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ARTICLE INFO ABSTRACT

The development of a novel TiO,/KNbO,/g-C3N, photocatalyst for the degradation of sulfamerazine under artifi-
cial sunlight was investigated in this study, aiming to obtain a highly effective material through the formation of
Z-scheme heterojunctions between the proposed semiconductors. The characterizations confirmed the formation
of the intended heterojunctions in the ternary composite photocatalyst, as the presence of TiO,, KNbO; and g-
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photocatalysis C3N, was successfully verified. Furthermore, the coupling between the semiconductors in the form of the ternary
Z-scheme heterojunction photocatalyst led to structural, morphological, and optical modifications of the TiO, base matrix, such as a higher
sulfamerazine

specific surface area and larger visible light absorption. The optimized ternary material (TiO,-5% KNbO3-0.25%
8-C3N,) exhibited the highest reaction degradation capacity for the sulfamerazine (SFMZ) in both solar (86.5%
degradation) and visible light (60% degradation) tests, confirming a significant enhancement over the pure TiO,,
which achieved 48% degradation under solar light and 10% degradation under visible light. This result was
mainly attributed to the formation of Z-scheme heterojunctions between the semiconductors, which enhanced
the charge-transport efficiency during photonic excitation. Lastly, the degradation pathway proposed using mass
spectroscopy analysis indicated the formation of mainly less toxic intermediates, as estimated through quantita-
tive structure-activity relationship (QSAR) predictions.

1. Introduction diate action must be taken to address the risks posed by uncontrolled
antibiotic release into the environment, including effective and sustain-
able solutions for wastewater treatment.

Considering antibiotics commonly released in effluents, the sulfam-

Nowadays, the release of antibiotics into the environment poses a
significant hazard with extensive repercussions, as their widespread use

has led to the contamination of water bodies through various pathways,
notably via wastewater discharge and agricultural runoff [1]. Among
the most concerning risks associated with this kind of environmental
pollution is the rise of antibiotic-resistant bacteria, as prolonged expo-
sure to low doses of antibiotics in the environment can select geneti-
cally resistant bacteria, potentially rendering these crucial drugs inef-
fective [2,3]. In this context, the uncontrolled development of antibi-
otic-resistant organisms can pose a significant challenge to global
health, as this phenomenon leads to longer hospitalizations, higher
medical costs, and increased mortality rates [4]. Consequently, imme-
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erazine (SFMZ) compound from the sulfonamide class can be isolated as
a molecule of interest. This antibiotic is used to treat a variety of bacter-
ial infections in humans and is commonly added to animal feed in the
livestock industry for the prevention and treatment of bacterial infec-
tions [5,6]. However, once ingested, this antibiotic is incompletely me-
tabolized, as nearly 75% of the administered dose is excreted in its orig-
inal form [7]. Thus, SFMZ can be detected at concentrations between ng
L7 and pg L' in effluents from the livestock industry and surrounding
water bodies, with this accumulation being enhanced by the high resis-
tance of this antibiotic to natural degradation processes [7].

E-mail addresses: nicolas.perciani@usp.br (N.P. de Moraes), liana.r@usp.br (L.A. Rodrigues), marcoslanza@usp.br (M.R. de Vasconcelos Lanza).

https://doi.org/10.1016/j.jece.2024.113026

Received 16 January 2024; Received in revised form 5 April 2024; Accepted 8 May 2024

2213-3437/© 20XX

Note: Low-resolution images were used to create this PDF. The original images will be used in the final composition.




N.P. de Moraes et al. Journal of Enviro [ Chemical Engineering xxx (xxxx) 113026

A) B)

-
Lk} T|D'2 L TEDE Tﬂz‘?S‘:"ﬂ- HNbQ_J_
o & KNBD,
{D04) 000 8§ . -
B KNBO ‘E ’
g g : g Te0),-5% KNBO,
5 = ) . | B
E = [ o 5| - & E
Ti0,-2.5% KNbO,
(o e g-CyM,
10 20 30 40 50 60 ™10 20 30 40 50 60 70
2007} 2017)

TiiD,-5% KNBO,-5% g-C,M, 1400 { TI0-5% KNBO,-0.25% g-CyN, | T
L |
TiQ,-5% KNBO,-2.5% g-CyN, o] | g
(-~
= TiO,5% KNBO,- 1% g-CoN, | 10004  © Baseline
£ = |
£ TIO,5% KO, 0.5% G- | 2001 ]
£ Zwof I o TiO,
% Tilh,-5% KNbO,-0.25% N| E ™ * KNBO,
£ 55 0.25% g CN| = 1 B .
TiC,-5% KNBO,-0.1% g-C3N, so0d ¢ Ii -
TiO,-0.25% g-C,M, 10 i e e
E::I :ill.‘- a:;. E-Iu 5:3 Fi ol 30 -H:l 51} m ™m
26(%) 26(%)

Fig. 1. A) X-ray diffractograms for the pure semiconductors (TiO,, KNbO, and g-C3N,); B) X-ray diffractograms for the binary photocatalysts (TiO,-w% KNbO3); C)
X-ray diffractograms for the ternary photocatalysts (TiO,-5% KNbO5-y% g-C3N,) and binary TiO,-0.25% g-C3N,; D) Rietveld refinement results for the TiO,-5%
KNbO;-0.25% g-C3N, sample.

Table 1 -
Rietveld refinement applied to the diffractograms of the developed materials.
Material TiO, KNbO; (orthorhombic) X
(tetragonal) 2
a (nm) ¢ (nm) L. (nm) w% a (nm) b (nm) ¢ (nm) w%
TiO, 0.379 0.951 22.19 100 - - - - 1.05
TiO,-2.5% KNbO5 0.379 0.951 22.55 99.2 0.397 0.564 0.566 0.8 1.12
TiO,-5% KNbO3 0.379 0.951 22.05 98.5 0.398 0.564 0.566 1.5 1.18
TiO,-7.5% KNbO; 0.379 0.951 22.62 97.6 0.397 0.567 0.566 2.4 1.34
Ti0,-0.25% g-C3N, 0.379 0.951 22.34 100 - - - - 1.18
TiO5-5% KNbO3-0.1% g-C3N,4 0.379 0.951 22.54 98.7 0.397 0.564 0.565 1.3 1.30
TiO,-5% KNbO3-0.25% g-C3N, 0.379 0.951 22.30 98.4 0.398 0.565 0.566 1.6 1.10
TiO5-5% KNbO;-0.5% g-C3N,4 0.379 0.951 22.19 98.6 0.396 0.568 0.567 1.4 1.08
TiO,-5% KNbO3-1% g-C3N, 0.379 0.951 21.13 98.5 0.396 0.564 0.566 1.5 1.30
TiO5-5% KNbO;-2.5% g-C3N, 0.379 0.951 18.59 98.2 0.397 0.565 0.566 1.8 1.41
TiO,-5% KNbO3-5% g-C5N, 0.379 0.951 17.29 98.1 0.397 0.564 0.566 1.9 1.17
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Fig. 2. High-resolution XPS spectra of the TiO,-5% KNbO3-5% g-C3sN, photocatalyst: A) Ti 2p; By Nb 3d; C) K2p; D)O1s;E)N1s;F)C1s.
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Fig. 3. Infrared spectra of the photocatalysts prepared in this work.

Currently, sunlight-driven heterogeneous photocatalysis has reactions under light irradiation [10-12]. When exposed to photons,
emerged as an innovative and effective technique for the degradation of these catalysts generate electron-hole pairs, initiating a range of redox
antibiotics in water treatment processes [8,9]. This process generally reactions and producing highly reactive oxygen species, which can
utilizes semiconductor materials as photocatalysts to promote chemical rapidly break down antibiotics into non-toxic compounds; this ap-
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Fig. 4. Raman spectroscopy results for the TiO,, KNbO;, TiO,-5% KNbO3; and
TiO,-5% KNbO3-0.25% g-C3N,.

proach not only ensures the removal of antibiotic residues but also of-
fers the advantage of minimizing the formation of harmful byproducts
[13]. Therefore, heterogeneous photocatalysis offers a sustainable and
efficient solution for addressing the detrimental environmental effects
of antibiotic contamination in water resources.

In the context of developing highly efficient photodegradation
processes, the design of new materials through the creation of hetero-
junctions between semiconductors has emerged as a primary pathway
to boost the overall efficiency of photocatalysts [14,15]. In general, this
type of modification promotes a more efficient separation of photogen-
erated charges during the photoactivation process, diminishing the re-
combination process and augmenting the photonic efficiency of the de-
veloped multi-component photocatalyst [16]. Considering the current
state-of-the-art in semiconductor heterojunction design, the Z-scheme
heterojunction stands out as a particularly effective strategy [17-19].
This type of heterojunction is based on the creation of an electric field
at the semiconductor heterojunction region owing to the formation of
electron concentration and depletion regions. This phenomenon directs
the recombination between electrons and electron holes formed at the
higher potential conduction band and lower potential valence band, re-
spectively. In this way, the electrons and vacancies formed in the outer-
most conduction and valence bands undergo a separation process and
are free to propagate the generation of active radicals [17,18].

Today, titanium dioxide (TiO,) stands out as the most extensively
utilized material in heterogeneous photocatalysis. Therefore, the explo-
ration of new composites involving this semiconductor is of great inter-
est for the development of highly active photocatalytic materials. In
this context, the development of Z-scheme heterojunctions with potas-
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sium niobate (KNbO,) emerges as a promising alternative for enhancing
TiO, efficiency during photonic activation. KNbO; is an n-type semi-
conductor that exhibits excellent stability, a bandgap energy of approx-
imately 3.2 eV, and a relatively low cost. Additionally, the band struc-
ture of potassium niobate is particularly suitable for the formation of Z-
scheme heterojunctions with titanium dioxide due to the staggered
arrangement of the valence and conduction bands between these mate-
rials [20].

However, because of the similarity between the bandgap energies of
these semiconductors (~ 3.2 eV), the response of this binary composite
to solar and visible radiation is anticipated to be inadequate. Thus, in-
corporating a low-bandgap semiconductor into the aforementioned bi-
nary material presents a promising solution for enhancing its activity
under less energetic light irradiation. In this regard, the semiconductor
known as graphitic carbon nitride (g-C3N,) is a suitable alternative due
to its narrow energy band (2.7 eV), low toxicity, and cost-effective syn-
thesis, commonly achieved through the thermal decomposition of urea
[21,22]. The primary drawback of this material is the high recombina-
tion rate observed after its photonic excitation; however, the antici-
pated formation of Z-scheme heterojunctions with both TiO, and
KNbOs is expected to effectively mitigate this issue, as the staggered na-
ture of the electronic bands of each of these semiconductors is particu-
larly suitable to promote efficient charge transfer during photonic exci-
tation [23].

In this context, this study focuses on the development of the novel
and unreported TiO,/KNbO;/g-C3N, ternary photocatalyst for applica-
tion in a sunlight-based photocatalytic process for the degradation of
antibiotics, specifically targeting the sulfamerazine compound. To
achieve this objective, extensive characterization will be conducted to
ascertain the impact of the suggested modifications on the structural,
morphological, optical, and photocatalytic attributes of the resulting
photocatalysts. Additionally, a thorough analysis of the parameters in-
fluencing the degradation efficiency (pH, turbidity, nature of water
source) will be performed, along with a comprehensive study of the
degradation intermediates obtained and their toxicity. Thus, the infor-
mation gathered in this paper aims not only to the creation of a new and
efficient photocatalyst but also to evaluate the environmental aspects
involved in its application, creating a fully contextualized study of pho-
tocatalytic processes applied to the degradation of toxic substances.

2. Methodology
2.1. Materials and chemicals

The following materials and chemicals were used in this project:
ammonium niobate (V) oxalate hydrate (C;H,;NNbOyxH,0, 99% w/w,
MW = 302.98 g mol™!, CAS N° 168547-43-1, Companhia Brasileira de
Metalurgia e Minerac@o); potassium hydrogen phthalate (CgH5KO,,
99% w/w, MW = 204.22 g mol~!, CAS N° 877-24-7, Merck); urea
(CH,N,0, 99% w/w, MW = 60.06 g mol~!, CAS N° 57-13-6, Neon);
hydrofluoric acid (HF, 40% w/w, CAS N° 7664-39-3, Neon); nitric acid
(HNO3, 65% w/w, CAS N° 7697-37-2, Synth); ammonium hydroxide
solution (1:3 v/v, CAS N° 1336-21-6, Synth); sodium oxalate (99% w/
w, MW = 134 g mol~!, CAS N° 62-76-0, Neon); potassium chromate
(99% w/w, MW = 134 g mol™!, CAS N° 7789-00-6, Synth); iso-
propanol (99% w/w, CAS N° 67-63-0, Synth). Titanium chips were ob-
tained from the machining of titanium-based parts produced in the De-
partment of Materials and Metallurgy of the University of Sdo Paulo.

2.2. Synthesis of the proposed photocatalysts

The potassium niobate used in this study was synthesized based on
the methodology proposed by Moraes et al. (2023) [24]. To that inten-
tion, 0.056 mol of ammonium niobate (V) oxalate hydrate and
0.056 mol of potassium hydrogen phthalate were solubilized in 5 mL of
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Table 2 -

Specific surface area (SSA) and pore volume (PV) calculated for the TiO,,
KNbOs, g-CsN,, TiO,-5% KNbOs, Ti0,-0.25% g-CoN, and TiO,-5% KNbO-
0.25% g-CsN,.

Material SSA Micropore SSA (m® PV Micropore

(m2 g_l) (cm PV (cm
g *gh g h

TiO, 19.40 10.30 0.15 0.0048

KNbO4 6.00 - 0.014 -

g-C3N, 60.03 211 0.34  0.0009

TiO,-5%KNbO4 35.25 8.74 0.33  0.0041

Ti0,-0.25% g-C3N, 21.50 11.40 0.17  0.0051

TiO,-5% KNbO3-0.25% g- 35.45 11.42 0.54 0.0053

CoN,

deionized water inside a porcelain crucible. The crucible containing the
solution was then placed into a muffle furnace and calcined at 600 °C
for 2 h. The graphitic carbon nitride (g-C3N,) was synthesized based on
the methodology proposed by Sousa et al. (2020), through the thermal
treatment of 10 g of urea within a lidded crucible [25]. The process was
executed in a muffle furnace, maintained at a temperature of 550 °C for
2 hours, with a heating rate of 10 °C min~".

The ternary photocatalyst was synthesized as follows: first, 1.5 g of
titanium chips and 10 mL of deionized water were added to a
polypropylene beaker. Subsequently, 4 mL of 40% w/w hydrofluoric
acid was added to the system, followed by the dropwise addition of
1.5 mL of 65% w/w nitric acid [26]. After the complete dissolution of
the titanium, the volume of the resulting solution was adjusted to
100 mL. The pH of the titanium solution was adjusted to 4 using an am-
monium hydroxide solution (1:3 v/v). Then, pre-defined amounts of
KNbO; and g-C3N, were added to the titanium solution, which was kept
under magnetic stirring. To promote the precipitation of the compos-
ites, 45 mL of ammonium hydroxide solution (1:3 v/v) was added to
the system. The resulting precipitates were then separated by filtration
and washed with deionized water until pH = 7. After drying for 24 h in
an oven (100 °C), the materials were sifted using a 325-mesh analytical

sieve. Finally, the materials were added to lidded crucibles and calcined
in a muffle furnace at 500 °C for 1 h (heating rate of 10 °C min~') under
a nitrogen atmosphere (0.5 L min™'). The materials produced were
named TiO,-w% KNbO3;-y% g-C3N,, where w% and y% represent the
theoretical mass fractions of KNbO; and g-C3N,, respectively, in the
composites. The inventory of reactants and the respective amounts em-
ployed in the production of each photocatalyst are listed in Table S1.

2.3. Characterization and photocatalytic tests

Detailed information about the characterization methods and the
equipment used can be found in the supplementary material. The pho-
tocatalytic experiments were conducted using a jacketed reactor with
dimensions of 10 cm in height and 10 cm in internal diameter. In this
reactor, 0.5 L of sulfamerazine solution (C, = 10 mg LY was intro-
duced along with 0.05 g of photocatalyst, which was evenly dispersed
via magnetic stirring. To maintain the process at a constant tempera-
ture of 25 °C, a thermostatic bath was used to pump cooling water
through the reactor’s jacket. The concentration of sulfamerazine was
determined by a straightforward spectrophotometric technique using a
Shimadzu UV-2600 spectrophotometer. This measurement utilized a
wavelength of 262 nm for SFMZ detection, as determined from the ab-
sorption spectrum of SFMZ and relevant literature [27-29]. To validate
this approach, the concentration of sulfamerazine was also assessed
through high-performance liquid chromatography (HPLC). For this pur-
pose, a Shimadzu HPLC model LC-20 AT was employed, equipped with
a Phenomenex Luna C-18 column and a mobile phase consisting of 30%
water and 70% acetonitrile. A flow rate of 1 mL min~! was maintained,
with an injection volume of 20 pL and a retention time of 10 min. The
measurements were conducted using a UV detector set to a wavelength
of 270 nm [30,31]. Total organic carbon (TOC) was measured using
Shimadzu VCSN TOC equipment. Before commencing the photocat-
alytic experiments, the reactor was maintained in the dark until adsorp-
tion-desorption equilibrium was established. Subsequently, the samples
were exposed to artificial radiation sources, either solar or visible. An
Osram Ultra Vitalux 300 W lamp was utilized to mimic sunlight, while
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Fig. 7. — A) Diffuse reflectance spectra of the photocatalysts; B) Kubelka-Munk plots.

an OSRAM Powerstar 400 W lamp equipped with a UV filter served as
the visible light source. To evaluate the photocatalytic mechanism of
active radical generation, scavenging tests were conducted in the pres-
ence of various substances: isopropanol (5% v/v, scavenger for hy-
droxyl radicals), nitrogen (inhibitor of superoxide radicals,
0.3 L min“l), sodium oxalate (scavenger for electron holes,
0.5 mol L™1), and potassium chromate (scavenger for e’, 0.025 mol LY
[32]. Turbidity tests were performed by the addition of montmoril-
lonite clay, whereas the variation of pH was obtained using 0.1 M solu-
tions of HCl and NaOH.

The degradation products were identified by liquid chromatogra-
phy-electrospray triple quadrupole spectrometry (LC-ESI-MS/MS 8030,
Shimadzu). A Shim-pack GIST C18 reverse phase column (Shimadzu)
was employed. Acetonitrile (A) and water (B), both acidified with 0.1%
formic acid, were used as the mobile phase at a flow rate of
0.6 mL min~!. The elution mode was linear gradient (0-5 min:
10-37%; 5-8 min: 37-100%; after 8-10 min of post-run time, the com-
position of the mobile phase was returned to the initial condition). Posi-
tive electrospray ionization mode (ESI +) was used for the analysis.
The spray voltage (+) was 3.5 kV, and the capillary and source block
temperatures were 250 °C and 400 °C, respectively. Nitrogen was ap-

1

plied as a nebulizer and desolvation gas at flow rates of 3 L min™" and

15 L min~}, respectively.
3. Results and discussions
3.1. Characterization

Fig. 1 shows the results of the X-ray diffractometry (XRD) of the ma-
terials synthesized, whereas Table 1 lists the parameters obtained from
the Rietveld refinement of XRD data.

Firstly, by analyzing Fig. 1 A, it is possible to observe that all of the
pure semiconductors proposed were successfully synthesized. Consider-
ing that, the TiO, prepared is composed solely of the anatase tetragonal
crystalline structure (JCPDS Card no. 21-1272), whereas the KNbO4
prepared presents the peaks related to the orthorhombic crystalline
structure (JCPDS Card no. 32-0822). The g-C3;N, displayed one major
peak in the 20 region evaluated, centered at approximately 27.6°,
which is related to the (002) plane (d-spacing of 0.326 nm) linked to
the distance between layers of the graphitic carbon nitride [33,34]. Ad-
ditionally, a smaller peak located at approximately 13 ° can be ob-
served, related to the layered structure of stacked triazine units [35].
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Table 3 -

Kinetic data obtained through the pseudo-first-order kinetic model.

Photocatalyst Simulated sunlight Visible light
kgp (min 7)) R? kgp (min ) R?

TiO, 0.0024 0.998 0.0005 0.986
KNbO4 0.0005 0.981 0.0001 0.965
g-C3N, 0.0014 0.988 0.0003 0.962
TiO,-2.5% KNbO; 0.0034 0.995 - -
TiO,-5% KNbO3 0.0040 0.987 0.0020 0.996
TiO,-7.5% KNbO; 0.0032 0.994 - -
Ti0,-0.25% g-C3N, 0.0031 0.991 0.0023 0.995
Ti0,-5% KNbO;-0.1% g-CsN, 0.0043 0.995 - -
TiO,-5% KNbO3-0.25% g-C3N, 0.0065 0.987 0.0029 0.998
Ti0,-5% KNbO;-0.5% g-CsN, 0.0057 0.991

Ti0,-5% KNbO3-1% g-CsN, 0.0044 0.997

Ti0,-5% KNbO4-2.5% g-CsN, 0.0024 0.997

Ti0,-5% KNbO;-5% g-C3N, 0.0016 0.995

As for the binary TiO,-w% KNbOj photocatalysts (Fig. 1B), both
tetragonal TiO, and orthorhombic KNbOj, structures were present in the
diffractograms collected, as expected. Furthermore, the Rietveld refine-
ment of the samples shows that a higher theoretical KNbO; mass frac-
tion is linked to an increase in the experimental KNbO3; mass fraction.
The difference between the theoretical and experimental mass fractions
can be explained by the fact that Rietveld refinement is a semi-
quantitative technique, and deviations are expected due to the different
X-ray absorption coefficients presented by each atom in the structure of
the developed materials [36].

Finally, the X-ray diffractograms of the ternary TiO,-5% KNbO5-y%
g-C3N, and binary TiO,-0.25% g-C3N, showed only the tetragonal TiO,
and orthorhombic KNbO; structures observed previously, with no de-
fined peak related to the graphitic carbon nitride. As shown in Fig. 1 A,
the intensity of the diffractogram obtained for the g-C5N, is much lower
than the ones observed for the TiO, and KNbO; and, therefore, it is
probable that the mass fractions of g-C3N, chosen for the ternary photo-
catalysts (0.1-5%) were not sufficient to render an observable signal for
this component [37]. However, it is noticeable that higher fractions of
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g-C3N, can be directly related to a reduction in the apparent crystallite
size (L) of the TiO, structure, as shown in Table 1. Thus, it is clear that
higher amounts of the g-C;N, influenced significantly the crystalliza-
tion process of the TiO,, which is probably linked to the fact that the g-
C3N, particles present during the synthesis pathway may function as
nucleating sites for the TiO, particles, resulting in smaller crystallite
sizes [38].

Fig. 2 shows the high-resolution X-ray photoelectron spectroscopy
(XPS) spectra obtained for the TiO,-5% KNbO3-5% g-C3N,, aiming to
better understand the resulting structure of the developed ternary
photocatalysts.

As expected, six main elements (Ti, Nb, K, O, N, and C) were identi-
fied by the XPS analysis of the TiO,-5% KNbO3-5% g-C3N, photocata-
lyst. Observing Fig. 2 A, the occurrence of Ti 2p, ,, and Ti 2p;,» modes
at 458.6 and 464.4 eV, respectively, aligns with the expected signature
of the Ti** atoms in the TiO, tetragonal structure. [39]. The Nb 3d
spectrum (Fig. 2B) exhibits a pair of peaks at 207 eV and 210 eV, which

correspond to the binding energies of the Nb 3ds,, and Nb 3d;,, modes,
respectively. This finding can be attributed to the presence of Nb°* in
the orthorhombic structure of the KNbO, phase [24]. For the potassium
spectrum (Fig. 2 C), the resulting data could be deconvoluted into two
bands, which are reportedly linked to the 2p, , and 2p3,, modes of the
K* atom of the orthorhombic KNbO; phase [40].

Considering the O 1 s spectrum (Fig. 2D), three main peaks could be
deconvoluted: the first and more intense peak (O;, ~ 529.7 eV) can be
associated with the surface lattice oxygen atoms of both the TiO, and
KNbO; structures, whereas the second (Oy, ~ 531.2 eV) and third peaks
(Op, = 533.1 eV) are likely resultant from the presence of oxygen va-
cancies and hydroxyl (O-H) groups, respectively [41,42]. The nitrogen
spectrum (Fig. 2E) was also deconvoluted into three peaks, which can
be attributed to triazine rings (298.3 eV), tertiary nitrogen (399.5 eV),
and amino groups (400.6 eV) derived from the carbon nitride structure
[37,43]. Lastly, the C1s spectrum (Fig. 2 F) was deconvoluted into four
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Table 4 -
Conduction and valence band levels found for the semiconductors.
Semiconductor Ecp (eV) Evg (eV)
TiO, -0.35 2.98
g-CsN, -1.22 1.68
KNbO4 -0.85 2.40
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Fig. 11. - Global mechanism of charge transfer for the photocatalytic process.

peaks. The most intense peak, located at approximately 288.2 eV, is re-
lated to the sp

2.bonded N=C-N linkage found in the g-C;N, structure, whereas
the peaks at 286.7 and 289.7 eV suggest the presence of oxygenated C-
O and C=0 species on the surface of the carbon nitride, respectively.
The peak located at 284.7 eV can be assigned to C-C bonds derived
from adventitious carbon present during the analysis [43].

Fig. 3 shows the infrared spectra (IR) obtained for the photocata-
lysts prepared aiming to further evaluate the chemical structure of the
samples.

Considering the nature of the synthesized photocatalysts, the fol-
lowing information can be extracted from the infrared spectra col-
lected. First, the bands located in the region between 500 and 900 cm™!
can be related to the Ti-O-Ti lattice vibrations derived from the tita-
nium dioxide in the samples or the Nb-O octahedra from the KNbO;
[44,45]. Furthermore, bands with low intensity were observed for all
samples at approximately 1064 and 1250 cm™, which can be related to
the surface carbonate species formed by the adsorption of atmospheric
CO, [44]. Regarding the presence of nitrogen-containing groups, the
bands located at approximately 1380 and 1480 cm™ can be related
solely to the presence of C-N groups on the surface of the materials and,
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as expected, these bands can be observed with more intensity in the
photocatalysts with a higher carbon nitride mass fraction [46]. Addi-
tionally, a higher g-C3N, content leads to the appearance of C-O bands
at 1140 and 1170 cm™!, corroborating the presence of oxygenated
groups on the surface of the g-CsN, as observed by XPS analysis [47].
Finally, the band located at 1620 cm™! can be related to both adsorbed
water molecules and C=N bonds, whereas the large band centered at
approximately 3350 cm™! can be linked to the presence of O-H and/or
N-H groups [46,48].

Fig. 4 shows the Raman spectroscopy results for the TiO,, KNbO,,
Ti0,-5% KNbO, and TiO,-5% KNbO3-0.25% g-C3N,.

As shown in Fig. 4, the Raman spectrum of the synthesized potas-
sium niobate is characteristic of its orthorhombic structure, as the fol-
lowing modes can be distinctly observed: B;(TO,) (190 cm™), B,(TO;)
(245.3 em™), B,(TO,) (531 cm™), A;(TO5) (598 cm™?), and A,(LO5)
(832 cm™1) [49]. The pure TiO, spectrum also agrees with the informa-
tion obtained by X-ray diffractometry, as the modes characteristic of its
tetragonal structure can be observed at 141 cm™! (Egry), 369 em™?
(B gay); 510 cm™ (A; 4 + B, 4z)), and 635 cm™ (Eyy) [50]. Both the
Ti0,-5% KNbO3 and TiO,-5% KNbO3 0.25% g-C3N, display a mixture of
the modes observed for the pure TiO, and KNbO,, in a similar manner
to the X-ray diffractograms, confirming the presence of these structures
on the developed composites. However, no characteristic peaks of g-
C3N, could be observed for the ternary material, probably due to the
low mass fraction of this compound in the analyzed sample.

Fig. 5 shows the scanning electron micrographs for TiO,, KNbOs, g-
C5N,, Ti0,-5% KNbO; and TiO,-5% KNbO5-0.25% g-CsN, and the ele-
mental mapping obtained for TiO,-5% KNbO3-0.25% g-C3N,.

The micrograph of pure TiO, (Fig. 5 A) shows that it is morphologi-
cally composed of small nodular particles, which are distributed in the
form of particle agglomerates. The KNbOs, on the other hand, is com-
posed of cuboid-like particles with larger sizes (Fig. 5B), especially
when compared to the pure TiO, particles. As reported in previous liter-
ature, this behavior is characteristic of KNbO; perovskites synthesized
through a wide range of different methodologies, including hydrother-
mal, solid-state, and Pechini pathways [51-55]. Fig. 5 C shows that g-
C3N, consists of non-uniform flake-like particles, which is also a charac-
teristic morphology commonly observed for this particular material
[56]. The binary and ternary composites maintained the morphology
displayed by the pure TiO,; however, it can be observed in the high-
lighted regions that the nodular particles are likely deposited on the
surface of larger particles, indicating that the TiO, is covering the
KNbO; and g-C3N, particles. Considering the proposed synthesis path-
way, this conclusion is quite straightforward, as the TiO, component is
precipitated on top of the KNbO; and g-C3N, particles dispersed in the
aqueous reaction medium.

The elemental mapping obtained for the TiO,-5% KNbO-0.25% g-
C3N, (Fig. 5 F) shows that, overall, the composing elements of the indi-
vidual semiconductors forming the ternary composite are well distrib-
uted throughout its surface. This feature is well suited for enhancing the
charge transfer efficiency within the heterojunctions formed among the
chosen semiconductors, leading to a reduction in the recombination of
photogenerated charges and consequently boosting the photocatalytic
activity of the composite [57].

Fig. 6 shows the nitrogen adsorption-desorption isotherms and
pore-size distribution obtained for the materials, whereas Table 2
lists the morphological parameters obtained using the methodologies
described in Section 2.2.

Fig. 6A shows that all the nitrogen adsorption-desorption
isotherms present the same behavior, which, according to IUPAC clas-
sification, is characteristic of type IV isotherms with an H3 hysteresis
loop [58]. Type IV isotherms are observed in the case of mesoporous
materials (where the pore size falls within the range of 2 nm to
50 nm), whereas the presence of a H3 hysteresis loop is connected to
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Table 5 -
Products generated during sulfamerazine degradation using the TiO,-5%
KNbO3-0.25% g-C3N, (under simulated sunlight).

Degradation Formula RT Molecular Ion Fragment Ions
product (min) [M+H]" (m/z)

1 C,H;(N,0,8 0.11 183 130, 110, 102
2 CioHi4Ny 0,59 191 167, 122, 102
3 CioH13N,0, 0.64 208 167, 123, 102
4 C,Hg0¢ 1.50 151 100, 83

5 CioH14N,0,S 3.38 287 265, 100

6 CsH;N;0, 558 142 100, 83

7 CioH1sN50,8 6.63 274 100, 83

8 C1HigN4OsS 7.39 279 100, 83

the phenomenon of capillary condensation on solids with a very wide
pore size distribution [59].

Considering the pure TiO,, Table 2 shows that the inclusion of the
KNbO; (TiO,-5% KNbO3) led to a significant increase in both the spe-
cific surface area and pore volume of the binary composite, which is a
favorable modification due to the increased interface available for the
propagation of superficial phenomena, such as the photocatalytic acti-
vation and adsorption process [60]. This increase can be related to the
formation of a more developed mesopore structure, especially in the re-
gion between 20 nm and 100 nm (Fig. 6B). The further inclusion of the
g-C3N,, in the form of the TiO,-5% KNbO;3-0.25% g-C3N, composite, re-
sulted in no major effect on the specific surface area of the photocata-
lyst, even though a greater pore volume was achieved. Regarding the
pore distribution of the ternary composite, the addition of both the
KNbO; and g-C3N, led to the enhanced formation of pores ranging from
5 nm to 100 nm. The increase in pores ranging from 5 to 20 nm could
be ascribed to the presence of the g-C3N,, as the pore distribution of the
pure carbon nitride is concentrated in this region.

Fig. 7 shows the diffuse reflectance spectra (DR) and Kubelka-
Munk plots obtained for the determination of the bandgap energy
(Eg,p) Of photocatalysts developed, using the Kubelka-Munk function
and Tauc plots [61].

Firstly, it is possible to observe from the results displayed in Fig. 7B
that the calculated bandgap energies for the pure semiconductors (Eg,,,
(TiO,) = 3.33 eV, Eg,, (KNbO3) = 3.25 eV and Egop (8-C3Ny) = 2.9eV)
are within the expected values, as reported by related literature [25,26,
62]. Furthermore, the addition of both the KNbO; and g-C3N, did not
lead to any major modification to the bandgap of the binary and ternary
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photocatalysts, as all these materials presented bandgap energies of ap-
proximately 3.3 eV. However, it can be observed for the TiO,-5%
KNbO;-y% g-CsN, that a new absorption band emerges between
400 nm and 500 nm for the materials with higher g-C;N, mass frac-
tions, further confirming the presence of this component in the ternary
photocatalysts.

3.2. Photocatalytic evaluation

Fig. 8 shows the evaluation of the photocatalytic performance of the
materials synthesized for sulfamerazine degradation under simulated
sunlight and visible light.

First, it is necessary to point out that all of the catalysts evaluated in
this work displayed a negligible adsorption capacity for the sulfamer-
azine molecule. Fig. 8A shows that the incorporation of the potassium
niobate into the titanium dioxide was favorable for enhancing the pho-
tocatalytic activity of the binary composite material. This result is de-
rived from the heterojunctions formed between the two semiconduc-
tors, which can facilitate charge transfer during photonic activation and
hinder the charge recombination process. Additionally, the increase in
the specific surface area observed for the TiO,-5% KNbO; is also favor-
able in the context of its photocatalytic efficiency, as a larger interface
will be available to propagate the reaction steps involved in the photo-
catalytic degradation process. Furthermore, it is worth pointing out
that both KNbO5; and g-C;sN, displayed inferior photocatalytic activity
compared to the TiO,, which may be related to the low specific area
found for the KNbO; and the high recombination rates of g-C3N, during
photonic activation, as previously reported by related literature [25].
The best photocatalytic activity was found for the TiO,-5% KNbOg;
thus, this composition was employed to produce the ternary composite.

Fig. 8B exhibits that the inclusion of the graphitic carbon nitride
to both the TiO, and the TiO,-5% KNbO; led to a further enhance-
ment of the photocatalytic efficiency of sulfamerazine degradation,
especially for the TiO,-5% KNbO;-0.25% g-C;N, ternary composite,
which obtained 86.5% removal and 55% TOC removal after 5 h. This
could be explained by both the formation of double heterojunctions
with TiO, and the visible-light activity of g-CsN,, which has a low
bandgap energy. Note that the optimal composition of the g-C;N, was
considerably lower than that of the KNbO,, which can be explained
by the very low density and high surface area of the g-C3N, creating
a functional heterojunction interface region even with low amounts
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Fig. 13. - Proposed degradation pathway and structure of identified products formed during the photocatalytic degradation of the sulfamerazine molecule.

of the semiconductor. A similar result was reported by Sousa et al.
(2020), where the optimal carbon nitride composition for the ZnO/g-
C3N,/carbon xerogel composite was also 0.25% w/w [25]. As for the
visible-light tests, Fig. 8C shows that the inclusion of both KNbO; and
g-C3N, was favorable to the photocatalytic activity of the TiO, under
visible light irradiation, considering that the pure TiO, has very low
activity when irradiated with such wavelengths, as expected. This is
once again probably derived from the facilitated charge transfer be-
tween the semiconductors and the low bandgap of the g-C3N, Fi-
nally, the HPLC results displayed in Fig. 8D show a similar degrada-
tion profile as the one obtained through simple spectrophotometry
measurements, indicating that the formation of byproducts during the
process did not cause a significant deviation in the proposed measure-
ments.

The data collected from the photocatalytic tests were fitted using a
pseudo-first-order kinetic model, which is described by Eq. 1 and is
based on the Langmuir-Hinshelwood equation [63]:

Co
In Yel = koppt

where C, is the concentration at the adsorption equilibrium and k, is
the apparent rate constant, which can be defined as the slope of the In
(Cy/C) versus t plot.

The kinetic data pertaining to the suggested model are showcased in
Table 3.

The kinetic parameters derived from the photocatalytic reactions in-
dicate the appropriateness of the proposed kinetic model for describing
the evaluated photocatalytic process, which is supported by the fact
that all the R? values were close to 1. Specifically, the Ti0,-5% KNbO,-
0.25% g-C3N, sample demonstrated the highest k,, values in both solar
and visible-light photocatalytic tests, reaffirming its status as the most
effective photocatalyst among the materials examined in this study.

Fig. 9 aims to evaluate the influence of multiple operational para-
meters on the overall degradation of the sulfamerazine molecule by the
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TiO,-5% KNbO3-0.25% g-C3N,, such as pH, turbidity, the nature of the
aqueous medium and recycling tests. All tests were conducted using
the same methodology proposed in Section 2.3, under simulated sun-
light.

Fig. 9A illustrates that a higher turbidity in the system correlates
with a lower degradation rate of SFMZ. As expected, this relationship
occurs due to the presence of the montmorillonite during the photo-
catalytic tests, which hampers light penetration [64]. Observing the
results, it is noticeable that a major efficiency drop only occurred af-
ter the turbidity of the system reached 520 NTU, indicating that the
process can be carried out with reasonable efficiency in aqueous ef-
fluents with turbidity in the range between 297 and 467 NTU.

Regarding the pH of the system, Fig. 9B indicates that higher pH val-
ues result in improved removal efficiency for the SFMZ. This result can
be elucidated by the increased presence of hydroxyl anions in the solu-
tion, which would likely promote an increased generation of active hy-
droxyl radicals during the photocatalytic process [65]. It can also be
noted that the nature of the aqueous medium had a significant influ-
ence on the degradation of the SFMZ. Fig. 9C demonstrates that using
unpurified water led to a reduced efficiency in the degradation process,
particularly noticeable when simulated seawater was used. This out-
come could be attributed to the hydroxyl scavenger effect promoted by
cations and anions present in unpurified water matrices, such as those
derived from sodium chloride. This scavenger effect is known to hinder
the efficiency of advanced oxidation processes (AOPs) based on the
generation of hydroxyl radicals [66,67]. Finally, Fig. 9D shows that the
Ti0,-5% KNbO3-0.25% g-C3N, has good recycling properties, losing ap-
proximately 2% of efficiency between cycles; furthermore, the XRD and
DR analyses after recycling show that no major structural and optical
modifications were observed.

In order to evaluate the mechanism of active radical generation and
charge transfer in the developed TiO,-5% KNbO;-0.25% g-C3N, ternary
material, scavenger tests were conducted. The results are shown in Fig.
10.
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Table 6 -
Comparison of the photocatalytic degradation efficiency of SFMZ in the related literature.
Material Type of lamp Cat. dosage Volume [SFMZ] Degradation Ref
TiO,-5% KNbO4-0.25% g-CsN, Osram Ultra Vitalux (300 W) 100 mg L™! 05L 10 mgL™! 90% This work
(300 min)
TiO,/Bi,0,/powdered activated carbon Xenon (300 W) 1000 mg L™ 0.25L 20 mg L™} 96% [31]
(120 min)
BiOCl/g-C5N, Xenon (300 W) 400 mg L™ 0.1L 10 mg L™ 80% [86]
(80 min)
g-C3N,/activated carbon Xenon (300 W) 400 mg L 0.05 L 20 mg L 99% (60 min) [84]
Carbon xerogel/ZnO Osram Ultra Vitalux (300 W) 200 mg Lt 05L 10 mg Lt 94% [87]
(300 min)
Ce0,/WO, Xenon (200 W) 400 mg L™ 0.1L 100 mg L™! 100% [85]
(180 min)

Fig. 10 illustrates that the primary active radical responsible for
the photodegradation of sulfamerazine during heterogeneous photo-
catalysis is the hydroxyl radical. This is evident from the significant
efficiency loss observed, with removal decreasing from 62% to 10%
after 3 h when hydroxyl radical suppression was applied [68]. Fur-
thermore, the suppression of the formation of the superoxide active
radical during the experiment also led to a reduced degradation effi-
ciency, suggesting its involvement in the photodegradation mecha-
nism. Drawing upon these observations, the following mechanism is
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suggested to illustrate the generation of active radicals throughout the
photocatalytic processTop of Form (Egs. 2-7):

Photocatalyst + 1 — e~ + At (2)
H,0+ ht—> °*OH+ HY 3)
Oy +e = 05 4
*OH +°0OH - H,0, ()
H,0,+ e - °*OH+ OH (6)
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H,0,+ 05— °OH+0,+OH" @)

To better understand the mechanism of active radical generation
during the photonic excitation process, the energy levels of both the
conduction band (Eqz) and valence band (Eyg) were estimated for the
semiconductors investigated in this study. Eqs. 8 and 9 were employed

to conduct this assessment [69]:

Ecp =y —E°=05E, (8)

Epp=Ecg+ E 9
where EF is the energy of free electrons (E° = 4.5 eV vs hydrogen refer-
ence), ¥ is the absolute electronegativity of each semiconductor
(¥1i02= 5.81 eV,¥g-c3n4= 4.73 eV, and X¥knvo3 = 5.27 eV), and E, is
the band-gap energy [70].

The results obtained are shown in Table 4.

Observing the energy potentials of the TiO, (Ecg = —0.35 eV and
Eyg = 2.98 eV), KNbO; (Ecg = —0.85 eV and Eyz = 2.40 eV), and g-
C3Ny (Ecg = —1.22 eV and Eyy = 1.68 eV), the production of hydroxyl
radicals through the oxidation of water (E® = 2.73 eV) can only occur
at the valence band of the TiO, during heterogeneous photocatalysis,
even after the formation of the suggested heterojunctions [71,72].
Given that the hydroxyl radical was determined to be the primary agent
responsible for the degradation of sulfamerazine, it is anticipated that
the electron holes created during photonic activation will be concen-
trated in the valence band (VB) of TiO, during the degradation process.
Consequently, it is probable that the charge transfer in the ternary ma-
terial is happening through the Z-scheme pathway, considering that
this charge transfer mechanism would enable the accumulation of elec-
tron holes in the valence band of the TiO,. Therefore, acknowledging
that a Z-scheme charge transfer pathway is stabilized for the
TiO,/KNbO3/g-C3N, heterojunction, Fig. 11 depicts the mechanisms
underlying charge transfer and the generation of active radicals in the
photocatalytic process for the proposed ternary material.

Fig. 12 shows the results for the chronoamperometry and open-
circuit potential (OCP) tests, aiming to further evaluate the charge
transfer dynamics of the photocatalysts developed.

The chronoamperometry tests (Fig. 12 A) show that the TiO,-5%
KNbO;-0.25% g-C3N, exhibits the most substantial photocurrent gener-
ation among the assessed photocatalysts. This superior result can be
linked to the Z-scheme heterojunctions formed between the semicon-
ductors present in the ternary catalyst, which facilitate charge transport
during photonic activation and, consequently, enhance the photocat-
alytic efficiency of the composite catalyst [73,74].

Regarding the OCP plots displayed in Fig. 12B, the change in OCP
over time (dOCP/dt) when light exposure ceases can be linked to the
surface recombination of photogenerated charge carriers, where higher
dOCP/dt values suggest a swifter recombination process. The dOCP/dt
calculated for the pure TiO, is equal to 0.0198 V s~!, whereas the
dOCP/dt of the TiO,-5% KNb0;-0.25% g-C;N, was 0.0095 V s~1, pro-
viding further evidence that the ternary composite exhibits reduced re-
combination rates compared to pure TiO,. Utilizing data obtained from
the OCP experiments, Eq. 10 can be applied to estimate the average life-
time of photogenerated charge carriers [75]:

_ k;,_T<dOCP)’1

= 10
e dt (10)

n
Where 7, represents the average lifetime of photogenerated charge car-
riers (s), e denotes the elementary charge of a single electron (1.602 X
10719 C), k; equals the Boltzmann constant (1.38 X 10723 K‘l), T is the
operating temperature of the experiment (K), and dOCP/dt indicates the
slope of the voltage change when light irradiation is ceased.

Using Eq. 10, a 7, value of 2.67 s was obtained for the TiO,-5%
KNbO;3-0.25% g-C3N,, showing a noteworthy enhancement in the
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longevity of charge carriers when contrasted with the TiO,, which has a
7, of 1.28 s. The observation that photogenerated charge carriers un-
dergo recombination at a faster rate in pure TiO, than in the TiO,-5%
KNbO3-0.25% g-C3N, offers additional support for the beneficial influ-
ence of the suggested heterojunctions on the charge transport mecha-
nism during light-induced activation, showing that the recombination
process was partially mitigated in the ternary photocatalyst.

LC-ESI-MS/MS was used to elucidate the degradation pathway of
the SFMZ during the photocatalytic process (Figure S1). Table 5 sum-
marizes the information on degradation products identified and Fig. 13
shows the proposed degradation pathways.

According to previous studies, hydroxylation of the aniline ring, -S-
N- and -C-S- cleavage of the sulfonyl group, and N-C cleavage of the
pyrimidine ring are the dominant mechanisms during SFMZ degrada-
tion via processes involving the hydroxyl radical [76-79]. In this study,
hydroxylation of the aniline ring, together with cleavage of the N-C
bond and ring opening of the pyrimidine group, led to the formation of
5 (CyoH14N40,4S, m/z =287) and 7 (C,(H;5N50,S, m/z = 274). The loss
of the amine group and successive hydroxylation in 7 generated 1
(C4H;(N,0,S, m/z =183). Oxidation of the amine, giving rise to
phenylhydroxylamine and subsequently nitrosobenzene, is the route
proposed for the formation of 8 (C;,;H;(N,03S, m/z = 279). This mech-
anism has already been described in the literature in studies of the oxi-
dation of aromatic amines by catalytic processes [80].

The attack of hydroxyl radicals promoting hydroxylation of the 4-
amino benzenesulfonamide ring, cleavage of the S-N bond, and extru-
sion of SO,/Smiles-type rearrangement are proposed for the generation
of 3 (C;oH;3N30,, m/z = 208). This route and its degradation products
have already been described in the literature in studies of oxidative
processes [78,81,82]. Demethylation of SFMZ's pyrimidine ring, fol-
lowed by SO, extrusion, also generated degradation product 2
(C1oH14N4, m/z = 191) [83]. Finally, the oxidation of the methyl group
to the carboxyl group, the attack and breaking of the S-N bond, and the
opening of the pyrimidine ring generated 6 (CsH;N30,, m/z = 142)
[83].

Studies in the literature show that breaking the aromatic rings of in-
termediate degradation products generally forms carboxylic acids,
which are eventually mineralized into CO, and H,O [76-79]. Under the
conditions applied in this study, the final SFMZ degradation route gen-
erated 2,3-dihydroxybutanedioic acid, identified by number 4 (C,HgOq,
m/z = 151). The proposed formation of this aliphatic acid is related to
the successive attack of hydroxyl radicals on the open ring of intermedi-
ate 6, resulting in the loss of the amine groups and the oxidation of the
final structure.

To assess the biosecurity of the suggested method for SFMZ pho-
todegradation, quantitative structure-activity relationship (QSAR) pre-
dictions using the Toxicity Estimation Software Tool (T.E.S.T.) were
employed to evaluate the toxicity of SFMZ and its degradation interme-
diates (1-8) based on various factors: acute toxicity (T. pyriformis IGCs,
48 h), bioaccumulation potential, developmental toxicity, and muta-
genicity [78]. The results obtained are displayed in Fig. 14.

As depicted in Fig. 14 A, SFMZ exhibited an IGCs, value of
65.7 mg L7!, designating it as a harmful pollutant (IGCs, <
100 mg L™1). However, most of the SFMZ degradation intermediates
exhibited elevated IGCs, values, classifying them as either harmful or
non-harmful (IGCs, > 100 mg L™1), with the exceptions being interme-
diates 7, 8, and 2, which displayed similar IGCs, values to the original
SFMZ molecule [78]. Consequently, it is expected that the overall acute
toxicity of SFMZ was diminished during the degradation process. Fig.
14B illustrates that the process also reduced the bioaccumulation po-
tential of the majority of the intermediates. Furthermore, SFMZ was
identified as a "developmental toxicant,” but the photodegradation
process reduced the toxicity of all degradation intermediates, except for
intermediate 8 (Fig. 14 C). Lastly, Fig. 14D demonstrates that the
process preserved the mutagenicity status of all intermediates, as each



N.P. de Moraes et al.

of them was rated "non-mutagenic" by the prediction algorithm (muta-
genicity < 0.5). In summary, the proposed photodegradation process
not only effectively eliminates SFMZ but also diminishes its overall tox-
icity; nonetheless, it is crucial to acknowledge that certain products re-
tained some level of toxicity in the aquatic environment. Consequently,
during the photocatalytic degradation process, it might be essential to
consider extending the treatment duration appropriately to attain com-
plete mineralization.

Finally, Table 6 presents a comparative analysis between the find-
ings of this study and relevant literature regarding the photodegrada-
tion of sulfamerazine.

Table 6 illustrates that the related literature on SFMZ photodegra-
dation utilizes a quite diverse array of reactional systems and condi-
tions during the degradation process, often employing smaller reactor
volumes and higher doses of photocatalyst, posing challenges for accu-
rate comparison of material efficiency. Nevertheless, given the larger
reactor volume and lower catalyst dosage employed in the present
study, the results obtained appear to align reasonably well with previ-
ously reported findings.

4. Conclusion

The optimized ternary material (TiO,-5% KNbO5-0.25% g-C3N,)
demonstrated superior photocatalytic performance compared to all
other materials evaluated in the proposed degradation tests. In this con-
text, the TiO,-5% KNbO;-0.25% g-C;N, achieved close to 90% degrada-
tion of the sulfamerazine in 5 h under simulated sunlight, with 55%
TOC removal; as a comparison, the pure TiO, achieved approximately
50% degradation in the same period. The formation of heterojunctions
between titanium oxide, potassium niobate, and carbon nitride played
a pivotal role in enhancing the photocatalytic efficiency of this mater-
ial, due to their effect on the suppression of charge recombination dur-
ing the photodegradation process through the formation of Z-scheme
heterojunctions, as demonstrated by the OCP tests and chronoamper-
ometry tests. Furthermore, the modifications proposed also led to bene-
ficial structural, optical, and morphological modifications, such as the
enlargement of both the specific surface area and visible light absorp-
tion capacity of the ternary composite. The photocatalytic mechanism
was predominantly influenced by the generation of hydroxyl radicals,
further indicating the formation of a Z-scheme charge transfer pathway
between the semiconductors during photonic excitation. Furthermore,
the proposed degradation pathway determined by LC-ESI-MS/MS indi-
cated a decrease in the toxicity of SFMZ due to the formation of mostly
less toxic intermediates.
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