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Abstract

In this work, we report the synthesis of a photocatalytic system based on impregnating
g-C3Ny quantum dots (CNQDs) onto the surface of exfoliated graphitic carbon nitride
(CN). The CNQDs were prepared using a top-down strategy via a hydrothermal route and
then grafted onto exfoliated g-C3Ny under solvothermal conditions. The prepared CN-
QDs/CN composites were characterized using several techniques, including X-ray powder
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), transmission electron
microscopy (TEM), X-ray photoelectron spectroscopy (XPS), UV-Vis diffuse reflectance
spectroscopy (DRS), photoluminescence spectroscopy (PL), and nitrogen physisorption.
According to XPS analysis, a slight increase in the O 1s signal in the 1-CNQDs/CN sample
could indicate a higher amount of adsorbed hydroxyl groups, which would favor the
dispersion of the powder material in the aqueous medium. The photocatalytic degradation
of the antibiotic levofloxacin (LEVO) was assessed using the CNQDs/CN samples, with
the sample impregnated with 1 wt.% of CNQDs demonstrating the highest photocatalytic
performance under UV-vis radiation conditions. Likewise, the 1-CNQDs/CN sample
also exhibited the lowest photoluminescence emission (Aexc = 315 nm), indicating that the
presence of g- C3Ny quantum dots contributed to the decrease in the recombination rate of
the photogenerated electron-hole pairs in the photoexcited graphitic carbon nitride. The
stability tests revealed a modest performance reduction of 21% over three cycles. From the
photocatalytic tests using scavenger agents, it was determined that hydroxyl (-OH) and
superoxide (-O, ™) radicals are the reactive species that govern the levofloxacin photodegra-
dation under experimental conditions. Consequently, we determined a photocatalytic
mechanism consistent with the results.
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1. Introduction

Fluoroquinolones (FQs) represent the third-largest group of antibiotics, with a broad
spectrum, and are widely used for human and veterinary medical treatments. When
released into the environment, these compounds can generate bacterial resistance and
toxic effects in various organisms. Due to their low biodegradability, FQs can be found in
wastewater treatment plants (WWTPs), surface water, groundwater, and agricultural soil.
The fluoroquinolones most frequently detected in hospital wastewater and WWTPs are
ciprofloxacin, norfloxacin, levofloxacin (LEVO), and ofloxacin, with concentrations ranging
from ng/L to mg/L [1]. For example, LEVO can be found in sewage as 65-80% of the
compound is excreted in human urine during this medical treatment [1,2]. The removal of
FQs can be achieved through biological processes, but they often yield poor results due to
the toxic effects of these antibiotics on microorganisms, as well as the need for several weeks
of treatment [3-5]. Advanced oxidation processes (AOPs) have recently been recognized as
promising technologies for the removal of pollutants from aqueous environments. These
include photocatalysis, electrocatalysis, and Photo-Fenton methods, all of which offer
effective pathways for degrading persistent pharmaceutical pollutants [6,7]. Among the
available technologies, heterogeneous photocatalysis has emerged as one of the most
promising strategies due to its high reaction rate, cost-effectiveness, minimal environmental
impact and feasibility of using sunlight as radiation [8-10].

Graphitic carbon nitride (g-C3Ny) is a metal-free polymeric semiconductor that has
been used as a visible-light-driven photocatalyst. Wang et al. first reported its photocat-
alytic performance for hydrogen evolution from the water-splitting process [11]. Since
then, its photocatalytic properties have been extensively explored for different applica-
tions, including the degradation of organic pollutants such as phenols [12], dyes [13],
pesticides [14] and antibiotics [15], among others. Unfortunately, the photocatalytic be-
havior of g- C3Ny is limited due to its low surface area and rapid recombination of
photogenerated charge carriers [16,17]. Several strategies have been employed to en-
hance the photocatalytic performance of g-C3Ny, such as the synthesis of well-defined
morphologies [18,19], exfoliation [20], molecular doping [21] and formation of heterostruc-
tures with other semiconductors [22,23]. For instance, Padervand et al. synthesized
a FesN/FepO3/C3Ny heterostructure for rhodamine B dye (RhB) degradation and CHy
evolution rate [24]. For the formation of heterostructures, it is desirable to avoid metals and
metal-containing compounds due to their high cost and toxicity. In this context, the physical
junction of bulk g-C3Ny with g-C3Ny quantum dots appears to be a promising metal-free
and non-toxic photocatalyst for aqueous ecosystems contaminated with pharmaceuticals
such as fluoroquinolones.

Quantum dots (QDs) are notable for their unique properties, such as quantum confine-
ment, light absorption in the visible region, abundant surfactant sites, and multi-exciton
effects, making them one of the most attractive materials available. Thanks to these charac-
teristics, they have been widely used in applications such as catalysis, sensing, imaging, and
medicine. Quantum confinement gives QDs sufficient driving force for proton reduction,
which is why numerous studies have been reported on their use in photocatalysis, including
water splitting for hydrogen production, CO; reduction, and the degradation of organic
pollutants. In photocatalytic systems, QDs act as sunlight absorbers, thus promoting more
efficient processes [25]. Table 1 shows a comprehensive overview of the emerging synthesis
strategies and applications of g-C3N4 homojunction photocatalysts.

Herein, we report the synthesis of a metal-free g-C3Ny system based on impregnating
CNQDs onto the surface of exfoliated g-C3N4 material. The photocatalytic performance of
the samples was evaluated in the degradation of the antibiotic levofloxacin under UV-vis
light irradiation, including reproducibility assays, along with structural, morphological,
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optical, and textural characterization. The results indicated that CNQDs promote a uniform
distribution of photogenerated charge carriers within bulk g-C3Ny, thereby enhancing the
photodegradation of levofloxacin under the irradiation conditions investigated.

Table 1. Comparative overview of g-C3N4 homojunction photocatalysts.

Sample Synthesis Reactive Application Ref.
C3N4QDs/O-doped Hydrothermal method . . 85% of degradation of
C3Ny and chemical oxidation Dicyanamide tetracycline (10 mg/L) [26]
Ag NP loaded o . o 95% of degradation of
¢C3N4/2CsN4QDs Photodeposition process Dicyandiamide the PNP to the PAP [27]
Protonated Hydrothermal synthesis ~ Melamine, thiourea, 67% inhibition of
gC3Ny4/O-doped . ) [28]
and electrostatic assembly urea, etc. F. graminearum
gC3Ny
Polycondensation and . 70% of degradation of .
8CaNQDs/gC5Ny solvothermal route cyanamide levofloxacin (20 mg/L) This work
2. Results and Discussion
2.1. Characterization of the Samples
The synthesized samples were analyzed using XRD analysis. Figure 1a displays the
diffraction patterns for bulk g-C3Ny, the CN sample, and the CNQDs/CN composites. It
can be observed that the bulk sample exhibits a diffraction peak at 13.1° (20), corresponding
to the (100) diffraction plane, which represents the periodic arrangement of the heptazine
units with an estimated distance of 0.675 nm [29,30]. However, the CN sample does
not show this diffraction peak, indicating a disruption in the interplanar distance of the
structural packing motif of the heptazine units in g-C3Njy. Similarly, the CNQDs/CN
composites also lack this diffraction peak since they were prepared from the CN sample.
The most intense diffraction peak located at 27.3° (20) corresponds to the (002) diffraction
plane according to PDF 87-1526 [31]. The diffraction peak is associated with the interlayer
stacking of the conjugated aromatic system in g-C3N4. The CN-based samples show a slight
decrease in the intensity of the same diffraction peak, suggesting a mild exfoliation of the
layers in the samples [32,33].
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Figure 1. XRD patterns (a) and FTIR spectra (b) of the CNQDs/CN system.
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FTIR analysis was also performed on the g-C3N, samples to identify the presence
of functional groups. Figure 1b shows the FTIR spectra, where a well-defined peak at
803 cm ! can be associated with the characteristic ring vibration of the heptazine units
in graphitic carbon nitride [34]. The peaks in the 1000-1700 cm ! range are attributed to
the vibration modes of CN heterocycles derived from the repetitive units in the g-C3Ny
framework, consistent with previous studies [35]. Additionally, the broadband centered
at 3150 cm ! is related to the stretching vibration modes of the N-H and O-H bonds,
confirming the presence of amino (-NH/-NH;) and hydroxyl (O-H) functional groups.

TEM micrographs of the CN and 1-CNQDs/CN samples are shown in Figure 2. The
CN sample exhibits a morphology composed of mildly exfoliated g-C3sNy sheets with
a highly porous structure, which can be attributed to the acid treatment applied to the bulk
material, as shown in Figure 2a. In this image, only the layered and exfoliated nature of
g-C3Ny is evident, without the presence of additional nanostructures. By contrast, in the
1-CNQDs/CN sample (Figure 2b), the successful incorporation of g-CsN4 quantum dots
(CNQDs) onto the CN surface is clearly observed. These CNQDs appear as quasi-spherical
nanoparticles with diameters below 20 nm, uniformly distributed and anchored to the
exfoliated sheets. Moreover, as the percentage of quantum dots (2-CNQDs/CN) increases,
there is greater saturation and/or agglomeration on the surface of g-C3Ny; see Figure 2c.
The coexistence of the porous g-C3N, framework with the attached CNQDs suggests
a synergistic structure, where the quantum dots can act as active sites and facilitate charge
transfer processes.

g-C;N, QDs

Figure 2. TEM micrographs of CN (a), 1-CNQDs/CN (b), and 2-CNQDs/CN (c) samples.

To further investigate the chemical composition and confirm the interaction between
CNQDs and g-C3Ny, the bulk g-C3Ny4 and 1-CNQDs/CN samples were analyzed by XPS.
Figure 3a shows the survey spectra, which exhibit binding energies associated with the C
1s, N 1s, and O 1s states, indicating that the samples are composed of carbon, nitrogen, and
oxygen elements. Figure 3b shows the high-resolution C 1s spectra, where two main peaks
are observed at 284.6 and 287.9 eV. The energy peak at 284.6 eV is assigned to the C-C bond
or adventitious carbon in the samples, while the peak located at 287.9 eV is ascribed to the
sp?-hybridized carbon bonded to nitrogen atoms in the triazine rings (N-C=N) of the carbon
nitride framework [36,37]. A negligible peak located at 268.1 eV can be related to carbon in
the form of C-(N)3 [38]. The high-resolution N 1s spectra (Figure 3c) can be deconvoluted
into three peaks at 398.5, 399.8, and 400.7 eV, corresponding to sp?-hybridized nitrogen
(C-N=C), tertiary nitrogen N-(C)s, and amino functional groups (C-N-H), respectively.
Figure 3d shows the high-resolution O 1s region, where weak peaks centered at 532.1 eV
can be attributed to hydroxyl groups adsorbed on the surface of the samples. A slight
increase in the O 1s signal in the 1-CNQDs/CN sample could indicate a higher amount
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of adsorbed hydroxyl groups. This would favor the dispersion of the powder material in
an aqueous medium.
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Figure 3. (a) XPS survey spectra and corresponding high-resolution (b) C 1s, (¢) N 1s, and (d) O 1s
spectra of bulk g-C3Ny and 1-CNQDs/CN samples.

The DRS spectra of the CNQDs/CN system are shown in Figure 4a. As is well known,
g-C3Ny exhibits absorption in the visible region between 400 and 500 nm, indicating that
the semiconductor can be used as a visible-light-driven photocatalyst. Based on the results,
the CN sample shows a slight blue shift compared to the bulk g-C3Ny, probably associated
with the mild exfoliation discussed above. Likewise, the CNQDs/CN samples exhibit
an absorption profile like the CN sample, without significant differences associated with
the incorporation of the CNQDs. The band gap energy values were calculated from the
Tauc plots, as shown in the inset of Figure 4a. For bulk g-C3Nj, the band gap value was
estimated at 2.78 eV, while the calculated value for the CN sample was 2.86 eV. For all
CNQDs/CN samples, the band gap values were close to that of the CN sample, noting
that the incorporation of the quantum dots does not affect the absorption edge of g-C3Njy.
The textural properties of the bulk and CN samples were also studied through nitrogen
physisorption measurements at —196 °C. Figure 4b displays the adsorption—-desorption
isotherms, where both samples exhibit type-II isotherms according to the classification
of the International Union of Pure and Applied Chemistry (IUPAC). The presence of the
hysteresis loop can be attributed to the capillary condensation of nitrogen molecules within
the pores, which is consistent with the presence of mesoporous structures [39-41]. Table 2
summarizes the textural properties of the analyzed samples, where the surface area values
were calculated using the Brunauer-Emmett-Teller (BET) method. As can be seen, bulk
g-C3Ny shows a low surface area of 6.8 m?2/ g, a value almost similar to that reported for the
bulk material prepared from the thermal polycondensation of the melamine precursor [42].
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Conversely, the CN sample shows a slightly larger surface area, probably due to mild
exfoliation during the treatment with HNO3 and/or the calcination process. Furthermore,
no significant changes occurred when CNQDs were added due to the low percentage used.
The average pore diameter and the total pore volume of the samples exhibit close values,
indicating that the processing of the bulk material does not affect the porosity, and the
increase in the surface area of the CN sample should be related to mild exfoliation of the
bulk g-C3N4.
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Figure 4. UV-Vis diffuse reflectance spectra of the CNQDs/CN samples (a); nitrogen adsorption—
desorption isotherms of bulk and CN samples (b).

Table 2. Textural properties of bulk and CN samples.

Average Pore Total Pore Volume
2
Sample Surface Area (m“/g) Diameter (nm) (cm’/g)
bulk g-C3N, 6.8 20.2 3.50 x 1072
CN sample 11.0 18.0 4.97 x 1072
1-CNQDS/CN 12.3 19.8 6.09 x 1072

2.2. Photocatalytic Degradation of Levofloxacin

The photocatalytic properties of the CNQDs/CN samples were examined in the degra-
dation of the antibiotic LEVO, which was measured by reverse-phase high-resolution liquid
chromatography (HPLC). Figure 5a shows the degradation data fitted to pseudo-first-order
kinetics. The rate constant of the bulk g-C3Ny is 0.025 min~!, achieving approximately
50% levofloxacin degradation after 30 min of UV-vis irradiation. The CN sample exhibits
a rate constant of 0.050 min~!, indicating higher degradation than the bulk sample un-
der the same conditions. This enhancement can be attributed to the mild exfoliation and
increased surface area of the CN sample, as discussed previously. Moreover, improved pho-
tocatalytic performance is observed in the CNQDs/CN samples, with the 1-CNQDs/CN
sample exhibiting the highest degradation of LEVO, around 69%. Likewise, the antibiotic
concentration remained unchanged when subjected only to UV-vis irradiation in the ab-
sence of the photocatalyst, indicating that photolysis alone did not significantly contribute
to its degradation, suggesting that the presence of the photocatalyst is necessary to degrade
the contaminant; see Figure 5b. The incorporation of CNQDs likely contributes to reducing
the recombination rate of the charge carriers in the photoexcited CN sample. Conversely,
the photocatalytic activity of the 2-CNQDs/CN sample decreases, although it remains
higher than that of the bulk g-C3N4 and CN samples. This decrease could be attributed to
an excess of CNQDs on the surface of g-C3Ny4, which may adversely affect photoactivity by
acting as recombination centers for the hole—electron pairs on the semiconductor surface
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and block photon absorption [43-45]. It is worth noting that all samples exhibit around
70% degradation after 90 min of irradiation. This phenomenon could be attributed to the
formation of recalcitrant by-products that have not undergone degradation and absorb

light at the same wavelength as levofloxacin [46—48
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Figure 5. Pseudo-first-order constants using CNQDs/CN samples as photocatalyst (a), kinetic experi-
ments of levofloxacin degradation (b), kinetic profiles at different pH values (c), and pseudo-first-
order rate constants at varying initial levofloxacin concentrations (d) under UV-vis light irradiation.

The initial pH value exerts a decisive influence on the photocatalytic degradation of
antibiotics. Figure 5c shows the kinetic profiles of LEVO degradation at different initial
pH values using the 1-CNQDs/CN photocatalyst. The highest photocatalytic efficiency
was achieved when the pH was not modified (natural pH), while at pH values of 4.0
and 9.0, LEVO degradation was lower. Previous studies have shown that pH conditions
significantly affect the efficiency of levofloxacin removal by the photocatalyst [49,50]. For
instance, Xuan et al. reported the effect of pH on levofloxacin degradation using g-C3Njy.
As the initial pH increased from 5 to 10, the levofloxacin degradation efficiency decreased,
indicating that neutral environments are more favorable for levofloxacin removal, while
acidic or alkaline conditions significantly hinder photocatalytic performance [51]. It is
well known that levofloxacin exists in different chemical species depending on the pH
of the aqueous solution, with a pKa; ~ 5.7-6.0 corresponding to the carboxyl group and
a second pKa, ~ 8.2, corresponding to the piperazine amine [52]. Under our unmodified
conditions (pH 5.5), LEVO exists predominantly in its cationic form with both the carboxyl
and piperazine amine groups protonated, although the zwitterionic fraction increases as
the pH approaches pKa;. As these pH conditions exceed the point of zero charge (PZC) of
g-C3Ny (4.2), the surface of the material is negatively charged [53]. This complementarity,
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a negatively charged photocatalyst surface and a predominantly cationic LEVO species,
favors electrostatic attraction and accounts for the slight dark adsorption observed during
the hour equilibration prior to light-induced degradation.

Figure 5d shows the effect of the initial LEVO concentration on the pseudo-first-
order apparent rate constant (k') obtained with the 1-CNQDs/CN photocatalyst. The
rate constant exhibits a clear optimal value at 20 mg/L. This result is consistent with the
Langmuir-Hinshelwood mechanism: at low concentrations, there are insufficient LEVO
molecules to occupy the active sites generated by the photocatalyst, and consequently,
the photogenerated reactive oxygen species react with water or dissolved oxygen rather
than with the pollutant, thereby limiting the apparent degradation rate. An optimal
balance between the number of LEVO molecules adsorbed on the catalyst surface and the
availability of photogenerated charge carriers is achieved at 20 mg/L, thereby maximizing
the reaction rate. At high concentrations, excess LEVO molecules saturate the active sites of
the 1-CNQDs/CN, decreasing its degradation. Furthermore, higher LEVO concentrations
are expected to intensify light-shielding effects, wherein the antibiotic itself competes with
the catalyst for incident photons, both factors further reduce the reaction rate [54,55].

Several scavenger agents were studied to determine the reactive species that control
the photocatalytic process. Figure 6a displays the degradation profile of levofloxacin and
the calculated reaction rates using the 1-CNQDs/CN sample in the presence of propan-2-
ol (isopropanol), potassium iodide, cyclohexa-2,5-diene-1,4-dione (p-benzoquinone), and
catalase, which act as scavengers for hydroxyl radicals (-OH), photogenerated holes (h*), su-
peroxide anion radicals (-O, ™), and hydrogen peroxide (H,O5), respectively. According to
the results, all scavenger agents caused a decrease in the degradation of LEVO, confirming
the crucial role of the reactive species during the photocatalytic process. In particular, the
presence of p-benzoquinone and isopropanol significantly reduced the photodegradation
rate, resulting in reaction rates of 0.56 x 1072 and 0.48 x 1072 min~!, respectively. These
values correspond to an approximate decrease of 88% and 90% in the photodegradation
rate compared to the reaction rate obtained without the presence of any scavenger agent.
These results confirm that hydroxyl and superoxide radicals are the reactive species that
govern the photocatalytic process under the conditions of our study. However, it is widely
recognized that g-C3Ny cannot directly oxidize hydroxyl ions to generate -OH radicals,
indicating that these radicals must be generated through alternative pathways [56]. In
this sense, one of the most accepted routes for the indirect formation of hydroxyl radicals
in aqueous photocatalytic systems starts from the generation in the medium of highly
reactive oxidizing oxygen species (hROS), where the reduction of oxygen (O,) by electrons
photogenerated during the reaction gives rise to the formation of the superoxide radical
(-Oz7), continuing with the protonation of the superoxide radical to subsequently lead to
the formation of hydrogen peroxide (H,O,), which is reduced or decomposed to form the
-OH radical [57]. The previously explained sequence is O, — -0~ — H,O, — -OH.

PL spectroscopy is a reliable technique for studying the recombination of charge
carriers generated in a photocatalyst [58,59]. Figure 6b displays the PL emission spectra of
bulk g-C3Ny, CN, and 1-CNQDs/CN samples excited at a wavelength of 315 nm. The CN
sample exhibits significantly lower PL emission compared to the bulk sample. Additionally,
the 1-CNQDs/CN sample shows even lower intensity in PL emission. The decrease in PL
emissions indicates less recombination of charge carriers and suggests an enhancement
in photocatalytic performance. This decrease in the charge carrier recombination could
be attributed to a phenomenon associated with the reduction in PL emission from g-
C3Ny due to the presence of CNQDs on its surface, which act as charge capture and
transfer centers, promoting electron migration to active sites and minimizing recombination
losses. The synergistic interaction between g-C3Ny and CNQDs directly contributes to
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enhanced photocatalytic activity by increasing the availability of charge carriers for surface
reactions [60-62].

K' (x10” min™)

No scavenger

800

RNy Catalase 1
1 \. v Benzoquinone 700 -

—fll- 1CcNQDs/CN

bulk g-CBN i

(b)

N S x Isopropanol
N EDTA
\ e IS

* T 600 -
500 -

400 - CN sample

300 4

[
Intensity (a.u.)

20 3 4 5 60
Time (min)
200

(a)

100

T T T T T T T T T
Catalase  Benzoquinone Isopropanol EDTA 400 420 440 460 480 500 520 540 560

Sample Wavelength (nm)

Figure 6. Photocatalytic degradation of levofloxacin using the 1-CNQDs/CN sample in the presence
of several radical scavengers (a) and PL emission spectra (Aexc = 315 nm) of bulk g-C3Ny4, CN and
1-CNQDs/CN samples (b).

Figure 7a,b show the fluorescence spectra of the 2-hydroxy terephthalic acid generated
from the reaction between terephthalic acid and hydroxyl radicals formed from CN and
1-CNQDs/CN samples under UV-vis light irradiation. As seen, 2-hydroxy terephthalic acid
emits fluorescent radiation with the highest intensity at 427 nm. The results indicate that the
1-CNQDs/CN sample exhibits higher PL emission than the CN sample, suggesting a greater
production of hydroxyl radicals under the same irradiation conditions; see Figure 7c. It is
well known that hydroxyl radicals are highly reactive species capable of attacking organic
molecules and oxidizing them to form CO, and water [63]. Therefore, our results suggest
that the 1-CNQDs/CN sample demonstrates superior photocatalytic performance through
the generation of hydroxyl radicals, which can oxidize LEVO molecules.
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Figure 7. Fluorescence spectra of terephthalic acid solutions using (a) CN and (b) 1-CNQDs/CN
samples under UV-vis irradiation; (c) fluorescent emission intensity at 427 nm.

The possible mechanism for the photocatalytic performance of the 1-CNQDs/CN
sample is depicted in Figure 8. Under UV-vis irradiation, incident photons excite electrons
from the valence band (VB) to the conduction band (CB) across the characteristic band gap
of g-C3Ny, generating photoinduced electron-hole pairs (e~ cg/h*yp). The CNQDs, located
at the semiconductor interface, act as charge transfer and separation centers, promoting
the migration of photogenerated electrons and decreasing electron-hole recombination, as
shown by the purple arrows. Electrons in the conduction band react with dissolved molec-

https://doi.org/10.3390/catal16080699


https://doi.org/10.3390/catal16080699

Catalysts 2026, 16, 699

10 of 17

ular oxygen (O;) to produce the superoxide radical (-O, ™), which subsequently transforms
into hydrogen peroxide (H,O,) and the hydroxyl radical (-OH). Simultaneously, the photo-
generated holes in the valence band directly oxidize the LEVO molecules, generating the
radical intermediate LEVO®~. The combined action of these oxidizing species (-O;~, HyO»,
and -OH) on the organic contaminant drives its progressive mineralization, ultimately
producing CO,, H>O, and several lower molecular weight degradation intermediates. This
highlights the synergistic role of CNQDs in enhancing the photocatalytic efficiency of
the CNQD/CN system for the removal of emerging pharmaceutical contaminants from
aqueous media.

0;
05~
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onduction Ban
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. intermediates
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HO.
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Figure 8. Proposed schematic diagram of the photogenerated charge transfer in the 1-CNQDs/g-C3Ny
system for the levofloxacin degradation under UV-vis light irradiation.

The 1-CNQDs/CN sample demonstrated photocatalytic behavior with high stability
during repeated degradation cycles under UV-vis light irradiation. Figure 9a shows the
photocatalytic activity of the 1-CNQDs/CN sample in the degradation of levofloxacin
during three consecutive cycles. The photocatalyst maintained similar behavior, with
a slight decrease in the percentage of degradation due to the amount of photocatalyst
lost between cycles. Figure 9b shows the XRD patterns before and after three consecu-
tive cycles, confirming its photochemical stability and the absence of photocorrosion in
the photocatalyst.
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Figure 9. Photocatalytic degradation of levofloxacin after repetitive cycles using the 1-CNQDs/CN
sample (a) under UV-vis light irradiation and the XRD patterns (b) before and after the cycles.

https://doi.org/10.3390/catal16080699


https://doi.org/10.3390/catal16080699

Catalysts 2026, 16, 699

11 of 17

3. Materials and Methods
3.1. Synthesis of g-C3Ny

The synthesis of bulk g-C3N; was performed by polycondensation of cyanamide
(Sigma-Aldrich, >99%, St. Louis, MI, USA) at 500 °C for 4 h. Additionally, acidification
of the bulk material was carried out as previously reported [64,65]. In this sense, 1.5 g of
bulk g-C3N4 was added to 100 mL of a 0.1 M HNOj solution and magnetically stirred for
8 h under cold conditions. Then, the suspension was poured into distilled water, resulting
in a precipitate that was recovered through centrifugation and washed several times with
distilled water. Finally, the dry acid-treated solid was calcined at 550 °C for 3 min. The
resulting exfoliated g-C3N4 material was labeled as CN sample.

3.2. Preparation of CNQDs

The preparation of g-C3Ny quantum dots (CNQDs) was carried out via a hydrothermal
route. Initially, 0.5 g of bulk g-C3Ny4 was dispersed in 70 mL of distilled water, poured into
a Teflon reactor covered with stainless steel, and heated at 200 °C for 10 h. Subsequently,
the supernatant solid was retained by filtration using a nylon filter (Whatman, 0.22 pum),
and the resulting colloidal suspension was considered to contain g-C3N4 quantum dots
(CNQDs). The concentration of g-C3N4 quantum dots was obtained by gravimetry, and it
was around ~ 1 mg/mL.

3.3. Preparation of the CNQDs/CN System

The CNQDs/CN system was synthesized by mixing CNQDs and CN photocatalysts
under solvothermal conditions. In a typical procedure, 1.5 g of exfoliated g-C3Ny was
added to 70 mL of ethanol (>99.5%, ACS reagent, USA) and mixed with a specified volume
of the CNQDs aqueous solution. The mixture was transferred to a Teflon reactor and heated
at 90 °C for 2 h. Then, the suspension was centrifuged and dried at 85 °C overnight. The
samples were labeled as X-CNQDs/CN, where X represents the weight ratio of CNQDs in
each sample (0.5%, 1%, and 2% wt.).

3.4. Materials Characterization

The samples were analyzed using X-ray powder diffraction (XRD) with a Bruker D8
Advance diffractometer (Karlsruhe, Germany) with Cu K« radiation (1.540598 A) and
a graphite monochromator. XRD data were recorded in the 26 interval from 10° to 70° with
a step of 0.05°/s. Fourier transform infrared spectroscopy (FTIR) was performed using
a SHIMADZU IRAffinity-1S spectrophotometer (Kyoto, Japan) equipped with an attenu-
ated total reflectance (ATR) accessory, covering the range of 4400400 cm~!. Transmission
electron microscopy (TEM) was performed using a FEI Tecnai G2 F20 X-Twin microscope
(Waltham, MA, USA). Each powder sample was dispersed in ethanol, and one drop was
placed on a copper grid. XPS analyses were performed using an Auger Perkin Elmer PHI
560 spectrometer (Eden Prairie, MN, USA) equipped with a hemispherical electron analyzer.
The working radiation was Al Ka X-ray (1486.6 eV). Survey spectra were collected in the
0-1350 eV range with a pass energy of 100 eV and a step size of 1 eV. High-resolution spectra
were collected with a pass energy of 50 eV and a step size of 0.1 eV /step. Diffuse reflectance
spectra (DRS) were obtained using a Thermo-Fisher Scientific Evolution 220 UV-vis spec-
trophotometer (Waltham, MA, USA) equipped with an integrating sphere and employing
BaSOy as the reflectance standard. DRS spectra were recorded in the range of 190-800 nm.
The absorbance spectra of CNQDs were obtained using a quartz cell as the sample holder
instead of the integrating sphere. Photoluminescence (PL) spectrum was analyzed using
a Cary Eclipse fluorescence spectrometer. The excitation wavelength was set at 315 nm,
and PL emission was recorded between 350 and 700 nm at a scanning rate of 1200 nm/min.
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The textural properties were studied through nitrogen physisorption measurements. The
adsorption—desorption isotherms were obtained at 77 K using a BEL BELSORP-mini II
instrument (Osaka, Japan). Before analysis, the samples were degassed at 70 °C for 4 h.
The surface area was estimated according to the BET (Brunauer-Emmett-Teller) theory.

3.5. Photocatalytic Tests

The photocatalytic activity of the CNQDs/CN system was studied by assessing the
degradation of the antibiotic levofloxacin (Sigma-Aldrich, anhydrous basis HPLC, >98%,
St. Louis, MI, USA) at an initial concentration of 20 mg/L. For this purpose, a cylindrical
reactor with a cooling jacket was utilized, and the temperature was maintained at 25 °C
during the experiments. For the experiments involving different initial pH values, the pH
was adjusted by adding either 0.1 M HNOj3 or 0.1 M NaOH until the desired values of 4.0 or
9.0 were reached. The aqueous suspension containing the powdered photocatalyst (1 g/L)
and the model pollutant was magnetically stirred for 1 h under dark conditions to achieve
adsorption—desorption equilibrium of the levofloxacin molecules on the surface of the
material. Subsequently, the system was irradiated with a 35 W Xe lamp with a correlated
color temperature of 6000 K and a luminous flux of 36,000 lux. The emission spectrum of
the Xe lamp was recorded using an Ocean Optics Jaz spectrometer (Dunedin, FL, USA);
see Figure 10. The spectral analysis revealed a minor contribution of ultraviolet radiation
above 390 nm, confirming that the lamp provides a suitable approximation of the solar
spectrum under the studied conditions.

— Xe lamp

w== Xe lamp inside reactor

s Sunlight spectrum

Intensity (a.u.)

200 300 400 500 600 700 800 900 1000
Wavelength (nm)

Figure 10. Emission spectrum of the irradiation source.

At different time intervals, aliquots were taken and centrifuged at 6000 rpm for 30 min
to remove the photocatalyst. The supernatant liquid was used to measure the depletion of
LEVO concentration using HPLC analysis. Additional photocatalytic tests were conducted
using scavenger agents to elucidate the importance of the reactive species in the degra-
dation of levofloxacin. The concentration of each scavenger was established according
to our previous work [66]. Briefly, propan-2-ol (3.2 x 1072 mol/L), potassium iodide
(2.0 x 1072 mol/L), p-benzoquinone (2.0 x 1072 mol/L) and catalase (9.4 x 10° units/L)
were used for the scavenging of hydroxyl radicals (-OH), photogenerated holes (h*), super-
oxide anion radicals (O, ™), and hydrogen peroxide (H2O;), respectively. All remaining
experimental conditions were the same as those described in the photodegradation tests.
The detection of hydroxyl radicals (-OH) produced during the photocatalytic process
was performed using terephthalic acid (Sigma-Aldrich, ~98%, St. Louis, MI, USA) at
4 x 10~* mol/L with NaOH (ACS reagent, >97.0%, pellets, USA) at 2 x 10~ mol/L.
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Aliquots were taken every 5 min and centrifuged. The supernatant liquid was analyzed
using a Cary Eclipse MY1306MO001 fluorometer (Palo Alto, CA, USA) with an excitation
wavelength of 315 nm, recording the emission spectra in the range of 350 to 600 nm.

3.6. Analytical Determination of Levofloxacin

The concentration of levofloxacin was determined using reverse-phase high-resolution
liquid chromatography (HPLC) through a Phenomenex Luna C18 (5 um, 250 x 4.6 mm)
column and a mobile phase of acetonitrile:H,O (60:40) at pH 3, adjusted with 0.025 M

1

phosphoric acid. The flow rate was 1 mL min™" in isocratic mode, the diode array detector

was set to 297 nm, and the retention time was 2.4 min.

4. Conclusions

In summary, a photocatalytic system based on the impregnation of g-C3Ny quantum
dots (CNQDs) onto the surface of mildly exfoliated g-C3N4 (CN) through a solvothermal
route has been prepared. The CNQDs/CN composites were characterized by several
techniques, demonstrating the close physical junction between the CNQDs and the g-C3Ny
nanosheets. The 1-CNQDs/CN sample exhibited the highest photocatalytic performance in
the degradation of the antibiotic levofloxacin, with a reaction rate around 1.9 times higher
than that of the bulk material. The improved photoactivity can be attributed to increase
charge separation and a decrease in electron-hole recombination by the addition of CNQDs
on the surface of g-C3N,. Furthermore, CNQDs broaden the light absorption range and pro-
vide additional active sites, thereby increasing the availability of charge carriers for redox
reactions. Also, the results confirm the good photochemical stability of the 1-CNQDs/CN
sample and the absence of photocorrosion in the photocatalyst. Furthermore, the essential
role of reactive species was confirmed through scavenger experiments, where hydroxyl and
superoxide radicals were found to play the most significant role in the photocatalytic pro-
cess. Based on the results, a possible mechanism for the photodegradation of levofloxacin
has been discussed. This work demonstrates that metal-free g-C3N4 quantum dots are
a promising way to improve the photocatalytic performance of a semiconductor, making
them promising materials for developing hybrid composites with enhanced photocatalytic
performance. For future work, it would be advisable to perform total organic carbon (TOC)
analyses to assess the actual degree of mineralization, as well as to identify the intermedi-
ate compounds using liquid chromatography-mass spectrometry (LC-MS). Furthermore,
evaluating the performance of these CNQDs/CN samples under natural sunlight will be
a crucial step toward real-world environmental remediation applications.
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Abbreviations

The following abbreviations are used in this manuscript:

AOPs Advanced oxidation processes

ATR Attenuated total reflectance

BET Brunauer-Emmett-Teller

CB Conduction band

CN Exfoliated graphitic carbon nitride
CNQDs  g-C3Ny quantum dots

DRS Diffuse reflectance spectroscopy

FQs Fluoroquinolones

FTIR Fourier transform infrared spectroscopy

HPLC High-resolution liquid chromatography

hROS Highly reactive oxidizing oxygen species

IUPAC  International Union of Pure and Applied Chemistry
LEVO Levofloxacin

PL Photoluminescence spectroscopy
PZC Point of zero charge

QDs Quantum dots

RhB Rhodamine B

TEM Transmission electron microscopy
VB Valence band

WWTPs Wastewater treatment plants

XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
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