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ARTICLE INFO ABSTRACT

Keywords: The growing usage of antibiotics and their subsequent release in water bodies have become a
Levofloxacin serious environmental concern. In this study, heterostructured photocatalysts C3N4/NbyOs have
Photodegradation

been synthesized using a simple hydrothermal method and applied to facilitate the degradation of
the widely used antibiotic levofloxacin. The structural, morphological, and optical properties of
the photocatalysts were characterized using XRD, SEM, TEM, UV-Vis and PL to establish the
structure-property relationship. The type-II heterojunctions C3N4/Nb2Os show remarkable ac-
tivity under visible light irradiation, where Nb2Os facilitates preferential adsorption of levo-
floxacin at the catalyst surface while C3N4 extends visible light absorption. This synergy resulted
in superior catalytic performance (91%) in the optimized system, exceeding that of individual
materials (Nb2Os 30% and C3N4 56%). The effect of catalyst dosage, pH, oxygen and point of zero
is also investigated. The process is mainly photo-driven, and the trapping experiments reveal
superoxide radicals as key species responsible for the degradation. Additionally, the adsorption
behaviour, reformation of the degraded pollutant and reusability factors are evaluated to assess
the practical feasibility of the photocatalytic system.

Carbon nitride
Niobium oxide

1. Introduction

Antibiotics are widely used chemicals that are resistant to breakdown in natural conditions [1]. One pervasive category of anti-
biotics, fluoroquinolones (FQ), reported in aquatic ecosystems, are constantly highlighted as emerging environmental contaminants
[2-4]. It has been reported that approximately 70% of the administered antibiotics are excreted in their active form into the envi-
ronment, contributing to their accumulation in the ecosystem [3,5]. The primary sources of FQs buildup in the environment are
wastewater discharge from healthcare facilities, pharmaceutical manufacturing, and agricultural runoff. Notably, the overuse of
levofloxacin as an anti-inflammatory drug for humans has increased residual groundwater concentrations [6,7]. Levofloxacin exhibits
a broad spectrum of activity and has a prolonged half-life, making it difficult to degrade its active pharmaceutical ingredients,
rendering conventional treatment methods ineffective, ultimately compromising drinking water safety [8,9]. Consequently, advanced
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oxidation processes (AOPs), such as ozonation, photo-Fenton reaction, electrochemical treatment, and photocatalysis, are actively
sought to mitigate the risk of levofloxacin contamination in the environment [10-13].

Among the AOPs, photocatalysis has attracted much attention due to its sustainable nature and environment friendly operation
[14-17]. It employs metal oxide semiconductors and light to generate active species such as electron holes and radicals at the surface of
the photocatalyst to drive chemical reactions. Traditional metal oxide semiconductors such as TiO, ZnO, and NbyOs etc., are only
active in UV light, which constitutes 4% of solar light and thus limits higher quantum yields [18,19]. Such single semiconductors
systems lack supplementary energy levels for charge species and usually display high recombination rates. To address this issue,
several approaches have been explored to deter energy-wasteful recombination by constructing heterojunctions that provide addi-
tional energy levels for charge carriers [20]. These approaches include the formation of phase heterojunctions by combining two
different crystal phases of a single semiconductor and heterojunctions constructed by coupling two different semiconductors to
improve the catalytic activity [21-24]. However, phase heterojunctions owing to intrinsic structural rigidity have the limitation of
extending absorption regimes [25,26]. In comparison, coupling two well-matched semiconductors to construct heterojunctions can be
a promising approach for achieving desired band structure and -absorption range for photocatalysis applications.

To broaden the absorption spectrum of NbyOs, strategies have been developed to modify the electronic structure through metal
doping, such as Rh and Pb. Heterostructured systems involving Nb,Os, such as NboO5/CuO, NbyOs/ZnO, TiO2/NbyOs, NboOs/iron,
and Nb2Os5/RGO, have been developed for superior photocatalytic applications. Recently, NbaOs was coupled with C3N4 to construct
heterojunctions for improved H2 production and photocatalytic degradation of organic pollutants. Additionally, Keizo et al.
demonstrated the enhanced photocatalytic degradation of the cationic dye, rhodamine B, over HNb3Og/g-C3N4 composite membranes.

Apart from metal oxide semiconductor photocatalysts, polymeric C3N4 has recently gained great attraction owing to its remarkable
n-conjugates s-triazine structure and narrow band gap of 2.7 eV [21,27]. It utilizes visible light without requiring modifications and
exhibits stability in harsh chemical and thermal environments [28]. Moreover, the polymeric nature and planar structure of C3N4
enable its interactions with various substrates [22,29]. C3Ny4 has been successfully coupled with other semiconductors to construct
heterojunctions such as C3N4-TiOy [30,31], C3N4~ZnO [32-34], C3N4—CdS [35], C3N4-SrTiO2 [30,31], C3N4-BiWOe [36],
C3N4-BiVOy4 [37], FeCoSey/C3N4 [38] etc. Similarly, Nb205, a widely studied wide bandgap semiconductor, exhibits high photo-
catalytic activity and photostability due to its Brgnsted and Lewis sites at the surface, which serve as anchoring points for interacting
species [39] [34,40-42]. To extend the absorption spectrum of NbyOs beyond UV region it is widely coupled with other semiconductor
systems such as NbyOs/CuO [43], Nb2Os5/ZnO [44], TiO2/NboOs [45,46], NbyOs/iron [47] and NbaOs/RGO [48] etc. where heter-
ojunction materials exhibited improved catalytic activity in photo redox reactions. Recently Nb,Os was coupled with C3N4 to construct
heterojunctions for improved Hy production and photocatalytic degradation of the organic pollutants [49]. Additionally, Keizo et al.
demonstrated the enhanced photocatalytic degradation of the cationic dye, rhodamine B, over HNb3Og/g-C3N4 composite membranes
[501.

Keeping these studies in view, this work reports the synthesis of C3sN4/NbyOs heterojunctions and their efficacy in the photo-
catalytic degradation of levofloxacin under visible light. Various mass ratios of CsN4 and NbOs, ranging from 9:1 to 3:7, were
investigated to determine the most photoactive heterostructure. Nb,Os facilitates the absorption of levofloxacin, and C3N4 extends the
absorption regime of the photocatalyst. This synergy led to a significant improvement in the performance of the coupled photocatalyst
system. The impact of experimental parameters such as pH, optimal catalyst amount, oxidants and reformation was investigated.
Moreover, photodegradation tests under direct sunlight were conducted to reflect the application potential of developed photo-
catalysts in real environmental conditions.

2. Experimental
2.1. Synthesis of C3Ny4

C3N4 was prepared by the thermal polymerization of melamine (C3HgNg) in a muffle furnace at 1 atmospheric pressure. In this
procedure, 10g of melamine powder was placed in a crucible covered with another crucible, wrapped with aluminium foil, and heated
at 550 °C, for 4 h, at the increasing rate ramp 3 °C, min~ L. After that, it cooled gradually at room temperature. The obtained yellow
material was then milled and stored for further use.

2.2. Synthesis of Nb2Os

Niobium pentoxide NbyOs nanoparticles were synthesized employing the hydrothermal method. In a typical procedure, in water
(35 mL) and triethylamine TEA, (1.0 mL) mixture of 500 mg of NbCls was added under constant stirring at 500 rpm at 90 °C and the
solution was kept for 1 h until the uniform suspension was obtained. With the dropwise addition of NH4OH (5 M) pH of the suspension
was maintained at 7.5 and then stirred for more than 2 h. The solution was then transferred to a 50 mL Teflon-lined stainless-steel
autoclave. The autoclave was placed in an oven at 180 "C for 24 h. The obtained Nb,Os was then collected, dried, and stored for further
use.

2.3. Synthesis of C3N4/Nb2O5 heterojunctions

The heterojunctions of C3N4/NbyOs were prepared using the hydrothermal method, where the procedure for synthesizing Nb2Os
was followed, except that C3N4 was additionally charged at the outset. A schematics representation of the process is shown in Fig. 1. In
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a typical procedure, C3N4 was dispersed in water (35 mL) along with TEA (1.0 mL) and subsequently, NbCls was dissolved at 90 °C with
vigorous stirring until the uniform suspension was obtained. To control the pH of the mixture, NH4OH (5 M) was added gradually into
the suspension until the pH reached 7.5 and then stirred for 2 h. The prepared mixture was transferred to a Teflon-line steel autoclave
and placed in the oven for 24 h at 180 'C. After that, the resultant product was washed 3 times with hot deionized water and 2 times
with ethanol and collected via centrifugation at 4500 rpm for 5 min. Then the product was dried in an oven at 80 "C. Similarly, different
mass ratios of C3N4 and Nb,Os were prepared by changing the C3N4 amount at the outset and represented as 9C3N4/1NbyOs, 7C3N4/
3Nb,0s5, 6C3N4/4Nby0Os, 5C3N4/5Nby0s, and 3C3N4/7Nb,Os respectively. The prepared heterojunctions were ground well and stored
for further use.

2.4. Characterization of material

X-ray diffractions (XRD) patterns were measured on a PAN analytical X’Pert Pro diffractometer operating in Bragg-Brentano
focusing geometry and using Cu Ka radiation (k = 1.5418 A) from a generator operating at 40 kV and 40 mA. Transmission electron
microscopy (TEM) images and selected area electron diffraction (SEAD) patterns were recorded on JEOL 2010 equipped with a high-
resolution pole piece running at 200 kV accelerating voltage. Samples were prepared by dispersing the powder products as a slurry in
1:1 water ethanol solution which was then sonicated for 10 min before being deposited and dried on Agar Scientific 400 mesh Cu holey
carbon support. SEM images were taken on JEOL 6500F FEG SEM with a voltage of 5 KV and a working distance of 10 mm. XPS
measurements were done using a Thermo Scientific K-Alpha XPS instrument equipped with a micro-focused monochromated Al X-ray
source. The source was operated at 12 keV, and a 400 p spot size was used. Charge neutralization was applied using a combined low
energy/ion flood source. The data acquisition was performed with Thermo Scientifics Advantage software, and data analysis was
performed with Igor Pro along with XPS fit procedure. UV-vis spectra of the prepared samples were recorded at room temperature with
UV-vis NIR spectrophotometer UV-3600 plus. Photoluminescence spectra were obtained with the help of an iHR320 spectropho-
tometer by Horiba. The PL was collected using a high-resolution monochromator and hybrid photomultiplier detector assembly. The
samples were prepared by mixing 0.1g of photocatalyst in dimethylformamide (DMF) containing 50 pL of terpineol and stirring for 5 h.
The resulting suspension was coated on a glass substrate at room temperature, followed by drying at 80 °C on a hot plate and annealing
at 180 °C for 1 h in a quartz tubular furnace. Spin trapping experiments were performed to detect reactive oxygen species in solution.
The measurements were made with a Magnettech MS400 spectrometer and samples were irradiated in in-situ using 300 Xe lamp with
395 cut-off filter. A 10 mg of 5,5-Dimethyll-pyrroline N-Oxide (DMPO) was added in 1 mL of reaction solution followed by its
extraction in a 50 pL aliquot, placed in EPR tube and measured. GCMS spectra were recorded on GC-6890 Agilent Technologies
attached with MSD-5973 maintaining mobile phase flux 0.3 ml/min and 5 pL of sample injected volumes.

2.5. Evaluation of photocatalytic tests

Photocatalytic degradation of Levofloxacin was performed using a 300 W Xe arc lamp with a cut-off filter to allow light only > A =
400 nm. A stock solution of 30 mg L-1 was prepared using pure levofloxacin powder. Before the experiment, the solution was placed in
the dark under continuous stirring for 1 h to achieve adsorption-desorption equilibrium between the pollutant and catalysts. For the
photocatalytic experiment, a 50 mL solution of levofloxacin with a concentration of 30 mg/L was taken in a round bottle flask. So-
lutions were prepared to determine the optimal catalyst dose by adding 0.25 g/L-2.5 g/L of catalysts to water containing 0.1 N HCI.
Samples were collected every 30 min, filtered, and analyzed using a UV-Visible absorbance spectrophotometer. The range of catalytic
amount, pH, and initial pollutant concentration was tested for optimization of the study. The percentage degradation (%) was
calculated using the equation:

Efficiency (%) =Cy — C/Co x 100 (€8]

NbCl,

o~

® oecsengy

+

e~ 2 e —

A30°C £ 90°C =
—_— —_— —
2h rpm 550 180 °C
g 24 hrs

Distilled water

Fig (1). Schematics of hydrothermal synthesis of C3N4/NbyOs heterostructures.
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Where Cy is the initial concentration of the pollutant, and C is the final concentration after photocatalytic degradation.

The experiments were conducted at pH 3 to 10 to determine the best working pH and point of zero charge (PZC). First, 0.1 N
solutions of HCl and NaOH were prepared in DI containing catalysts and pH were adjusted to pH 2, 4, 6, 8, 10 and 12. The catalytic
solutions with adjusted pH were left for 24 h at room temperature in dark. Afterwards, pH of catalytic solutions was measured with pH
meter. PZC was determined by comparing the adjusted pH and pH change.

3. Results and discussion
3.1. Physicochemical properties

The XRD pattern of as-prepared C3N4, NbsOs and C3N4/NbyOs heterojunctions are presented in Fig. 2. The pristine C3N4 exhibits
two prominent peaks at 13.04° and 27. 4° can be indexed as the (100) and (002) diffractions planes, respectively. These peaks
correspond to in-plane structural packing motifs with a d-spacing of d = 0.697 A, which is slightly smaller than one tri-s-triazine unit
(~0.713 A), and an interlayer stacking distance of d = 0.329 A of conjugated aromatic systems [51,52]. The prominent diffraction
peaks of Nb,Os nanospheres follow the XRD pattern of bulk Nb,Os oxide, although poor crystallinity with broad peaks suggests a small
sample size. In addition, the main peaks ascribed to (—111), (111) and (—311) planes are shifted to smaller angles, which indicate a
lower number of interconnected Nb-O polyhedra and a less robust structure [41]. After coupling the two semiconductors to form
C3N4/Nb2Os heterojunction, the characteristic C3N4 and NbOs peaks are present, suggesting individual crystal structures remained
unaltered. Besides the C3N4 layer being too thin and the size of NboOs being small, the intensities of individual C3N4 and NbyOs
diffractions change following the variation in their relative contents in the heterostructure.

The SEM images revealed that NbyOs exhibited an agglomerated morphology, while C3N4 displayed a relatively smooth surface
with a lamellar structure lacking clearly defined boundaries (Fig. 3a-b). In contrast, the morphology of the C3N4/NbyOs composite was
significantly different from that of C3N4 and Nb,Os, indicating changes in morphology in heterojunction materials (Fig. 3c). Similarly,
high-resolution TEM images (Fig. 3d) of pristine C3N4 showed typical aggregated large size morphology and a relatively smooth and
flat surface structure. Fig. 3e showed monodispersed Nb,Os nanospheres with a 5-10 nm diameter.

The HRTEM image of 6C3N4/4Nb2Os (Fig. 3f) revealed two distinct phases where the intimate interface between C3N4 and Nb2Os
and well-matched heterostructure is evident. As seen in XRD, the (100) plane diffraction is less intense, which makes the identification
of fringes in C3Ny4 difficult. However, the observed lattice fringe d = 0.304 nm attributed to the (—311) crystallographic plane of the
monoclinic NbyOs system agrees with XRD results. This close interconnection is favourable for necessary charge transfer between
coupled semiconductors to promote the separation of photogenerated electron-hole pairs, subsequently improving photocatalytic
activity. This close interconnection is favourable for necessary charge transfer between coupled semiconductors, which promotes the
separation of photogenerated electron-hole pairs, subsequently enhancing photocatalytic activity.

3.2. Optical properties

The UV-vis absorption spectra of C3N4, NbyOs, and C3N4/Nb,Os heterostructures are depicted in Fig. 4a. Pure C3N4 shows an
absorption onset at 470 nm, while Nb,Os absorbs in the ultraviolet (UV) region. An increase in NbyOs in the C3N4/NbyOs composites
resulted in a progressive blue shift. All coupled materials absorb in the visible region and exhibit good absorption intensity. The band
gap of the materials was estimated using the equation

9C,N,/1Nb,O;

6C;N,/4Nb,0;

A 5C,N,/5Nb,0,

Intensity (a.u)

4 * C;N,

10 20 30 40 50 60 70 80
20

Fig. 2. XRD patterns of C3N4, Nb,Os and heterostructured C3N4/Nb,Os materials.
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Fig. 3. SEM images of (a) NbyOs, (b) C3Ny4 (¢) 6C3N4/4NbyOs samples. The TEM images of (d) C3Ny4, (e) Nb,Os particles with a particle size
distribution, and (f) HR-TEM image of 6C3N4/4Nb,Os.

ahvu =A(hv — Eg)" )

Where « is the absorption coefficient, hv is the energy of the photon, Eg is band gap energy, and A is the absorption coefficient
(Kubelka-Munka function). The value of n is defined by the characteristics transition of the prepared materials. With the plot of (ohv)”
vs hv, obtained band-gap energy of C3N4, NbyOs and heterostructured C3sN4/NbyOs is shown in Fig. S1. The estimated values of 2.7 eV
for C3Ny4 and 3.54 eV for NbyOs are consistent with previous reports. After combining the C3N4 and Nb,Os semiconductors, the values
of the composite are in a range between 2.684 eV and 2.82 eV, confirming that all C3N4/NbyOs5 composites can absorb the visible part
of the solar spectrum. To investigate the charge transfer behavior and charge separation efficiency of charge carriers, we performed
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Fig. 4a. UV-Vis spectroscopy of photocatalysts C3N4, NbyOs, 9C3N4/1NbyOs, 7C3N4/3Nby0s, 6C3N4/4NbyOs 5C3N4/5Nby0s and 3C3N4/7NbyOs.
(b) Photoluminescence of as-prepared catalysts C3N4, Nb,Os and heterostructured C3N4/NbyOs with different mass ratios.
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photoluminescence (PL) measurements. Fig. 4b shows the room temperature emission PL spectra of all C3N4/NbyOs heterojunctions
measured under the excitation wavelength of 405 nm. A broad emission band between 490 and 510 nm appeared in all C3N4/Nb2Os
heterojunctions due to the radiative recombination of free electrons in shallow traps and sub-bands underneath the conduction band
and free holes at the valence band edge [53,54]. Signal intensities attenuated with the loading ratio between C3N4/NbOs, suggesting
the existence of additional energy levels due to heterojunctions that suppress radiative recombination.

3.3. Evaluation of photocatalytic activity

The photocatalytic degradation of levofloxacin over C3N4, Nb2Os and C3N4/NbyOs heterojunction composites was evaluated under
visible light (>A = 400 nm) and results are presented in Fig. 5a-c. The absence of a photocatalyst led to a negligible change (~8%) in
levofloxacin concentration in 2 h, indicating minimal photo-degradation. Adsorption tests showed that NboOs had a preferential
uptake of levofloxacin (21%) compared to C3N4 (6%), presumably due to the inherent surface acidity of NbyOs (Fig. 5d) [34].
However, both C3N4 and Nb2Os showed low degradation of 56% and 30% of levofloxacin after 2 h of irradiation. All the heterojunction
materials exhibited higher degradation of levofloxacin. The change in absorption spectra for 6C3N4/4NbyOs showed a gradual
decrease in the peak intensity of levofloxacin with longer irradiation time, and no new peaks appeared in the visible or ultraviolet
region. Fig. 5b presents the relative levofloxacin concentrations (C/Cp) with irradiation time over heterostructured photocatalysts.
After combining C3N4 and Nb,Os, a significant enhancement in degradation activity for C3N4/NboOs heterostructures was observed
compared to constituent semiconductors, despite NboOs not absorbing visible light. The activity increased from 9C3N4/1Nb5Os to
6C3N4/4Nby0O5 and decreased drastically afterwards, suggesting the optimal amount of coupled materials. The highest activity was
obtained over 6C3N4/4Nb5Os, which showed ~72% degradation of levofloxacin in 2 h under visible light irradiation.

This significant improvement in activity was likely due to the synergy of the construction of heterojunction and interface formation,
unique Lewis basic sites of carbon nitride surface, and intrinsic Lewis acid sites in NbyOs, thus enhancing surface reactivity [55]. The
quantitative assessment of levofloxacin photodecomposition on the photocatalyst surface was calculated using relation

~In(C/Cy) =kt 3)

where k is rate constant (min 1), Cp is the initial concentration of dye and c is the actual concentration of target dye at irradiation time t
and results are summarized in Table 1 [56]. The apparent rate constant 0.01558 min-1 shown in Fig. 5¢ was significantly faster for
heterojunctions than those of individual C3N4 (0.00657 min-1) or NbyOs (0.00287 min-1). The highest photodegradation rate constant
exhibited by 6C3N4/4Nb,0s was twice the rate of C3N4 and five times the rate of Nb,Os, respectively. This enhancement implies that
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Fig. 5. (a) UV-Vis spectra with a time interval of 30 min (b) C/Cy Vs Time plots (¢) Rate of reactions (d) Percentage degradation of LVX by
prepared catalysts.
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the coupling of C3N4 and NbyOs results in a synergic electronic structural modification that facilitates the oxidation of levofloxacin, as
seen in previous reports [57,58]. The necessity of good interconnection forming heterojunction was confirmed with experiments using
a mechanically mixed 6C3N4/4Nb,Os system as a reference, which showed almost similar photocatalytic activity to C3Ny4. This result
highlighted the need for an intimate interface in 6C3N4/4NbyOs heterojunction rather than mechanical mixing for improved activity
(Fig. S31).

3.4. Effect of independent parameter on photocatalytic activity

The catalytic system was optimized by varying parameters such as catalyst amount, levofloxacin concentration, and pH. The results
are depicted in Fig. 6a-b. The point of zero charge (PZC) for the C3N4/NbyOs was 6.5, where the catalyst behaves neutrally (Fig. 6b).
Above and below the PZC, the catalyst behaves negatively charged and positively charged, respectively. Since the charge of the catalyst
is vital concerning the charge of the pollutant (levofloxacin) in water, the photocatalyst showed the best performance at pH = 4 and
poor performance at pH = 10, as shown in Fig. 6b. This is owing to the added attraction between opposite charges, in contrast to the
negative charge (of photocatalyst and pollutant at high pH) that repel each other [59]. The point of zero charge (PZC) calculated for
catalyst is 6.5 suggests that at this pH surface of catalyst behaves neutral. Below this pH surface attains a positive charge and attracts
levofloxacin highlighting the reason for high catalytic activity at low pH. Moreover, the optimal concentration of the photocatalyst was
obtained by testing the concentration range from 0.25 g/L to 2.5 g/L. The highest activity was observed at 1.5 g/L, which followed a
trend of 1.5 (76%) > 2.5 g/L (73%) > 1 g/L (70%) > 0.25 g/L (30%), as shown in Fig. S2. Beyond 1.5 g/L concentration, the decline in
activity is due to opacity, which obstructs efficient light penetration. Similarly, the optimum levofloxacin concentration was 12 mg/L
with 1.5 g/L and pH = 3, which showed 86% degradation activity. Low efficiency with higher concentrations suggests that the active
sites of the photocatalyst saturate above this point. In addition, bubbling O boosted degradation activity to 91%. With bubbling O2
and adding Hy0- together exhibited a slight increase in activity (94%). The excellent activity of the catalytic system (71%) under
natural conditions (clear sunny day, solar Lux = 94K, 1 atm. Air, 2h) reflects the practical viability of the system, while photolysis
results over an extended period showed no significant change.

It has been noted that structural modifications are typically transient, and reformulation takes place over an extended period. To
eliminate this possibility, the reformulation of levofloxacin was examined after two weeks, and no variation was discerned in the trend
evident in both samples (Fig. S3). A low degree of absorption associated with the half-life of levofloxacin substantiates the permanence
of photocatalytic oxidation, signifying that no reformulation took place.

3.5. Evaluation of photocatalytic and stability

The results reveal the synergetic role of C3N4 and Nb,Os in heterojunction configuration. Where preferential adsorption of levo-
floxacin on the NbyOs (21% adsorption) surface facilitates the formation of bound species to the surface of the photocatalyst that is
crucial for charge injection upon irradiation, while CsN4 extends the absorption spectrum of the composite heterojunction. The study
also compared the levofloxacin oxidation activity of the C3N4/NbyOs heterojunction with that of a carbon nitride-TiO5 heterojunction,
a wide band gap semiconductor. The results showed that the levofloxacin oxidation activity was lower in the carbon nitride-TiO5
heterojunction (61%), confirming that preferential binding is unique to the C3N4/Nb,Os heterojunction.

To rationalize the superior activity of the C3N4/NbyOs heterojunction, the surface chemical environment of the material was
studied using X-ray photoelectron spectroscopy (XPS). The study showed that 6C3N4/4NbyOs had only Nb, O, N, and C (Fig. 7a). The
deconvoluted peak positions of Nb 3d 3/2, 5/2 and O 1s peaks, and C 1s and N 1s peaks of C3Ny are consistent with respective surface
compositions and binding energies match well with the NIST database values (Fig. 7b—e). The absence of a metallic Nb peak around
202.3 eV indicated that only the metal oxide phase was present. The formation of a type-II heterojunction was confirmed by the Mott-
Schottky flat band potentials and band gap values for C3N4 and the band edge positions of Nb,Os empirical correlation (Ec ~ 1.23 — Eg
(eV)/2 and Ec ~ 1.23 + Eg(eV)/2) was used (section S2) [60]. Electronically, the conduction band (CB) and valence band (VB) po-
tentials of C3N4 (—1.12 eV and 1.58 eV, respectively) were more negative than those of NbyOs (—0.39 eV and 2.45 eV, respectively),
and this resulted in well-matched type-II heterojunctions (Fig. 7g).

It is noteworthy that the calculated CB standard redox potential of NbyOs was more negative than the standard redox potential of
0,/°03 (—0.28 eV) [57,61] and more positive than that of OH™/*OH (2.27 eV). This confirmed that, upon irradiation, both photo-
oxidation and photoreduction reactions were energetically possible in the C3N4/NbyOs system. Photo-induced electron transfer from

Table 1

Kinetics of photocatalytic degradation of levofloxacin under solar light.
Catalysts Band Gap Adj. R? Degradation rate (K min™1) % Degradation

Eg

Nb,Os 3.3
C3Ny 2.67 0.989 0.00658 + 2.1 x 1073 56
9-1 - 0.942 0.00775 + 8.69 x 107> 58
7-3 - 0.973 0.00876 + 6.32 x 107> 64
6-4 - 0.9657 0.01558 + 1.72 x 1073 87
5-5 - 0.994 0.00971 + 4.42 x 1072 67
3-7 - 0.979 0.00828 + 6.49 x 107> 61
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the CB of C3N4 to the CB of Nb,Os and transfer of holes from the VB of NbyOs to the VB of C3N4 occurred in a concerted manner, which
impeded exciton recombination and resulted in improved photoactivity of the heterojunction. The reusability and robustness of the
6C3N4/4Nb50Os5 heterojunction photocatalyst were examined repeatedly for five cycles. The catalyst exhibited only a slight suppression
in activity over time, partly due to quantity of catalyst lost during workup and available oxygen. However, with bubbling oxygen
through the reaction mixture restored its reactivity. In addition, examining material structure through XRD before and after the re-
action indicated that the photocatalyst structure is chemically stable.

3.6. Mechanism study and fragmentation proposal

Trapping experiments were performed to check the key species involved in levofloxacin degradation. As can be seen in Fig. 8a,
adding tert-Butyl alcohol (TBA, 2 mM, hydroxyl radical scavenger), degradation rate decreased slightly, suggesting hydroxyl radicals
are not key species in the photooxidation of levofloxacin [62]. With the addition of disodium ethylenediaminetetraacetate (EDTA-2Na,
2 mM, holes scavenger), a decrease in rate indicated the involvement of holes in the reaction. Note that photogenerated electrons in CB
can reduce O adsorbed to produce superoxide radical (*03), and holes on VB, by reacting with H,0, can yield *OH. The addition of
benzoquinone (0.5 mM, superoxide radical scavenger) significantly suppressed the degradation rate, indicating that the oxidation of
levofloxacin is governed mainly by the *O2 As mentioned above, adding HoO improved the activity, Raman analysis shows that it
alters the NbyOs surface structure where bands at 640 cm ™! are associated with the Nb-O stretching and at 860 cm ™ of O-O stretching
mode appeared [63,64]. The relative intensity of band (Ip-o/Inp—0) increased with increasing, H,O2 and concentration also conform
with the observation that *O3 radicals are key species the reaction (Fig. 7f). To confirm the free radicals generated the in solution, spin
trapping experiments were performed using 5,5-Dimethyl1-pyrroline N-Oxide (DMPO). Fig. 8b show distinct peaks associated with the
generation of *O, and *OH radicals at 6C3N4/4NbyOs photocatalyst surface on irradiation. The high intensity of peaks suggests the
efficient production of reactive species.

Based on the observed GC-MS fragmentation data a simplified photocatalytic degradation proposal for levofloxacin is presented in
Fig. 8b. GC chromatograms of the main fragments are shown in Fig. S6. As the Levofloxacin may undergo piperazine ring oxidation
carbonyl moieties transformation, or decarboxylation, our results are consistent with the previous reports [65,66]. Initial molecular
ion peak M+1 (m/z = 364) via decarboxylation reaction is transformed into m/z = 336 fragment. In addition, an oxidation fragment
(m/z = 304) associated de-alkylated pathway is also observed. The m/z = 336 intermediate via degradation of N-methyl piperazine
formed stable intermediate m/z = 280 that on hydroxylation, decarboxylation and through the destruction of quinolone moieties in
presence of reactive oxygen species leads to the formation of intermediates m/z = 181 [66,67]. The compound m/z = 181 on
defluorination and hydroxylation forms m/z = 93 and to subsequent smaller fragments [66,68].

4. Conclusion

In conclusion, the successful construction of heterostructured C3N4/NbsOs photocatalysts has been achieved for the photocatalytic
degradation of levofloxacin. Investigations showed that Nb205 facilitates the preferential binding of levofloxacin, while C3N4 extends
the absorption range of the heterostructured catalysts. The type-II heterojunction configuration of the photocatalytic system aided in
lowering recombination rates and improved charge transfer. The photocatalytic degradation system C3N4/NbyOs has exhibited
remarkable efficiency, removing up to 91% of levofloxacin. Trapping experiments have further revealed that both *O3 radicals and
holes drive the degradation of levofloxacin. Additionally, the system has proven to be stable and capable of sustained performance for
up to five catalytic cycles.
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