation kinetics and mechanism of a recalcitrant FQs,
Ciprofloxacin (CIP) under simulated sunlight irradiation was in-
vestigated. The degradation pathways of the CIP were deduced based
on product identification by HPLC-MS/MS, as well as reactive sites
prediction. The degradation of CIP was compared with other FQs in
order to understand the relationship between the degradation reactivity
and molecular structures of FQs. The reduction of antibacterial activity
during the photocatalytic process was assessed through an E. coli in-
hibition zone test. Finally, the effects of specific water constituents and
various water matrices on the photocatalytic degradation of FQs were
investigated.

2. Method

2.1. Materials

Ciprofloxacin (CIP, 98%), norfloxacin (NOR, 98%), enrofloxacin
(ENR, 98%), norfloxacin (NOR, 98%), ofloxacin (OFL, 98%), lome-
floxacin (LOM, 98%), fleroxacin (FLE, 98%), and flumequine (FLU,
98%), tetraethyl orthosilicate, and dicyandiamide were purchased from
Aladdin (America). Poly (ethylene glycol)-block-poly (propylene
glycol)-block-poly copolymer Pluronic P123 (EO20PO70EO20,
Mn=5800) was obtained from Aldrich (America). HPLC-grade acet-
onitrile and methanol were obtained from CNW Technologies GmbH
(Germany). Other reagents were at least of analytical grade and used as
received without further purification. Deionized (DI) water was pre-
pared by a Milli-Q apparatus (Germany). River water was collected
from Zhujiang, Guangzhou. Secondary wastewater effluent was col-
lected from local wastewater treatment plants (WWTP) in Guangzhou,

China. Seawater was obtained from the South China Sea in Huizhou,
Guangdong province. All water samples were filtered by 0.45 um fiber
membrane and preserved in the dark at 4 °C. The primary properties of
the water samples were listed in Table S1.

2.2. Preparation and characterization of photocatalysts

The SBA-15 was synthesized according to a previous report, with a
slight improvement. The ompg-C3N4 was prepared by utilizing SBA-15
as the template [28]. Bulk g-C3N4 was synthesized by the direct thermal
polycondensation of dicyandiamide [21]. Details on the preparation of
the photocatalysts are provided in Text S1.

A transmission electron microscope (TEM, JEM-2100HR) was em-
ployed to observe the microscopic morphology of the samples. The
crystal structure was examined by X-ray diffraction (XRD, BRUKER D8
ADVANCE) with Cu Kα radiation (λ=0.154178 nm). The surface areas
and pore sizes of the as-prepared samples were analyzed by the nitrogen
adsorption-desorption isotherms (BET, BECKMAN COULTER SA3100).
Light absorption properties were detected via a UV–vis spectro-
photometer (Shimadzu UV 2450) using BaSO4 powder as the re-
flectance standard. Photoluminescence spectra were recorded with a
FluoroMax-4 fluorescence spectrophotometer (HORIBA Jobin Yvon).

2.3. Photocatalytic degradation of FQs

The photocatalytic degradation of CIP and other fluoroquinolones
were carried out in a XPA-7 rotary photochemical reactor (Fig. S1,
Nanjing Xujiang Electromechanical plant). The simulated sunlight
source was provided by a 350W xenon lamp with a 290 nm cut-off
filter. For each experiment, 50 mL of a 4mg/L FQs aqueous solution
that contained 1.0 g/L catalysts were introduced into a quartz tube. The
pH of the reaction solution was adjusted by adding a 0.1% NaOH or
H2SO4 solution. Prior to irradiation, the reaction solution was magne-
tically stirred in the dark for 30min in order to obtain an adsorption-
desorption equilibrium of FQs on the photocatalyst. During irradiation,
aliquots of samples (1.0 mL) were withdrawn at predetermined time
intervals and filtered through 0.22 μm Millipore filters to remove the
photocatalyst. The residual FQs in the solution were analyzed through
high performance liquid chromatography (HPLC).

2.4. Determination of RSs

An electron spin resonance (ESR) technique was carried out to di-
rect detect the RSs. The ESR signals of hydroxyl radicals (%OH) and
superoxide anion radicals (O2%

−) trapped by 5,5-dimethyl-1-pyrroline
N-oxide (DMPO) were recorded under ambient temperatures with a
Bruker JES-FA200 spectrometer. ESR signals of 1O2 trapped by 4-oxo-
2,2,6,6-tetramethylpiperidine were analyzed by a Bruker A200e 9.5/
12. Detailed analytical conditions may be found in Text S2.

Radical scavenging experiments were also conducted for the in-
direct analysis of the RSs during the photodegradation process. 1.0 mM
benzoquinone (BQ), 10mM isopropanol (IPA), 10mM Na2C2O4, 75mM
sodium azide (NaN3), and 50 μMK2Cr2O7 were added into the reaction
solution as the scavengers of superoxide iron radical (O2%

−), hydroxyl
radical (%OH), photogenerated hole (h+), singlet oxygen (1O2), and
photogenerated electron (e−), respectively [28–30].

2.5. Analysis

Residual FQs in solution were analyzed by LC-20A high perfor-
mance liquid chromatography (HPLC) (Shimadzu, Japan). The detailed
analytical method may be found in Text S3 and Table S2.

To detect the degradation products of CIP, a C18 solid phase ex-
traction (SPE) cartridge (6 cc/200mg, WAT106202) was applied to
concentrate the reaction products. The byproducts of CIP were then
analyzed with an Agilent 1100 series HPLC coupled to a 6410 triple
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quadrupole mass spectrometer (Agilent Technologies, USA). The detail
analytical method is listed in Text S4.

To evaluate the mineralization efficiency, the total organic carbon
(TOC) of the reaction solutions was measured via a TOC analyzer (TOC-
V CPH E200V, Shimadzu Co., Japan).

A Metrohm ion chromatograph (IC) 883 was used to analyze the
anions, with the separation being performed in an ion chromatography
column (Assup-5, 250/4.0 mm). An isocratic elution consisting of
3.2 mM Na2CO3/1.0mM NaHCO3 at flow rate of 1mL/min was em-
ployed as the mobile phase.

2.6. Theoretical calculation

Molecular orbital calculations and stationary point geometries were
derived through a hybrid density functional B3LYP method with the 6-
311G+ (d, p) basis set (B3LYP/6-311G+ (d, p)). Fig. S2 presents the
optimized structure and atomic numbering of the CIP. The frontier
electron densities (FEDs) of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) were
calculated. Values of 2 FED2

HOMO, FED2
HOMO+ FED2

LUMO, and point
charge were calculated to predict the reaction sites for h+, %OH, and
O2%

− attacks [31,32].

2.7. Residual antibiotic activity test

The residual antibiotic activity was determined by measuring the
inhibition halo that was formed around the sensi-discs on an agar plate.
Initially, the agar plates were respectively inoculated with 1.2×108

CUF/mL E.coli, and parallel 10 μL reaction samples were separately
spiked on agar plates. Following 24 h of incubation at 37 °C, the growth
inhibition halo diameter around the sensi-discs was measured.

3. Results and discussion

3.1. Characterization of ompg-C3N4

The morphology of the ompg-C3N4 was investigated using TEM.
Fig. 1a and b revealed a 1D straight channeling structure with a pore
size of ca. 5.6 nm. The adsorption/desorption isotherms and pore size
distributions in Fig. 1c demonstrated that ompg-C3N4 exhibited a bi-
modal mesoporous structure with a pore size of ca. 5.6 nm, which was
coincided well with the results obtained by the TEM. In addition, the
specific surface area of ompg-C3N4 (50.1 m2/g) was far higher than that
of bulk g-C3N4 (16.7 m2/g). The XRD spectrum in Fig. S3 shows that
both the bulk g-C3N4 and ompg-C3N4 exhibited two distinct diffraction
peaks, at 2θ=27.5° and 13.0°, which may be indexed to the interlayer
stacking structure of aromatic segments (002) and the in-plane struc-
tural packing motif of tri-s-triazine units (100) (JCPDS Card No. 87-
1526). UV–vis DRS of ompg-C3N4 displayed in Fig. S4 shows that ompg-
C3N4 exhibited high photo-absorption capacity for visible light, which
suggested the potential photocatalytic activity of ompg-C3N4 under si-
mulated sunlight. A photoluminescence (PL) spectrum was subse-
quently performed to investigate the recombination rate of electron-
holes, as shown in Fig. 1(d). Clearly, the PL emission spectrum of bulk
g-C3N4 revealed a strong emission peak at ∼463 nm when excited at a
wavelength of 380 nm, while obvious fluorescence quenching was ob-
served for ompg-C3N4, indicating that the mesoporous structure might
highly improve the electron transfer capability of ompg-C3N4. In sum-
mary, mesoporous structured of ompg-C3N4 can provide additional
active sites and higher electron transfer capacities, which serve to en-
hance the photocatalytic activities of ompg-C3N4.
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3.2. Photocatalytic degradation kinetics of CIP

3.2.1. Effect of catalyst dosage
Fig. 2(a) reveals that the concentration of CIP was not altered in the

absence of photocatalyst, which verified the photochemical stability of
CIP under simulated sunlight irradiation. The adsorption experiment
showed that 24.1% CIP was absorbed by ompg-C3N4 under dark con-
ditions. In contrast, bulk g-C3N4 exhibited a degradation efficiency of
61.2% in 50min by simulated sunlight irradiation. Significantly, a
significant enhancement in the degradation of CIP was obtained by
ompg-C3N4, e.g., 92.3% of CIP can be decomposed with ompg-C3N4

over the same timeline, which was ∼2.9 times higher than that by the
bulk g-C3N4.

Fig. 2(b) illustrates the effect of the ompg-C3N4 concentration on the
photocatalytic degradation of CIP. As the loading amount of the ompg-
C3N4 was increased from 0.2 to 1.0 g/L, the pseudo-first-order rate
constants (kobs) of CIP increased from 0.0266 to 0.0438min−1. How-
ever, further increases in catalyst loading led to an evident decrease of
degradation efficiency due to the excess catalyst acts as scatter or re-
flects photons to hinder the excitation of the photocatalyst. Moreover,
with increasing quantities of photocatalyst, the population of active
sites was found to be reduced due to the aggregation of photocatalyst
particles [33].

3.2.2. Effect of initial CIP concentration
Fig. 2(c) presents the effects of different initial concentrations of CIP

by a simulated sunlight ompg-C3N4 process. It was observed that an
increase of initial substrate concentrations, from 5.0 to 40.0 μmol/L, led
to the rate constants of CIP decreased from 0.0887 to 0.0115min−1.
One possible reason might be that higher concentrations of CIP ab-
sorbed the incident light reduced the photons to activate ompg-C3N4,
resulting in the low degradation rate of CIP [34].

Further, the Langmuir–Hinshelwood (LH) model was used to con-
firm whether the solid-liquid interface was the site that dominated the
heterogeneous photocatalytic degradation [35]. The L–H model was
described as follow:

= +
1
k

[CIP]
k

1
k k

0

LH LH L (1)

where k was the pseudo-first-order rate constant (min−1), [CIP]0 was
the initial concentration of CIP (μmol/L), kLH presents the L-H

adsorption constant of CIP over ompg-C3N4 surface (μmol−1), and kL is
the intrinsic reaction rate constant (μmol/min). It may be observed in
the inset of Fig. 2(c) that the photocatalytic degradation of CIP aligned
well with the L-H kinetic model (R2= 0.998), indicating that the de-
gradation of CIP primarily occurred on the surface of the ompg-C3N4.
The adsorption constant kLH was calculated as 0.467 μM−1, and the
intrinsic reaction rate constant KL was obtained as 4.803 μM/min.

3.2.3. Effect of pH
The influence of pH on the omp-C3N4 mediated photocatalytic de-

gradation of CIP was evaluated, as shown in Fig. 2(d). It was found that
an increase of pH, from 3.0 to 9.0 resulted in the increase of the rate
constants, of CIP from 0.0201 to 0.0459min−1. However, a further
increase in pH, from 9.0 to 11.0, led to a decrease in the degradation
efficiency. Since the isoelectric point of ompg-C3N4 was ca. 5.0 and the
pKa of CIP was reported to be 6.16 and 8.23 [36], the existing forms of
ompg-C3N4 and CIP in different pH solutions could be described ac-
cording the Eqs. (2)–(4).

(2)

(3)

(4)

It has been proposed that electrostatic repulsion between proto-
nated CIP and the positively charged ompg-C3N4 may take place at
pH<5.0, which significantly inhibited the photocatalysis. Moreover,
in a low pH (<5.0), large amounts of H+ may be absorbed on the
surface of ompg-C3N4 via N⋯H interactions, which compete with CIP
for active sites (tri-s-triazine units) [19]. When the pH was above 5.0,
electrostatic attraction occurred between protonated CIP and nega-
tively charged ompg-C3N4, resulting in enhanced photocatalytic de-
gradation. However, the repulsive force between CIP and ompg-C3N4

was intensified as further increase pH due to their deprotonation, and
led to a lower CIP degradation efficiency. ompg-C3N4 exhibited a higher
photocatalytic efficiency for CIP across a rather wide pH range (from
pH 5.0 to 11.0) than commercial P25 and other common photocatalysts
[31,37,38]. This superior property might be attributed to the π-π
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interactions between aromatic organic compounds and ompg-C3N4

[19], indicating that ompg-C3N4 might be suitable for the treatment of
industrial wastewater under variable pH values.

3.3. Preliminary photocatalytic mechanism of CIP

3.3.1. Roles of reactive species
Previous studies have hypothesized that various reactive species

(RSs), such as O2%
−, %OH, h+, and e− were generated during the ompg-

C3N4 photocatalytic process [21]. As depicted in Fig. 3, no ESR signal
could be found under dark conditions. However, a strong four-line ESR
characteristic signal for DMPO-O2%

−, and a weak signal for the DMPO-%
OH spin adduct were observed under simulated sunlight irradiation,
indicating the existence of O2%

− and %OH. Moreover, the characteristic
1:1:1 triplet signal of the TEMP-1O2 adduct was the clear evidence of
1O2 generation in the photocatalytic system.

In order to discriminate the contributions of different RSs to the
photocatalytic degradation of CIP, radical trapping experiments were
carried out through the addition of BQ, IPA, NaN3, Na2C2O4, and
K2Cr2O7. As shown in Table 1, with the addition of IPA and NaN3, the
degradation rates of CIP were slightly decreased, with inhibition rates
of 9.8% and 15.2%, respectively. However, the BQ and Na2C2O4 lead to
significant inhibitory effects on the degradation of CIP, which were
found to be 88.2% and 60.5% of the inhibition rate. These results in-
dicated that O%− and photogenerated h+ played critical roles in the
photocatalytic degradation of CIP. Moreover, adding K2Cr2O7 sig-
nificantly inhibited the degradation of CIP, indicating that e− also
played a vital role in the photocatalytic process. It was proposed that

O2%
− may be generated from e− by capturing oxygen in solution,

suggesting that e− might participate in the photocatalytic degradation
of CIP by generating O2%

− [21].

3.3.2. Product identification
In order to investigate the structural photocatalytic mechanism of

CIP, the photocatalytic transformation products (TPs) were identified
by using a LC–MS/MS technique. The structural identification of these
intermediates (P1-P11) is summarized in Table S3. TPs with m/z 362,
334, 306, 291, and 264 arose from the cleavage of the piperazine ring.
TPs with m/z 330, 261, and 318 proved to be the defluorination pro-
ducts of CIP, whereas m/z 364 and 304 were derived from the cleavage
of the quinolone ring and carboxyl group, and m/z 348 was identified as
the hydroxylation product of CIP. Moreover, m/z 318 was proposed as
the cyclopropane ring cleavage products of CIP. Among them, m/z 362,
334, 306, 291, 264, 330, 261, 318, and 304 have previously been de-
tected in other oxidation processes, while m/z 348 has been found in
the degradation of a simulated norfloxacin structure by persulfate
[5,9,39,40].

3.3.3. Mineralization and the detection of inorganic ions
The decrease of total organic carbon (TOC) was measured to eval-

uate the extent of mineralization during the photocatalytic degradation
of CIP (Fig. 4(a)). After 50min of treatment, the loss of CIP attained
92.3%, while only 42.5% of TOC removal was observed, indicating that
the intermediates toward the photocatalytic process are more stable
than that of CIP. However, ca. 56.7% TOC was removed after 100min
of irradiation, implying that total mineralization could be achieved
with longer irradiation times.

The inorganic ions generated from the degradation of CIP were
determined by IC. As shown in Fig. 4(b), F− and NO3

− were gradually
formed during the degradation of CIP. In addition, the defluorination
and piperazine ring cleavage products of CIP have also been detected by
LC-MS/MS, which indicated that the piperazine ring and fluorine of CIP
were vulnerable to RSs attack and may be cleaved from molecular CIP
during the photocatalytic process.

3.3.4. Reactive site identification
In order to well understand the primary reactive sites of the CIP

molecule for RSs attack during the ompg-C3N4 photocatalysis, the

Fig. 3. ESR spectra of the (a) DMPO-O2%
− adducts, (b) DMPO-ȮH

adducts, and (c) adduct of 1O2 and TEMP, recorded under simulated
sunlight irradiation. [DMPO]=50mM, [ompg-C3N4]= 1.0 g/L,
[CIP]= 10 μmol/L.

Table 1
Kinetic rate constant of CIP degradation with the addition of different scavengers.

Quencher RSs Quenched Kobs (min−1) Inhibition rate/%

Control – 0.0438 0
BQ O2%

− 0.0052 88.2
Na2C2O4 h+ 0.0173 60.5
K2Cr2O3 e− 0.0041 90.7
IPA %OH 0.0395 9.8
NaN3

1O2 0.0371 15.2
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frontier electron densities (FEDs) of CIP were calculated, as summar-
ized in Table S4. According to Frontier Orbital Theory, positions with a
more positive point charge were more easily attacked by O2%

−, while
h+ typically attacked the positions with higher values of 2FED2

HOMO,
and ˙OH preferentially attacked sites with higher FED2

HOMO+ FED2
LUMO

values [41,42]. It can be seen that N (1) and N (4) positions in the
piperazine ring showed higher FED2

HOMO values, implying that N (1)
and N (4) were likely the primary initial positions for the direct h+

oxidation of CIP. C (12), C (14), and C (22) exhibited a more positive
point charge than others, revealing that C (12), C (14), and C (22) might
be preferentially attacked by O2%

− through a nucleophilic reaction. In
addition, N (1) and C (15) were found to be with highest values of
FED2

HOMO+ FED2
LUMO, implying that the addition of a hydroxyl radical

could occur in quinolone and piperazine rings. The prediction of pos-
sible reactive sites based on theoretical calculations aligned well with
the results of LC–MS/MS.

3.3.5. Transformation pathways
Based on the identification of products and prediction of reactive

sites, potential photocatalytic CIP degradation pathways by ompg-C3N4

photocatalysts under simulated sunlight irradiation were proposed, as
illustrated in Fig. 5. In summary, four major pathways were involved in
the degradation of CIP, including the cleavage of the piperazine ring,
defluorination, hydroxylation, as well as the ring opening and dec-
arboxylation of quinolone.

The reactive site prediction showed that the N (1) and N (4) atoms
within the piperazine ring could be easily attacked by h+. Therefore,
pathway I was initiated by the cleavage of the piperazine ring. The N1
and N4 sites were attacked by h+, leading to the cleavage of the pi-
perazine ring, thereby giving rise to m/z 306. On the other hand,
electron transfer by O2%

− could occur at the N1 and N4 sites, resulting
in the formation of ammonium anion radicals. Subsequently, this ra-
dical could undergo deprotonation to generate a carbon-centered ra-
dical, which was subject to further oxidized by O2%

− or 1O2, leading to
the formation of m/z 362 with two keto-groups on the piperazine ring.
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Fig. 5. Possible transformation pathways of CIP in ompg-C3N4 aqueous solution under simulated sunlight irradiation.
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The loss of the CO group from m/z 362 produced m/z 334 and m/z 306.
The formation of m/z 291 appeared to take place as a result of the loss
of the C2H5N group of m/z 306 followed by the oxidation of RSs. As m/z
291 was formed, m/z 263 appeared via the loss of the CO group.

FEDs results proposed that C (14) in the quinolone groups was the
most likely reaction site for O2%

− attack due to its high positive charge.
Consequently, pathway II might be initiated via an O2%

− attack on
quinolone group through the 1, 2-nucleophilic addition reaction, re-
sulting in a peroxide. A subsequent reaction led to the cleavage of the
benzene ring, which generated the ketone product m/z 364. In addition,
decarboxylation could also take place at the quinolone groups of CIP, as
evidenced by the formation of m/z 304. Notably, decarboxylation
products were also reported in previous studies [5,43].

In terms of pathway III, the electrophilic adduct reaction with ·OH
occurred in C (15), resulting in the formation of a mono-hydroxylation
product, which was similar to a structure observed in previous litera-
ture [43]. Pathway (IV) was initiated by an O2%

− attack on the C(12),
which subsequently underwent a %OH substitution, leading to the for-
mation of the m/z 330 defluorination product. Consequently, the
cleavage of the piperazine ring led to the generation of m/z 261.
Moreover, m/z 330 underwent the oxidative cleavage of the cyclopro-
pane to form m/z 318. In fact, the defluorination pathway of CIP has
also been reported previously in advanced oxidation processes [2].
Further, the CIP and its byproducts could be completely mineralized to
elemental molecular structures, such as NO3

−, F−, CO2, and H2O fol-
lowing a prolonged irradiation time.

3.3.6. Photocatalytic mechanism
Potential photocatalytic mechanisms for the degradation of CIP

were proposed based on the above results and the scientific literatures
[44–46]. As illustrated in Eqs. (6)–(11), under solar light irradiation,
ompg-C3N4 was excited by absorbing light with a wavelength<465 nm
to form electron-hole pairs. Owing to the confined space effect, elec-
trons may rapidly migrate from the interior to the surface of the ompg-
C3N4 through confined pore channels, leading to the high separation of
CB electrons and VB h+ [47]. As the CB potential of ompg-C3N4

(2.79 eV, calculated in Text S5 and Table S5) was negative enough
compared to the standard reduction potential of O2/%O2

− (−0.33 eV)
[29,48,49], CB electrons could be trapped by molecular oxygen in so-
lution to form O2%

−. Subsequently, O2%
− can react with water to form %

OH [50]. The results of radical trapping experiment (Table 1) showed
that %OH played negligible roles in the photocatalytic process, implying
that degradation of CIP in valence band may be mainly attributed to the
direct reaction with O2%

− rather than %OH. Further, 1O2 could be
generated by the reaction of O2%

− with h+. [51] Simultaneously, the
CIP molecule was easily absorbed to the surface of the ompg-C3N4 due
to its high surface area and the π-π interactions between the catalyst
and substrate. Finally, RSs (O2%

−, h+, 1O2, %OH) on the ompg-C3N4

surface reacted with CIP molecule, resulting in the decomposition and
eventual complete mineralization of CIP.

+ → +
+ −ompg-C N hν h e3 4 (6)

+ →
− ⋅−e O O2 2 (7)

+ →
⋅− +O h O2 2

1 (8)

+ → ⋅→
− +O H HO H O2

·
2 2 2 (9)

+ → ⋅ +
− −H O e OH OH2 2 (10)

⋅ + →
− +O /h / O / OH CIP Products2

·
2

1 (11)

3.4. Comparison with other fluoroquinolones

In order to investigate the effects of structural differences on the
degradation of FQs, the degradation of CIP was compared to other
fluoroquinolones, including enrofloxacin (ENR), norfloxacin (NOR),
ofloxacin (OFL), lomefloxacin (LOM), fleroxacin (FLE), and flumequine
(FLU). As shown in Fig. 6, a noteworthy difference in reaction rates was
observed among the FQs, which were found to follow the order
ENR > CIP∼OFL∼ FLE > LOM > NOR > FLU. Without a piper-
azine ring, FLU exhibited significantly lower reactivity than other FQs,
indicating that the piperazine moiety was the primary reactive moiety
for RSs attack during the photocatalytic process of ompg-C3N4. This
result aligned well with reactive site identification results and previous
research [36]. In addition, FQs with the cyclopropane ring (i.e., CIP and
ENR) demonstrated higher degradation efficiencies than those without
the cyclopropane ring (NOR, LOM). We noted that the FQs, which
contained tertiary N (4) amine (ENR, OFL, FLP) were found to have
much higher activity than those with a secondary amine (CIP, LOM,
NOR). This finding strongly verified that the tertiary N (4) amine in the
piperazine ring was the primary reactive site for RSs attack during the
ompg-C3N4 photocatalytic process. In addition, LOM which contained a
methyl in the piperazine moiety and a fluorine in its quinolnoe moiety,
exhibited higher reactivity than NOR toward ompg-C3N4 photo-
catalysis. The higher reactivity of LOM might be explained by the
electron-donating effect of methyl on the piperazine moiety. Another
reason was that the fluorine atom attached to the benzene ring of the
LOM may potentially be substituted by a hydroxyl group [52].

3.5. Antibacterial activity

An antibacterial activity assay was performed using E. coli as the
reference organism [43,53]. Fig. 7 presents the variations in the in-
hibition zone of CIP solutions during the photocatalytic process. The
inhibition zone of the initial CIP solution was determined to be 19.7 cm,
indicating that the CIP solution exhibited antibacterial activity. As the
degradation proceeded, the inhibition zone of the treated solutions
gradually decreased, and finally disappeared with an increasing
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irradiation time of up to 50min. This result implied a significant decline
in the residual antibacterial activity of treated solutions during the
ompg-C3N4 photocatalytic process. Previous studies have indicated that
the fragmentation of quinolone moieties and its peripheral moieties
(e.g., piperazine ring, carboxyl, and F) may lead to the deactivation of
ciprofloxacin [4,43]. In the current work, LC-MS/MS and IC results
revealed that the photocatalytic degradation of CIP underwent the
cleavage of the piperazine ring defluorination, as well as the ring
opening and decarboxylation of quinolone, which can weaken the an-
tibacterial activity of CIP. Therefore, it can be concluded that ompg-
C3N4 provided a very desirable performance in antibacterial activity
reduction and mineralization of CIP, which is anticipated to have utility
in potable water and wastewater treatment applications under simu-
lated sunlight irradiation.

3.6. Effects of water constituents and matrices on the degradation of CIP

As shown in Fig. 8(a), no apparent effects on CIP removal were
found in the presence of Na+, SO4

2−, and Cl−. In contrast, divalent
metal cations (Ca2+, Mg2+, and Cu2+), particularly the transition
metal Cu2+, significantly decreased the removal efficiency of CIP. This
detrimental effect may be attributed to the scavenging of the conduc-
tion band electrons that are required for the formation of O2%

− by

metal ions [54]. In addition, the presence of HA and HCO3
− inhibited

the photocatalytic degradation of CIP. This inhibition may be ascribed
to the competition for RSs by HA and HCO3

− [55]. In addition, HA can
absorb sunlight and weaken the radiant flux that is necessary for ompg-
C3N4 [56].

In order to assess the feasibility of applying the sunlight-driven
ompg-C3N4 photocatalytic process to degrade antibiotics under ambient
conditions, the degradation of CIP was carried out in various water
matrices (DI water, Pearl River water, WWTP water, South China Sea
water). As shown in Fig. 8(b), compared to DI water, the degradation of
CIP was slightly inhibited in all natural waters. The reduced degrada-
tion efficiency of CIP in natural water matrices might be attributed to
the combined effects of coexisting constituents (Table S1), which were
discussed in the previous section. The high TOC and UV400 absorbance
value in Pearl River water and WWTP water may be the main reason to
account for their low degradation efficiencies. In contrast, the detri-
mental effect of South China Sea water can be explained by the pre-
sence of high concentrations of cations (e.g., Mg2+, Ca2+, and Cu2+).
Therefore, it can be concluded that the sunlight-driven ompg-C3N4

photocatalytic process may also be effectively applied for the re-
mediation of CIP in river water, seawater, as well as WWTP effluent
water.

Fig. 7. Escherichia coli inhibition halo at different times of ompg-C3N4 photocatalytic reaction.
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4. Conclusion

In conclusion, a sunlight-driven photocatalyst ompg-C3N4 was pre-
pared by using SBA-15 as the template. In comparison to bulk g-C3N4,
ompg-C3N4 exhibited enhanced photocatalytic activity in the degrada-
tion of CIP. This augmented photocatalytic performance might be at-
tributed to the large specific surface area and effective charge separa-
tion of ompg-C3N4. The disappearance of CIP followed the
Langmuir–Hinshelwood (L–H) kinetic model, and the degradation of
CIP occurred primarily on the surface of ompg-C3N4. ESR technology
and radical scavenger experiments confirmed that O2%

− and h+ played
significant roles during the photocatalytic degradation of CIP. Based on
the identification of intermediates using HPLC-MS/MS, and the pre-
diction of reactive sites via the comparison of both similar structures
and FEDs, the photocatalytic degradation pathways of CIP were pro-
posed. A comparison of the degradation of fluoroquinolones (FQs) re-
vealed that the piperazine moiety played a significant effect in the
degradation of FQs during the ompg-C3N4 photocatalytic process. A
residual antibiotic activity experiment revealed that the antibiotic ac-
tivity of a CIP solution could be effectively reduced by ompg-C3N4

under simulated sunlight irradiation. The photocatalytic degradation of
CIP in natural water matrix revealed that the sunlight-driven ompg-
C3N4 photocatalytic process could be efficiently applied for the re-
mediation of CIP in river water, seawater, as well as WWTP effluent
water. Hence, the present study suggested that the ompg-C3N4 simu-
lated sunlight photocatalysis process is a promising treatment tech-
nology for the elimination of the antibiotic activity and mineralization
of FQs under ambient conditions.
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