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Pharmaceutical wastewater contamination, particularly from antibiotics, poses severe environmental and
health risks due to antibiotic-resistant bacteria and the inefficacy of conventional treatments. In this
study, BiFegsCros03 (BFCO) nanoparticles were synthesized via the sol-gel method and investigated as
a visible-light-driven photocatalyst for ciprofloxacin (CIP) and levofloxacin (LFX) degradation under solar
irradiation. The structural analysis confirmed a single-phase perovskite structure with Cr** incorporation,
enhancing charge separation and visible-light absorption. The presence of oxygen vacancies, identified
through XPS and Raman spectroscopy, played a crucial role in charge transfer and reactive oxygen
species (ROS) generation. Comprehensive electrochemical and photoelectrochemical analyses, including
CV, LSV, and EIS, confirmed enhanced charge transport and reduced interfacial resistance under
illumination. BFCO, with a bandgap of 1.87 eV, exhibited efficient solar energy utilization, achieving
70.35% CIP and 94% LFX degradation within 240 minutes, following pseudo-first-order kinetics. The
activation energy decreased from 33.61 + 5.88 to 19.69 + 3.94 kJ mol™! K™%, confirming enhanced
catalytic efficiency. An apparent quantum yield (AQY) of 34.9% for LFX further underscored its superior
activity. Scavenger studies identified electron (e”) and superoxide ("O,7) radicals as key ROS driving
antibiotic degradation, while oxygen vacancies improved charge separation and ROS formation.
Reusability tests confirmed BFCO's stability across multiple cycles, maintaining its structural,

morphological, and optical integrity. The degradation mechanism involves solar-induced electron—-hole
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Accepted 7th May 2025 pair generation, charge transfer to oxygen vacancies, and subsequent redox reactions that break down

antibiotics into non-toxic byproducts. The synergistic effects of Cr substitution, oxygen vacancies, and
mixed-valence states significantly enhanced photocatalytic efficiency, demonstrating BFCO's potential
for large-scale environmental remediation.
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In response to this challenge, conventional wastewater

1 Introduction nuior ,
treatment plants (WWTPs) employ a combination of physical,

Pharmaceutical wastewater from antibiotic production, hospi-
tals, and improper medicine disposal has become a significant
environmental concern." Antibiotics such as ciprofloxacin,
tetracycline, amoxicillin, and sulfamethoxazole persist in water
bodies, promoting the emergence of antibiotic-resistant
bacteria and genes, which pose severe risks to public
health.”* Furthermore, their resistance to natural degradation
makes removal particularly challenging, and conventional
wastewater treatment methods often fail to eliminate them
effectively."™
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chemical, and biological processes to reduce contaminants.>”
Screening and sedimentation remove large debris, while coag-
ulation and flocculation help eliminate suspended and dis-
solved matter.” Additionally, biological treatment relies on
microorganisms to break down organic pollutants, and disin-
fection through chlorination or UV irradiation eliminates
pathogens.® Despite these efforts, antibiotics' complex chemical
structures and low concentrations in wastewater make them
highly resistant to degradation.'® Moreover, some antibiotics
can transform into metabolites that may be equally or more
toxic than the original compounds, further complicating their
removal.'®"

Given these limitations, there is an urgent need for more
efficient and sustainable treatment methods. One promising
solution is solar-driven photocatalysis, which leverages semi-
conductor materials and sunlight to generate reactive species
capable of breaking down antibiotics into harmless
byproducts.”*** Unlike conventional methods, this approach
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ensures complete mineralization, eliminating the formation of
toxic intermediates. Furthermore, it reduces dependence on
fossil fuels, minimizes hazardous waste, and provides an envi-
ronmentally friendly alternative for pharmaceutical wastewater
treatment.” As a result, solar-driven photocatalysis presents
a highly effective and sustainable strategy for addressing the
growing issue of antibiotic contamination in water bodies.*

In recent years, semiconductor materials such as titanium
dioxide (TiO,),'* zinc oxide (ZnO),"” and cadmium sulfide
(CdS)*® have been extensively investigated for photocatalytic
wastewater treatment due to their potential for environmental
remediation. TiO, is particularly favored for its chemical
stability, non-toxicity, and cost-effectiveness. However, its wide
bandgap energy of 3.2 eV restricts its photoresponse to the
ultraviolet (UV) region, limiting its efficiency under visible
light.**** Similarly, ZnO exhibits comparable photocatalytic
behavior and bandgap characteristics but suffers from intrinsic
drawbacks such as photo-corrosion and limited visible-light
absorption.”® In contrast, CdS possesses a narrower bandgap,
enabling effective utilization of visible light.** Nonetheless, its
practical application is hindered by issues of toxicity and poor
photostability due to rapid photo corrosion.****

A common limitation across these traditional photocatalysts
is the high recombination rate of photoinduced electron-hole
pairs, which significantly reduces the overall photocatalytic
efficiency. To overcome these drawbacks, recent research has
shifted toward the development of heterostructured photo-
catalysts and photocatalytic fuel cells (PFCs) that operate
effectively under visible light. For instance, advanced systems
such as NiFe,0,/Bi,WO¢/ZnO nanorods and Fe,WO,/ZnO pho-
toanodes have demonstrated simultaneous degradation of
antibiotics and energy generation via S-scheme hetero-
junction.**** Likewise, Eu-doped BiOBr and Fe,WO/Eu-BiOBr
composites have shown efficient removal of organic pollutants
and Cr(v1), attributed to enhanced charge separation and reac-
tive species generation.>**” Additionally, pine tree-like NiFe,O,/
ZnO photoanodes have exhibited strong photocatalytic activity
along with antibacterial effects against industrial pollutants.?®

While these hybrid systems demonstrate excellent perfor-
mance, their complexity poses challenges for scalability and
stability. Consequently, recent attention has turned to devel-
oping single-component photocatalysts with visible-light
activity, improved charge carrier dynamics, and structural
robustness. Among the promising alternatives, perovskite
oxides, particularly bismuth ferrite (BiFeO;), have garnered
attention due to their unique crystal structure and tunable
electronic properties.>*® BiFeO; (BFO) has several advanta-
geous features, such as ferroelectric and antiferromagnetic
properties, which could enhance photocatalytic activity.*-*
Moreover, the perovskite structure allows the incorporation of
various metal ions, facilitating the modification of the mate-
rial's optical and electronic properties.*® This versatility has
made BFO a promising candidate for photocatalytic degrada-
tion of organic pollutants under visible light, making it suitable
for solar-driven applications.?**¢

However, despite its promise, BFO suffers from several
inherent limitations that hinder its photocatalytic performance.
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The primary challenges include high electron-hole recombi-
nation, low electrical conductivity, and non-optimal band edge
positions for efficient redox reactions.’’?* These limitations
reduce its overall photocatalytic efficiency. Furthermore, BiFeO;
nanoparticles tend to agglomerate, leading to a decrease in
their active surface area, which is critical for effective photo-
catalysis.’”*® Additionally, the potential leaching of Bi** ions
from the material raises environmental concerns, as these ions
can pose toxicity risks.*® These challenges necessitate the
development of strategies to enhance the photocatalytic effi-
ciency, stability, and environmental safety of BFO.

To overcome these limitations, various modification strate-
gies have been explored. These include cation doping,** oxygen
vacancy engineering,* heterostructure formation.** Among
these, Fe-site substitution with Er, Sn, Se, Ni, Mn and Cr metal
ions has proven to be effective in enhancing charge separation,
modifying the band and improving charge
mobility.*>

Among the various substituent options, chromium (Cr)
stands out as one of the most promising approaches for
enhancing the photocatalytic performance of BFO.*>** The
substitution of Fe with Cr*" ions modifies the electronic band
structure, leading to improved visible-light absorption and
enhanced charge mobility. Additionally, this substituting
reduces the electron-hole recombination rate, a major factor
limiting photocatalytic efficiency in BFO. Cr*" substitution
shifts the conduction band downward, facilitating the forma-
tion of reactive superoxide radicals, while the valence band
position remains suitable for hydroxyl radical ("OH) generation.
These modifications result in better charge separation, higher
charge carrier density, and increased surface reactivity, which
collectively enhance photocatalytic activity. Consequently,
BiFe, 5Cry 505 (BFCO) emerges as a superior photocatalyst for
wastewater treatment, particularly in the degradation of phar-
maceutical contaminants such as ciprofloxacin (CIP) and levo-
floxacin (LFX).

In addition to the benefits of Cr substitution, the introduc-
tion of oxygen vacancies in the BFCO structure further improves
its photocatalytic performance.”® Oxygen vacancies play
a crucial role in enhancing charge transport by acting as trap-
ping sites for charge carriers, which accelerates electron trans-
fer processes.”* The presence of oxygen vacancies also
increases the availability of reactive sites on the catalyst surface,
promoting the generation of reactive oxygen species that are
vital for breaking down organic pollutants. As a result, the BFCO
exhibits superior photocatalytic efficiency, with faster degrada-
tion rates and more efficient pollutant removal under visible
light. Furthermore, the incorporation of oxygen vacancies
enhances the material's stability, preventing Bi** leaching and
ensuring that the catalyst remains durable over multiple pho-
tocatalytic cycles. This stability, coupled with faster electron
transfer, makes BFCO an ideal candidate for long-term, cost-
effective, and sustainable photocatalytic applications.

Another significant advantage of BFCO is its structural
stability. Cr substitution not only improves photocatalytic
performance but also contributes to maintaining the integrity
of the material during photocatalytic reactions. This stability is

structure,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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essential for the catalyst's reusability, as it ensures that the
material does not degrade over time.***° Furthermore, the
presence of Cr influences the surface morphology, increasing
the number of active sites available for photocatalytic reactions.
In addition, the mixed metal oxide structure of BFCO provides
synergistic effects that further enhance its photocatalytic
performance. The combination of Bi and Cr elements in the
perovskite structure leads to a unique electronic environment
that promotes efficient charge separation and increases the
overall photocatalytic efficiency.

To fully assess the photocatalytic performance of BFCO,
several key analyses must be conducted. First, efficient catalyst
recovery after treatment is essential for reusability, which can
be achieved through various separation techniques, such as
filtration, centrifugation, or magnetic separation.*® Further-
more, determining the apparent quantum yield of the photo-
catalytic system provides valuable information regarding the
efficiency of light utilization and the overall performance of the
system.**** This involves quantifying the number of antibiotic
molecules degraded per photon absorbed by the catalyst,
offering insights into the catalyst's light absorption efficiency.
In addition, understanding the catalyst's band edge positions is
critical for optimizing the charge transfer mechanism and
reactive oxygen species (ROS) generation, which are key for
enhancing photocatalytic performance.*>* Calculating the
activation energy provides further insights into the kinetics of
the degradation reaction and the impact of temperature on the
process. Finally, rigorous reusability tests involving repeated
cycles of photocatalytic degradation and catalyst recovery, are
essential for assessing the long-term performance, stability, and
economic viability of the catalyst for practical wastewater
treatment applications.®***

In this context, our study introduces BFCO nanoparticles
synthesized via a sol-gel method as a novel, efficient, and
reusable photocatalyst for the solar-light-driven degradation of
pharmaceutical contaminants. The originality of this work lies
in the strategic Cr’* substitution at the Fe-site of BFO, which, in
synergy with engineered oxygen vacancies and mixed-valence
states, significantly enhances charge separation, lowers activa-
tion energy, and promotes reactive oxygen species (ROS)
generation under solar light. Unlike previously reported BFO-
based systems, the BFCO catalyst demonstrates superior pho-
tocatalytic performance, achieving high degradation efficien-
cies for both CIP and LFX, along with excellent apparent
quantum yield and reusability over multiple cycles. These
results represent an important scientific advancement toward
the development of stable and cost-effective nanocatalysts for
sustainable pharmaceutical wastewater remediation under
solar irradiation.

2 Materials preparation and
experimental techniques
2.1 Materials

In this investigation, the following analytical grade reagents
were used for materials synthesis: Bi(NO;);-5H,O (Sigma-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Aldrich, 99.80%), Fe(NO;);-9H,O (Sigma-Aldrich, 98.00%),
Cr(NO;3)3-9H,0 (Sigma-Aldrich, 98.00%), citric acid (C¢HgO-),
NH,OH, ethylene glycol CH,OHCH,OH, ciprofloxacin, levo-
floxacin, AgNO;, ethylenediaminetetraacetic acid disodium
salt (EDTA-2Na), benzoquinone(p-BQ), tert-butyl alcohol
(+-BuOH), Na,SO4, N-methyl-2-pyrrolidone [CsHoNO] and
poly(vinylidene fluoride) [CH,CF,),]. All chemicals purchased
from Sigma-Aldrich, Germany, were used without any further
purification.

2.2 Synthesis and characterization techniques

2.2.1 Synthesis of BFCO nanoparticles. BFCO nano-
particles were synthesized using a sol-gel technique,****** as
illustrated in Fig. S1,T with detailed synthesis methods provided
in the ESL}

2.2.2 Characterization techniques. The  structural,
morphological, elemental, and optical characteristics of the
synthesized BFCO nanoparticles were systematically analyzed
using multiple techniques. X-ray diffraction (XRD) was
employed to determine the crystal structure, using a Rigaku
SmartLab diffractometer equipped with copper K-alpha radia-
tion. Surface morphology was examined via Field Emission
Scanning Electron Microscopy (FESEM) with a GeminiSEM 360
(Zeiss, Germany) and Transmission Electron Microscopy (TEM)
using a Talos F200X (Thermo Fisher Scientific, USA). The
elemental composition was confirmed through Energy Disper-
sive X-ray (EDX) spectroscopy. Additionally, X-ray Photoelectron
Spectroscopy (XPS) (Thermo Fisher Scientific, USA) was per-
formed to investigate the chemical states and binding energies
of constituent elements. The optical properties were analyzed
using a UV-visible spectrophotometer (UV-2600, Shimadzu,
Japan) and Photoluminescence Spectroscopy (PL) (RF-6000,
Shimadzu, Japan). Electrochemical characteristics were exam-
ined using an Autolab PGSTAT302N electrochemical worksta-
tion (Metrohm, Germany).

2.2.3 Electrochemical and photoelectrochemical charac-
terization techniques. The electrochemical and photo-
electrochemical®**® setup and methodology are detailed in the
ESI (Fig. S2+).

2.2.4 Photocatalytic characterization techniques. The
photocatalytic performance of BFCO nanoparticles was
assessed for the degradation of CIP and LFX under simulated
solar irradiation. A 500 W Hg-Xe lamp with an irradiation
power density of 100 mW cm > served as the light source. The
experimental setup is schematically represented in ESI Fig. S3.}
For the degradation experiments, 1 mg of CIP or LFX was dis-
solved in 100 mL of distilled water, and its absorbance spectrum
was recorded using a UV-visible spectrophotometer (UV-2600,
Shimadzu, Japan). A 20 mg portion of the BFCO nanoparticles
was dispersed in 50 mL of the prepared CIP solution. The
suspension was stirred in the dark for one hour to ensure
adsorption-desorption equilibrium before initiating photo-
catalysis. Upon exposure to irradiation, aliquots of 5 mL were
extracted at 30 minute intervals, centrifuged at 6000 rpm for 2
minutes, and analyzed using UV-visible spectrophotometry to
determine the residual pollutants concentration. This
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procedure was continued for up to 4 hours. The UV-Vis absor-
bance of CIP and LFX was monitored at their respective
maximum absorbance wavelengths of 285 nm and 290 nm,
respectively.

Active species trapping experiments were conducted to
identify key reactive species responsible for the photocatalytic
degradation. Specific scavengers were used: AgNO; for electrons
(e7), ethylenediaminetetraacetic acid disodium salt (EDTA-2Na)
for holes (h"), benzoquinone (p-BQ) for superoxide radicals
(‘0,7) and tert-butyl alcohol (¢-BuOH) for hydroxyl radicals
(‘OH). Each scavenger was introduced at a concentration of
1.5 mM, and the degradation efficiency was evaluated based on
the suppression of pollutant removal.

To determine the activation energy of the photocatalytic
reaction, an LFX solution (1 mg in 100 mL distilled water)
was prepared, and BFCO nanoparticles (20 mg and 40 mg)
were separately dispersed in 50 mL of the solution. After
achieving adsorption-desorption equilibrium in the dark for
one hour, the mixture was irradiated under a solar simulator.
Absorbance spectra were recorded at 30 minute intervals at
different temperatures (25, 40, and 60 °C) to assess the
temperature dependence of the photocatalytic degradation
process.

3 Results and discussion

3.1 Structural, morphological, magnetic, optical,
photoelectrochemical and chemical states analyses

The XRD spectrum of BiFe, 5Cry 503 nanoparticles, shown in
Fig. 1(a), confirms a single-phase rhombohedral distorted
perovskite structure with an R3¢ space group.**’ Specifically,
the XRD pattern of the synthesized BFCO nanoparticles closely
aligns with the standard diffraction data of rhombohedral BFO,
as referenced by JCPDS card no. 71-2494.°® The absence of
secondary phases such as Bi,Fe,Oq or Bi,sFeO,, indicates the
successful incorporation of Cr*" ions into the BiFeO; lattice
without inducing structural distortions or phase transitions.>*>
Unlike other transition metal, Cr substitution preserves the
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fundamental crystallographic framework. This phase stability is
crucial, as structural integrity directly impacts charge transport
and recombination dynamics, both essential for consistent
photocatalytic performance.

The morphological properties of BFCO nanoparticles are
analyzed using TEM, as shown in Fig. 1(b) and (c). The high-
resolution TEM (HRTEM) image in Fig. 1(b) reveals well-
dispersed nanoparticles with distinct lattice fringes, indi-
cating high crystallinity and phase purity. Additionally, selected
area electron diffraction (SAED) analysis (Fig. 1(c)) displays
scattered diffraction spots and incomplete concentric rings,
confirming the material's polycrystalline nature. While the
overall structure remains stable, slight deviations from ideal
crystallography are observed, likely due to local lattice strain
from Cr substitution. These distortions could influence the
electronic band structure, potentially enhancing charge sepa-
ration and extending carrier lifetimes, which are crucial for
improving photocatalytic efficiency. Additionally, the poly-
crystalline structure promotes the formation of surface defects,
such as oxygen vacancies, which act as active sites for ROS
generation.

The FESEM image (Fig. 2(a)) reveals that the synthesized
BFCO nanoparticles exhibit a well-dispersed nanoscale
morphology, with an average particle size of 109 nm, as deter-
mined from the particle size distribution histogram (Fig. 2(b)).
The small particle size enhances the specific surface area,
facilitating greater pollutant adsorption and improved light
absorption, which are crucial for efficient photocatalysis.
Complementary elemental mapping images (Fig. 2(c)-(f))
confirm the uniform distribution of Bi, Fe, Cr, and O across the
nanoparticle matrix, indicating the successful substitution of Fe
by Cr without forming secondary phases. This homogeneous
substitution plays a key role in modifying the electronic band
structure, thereby enhancing visible-light absorption and
boosting solar-light-driven photocatalytic activity. Furthermore,
a comparison of the experimentally determined atomic and
mass percentages with their theoretical values (Fig. S4 and
Table S1t) validates the successful stoichiometric synthesis,

(202)

Fig.1 Structural and morphological characterization of BiFeq 5sCrg 503 nanoparticles (a) XRD pattern of BiFeg sCrg 503 nanoparticles, confirming
a single-phase perovskite structure with no secondary phases, indicating the successful substitution of Fe** with Cr®* in the BiFeOs lattice. (b)
HRTEM image displaying well-dispersed nanoparticles with clearly visible crystalline lattice fringes, verifying the high structural order and phase
purity of BiFepsCrgsOz nanoparticles. (c) SAED pattern of BiFepsCrgsOz nanoparticles, exhibiting scattered diffraction spots and faint,
incomplete concentric rings, indicative of a predominantly polycrystalline nature with slight deviations from the ideal crystallographic

arrangement.
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Fig.2 Morphological and elemental analysis of BiFeg sCrg sO3 nanoparticles (a) FESEM image showing nanosized BiFeg sCrq sO3 particles, which
contributes to a high surface area beneficial for photocatalysis. (b) Particle size distribution histogram indicating an average particle size of
109 nm. (c—f) Elemental mapping images confirming the homogeneous distribution of (c) Bi, (d) Fe, (e) Cr, and (f) O throughout the BiFeq 5Crg 503

nanoparticles, ensuring a well-integrated perovskite structure crucial for stable and efficient photocatalysis.

ensuring the structural and compositional stability of the
nanoparticles.

To further understand the structural modifications induced
by Cr substitution, Raman spectroscopy (Fig. 3(a)) provides
insights into vibrational modes. Low-frequency peaks (140-
180 cm™ ") correspond to Bi** vibrations, indicating structural
distortions from the lone-pair effect, while Fe-O and Cr-O
bending modes in the 220-400 c¢cm™' range validate the
successful substitution of Fe*" by Cr**, introducing octahedral
distortions that influence charge transport dynamics.*>* The
prominent peak near 560 cm™', assigned to A;, symmetric

stability.>>*° More importantly, the broad band at 670-700 cm ™"

is associated with oxygen vacancies, which play a crucial role in
charge separation and suppress electron-hole recombination,
enhancing photocatalytic efficiency.®* Additional high-
frequency spectral features (1000-1800 cm™ ') suggest defect-
induced Raman scattering, indicative of non-stoichiometric
oxygen states, while multi-phonon interactions in the 2500-
3500 cm ™' region highlight strong electron-phonon coupling,
facilitating charge transfer and extending carrier lifetimes for
improved photocatalytic performance.

These structural modifications directly influence the

stretching of FeOq/CrO, octahedra, further confirms lattice temperature-dependent magnetic properties of BFCO
1.0
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Fig. 3 Raman spectra and magnetic characteristics of BiFeg sCrg 503 nanoparticles (a) Raman spectra of BiFeq sCrp sO3 nanoparticles, displaying
characteristic vibrational modes associated with the perovskite structure. (b) M—H curves measured at different magnetic field strengths,
demonstrating a weak ferromagnetic behavior in BiFeg sCrg 503 due to spin canting effects and Cr substitution. The presence of remanence and
coercivity confirms improved magnetic separation capabilities, facilitating easy recovery of the photocatalyst after reaction. (c) M—T curves were
recorded under ZFC and FC conditions at an applied field of 100 Oe. The bifurcation between ZFC and FC curves suggests spin-glass-like
behavior, indicating the influence of Cr substitution on magnetic interactions.
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nanoparticles (Fig. 3(b)), which are critical for potential
magnetic separation post-photocatalysis.** The magnetization
(M) vs. the magnetic field (H) curves at 5 K and 100 K reveal finite
coercivity (H.) and remanent magnetization (M,), confirming
weak ferromagnetic (FM) or canted antiferromagnetic (AFM)
interactions, while a slightly more open hysteresis loop at 100 K
suggests competing FM-AFM interactions induced by Cr**
substitution, leading to spin disorder and magnetic
frustration.>*?”*> At room temperature (300 K), the nearly linear
magnetization curve with minimal hysteresis indicates a tran-
sition to a paramagnetic (PM) state due to thermal energy
overcoming spin interactions. The field-cooled (FC) and zero-
field-cooled (ZFC) magnetization curves (Fig. 3(c)) reveal
a broad peak in the 100-150 K range, characteristic of a block-
ing temperature (T},) associated with superparamagnetic (SPM)
or spin-glass-like behavior.”>®” This arises from finite-size
effects, Cr**-induced spin canting, and competing FM-AFM
interactions, leading to trapped magnetic moments below Ty,
The persistence of weak FM interactions at ambient conditions,
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despite spin-glass-like behavior at lower temperatures, supports
the feasibility of BFCO nanoparticles as a dual-function mate-
rial, offering both efficient photocatalytic degradation and
magnetic recovery for catalyst reuse.

The optical and electronic properties of BFO and BFCO,
illustrated in Fig. 4, highlight its strong potential as an efficient
photocatalyst for pharmaceutical wastewater degradation. The
optical band gap of BFCO nanoparticles was estimated using
the UV absorption spectrum through Tauc's relation:

()" = B(hw — E)

where % represents Planck's constant, » is the photon frequency,
E; is the band gap energy, and B is a material-dependent
constant. For direct electronic transitions, the value of vy is
taken as 1/2. The band gap energy of BFCO nanoparticles was
obtained from the x-intercept of the plot of (ahv)""” versus E,. The
Tauc plot®>® (Fig. 4(a)) reveals a direct bandgap of 1.87 eV, which
is significantly lower than that of pristine BFO nanoparticles
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Fig. 4 Optoelectronic and charge transfer properties of BiFeO3z and BiFeq 5Crg 503 nanoparticles. (a) Tauc plots indicating a reduction in the
direct bandgap of BiFeg sCrgs03 compared to pristine BiFeOs, suggesting improved absorption in the visible light region. The inset shows the
corresponding UV-vis absorption spectra of both samples. (b) Steady-state photoluminescence (PL) spectra, displaying lower emission intensity
and a red-shifted peak for BiFeg sCrg 503, in agreement with the bandgap narrowing observed in the Tauc analysis. (c) Mott—Schottky plots
recorded at different frequencies, confirming the n-type semiconducting nature of BiFep sCrg sOs3. (d) Nyquist plots illustrating reduced charge
transfer resistance (R for BiFeg sCrg 503 in comparison to BiFeOs, with the inset emphasizing the high-frequency region for better visualization.
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(2.19 eV).** This reduction in bandgap enhances BFCO's ability to
absorb visible light more effectively, thereby improving its solar
energy utilization for photocatalytic applications. The UV-vis
absorption spectrum (inset) further supports this broad absorp-
tion capability, while the steady-state PL spectrum (Fig. 4(b))
confirms the optical band structure determination with an
emission peak corresponding to the bandgap. A relatively low PL
intensity of BFCO compared BFO nanoparticles indicates sup-
pressed electron-hole recombination, which extends charge
carrier lifetimes and enhances photocatalytic efficiency. Further
electronic insights are provided by Mott-Schottky analysis®*%+°¢
(Fig. 4(c)), which confirms BFCO's n-type semiconductor nature
with a flat band potential of —1.03 V vs. Ag/AgCl. Combining this
with the bandgap data, the conduction band minimum (CBM)
and valence band maximum (VBM) were calculated as —0.93 V
and 0.95 V vs. NHE, respectively, facilitating redox reactions
essential for pollutant degradation. Charge transport dynamics
were also investigated through EIS analysis.***” The Nyquist plots
in Fig. 4(d) reveal a reduced charge transfer resistance (R.) and
improved charge separation of BFCO compared to BFO nano-
particles, which contribute to BFCO's superior photocatalytic
performance.

To evaluate the photoresponse characteristics of the
synthesized BFCO nanoparticles, photoelectrochemical
measurements including CV, LSV, and EIS were conducted
under both dark and illuminated conditions,?® as presented in
Fig. 5. The CV curves (Fig. 5(a)) of the symmetric BiFe, 5Cry 5
O3]|BiFe, 5Cry 503 cell exhibit significantly enhanced current
densities under light irradiation, indicating improved photo-
response behavior due to more efficient charge separation and
increased carrier mobility upon illumination. This enhance-
ment reflects the effective utilization of solar energy to facilitate
redox reactions at the electrode-electrolyte interface. Similarly,
the LSV results (Fig. 5(b)) further support this observation,
showing consistently higher photocurrent densities under illu-
mination across the potential window. This indicates enhanced
generation and transport of photoinduced charge carriers,
demonstrating the material's strong photoactivity. Additionally,
EIS analysis (Fig. 5(c)) reveals a notable decrease in the semi-
circle diameter of the Nyquist plots under light, signifying

View Article Online
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reduced charge transfer resistance (R.;) and improved interfa-
cial charge transport. The inset highlights this trend more
clearly in the high-frequency region, while the shift of the
impedance arc toward lower Z' values under illumination
further confirms enhanced charge dynamics.

To understand the chemical states and surface composition
of BFCO, XPS was conducted, as illustrated in Fig. 6. The survey
spectrum (Fig. 6(a)) confirms the presence of Bi, Fe, Cr, and O,
verifying the chemical purity and stoichiometric integrity of the
synthesized nanoparticles. High-resolution spectra of indi-
vidual elements provide deeper insights into their oxidation
states and electronic interactions (details in ESI Table S2+). The
Bi 4f spectrum (Fig. 6(b)) shows characteristic peaks corre-
sponding to Bi**, confirming its expected valency in the perov-
skite structure.** Similarly, the Fe 2p spectrum (Fig. 6(c))
indicates a mixed-valence state of Fe*'/Fe**, which enhances
internal charge transfer and reduces recombination losses.*?
The Cr 2p spectrum (Fig. 6(d)) also exhibits Cr’" as the domi-
nant oxidation state, with minor contributions from Cr**,
facilitating efficient electron transfer.>® The O 1s spectrum
(Fig. 6(e)) reveals three primary components: lattice oxygen
(0*7), oxygen vacancies, and surface hydroxyl groups.5>¢%¢
Notably, the presence of oxygen vacancies (530.6 eV) suggests
significant defect concentration, which enhances photo-
catalysis by promoting pollutant adsorption and ROS genera-
tion.”> Additionally, surface hydroxyl groups (532.45 e€V)
contribute to the formation of hydroxyl radicals ("OH), further
improving the degradation efficiency of pharmaceutical
contaminants.®

The valence band (VB) XPS analysis (Fig. 6(f)) confirms
a VBM of 0.95 eV, aligning well with the Mott-Schottky analysis
and reinforcing the favorable band alignment of BFCO for
photocatalytic applications. The combination of its suitable
band structure, efficient charge transport, and favorable surface
chemistry establishes BFCO as a highly promising material for
visible-light-driven wastewater remediation.

3.2 Photocatalytic performances evaluation

In photocatalytic antibiotic wastewater treatment, the optimi-
zation of catalyst dosage, pollutant concentration, and solution

4
(a) BiFe, sCry s0;||BiFey sCry 505 — 3004 (b) BiFe, sCry505]|BiFe; sCr; 503 960 - (c) BiFe 5Cry s0;||BiFe, 5Cry 50,
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Fig. 5 Photoelectrochemical performance of BiFeg sCro503||BiFeg sCrg. 503 under dark and light conditions. (a) CV curves showing enhanced
current density under light due to improved charge separation; (b) LSV curves confirming higher photocurrent generation under illumination; (c)
Nyquist plots revealing reduced charge transfer resistance under light, with the inset highlights the high-frequency region, clearly showing

improved interfacial charge transfer dynamics upon light activation.
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Fig. 6 Surface chemical states and electronic structure of BiFeg 5sCrqg 503 nanoparticles via XPS (a) XPS survey spectrum displaying distinct peaks
for Bi 4f, Fe 2p, Cr 2p, and O 1s core levels, confirming the presence of Bi**, Fe?*/Fe®*, Cr®*/Cr®*, and O~ species. High-resolution XPS spectra
of (b) Bi 4f, (c) Fe 2p, (d) Cr 2p, and (e) O 1s, indicating the detailed binding energies and confirming the chemical states of each element.
Specifically, the high-resolution O 1s spectrum shows distinct peaks at 530.6 eV (oxygen vacancies) and 532.45 eV (surface hydroxyl groups),
indicating the presence of oxygen vacancies and OH groups. These defects enhance photocatalytic performance by trapping charge carriers and
facilitating reactive oxygen species (ROS) generation. (f) Valence band XPS spectrum showing a valence band maximum (VBM) of 0.95 eV, closely
matching the Mott—Schottky analysis results and further validating the electronic structure of BiFeg sCrg 50O nanoparticles.

pH plays a critical role in achieving maximum degradation
efficiency. Accordingly, these parameters were systematically
varied, and the corresponding results are presented in Fig. 7.

To begin with, the effect of catalyst dosage on photocatalytic
performance was investigated by employing 10 mg, 20 mg, and
30 mg of BFCO (Fig. 7(a) and (d)). The degradation efficiencies of
both CIP and LFX increased with higher catalyst dosages. This
enhancement can be attributed to the increased number of active
surface sites and greater generation of reactive oxygen species
under visible light irradiation. However, the difference in pho-
tocatalytic activity between 20 mg and 30 mg was minimal, sug-
gesting a saturation effect at elevated catalyst concentrations. At
higher dosages, particle agglomeration and excessive light scat-
tering may occur, thereby limiting the effective utilization of the
photocatalyst. Based on these observations, 20 mg was identified
as the optimal catalyst dosage and was subsequently used in all
further photocatalytic experiments.

Next, the influence of pollutant concentration on degrada-
tion kinetics was evaluated by varying the initial concentrations
of CIP and LFX (1.4 mg, 2 mg, and 2.6 mg) (Fig. 7(b) and (e)). The
results revealed that lower pollutant concentrations favored
higher degradation efficiencies. This behavior is attributed to
the finite number of active sites on the photocatalyst surface,
which may become saturated at higher pollutant loads.
Furthermore, elevated pollutant concentrations can increase
solution turbidity, thereby reducing light penetration and
limiting the generation of reactive species essential for
photocatalysis.

16248 | RSC Adv, 2025, 15, 16241-16256

Finally, the effect of solution pH on photocatalytic activity
was studied under acidic (pH 2.7), neutral (pH 7), and basic (pH
11) conditions (Fig. 7(c) and (f)). The results indicated that the
degradation efficiencies of both antibiotics were significantly
higher in acidic and basic media compared to neutral pH. This
enhanced performance under extreme pH conditions is likely
due to changes in the surface charge of the photocatalyst and
the ionization state of the antibiotic molecules. Such changes
promote stronger electrostatic interactions and facilitate the
formation of highly reactive oxygen species.

The time-dependent UV-vis absorption spectra (Fig. 8(a) and
(b)) illustrate a continuous reduction in peak intensity for CIP
and LFX, accompanied by a noticeable hypsochromic shift.**”°
This shift signifies molecular degradation rather than mere
surface adsorption, indicating the breakdown of complex anti-
biotic structures into smaller, less harmful byproducts. The
steady decline in absorbance intensity confirms BFCO's effi-
cient photocatalytic activity in accelerating pollutant decom-
position. The degradation efficiency, depicted in Fig. 8(c), was
calculated using the equation:*>>7*

Photocatalytic degradation (%) = (Cog C) x 100
0
where C, is the initial pollutant concentration, and C represents
the concentration at a given irradiation time. BFCO nano-
particles achieved 70.35% degradation efficiency for CIP and
a significantly higher 94% for LFX, outperforming pristine
BiFeO3, which degraded only 42% and 46% of CIP and LFX**

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Optimization of photocatalytic degradation parameters for CIP and LFX using BiFeg 5Crg 503 photocatalyst under solar irradiation. (a and
d) Effect of catalyst dosage (10 mg, 20 mg, and 30 mg) on the degradation of CIP and LFX, respectively. The degradation efficiency improved with
increasing catalyst dosage and a saturation trend was observed beyond 20 mg. (b and e) Effect of pollutant concentration (1.4 mg, 2 mg, and 2.6
mg) on the degradation of CIP and LFX. Higher initial concentrations reduced degradation efficiency due to active site saturation and limited light
penetration. (c and f) Effect of solution pH (2.7, 7, and 11) on the photocatalytic activity for CIP and LFX. Enhanced degradation was observed at
acidic and basic pH values due to favorable surface charge interactions and increased formation of reactive oxygen species.

(shown in ESI Fig. S57), respectively, under identical condition.
This enhanced performance is attributed to oxygen vacancies
and optimized band edge positions, which facilitate efficient
charge carrier separation and ROS generation. Oxygen vacan-
cies serve as active sites for pollutant adsorption and photo-
catalytic reactions, while well-aligned conduction and valence
bands enable effective oxidation and reduction processes. The
superior degradation efficiency of LFX suggests stronger inter-
actions with ROS due to differences in molecular structure and
adsorption affinity on the BFCO surface. Notably, to validate the
role of light in the photocatalytic degradation process and to
distinguish true photocatalytic activity from simple photolysis
or adsorption effects, control experiments were conducted in
the absence of the BFCO photocatalyst, as presented in ESI
Fig. S6.1 In these experiments, ciprofloxacin and levofloxacin
were exposed to solar irradiation under identical condition. The
results showed negligible degradation of both pollutants
without the catalyst, confirming that light alone does not
significantly contribute to their degradation. These findings
highlight the essential role of the BFCO photocatalyst in facil-
itating the photocatalytic degradation process.

To analyze reaction kinetics, a pseudo-first-order kinetic
model was applied:**>">7*

Co
In{— ) =kt
where k is the reaction rate constant and ¢ is the irradiation

time. The linear correlation in the In(Co/C) vs. time plot

© 2025 The Author(s). Published by the Royal Society of Chemistry

(Fig. 8(d)) confirms first-order kinetics, indicating that the
reaction rate depends directly on pollutant concentration. The
high rate constants for CIP and LFX reflect BFCO's rapid
degradation capability, enabled by efficient charge carrier
dynamics and minimized recombination losses. The compara-
tive analysis presented in Table 1 highlights the superior pho-
tocatalytic degradation performance of our synthesized
BiFe, 5Cry50; nanoparticles for pharmaceutical wastewater
treatment. Notably, our BiFe, sCr, 505 catalyst achieved 70.35%
degradation of CIP and 94% degradation of LFX under 500 W
Hg-Xe light within 240 minutes, outperforming or matching
the efficiencies of other BFO-based photocatalysts reported in
recent studies. For instance, La-doped BFO and Gd-doped BFO
demonstrated degradation efficiencies ranging from 71% to
34.2% under varying conditions,**”* while co-doped systems
such as Gd-Sn and Sm-Mn exhibited comparable or lower
efficiencies.*>*” These findings establish BFCO as an effective
and promising photocatalyst for pharmaceutical pollutant
degradation, demonstrating enhanced efficiency in breaking
down antibiotics under solar-mimicking conditions.

3.3 Activation energy calculation

The efficiency of a photocatalyst is influenced by its ability to
lower the activation energy (E,) for pollutant degradation. As
shown in Fig. 9(a) and (b), the degradation of LFX under varying
temperature conditions demonstrates its thermally activated
nature, with increasing reaction rate constants at higher

RSC Adv, 2025, 15, 16241-16256 | 16249
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Fig. 8 Photocatalytic degradation of CIP and LFX by BiFeqsCrg 503 nanoparticles under solar light irradiation. UV-Vis absorption spectra
showing the progressive degradation of (a) CIP and (b) LFX over time under solar light irradiation. The gradual decrease in absorbance intensity
confirms the efficient photocatalytic breakdown of these pharmaceutical pollutants. (c) Photocatalytic degradation efficiency after 240 minutes
of irradiation using a 500 W Hg—Xe lamp, where BiFeq 5sCrg 503 nanoparticles achieved 70.35% degradation of CIP and 94% degradation of LFX,
highlighting their superior photocatalytic activity. (d) Pseudo-first-order kinetic analysis illustrating the enhanced degradation rate for both CIP
and LFX in the presence of BiFegsCrqgsOs. The kinetic rate constants indicate faster decomposition in comparison to control experiments,
demonstrating the effectiveness of BiFeg sCrg 503 as a high-performance photocatalyst for pharmaceutical wastewater treatment.

Table 1 A brief review of the pollutant degrading capabilities exhibited by BiFegsCrgsO3 nanoparticles photocatalyst compared to other
commonly used photocatalysts in recent investigations. This table suggests that our synthesized BiFeg 5Crg 503 nanoparticles photocatalyst
exhibited superior photocatalytic degradation performances on pharmaceutical antibiotics surpassing or comparable with the other

photocatalysts

Perovskite Light source Synthesis method  Pollutant Irradiation time (min)  Degradation (%)  Ref.

15% La-doped BiFeO; — Co-precipitation Doxorubicin 300 93 72

20% La-doped BiFeO, 300 W Xe Sol-gel Methylene blue 300 71 73

10% La-doped BiFeOj3; 500 W Hg-Xe  Sol-gel Ciprofloxacin 240 70 34
Levofloxacin 240 71

1% Gd-doped BiFeO; 300 W Xe Sol-gel Rhodamine B 270 34.2 74

3% Gd-doped BiFeO; 300 W Xe Sol-gel Rhodamine B 270 56.8 74

5% Gd-doped BiFeOj3; 300 W Xe Sol-gel Ciprofloxacin 270 42.1 74

Gd and Sn co-doped BiFeO; 300 W Xe Sol-gel Methylene blue 180 68 44
Congo red 180 72

Sm and Mn co-doped BiFeO; — Double solvent Methylene blue 180 52 47

Sol-gel Methyl violet 180 60

BiFe, 5Cry.503 500 W Hg-Xe  Sol-gel Ciprofloxacin 240 70.35 This work

Levofloxacin 240 94
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Fig. 9 Kinetics, activation energy, quantum efficiency, and reusability of BiFeg sCrq 503 nanoparticles for photocatalytic degradation of phar-
maceutical pollutants In(Co/C) vs. irradiation time plots for the degradation of LFX at 25 °C, 40 °C, and 60 °C, comparing reaction kinetics (a)
without and (b) with the presence of BiFegsCrgs03 nanoparticles as a photocatalyst. The degradation rate is significantly enhanced in the
presence of BiFeq 5Crg 503, demonstrating the catalyst's role in facilitating pollutant breakdown under solar irradiation. (c) Arrhenius plot (In(k) vs.
1/T) for LFX degradation, comparing the activation energy (E;) with and without the presence of BiFeg sCrg 503 photocatalyst. The reduced
activation energy in the presence of BiFegsCrg 503 indicates a more efficient degradation process, suggesting improved charge transfer
dynamics and stronger interactions between the photocatalyst and pollutant molecules. (d) AQY measurements for the degradation of CIP and
LFX, demonstrating high energy efficiency of BiFeg sCrg 503 nanoparticles under solar light irradiation. (e) Scavenger experiments using AgQNOs
(electron scavenger), EDTA-2Na (hole scavenger), benzoquinone (p-BQ) (superoxide radical scavenger), and tert-butyl alcohol (t-BuOH)
(hydroxyl radical scavenger) reveal that electrons and superoxide radicals play the dominant role in pollutant degradation. (f) Reusability study
showing consistent photocatalytic activity of BiFeg sCrg sOs over multiple degradation cycles, confirming its excellent stability and durability.

temperatures. Activation energy was determined using the
Arrhenius equation:*»”>7¢

E,

In(k) =1n(4) — T

where A is the pre-exponential factor, R is the universal gas
constant, and T is temperature in Kelvin. The activation energy
in the absence of BFCO was 33.61 + 5.88 k] mol™* K™, whereas
with BFCO, it was significantly reduced to 19.69 + 3.94 k] mol !
K" (Fig. 9(c)). This reduction highlights BFCO's ability to lower
the energy barrier for degradation, thereby enhancing reaction
kinetics under solar irradiation. The Cr’* substitution and
oxygen vacancies improve charge carrier separation, reducing
recombination and facilitating redox reactions.

3.4 Apparent quantum yield (AQY) calculation

The AQY analysis (Fig. 9(d)) further validates BFCO's efficiency
in solar-driven photocatalysis, we calculated the AQY by the
following equation:*>77""°

number of degraded molecules
AQY (%) = 100.
QY (%) number of incident photons x 100

© 2025 The Author(s). Published by the Royal Society of Chemistry

The AQY values were 28.4% for CIP and 34.9% for LFX,
reflecting effective photon utilization in degradation reactions.
BFCO's high AQY stems from its narrow bandgap, which
enhances visible-light absorption, and optimized band struc-
ture, which ensures efficient charge transfer. The ability to
maintain high AQY under natural light underscores BFCO's
potential as an environmentally sustainable photocatalyst for
large-scale wastewater treatment.

3.5 Active species trapping experiments

A mechanistic study using selective scavenger experiments
(Fig. 9(e)) identified the dominant reactive species in the
degradation process.*>* The incorporation of AgNO;, an elec-
tron scavenger, led to a marked decrease in degradation effi-
ciency, implicating photogenerated electrons in the formation
of superoxide radicals (O, ). Likewise, the incorporation of p-
benzoquinone, a specific superoxide radical scavenger, simi-
larly diminished LFX removal, further confirming the critical
role of O, " in the reaction pathway. In contrast, the presence of
EDTA-2Na (a hole scavenger) and tert-butyl alcohol (a hydroxyl
radical scavenger) resulted in enhanced degradation rates,
indicating that neither photogenerated holes nor hydroxyl
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radicals contribute significantly to LFX degradation. This
observation is consistent with the valence band maximum of
BFCO, which lies at a potential insufficient for hydroxyl radical
generation via hole oxidation. Collectively, these results
demonstrate that photogenerated electrons and subsequent
superoxide radical formation constitute the dominant oxidative
pathway for LFX degradation in the BFCO system, in agreement
with the nanoparticle band-edge positions analysis.

3.6 Reusability and post-cycle characterizations

The stability of BFCO nanoparticles was assessed over four
consecutive photocatalytic cycles (Fig. 9(f)), revealing consis-
tently high degradation efficiency. The observed decrease in
photocatalytic activity upon recycling may be attributed to
a slight reduction in crystallinity and a marginal increase in
particle agglomeration during the reuse process. These changes
can diminish the number of accessible active sites and impede
efficient charge carrier generation and transfer. Furthermore,
repeated exposure to reactive oxygen species and intermediate
degradation products may lead to partial surface fouling or the
blockage of active sites. Nonetheless, the overall decline in
photocatalytic performance remains minimal and within an
acceptable range, indicating the structural and functional
stability of the BFCO nanocatalyst under repeated use. The
structural integrity of BFCO after repeated cycles was analyzed
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using XRD, FESEM, and UV-Vis optical characterization. XRD
spectra (Fig. 10(a) and (b)) show a slight reduction in crystal-
linity due to prolonged photocatalytic reactions, but the
absence of peak shifts or impurity phases confirms phase
stability. FESEM images before (Fig. 10(c)) and after (Fig. 10(d))
four cycles indicate that BFCO retains its nanoscale morphology
without significant aggregation or degradation. Tauc plots
(Fig. 10(e) and (f)) confirm that the bandgap remains stable
across multiple cycles, ensuring consistent photocatalytic
performance. Overall, BFCO nanoparticles exhibit excellent
structural, morphological, and optical stability, reinforcing
their potential as a reusable and efficient photocatalyst for
pharmaceutical wastewater treatment.

3.7 Photocatalysis mechanism

The photocatalytic degradation of pharmaceutical pollutants such
as CIP and LFX using BFCO nanoparticles involves multiple
interdependent steps, including light absorption, charge carrier
generation, redox reactions, ROS formation, and stepwise
mineralization of contaminants into non-toxic end products.***>%
Fig. 11 presents a schematic representation of this mechanism,
highlighting how BFCO effectively degrades pharmaceutical
contaminants under solar light irradiation. The efficiency of this
process is significantly enhanced by oxygen vacancies, mixed-
valence states, and optimized band edge positions in BFCO,
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Fig. 10 Structural, morphological, and optical stability of BiFegsCrgs03 nanoparticles after multiple photocatalytic cycles. XRD spectra of
BiFeq 5Crg 503 nanoparticles (a) before and (b) after four photocatalytic cycles, showing a slight reduction in crystallinity due to prolonged
photocatalytic activity. However, the consistent peak positions and shapes confirm the overall structural integrity of the material, which is
essential for maintaining high photocatalytic efficiency over repeated use. FESEM images of BiFeg sCrg 5Oz nanoparticles (c) before and (d) after
four photocatalytic cycles, demonstrating morphological stability with no significant structural degradation. The well-preserved nanostructure
ensures sustained surface activity for photocatalytic reactions. Tauc plots of BiFegsCrg 503 (e) before and (f) after four photocatalytic cycles,
revealing a consistent bandgap value, confirming that the fundamental electronic properties of the material remain unchanged. The insets show
UV-Vis absorbance spectra, demonstrating no significant loss in light absorption ability, reinforcing the long-term stability and reusability of
BiFeq 5Cro.sO3 for wastewater treatment applications.
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Fig. 11 Photocatalytic degradation mechanism of CIP or LFX using
BiFegsCrps0O3 nanoparticles as a photocatalyst. Upon solar light
absorption, BiFegsCrosOs generates electron—hole pairs (e /h),
initiating redox reactions with water and oxygen to produce super-
oxide (O,"7) radicals. These reactive species effectively degrade CIP
and LFX into harmless byproducts (CO, and H,O).

which collectively improve charge carrier dynamics, suppress
recombination, and promote efficient redox reactions.

3.7.1 Photoexcitation and charge carrier generation. Upon
exposure to solar light, BFCO absorbs photons with energy
equal to or greater than its bandgap (1.87 eV). This results in the
excitation of electrons from the valence band (VB) to the
conduction band (CB), leaving behind positively charged holes
(h") in the VB:

BFCO + hv — ecg T hVBJr

The photogenerated charge carriers play a crucial role in initi-
ating redox reactions necessary for pollutant degradation. The
presence of oxygen vacancies in BFCO suppresses electron-hole
recombination by trapping charge carriers, ensuring that
a higher fraction of electrons and holes participate in photo-
catalytic processes.

3.7.2 Generation of ROS. The electrons in the conduction
band and the holes in the valence band drive the formation of
ROS, which play a vital role in breaking down CIP and LFX.

Reduction reactions: superoxide radical formation (0, "):

The photogenerated electrons in the CB migrate to the surface
of BFCO, where they interact with dissolved molecular oxygen
(0,), reducing it to highly reactive superoxide radicals (O, ):

O, +ecg” — Oy

These radicals initiate oxidative degradation by breaking
carbon-nitrogen and carbon-carbon bonds in the antibiotic
molecules.

Oxygen vacancies as active sites for charge carrier separation:

Oxygen vacancies (OVs) in BFCO play a crucial role in
modulating charge carrier dynamics and enhancing photo-
catalytic efficiency. These vacancies, which arise from the
partial removal of lattice oxygen during synthesis or photo-
catalytic cycling, serve as active sites for pollutant adsorption
and electron trapping.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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* 1
BFCO—BFCO + Vg + 502

here, V represents an oxygen vacancy in the lattice, and BFCO*
denotes the defect-rich structure. The presence of these vacan-
cies enhances the mobility of charge carriers, effectively
reducing electron-hole recombination. Oxygen vacancies act as
electron-trapping sites, stabilizing the photogenerated elec-
trons and allowing them to participate in redox reactions more
efficiently.

Vo +€cs _)V.O

The oxygen-deficient sites also facilitate the adsorption of O,
molecules, which are then reduced by trapped electrons to
generate superoxide radicals (O, ”), a critical species in
pollutant degradation.

02 + V6—>02.7

This mechanism significantly boosts ROS formation, acceler-
ating the breakdown of CIP and LFX.

Charge transfer enhancement by mixed-valence states:

BFCO exhibits mixed valence states due to the presence of Fe
and Cr in multiple oxidation states, primarily Fe**/Fe*" and
Cr’*/Cr**. These redox-active centers facilitate rapid interfacial
charge transfer, further suppressing electron-hole recombina-
tion and improving photocatalytic activity.

Iron redox cycle:

The Fe*'/Fe®* transition provides an efficient electron
transport pathway, preventing excess charge accumulation:

Fe** + ecg™ — Fe?*
Fe2+ + 0, — Fe3+ + 0y

The cyclic reduction and oxidation of Fe ions enhance the
generation of superoxide radicals and sustain the degradation
process over extended reaction times.

Chromium redox cycle:

Similarly, the Cr**/Cr** redox couple contributes to improved
charge separation.

3.7.3 Degradation pathways of CIP and LFX. Ring-opening
reactions and intermediate formation:

CIP and LFX undergo ring-opening reactions driven by ROS.
The superoxide radicals (O, ) generated from electron transfer
in BFCO play a key role in breaking the aromatic and hetero-
cyclic rings of the antibiotic molecules.

Hydroxylated CIP/LFX + O,"~ — ring-opened products

The cleavage of the quinolone ring significantly reduces the
antimicrobial activity of these compounds, ensuring that even
before complete mineralization, their toxicity in wastewater is
substantially lowered. Piperazine ring cleavage leads to the
formation of smaller organic acids and amide intermediates.

Stepwise oxidation of organic intermediates:

The fragmented antibiotic molecules undergo further
oxidation by superoxide radicals, resulting in the conversion of
the intermediates into smaller organic fragments.

RSC Adv, 2025, 15, 16241-16256 | 16253
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Ring-opened products + O,"~ — smaller organic fragments

Complete mineralization:
In the final stage, the smaller organic fragments undergo
oxidation to produce carbon dioxide (CO,) and water (H,O).

smaller organic fragments + O,"~ — CO, + H,O

This complete mineralization ensures that no toxic organic
residues remain in the treated water, making BFCO an envi-
ronmentally sustainable photocatalyst for
treatment.

wastewater

4 Conclusions

In conclusion, this study presents the successful synthesis of
BiFe, 5Cry 503 nanocatalysts via a sol-gel route, followed by
comprehensive characterizations to evaluate their structural
integrity, surface morphology, elemental composition,
magnetic ordering, and optical properties. Cr substitution led
to improved crystallinity, oxygen vacancy formation, and a nar-
rowed bandgap, enhancing visible-light absorption and
promoting reactive oxygen species generation. Electrochemical
and photoelectrochemical measurements indicated improved
charge carrier separation and lower charge transfer resistance,
key to boosting photocatalytic activity. Photocatalytic optimi-
zation studies identified ideal operational conditions, and
under solar irradiation, BiFe,;Crys0; demonstrated highly
effective degradation of pharmaceutical pollutants. The mate-
rial also exhibited favorable reaction kinetics, high apparent
quantum yield, and low activation energy, underscoring its
efficiency in light-driven catalysis. Reactive species trapping
experiments confirmed the involvement of specific oxidative
radicals in the degradation process. Reusability tests and
post-catalysis characterization revealed excellent structural
stability and sustained performance across multiple cycles.
Based on the collective findings, a mechanistic pathway for
pollutant degradation was proposed. However, further
research is needed to assess its performance in real wastewater
matrices, its stability under varying conditions, and the
potential environmental risks from catalyst leaching. Alto-
gether, this work establishes BiFe,sCr, 503 as a robust, effi-
cient, and environmentally benign photocatalyst with
significant promise for real-world pharmaceutical wastewater
treatment applications.
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