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Abstract: Graphitic carbon nitride (g-C3Ny) as a fascinating conjugated polymer has attracted
considerable attention due to its outstanding electronic properties, high physicochemical stability,
and unique structure. In this work, we reported the characterization of g-C3N,, which was simply
synthesized by thermal polymerization of thiourea, the photocatalytic degradation kinetics, and the
pathway of levofloxacin (LEV) using the prepared g-C3N;. The XRD and SEM results confirmed a
crystalline graphite structure with a tri-s-triazine unit and stacked sheet-like layers of g-C3Njy. The
efficacy factor (EF) was compared to different photocatalytic processes to assess the LEV removal
performance. g-C3Ny exhibits good stability as a photocatalyst during LEV photodegradation.
Radical scavenger experiments revealed that in the oxidative degradation of LEV, *O,~ and h*
played the determining roles. Moreover, based on the identification of intermediates using liquid
chromatography with tandem mass spectrometry (LC-MS/MS), the degradation pathway of LEV
was proposed.

Keywords: antibiotics; pH-effects; adsorption; kinetics; mechanism; radical scavenging; intermediates

1. Introduction

Antibiotics have been widely used in all aspects of human life against infectious
diseases. The existence of antibiotics in diverse environments is harmful to human health
due to their potential toxicity, carcinogenicity, mutagenicity, and endocrine disruption.
Currently, more and more cases are resistant to antibiotics, which hinders the treatment
process [1,2]. This is due to many different reasons, but one of the main reasons why
bacteria are resistant to specific drugs, making them ineffective when used in humans, is
antibiotic pollution [3-5].

Levofloxacin (LEV) is classified as a third-generation quinolone. It is active against
both Gram-positive and Gram-negative bacteria and is used in the treatment of many
diseases, including urinary, respiratory, and gastrointestinal tract infections [6-8]. LEV is
excreted as unchanged drug mainly in the urine (>80% of the dose) [9]. With its complex
molecular structure, high stability, and low biodegradability, LEV removal has received
increasing attention. To date, photocatalysis has become a promising process for the
removal of LEV in water [10-18]. This method utilizes abundant solar energy, and avoiding
secondary pollution is considered a friendly environmental solution.
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g-C3Ny is a popular metal-free semiconductor with an appealing electronic band struc-
ture and high physicochemical stability. Moreover, g-C3Ny has many advantages, such as
an average band gap energy (Eg) value of ~2.7 eV to aid the visible light absorption, low
cost, and facile preparation, promising for photocatalytic applications. These properties
make it conspicuous among other metal oxides, for example TiOy, ZnO and SnO;. g-C3Ny is
synthesized from nitrogen-rich precursors such as urea [19], melamine [20], cyanamide [21],
and dicyandiamide [22]. The common methods used for the preparation of g-C3N, are
thermal polymerization [23], hydrothermal [24], and sol-gel [25]. In this study, g-C3N4 was
synthesized by thermal polymerization of thiourea calcining at 550 °C. The morphology,
structure, and optical properties of the prepared photocatalysts were described and ana-
lyzed in detail. The kinetics and optimization of experimental parameters (initial pH value,
catalyst content and initial LEV concentration) for photocatalytic degradation of LEV and
the reusability of the photocatalyst were also reported. To assess the LEV decomposition
efficiency by the g-C3Ny4 photocatalyst, the efficacy factor was calculated. Furthermore, the
identification of intermediates was analyzed to propose the LEV degradation mechanism.
Although g-C3Ny modified with various dopants, metal depositions or combined with
other photocatalysts forming composites or Z-schemes were applied for the degradation
of LEV without additional oxidants or in the presence of peroxomonosulfate [26-30], un-
modified g-C3Ny has not been used so far for this purpose. Additionally, a systematic
study involving pH-effects, adsorption, kinetics, and mechanistic investigation has not
been made with this photocatalyst—pollutant combination; hence, these results serve useful
comparisons, too.

2. Results and Discussion
2.1. Characterization
2.1.1. XRD Analysis

The XRD spectroscopy of g-C3Ny is shown in Figure 1. It can be seen the presence
of two peaks corresponds to the graphite structure with a tri-s-triazine unit [3,31,32]. The
sharp peak at 27.3° is attributed to the interplanar stacking of aromatic systems, which
can be indexed to the (002) crystal plane [19,20]. The small peak at 13.2° is related to the
cyclic arrangement of the condensed tri-s-triazine unit in the structure, which could be
indexed to the (001) plane (JCPDS No. 87-1526) [21-23]. Broad and weak reflections at
approximately 20 = 17.7° and 20 = 21.9° are typical of melamine. It can be reasonably
hypothesized that a network of hydrogen-bonded melamine/triazine units is present inside
the heptazine framework [33].
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Figure 1. XRD pattern of g-C3Ny catalyst.

2.1.2. SEM Analysis

As can be seen in Figure 2, the morphology of g-C3Ny consists of stacked sheet-like
layers. The sizes of the plates are not uniform and agglomerate together into a block.
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Figure 2. SEM images of g-C3Ny catalyst with different resolutions. (a) 50,000x magnification,
(b) 20,000 x magnification.

2.1.3. Optical Measurements

Absorption spectroscopy was applied to study the optical properties of the synthe-
sized sample, which can play important roles in the photocatalytic behavior. Figure S1
shows the UV-Vis diffuse reflectance spectra and the Tauc plot [34] of the g-C3N4 sam-
ple. The latter one indicates the band gap (Eg), which was determined to be 2.60 eV for
the prepared g-C3Ny. This is in good accordance with the value measured in our previ-
ous work [35,36]. Using the band-gap energy, the edge potential of the conduction band
(CB) and valence band (VB) can be estimated by application of the following equations
(Equations (1) and (2)) [17]:

Ecp =Evp — Eg (1)

Eyp = X — Ec + O.5Eg (2)

where x designates the Mulliken electronegative symbol of g-C3Ny (4.73 eV [37]), while
E. represents the energy of free electrons on the hydrogen scale (E. ~ 4.50 eV, [38]). Thus,
Eyg estimated for this semiconductor is 1.53 eV, while Ecg is —1.07 eV. The latter is far
more negative than the potential needed for the reduction of O; to *O,™ (—0.16 eV [39]).
However, the edge potential of VB seems to be rather low for the oxidation of H,O or
OH™ to *OH, considering the corresponding redox potential (2.27 eV, [27]). On the basis
of these results, one would expect that in the degradation of LEV in this work, hydroxyl
radicals cannot play determining roles, while superoxide is a good candidate for that, and
the valence-band holes can also be taken into consideration in this respect.

2.2. Optimization of the Experimental Conditions for LEV Photodegradation in Solution
2.2.1. Effect of Initial Solution pH Value

The initial pH value of the solution plays an important role in the photodegradation
of antibiotics. According to previous studies, pH can affect the LEV removal ability of the
catalyst [40—42]. The influence of pH media on LEV treatment with g-C3N, was studied,
and the results are illustrated in Figure 3.

When the initial solution pH value increased from 3 to 5, the LEV removal efficiency
(H%) exhibited an extreme increase from 36.3% to 80.1%, and the corresponding k value
increased from 0.006 min~—! to 0.021 min~!. As the pH values changed from 5 to 10, the LEV
degradation efficiencies decreased from 80.1% to 41.9% and the corresponding k-values
decreased from 0.021 min~! to 0.008 min~!. These results suggest that neutral or weakly
acidic media are better for the LEV removal, while strong acid or strong basic conditions
hinder the catalytic degradation performance. In accordance with the degradation rates,
the efficiency of the adsorption of LEV on the surface of the catalyst particles shows
a similar tendency upon changing the initial pH (see the “dark” range of Figure 3a).
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Figure 3. (a) Effect of initial solution pH on the photocatalytic activity and (b) first-order kinetic curves.

The above results can be explained by the following aspects. First, the dissociation
state of the pollutant and the surface charge of the catalyst vary with pH. As is known,
levofloxacin has two dissociation constants: 6.02 (pK,1) and 8.15 (pK;), which means
that levofloxacin exists as LEV* cation (pH < 6.02), LEV* neutral state (in the pH range
6.02-8.15) and LEV™ anion (pH > 8.15) [10,41]. In addition, g-C3N4 exhibited a zero
charge point (pHpz.) around 6.97 (Figure 4), indicating that the catalyst surface is positively
charged at pH < 6.97 and negatively charged at pH > 6.97. Hence, electrostatic repulsion
between LEV and g-C3Ny4 may occur due to their uniform charge characteristics under
extreme acidic or alkaline conditions, which restrained the contact between the catalysts
and the contaminants, thus reducing the catalytic efficiency [11,41].
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Figure 4. pHp;. determination for g-C3Ny.

The generation of reactive oxygen species, which include superoxide anion radicals
(*Oy7), hydroxyl radicals (*OH), hydroperoxyl radicals (*HO,), and hydrogen peroxide
(H0Oy), during the photocatalytic process may be another important factor that accounts
for the change of LEV removal efficiency with pH. At higher pH, a large amount of OH"~
ions are present on the surface of the catalyst, which facilitates the formation of *OH.
When reaching strong alkalinity (pH 10), excess *OH and LEV molecules will compete
for adsorption on the surface of g-C3Ny, thus reducing the adsorption amount of LEV
molecules on the surface of g-C3Ny, resulting in a reduction in photocatalytic degradation
efficiency [41]. With a pH environment near PHpzc, the surface of the material is almost
uncharged and practically unaffected by the electrostatic repulsion that occurred between
g-C3Ny and LEV. LEV primarily appeared as a zwitterion as the pH value increased to
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neutral, making active species attack easier [12]. Therefore, pH 5 with the highest catalytic
treatment efficiency was selected as the optimal pH in this experiment.

The results of the effect of photolysis on the degradation of LEV pollutants at pH 5,
are depicted in Figure 5. Without the use of a photocatalyst, the photolysis experiment
was carried out under the same reaction conditions (pH 5, and 10 mg/L concentration
of LEV). The results showed that solar light irradiation did not significantly affect the
degradation of LEV (H = 6.5%), indicating that its absorption in the UV range results in
only a slight decomposition. An experiment using g-C3Ny4 photocatalyst was carried out in
the dark with optimal reaction conditions to investigate the impact of adsorption on the
removal of the LEV drug. In the dark, a small amount of LEV adsorption was observed,
indicating that adsorption was not a main factor for the removal of LEV (H = 16.0%). A
noticeable degradation of LEV was seen when a solution of LEV-containing photocatalyst
was exposed to solar light. It is evident from Figure 5 that photocatalysis played a major
role in the degradation of LEV (H = 80.1%).
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204 16.0
6.5

0

Photolysis Adsorption Photocatalysis

Figure 5. Comparison between photolysis, adsorption and photocatalysis by g-C3Ny.

2.2.2. Effect of Photocatalyst Concentration

The effect of catalyst dose on the degradation of LEV was investigated using five dif-
ferent doses of g-C3Ny composite (i.e., 0.1,0.2,0.5,0.7 or 1.0 g/L) in 100mL LEV (10 mg/L)
at pH 5. The results are shown in Figure 6, which shows that the degradation efficiency of
LEV improved with increasing the catalyst dose. As shown in Figure 6, the correspond-
ing removal rate constants at different catalyst concentrations were 0.0074, 0.0140, 0.0210,
0.0283 and 0.0251 min~!. The effect of catalyst dosage can be explained by the following
reasons. Increasing the amount of catalyst results in a higher number of active sites and a
higher density of catalyst particles in the illuminated area. Therefore, the photocatalytic
capacity of the material is improved, resulting in faster decomposition [43]. However, if the
catalyst content is continuously increased, it may lead to an excessive density of particles
suspended in solution, which hinders light penetration and promotes the light scattering
effect (i.e., prevents light absorption during the reaction). Consequently, further increasing
the catalyst dosage (1.0 g/L) did not lead to an improvement in photocatalytic performance.
Therefore, a dose of 0.5 g/L was optimal for photodegradation of LEV in 60 min.

2.2.3. Effect of Initial LEV Concentration

The influence of the original LEV concentration on the photocatalytic efficiency is
displayed in Figure 7. With the increase of LEV concentration from 5 mg L~! to 20 mg L1,
the removal efficiency of LEV gradually declined from 83.62% to 43.17% within 60 min
irradiation, and the corresponding k value decreased from 0.0305 min~! to 0.0073 min .
Clearly, the higher initial LEV content had a negative impact on the catalytic behavior of the
g-C3Ny photocatalyst. The reduction in removal efficiency might be derived from the fact
that the limited number of reactive species produced at the catalytic system was insufficient
to attack the excess pollutants. When the LEV concentration is increased, the photons are

blocked before reaching the catalyst surface, causing a lower amount of *OH and *O;~
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radicals (the photogenerated electrons react with the dissolved O, on the surface of g-C3Ny
and transform to *O,7), meaning the removal efficiency is decreased [44]. Besides, the
higher LEV content would block the penetration of visible light and cover the active site of
the catalyst, subsequently inhibiting the formation of the active species [42]. Simultane-
ously, as the initial LEV concentration increased, more and more complex intermediates
might be generated in the reaction system, which would also compete with the target
pollutant for constant active species, resulting in a decrease of LEV photodegradation.
Nevertheless, if we take the absolute rate into account, multiplying the rate constant with
the corresponding initial concentration, the highest value is obtained for the 10 mg L~!
concentration (0.210 mg L' min~!). The absolute rate moderately decreased at higher
concentrations, but even at 20 mg L1, it just slightly dropped below that observed for
the 5 mg L~! concentration (0.146 vs. 0.153 mg L~! min~1!). It means that the hindering
effects described above are overcompensated by the increase in the rate due to the higher
concentration in most of the range studied.
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Figure 6. (a) Effect of photocatalyst content on the photocatalytic activity and (b) first-order
kinetic curves.
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Figure 7. (a) Effect of initial LEV concentration on the photocatalytic activity and (b) first-order
kinetic curves.

2.3. Efficacy Factor of the Photocatalyst

The efficacy factor (EF), which describes the number of contaminants eliminated
per concentration of catalyst per treatment time, is used to assess the LEV removal per-
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formance by different photocatalytic processes. The EF calculation formula is given
as Equation (3) [45]:

EF — Concentration of LEV (mg/L) x % of its reduction
~ Catalyst concentration (mg/L) x time (min)

)

From the results of optimized experimental conditions, the performance factor was cal-
culated to compare the photoactivity of reported catalysts for LEV removal. The calculated
results are shown in Table 1.

Table 1. Comparison of different photocatalytic processes for degradation of LEV.

Photocatalyst Catalyst (g/L) LVFX (mg/L) Removal (%) Time (min) EF Ref.
g-C3Ny 0.5 10 80.1 60 2,67 x 107* This study
CaTiO3/g-C3Ny 0.2 20 87.7 120 7.31 x 1074 [13]
Co/Fe-CN-PMS 0.4 20 92.1 50 9.21 x 1074 [11]
TOB CN (1-3) 0.2 10 99.2 50 1.98 x 1074 [46]
BiOCl/g-C3Ny 0.25 10 94.2 150 251 x 1074 [47]
Cu (0)/PCN 1.0 15 98.2 60 2.45x 1074 [14]

The results in Table 1 show that the metal-free g-C3N4 photocatalyst has a relatively
good EF coefficient and can be used as a potential catalyst for treatment of LEV. On the
other side, if the pure g-C3Ny is modified by doping metal oxides (ex. CaTiO3z/g-C3Ny),
co-doping metals, and adding a strong oxidizer (ex. Co/Fe-CN-PMS), its catalytic activity
will be improved.

2.4. Reusability of the Photocatalyst

The reusability of the g-C3Ny4 photocatalyst was evaluated over four consecutive cycles.
It can be seen from Figure 8 that a lower degradation rate was obtained after recycling.
Within 60 min of irradiation, the photocatalytic performance was reduced from 80.1% to
49.0% after three reuses. This can be explained by a slow recovery of the active sites on
the catalyst. It may require a longer time for the g-C3Ny photocatalyst to reach its overall
original efficiency.

—#—g-C\N,
1.0 —&—g-C,N,-Rel
—4&—g-C,N-Re2
—¥—g-CN-Re3
0.8 ;
Qz 0.6 :
o :
0.4 .
0291 park ' Light
T T T T T
-20 0 20 40 60
Time (min)

Figure 8. Recycle experiments of the LEV degradation using g-C3Ny4 photocatalyst.

2.5. Radical Trapping

Oxidizing agents such as *O,~, *OH, hyp* formed during photocatalysis are consid-
ered to play important roles in levofloxacin degradation. To elucidate the photodegradation
mechanism, the effects of various reactive oxidative species (ROS) on the decomposition
of levofloxacin over g-C3Ny were investigated. In this photocatalytic study, isopropyl
alcohol (IPA), benzoquinone (BQ), and ammonium oxalate (AO), were employed to capture
hydroxyl radicals (*OH), superoxide (*O;",) and holes (h*) as reactive species in photo-
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catalytic process, respectively. The photocatalytic decomposition of levofloxacin in the
presence of the radical trapping agents is shown in Figure 9.

1.04 —=—No scavenger
’ —e—]JPA
—+—AO
0.8
_ 0.6+
Q
O
0.4
0.2
0.0 T
0 10 20 30 40 50 60
Time (min)
(a)
1.0 —=— No scavenger
0.8 -\\\v_‘
0.6+
Qa
o 044
0.24
0.04
T T T T T T
0 20 40 60 80 100 120
Time (min)
(b)

100

Degradation Efficiency (%)

IPA AO BQ No scavenger

(©)

Figure 9. Reactive species trapping experiments: (a) effect of quenching agent IPA and AO (observed
by UV-Vis spectrophotometry); (b) effect of quenching agent BQ (obtained by photoluminescence
measurements); (c) degradation efficiency.

Various changes in photocatalytic efficiency were observed for the different scavengers.
As shown in Figure 9a, in the presence of IPA, the degradation rate moderately decreased
compared to the case with no scavenger. The degradation efficiency was reduced from
80.1% to 69.9% (Figure 9¢). This observation suggests that *OH radicals only slightly
contribute to the photodegradation of levofloxacin. It is not surprising on the basis of
the determined edge potential of the valence band of the prepared g-C3N4. Moreover, it
is in accordance with the results obtained for modified photocatalysts with much higher
EVB values [15,16]. The presence of AO resulted in a more appreciable decrease in the
degradation rate (Figure 9a) and the efficiency dropped by almost a quarter of the original



Catalysts 2024, 14, 837

9 of 15

performance (to H = 46.0%, Figure 9c¢). This result indicates that the role of valence-band
holes is important in the degradation process. This observation confirms that the adsorption
of LEV is indispensable for its interaction with hyg*. The most significant inhibition effect
was observed in the presence of BQ. As shown in Figure 9b, the decrease in the degradation
rate was more remarkable, leading to a stronger reduction in the photocatalytic efficiency
(to H = 33.4%, Figure 9c). This result unambiguously suggests that *O,~ plays the most
important role in the photocatalytic degradation of LEV. The participation of valence-band
holes in the degradation process is less significant but still considerably, while hydroxyl
radicals play a minor role in this mechanism.

2.6. Proposed Removal Mechanisms of Levofloxacin by the g-C3Ny Photocatalyst

Possible photocatalytic mechanisms for the degradation of LEV have been proposed
based on the above quenching experiments and literature reports [17,48-50]. As illustrated
in Equations (4)-(11), under sunlight irradiation, g-C3N4 was excited to form electron-
hole pairs by absorbing light. The potential of the conduction band edge of g-C3Ny
(Ecg = —1.07 V vs. NHE) is more negative than the standard reduction potential of O, /*O,~
pair (—0.16 V vs. NHE, pH 7) [39], indicating that the accumulated electrons can reduce
O, to *O,7 [51]. The results of the radical trapping experiment showed that *OH played
a negligible role in the photocatalytic process, suggesting that degradation of LEV in the
valence band is mainly due to the direct reaction with h* rather than *OH. Furthermore,
10, can be generated by the reaction of *O,~ and h*, Equations (10)—(12) [18,52]. Finally,
ROS (*O,~, h*, 105, *OH) reacted with LEV molecules on the g-C3Ny surface, resulting
in the decomposition and eventual complete mineralization of LEV, Equation (15). The
photocatalytic mechanism of LEV decomposition by g-C3Njy catalyst was proposed and is
shown in Figure 10.

g-C3Ny + hv — g-C3Ny (e + hyp™) 4)
O, +e” — °0y” (5)

O, +H" +e” — *HO, (6)

*HO; + *HO, — H,O, )

*O,” +2HY + 7 — HyOy (8)
*HO, + HY + e = H,Oy 9)
H,0, + hv — 2°0OH (10)

H,O, + H* + e~ — *OH + 2H,0 (11)
hyg* +°0;” — 10, (12)

hyg* + H,O — *OH + H* (13)
hyg" + OH™ — *OH (14)
*0,7/*HO,/*OH/'0; + LEV — degradation products (15)

LC-MS/MS was used to identify LEV degradation products to further analyze the
degradation path of LEV by g-C3Ny4 photocatalyst. Mass spectra of levofloxacin in the pho-
todegradation experiments (i) light-off for 30 min, (ii) light-on for 40 min, and (iii) light-on
for 120 min were recorded. With the levofloxacin solution in the dark, molecular ion
peaks [M+H]* (m/z = 362) were initially produced (Figure S2a). During the degradation
process, intermediates were formed (Figure S2b). Molecular ion peaks undergo N-methyl
piperazine ring breaking reaction to form P1 (m/z = 265) and an intermediate at m/z = 99.
P2 (m/z = 218) and P3 (m/z = 217) intermediates appeared as products of decarboxylation
and quinolone ring opening reactions. Meanwhile, the loss of —C30OH; and hydroxylation
occurs on P3, producing P4 (m/z = 170). P4 was further defluorinated and demethylated to
form P5 (m/z = 122). Subsequently, intermediate P5 product might continue to be broken
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into small molecules as well as mineralization product (main peaks at m/z < 50 region as
seen from Figure S2c).

y?/f;\\(y LEV Products
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I“'\. “f‘ -------
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+ ve “h+ h+ h+/ Products
+1.49V - | oy

Figure 10. Photocatalytic mechanism of levofloxacin by g-C3N4 photocatalyst.

The intermediate and degradation paths are proposed as shown in Scheme 1. The
degradation of LEV is mainly by piperazine ring breaking and opening, quinolone ring
opening, defluorination, demethylation, decarboxylation/carboxylation, and hydroxylation
processes as detailed above [40].

e
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Scheme 1. The proposed degradation pathway of LEV.

3. Materials and Methods
3.1. Reagents

Thiourea (99%) and ethanol (99%) were obtained from Merck, Darmstadt, Germany.
p-benzoquinone (99.0%, Xiya Reagent (Xiya Chemicals Co., Ltd., Shandong, China)), am-
moniumoxalate monohydrate (99.5%), and isopropyl alcohol (99.7%) were purchased
from Xilong, Shantou, China. Sodium hydroxide (NaOH, 99.8%) and hydrochloric acid
(HCl, 36-38%) were obtained from Sigma-Aldrich (Burlington, MA, USA). Levofloxacin
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(C18H9FN304, LEV, 97.0%) was purchased from Vietnam National Institute of Drug Qual-
ity Control. All chemicals have been used without purification.

3.2. Preparation of g-C3Ny

g-C3Ny was prepared by thermal polymerization of thiourea, an abundant nitrogen-
rich precursor [1-3]. Typically, 3 g of thiourea was put into a porcelain crucible with a cover,
then calcinated at 550 °C for 4 h at a heating rate of 2 °C min~! under air atmosphere. After
calcination, the samples were washed with deionized water and ethanol several times and
dried at 60 °C. g-C3Ny was obtained, ground, and collected for further experiments. Since
thiourea contains sulfur, the elemental composition of the product was checked by EDS
measurements. The results showed that the whole sulfur content of the precursor had been
removed during the preparation process (Figure S3).

3.3. Sample Characterization

The samples prepared were characterized by X-ray diffraction (XRD, Malvern PANa-
lytical, Aeris, Almelo, The Netherlands) and scanning electron microscopy (SEM, NanoSEM
450 FEI, Eindhoven, The Netherlands) combined with a TEAM Apollo XL energy dispersive
spectroscopy (EDS, EDAX, Cambridge, UK). UV-Vis spectra were recorded by an Agilent
8453 spectrophotometer (Santa Clara, CA, USA), while diffuse reflectance spectra were
measured on a Carry 5000 UV-Vis-NIR equipment (Santa Clara, CA, USA). Luminescence
was measured by a F-4700 spectrofluorometer (Hitachi, Tokyo, Japan). The reaction interme-
diates were analyzed by SCIEX Exion LC 20AD LC-MS/MS system (SCIEX, Framingham,
MA, USA): column Agilent Eclipse Plus C18 (2.1 x 50 mm, ID 3.5 um) and detector AB
SCIEX Triple Quad 6500+.

3.4. Point-Zero Charge and Surface Charge Determination

It has been reported that the pH-drift method can be used to determine the pH of zero
charge and surface charge [4,5]. In this study, it was measured on the basis of the work
by Mahmood et. al. [53]. 100 mL LEV solution (10 mg/L) was adjusted to pH (2, 4, 6, §,
10, 12) in test tubes at room temperature using NaOH and HCl (0.1 M) and the initial pH
was recorded. Then 50 mg of g-C3N, photocatalyst was added and stirred for 24 h under
dark conditions. The suspension was removed from the tube, the pH was measured, and
the final pH was recorded.

3.5. Photocatalytic Degradation Experiments

The catalytic performance of g-C3N4 was evaluated by the degradation of LEV under
the irradiation of a 500-W Hg-lamp, as a simulated solar source. The emission spectrum
of the light source is shown in Figure S4. The intensity of radiation was 26 Im W~. The
experimental procedure was as follows: 50 mg of g-C3N4 was dispersed in a 100 mL
LEV (10 mg L~!) solution, and subsequently, the suspension was sonicated for about
3 min. Prior to the irradiation, the mixture was kept for 30 min in the dark with stirring
at room temperature to obtain an adsorption-desorption equilibrium. At each given time
interval (10 min), 3 mL of the solution was collected and filtered with a filter (0.22 um
PTFE membrane) to remove the catalyst. The concentration of LEV was examined by
UV-Vis spectrophotometry in the wavelength range from 200 to 400 nm. The photocatalytic
degradation efficiency was calculated according to the following equation (Equation (16)).
_ G -G _ Ag— A

= (16)

H
Co A

where, C; and A;—concentration and absorbance of the solution at time f; Cy and
Ap— adsorption/desorption equilibrium concentration and absorbance of the solution at
time £.
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A simplified pseudo-first-order kinetic model of Langmuir-Hinshewood (Equation (17))
was used to explore the kinetic of the photocatalysis process.

Co
I = kapyt = kKt (17)

where C—concentration of the antibiotic (mg L 1), t—time for degradation (min), kpp—apparent
rate constant (min~—!), k—reaction rate constant (min~!), and K—adsorption coefficient of
the antibiotic over catalyst particles.

3.6. Radical Trapping Experiments

Isopropyl alcohol (IPA, 5.0 x 10~3 M), benzoquinone (BQ, 2.5 x 10~* M) and ammo-
nium oxalate (5.0 x 1073 M) were used as scavengers for trapping the photogenerated
*OH, *O;7, and holes radicals during the degradation of LEV.

3.7. Intermediates Identification

The intermediates generated during the photocatalytic degradation of levofloxacin
solution were further investigated by LC-MS/MS measurement. The mass spectra of
the photodegradation products are shown in Figure S2. They were used to propose the
photodegradation route of levofloxacin.

3.8. Recycling Experiments

To investigate the reusability of the g-C3Ny, consecutive experiments for degradation
of LEV were carried out in four cycles. After each cycle, the catalyst was recovered by
filtration and washed several times with distilled water and ethanol then dried at 60 °C
for 10 h.

4. Conclusions

The g-C3Ny photocatalyst was successfully synthesized from thiourea precursor at a
calcination temperature of 550 °C. The prepared catalyst was characterized by XRD and
SEM. The experimental parameters, including the initial pH solution, catalyst dose, and
initial LEV concentration, greatly influence the photodegradation of LEV antibiotics. The
disappearance of LEV followed the Langmuir-Hinshelwood (L-H) kinetic model. Radical
scavenger experiments confirmed that *O,~ and h* played significant roles during the
photocatalytic degradation of LEV. Optimized reaction conditions lead to the conclusion
that a g-C3Ny and a use of 0.5 g/L photocatalyst concentration and 10 mg L~ LEV solution
at pH 5 eliminate 80.1% LEV within a 60-min irradiation with solar-simulated light. Based
on the identification of intermediates using LC-MS/MS, the photocatalytic degradation
pathways of LEV were proposed. The present catalyst exhibits good stability even after
four cycles. The EF factor indicates that g-C3Ny4 can be used as a potential photocatalyst for
antibiotic degradation.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ catal14110837/s1, Figure S1. (a) DR/UV-Vis spectra; (b) energy bandgap
determination by the Tauc plots. Figure S2. Mass spectra of levofloxacin in the photodegradation
experimental: (a) light-off for 30 minutes, (b) light-on for 40 minutess and (c) light-on for 120 minutes.
Figure S3. EDS measurement of the prepared g-C3Ny. Figure S4. Profile of the 500-W Hg-lamp
(Philips Lighting product data).
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