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Abstract

This study is the first to investigate the photocatalytic degradation of ciprofloxacin using Al-doped Mn0.3Ba0.4C-
d0.3AlxFe2-xO4 and examine the impact of Al doping on the photocatalytic properties of barium-manganese ferrites, as
well as the structural, optical, surface area, and morphological properties of Mn0.3Ba0.4Cd0.3AlxFe2-xO4 (x =0.0, 0.5)
spinel ferrites. and their subsequent photocatalytic performance for ciprofloxacin degradation. The Al-doped ferrite achieved
a 93.45% degradation efficiency, outperforming the undoped sample by 56.68%. This enhanced photocatalytic activity can
be attributed to the synergistic effects of Al doping, which include a narrowed bandgap, increased surface area, reduced
particle size, and modified electronic structure. Scavenger analysis revealed that hydroxyl radicals were the primary reactive
species. Al doping decreased the bandgap from 2.2 eV to 1.9 eV and reduced crystallite size. FTIR spectroscopy indicated
structural changes, with peak shifts in the tetrahedral and octahedral sites. SEM revealed a refined microstructure with
smaller, uniform particles, reducing the average grain size from 61.72 nm to 50.33 nm. The BET surface area increased upon
Al doping. Kinetic studies have shown that degradation follows pseudo-first-order kinetics. Photocatalyst Performance
Assessment revealed improved quantum yield (5 x 10~ molecules/photon) and space-time yield (2.50 x 10~'° molecules/
photon/mg) for the Al-doped sample. The enhanced photocatalytic activity is attributed to the increased surface area, reduced
particle size, and modified electronic structure owing to the Al doping. This study highlights the potential of Al-doped
Mn 3Bay 4Cdg3AlFe, 04 (x=0.0, 0.5) ferrites as efficient photocatalysts for ciprofloxacin degradation during water
treatment.
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e Al-doped Mng;Baj4Cdj3AlFe,; 04 (x=0.5) achieved 93.45% ciprofloxacin degradation efficiency, significantly

higher than the undoped sample (56.68%).

e Al doping reduced the bandgap from 2.2 eV to 1.9 eV, enhancing visible-light absorption and photocatalytic activity.
e The crystallite size decreased from 37.24nm to 27.25nm, and the BET surface area increased from 8.39 m%/g to

32.14 m*g due to Al doping.

e SEM revealed smaller, uniform particles with an average grain size reduction from 61.72 nm to 50.33 nm in the Al-doped

sample.

e Photocatalytic degradation followed pseudo-first-order kinetics (R*> = 0.987), with hydroxyl radicals as the primary

reactive species.

1 Introduction

In recent decades, the spread of pharmaceutical pollutants in
aquatic systems has become a serious environmental con-
cern. Ciprofloxacin, a common broad-spectrum antibiotic, is
one of the contaminants that has drawn the most attention
because of its persistence in aquatic habitats and its negative
impacts on ecosystems and human health [1]. Cipro-
floxacin, a widely used antibiotic in both human and animal
healthcare, belongs to the fluoroquinolone class of anti-
biotics and is used to combat a range of bacterial infections.
However, its widespread use has led to its ubiquitous pre-
sence in wastewater effluents, surface water, and drinking
water [2, 3]. Ciprofloxacin is associated with several risks in
aquatic environments. This fosters antibiotic-resistant bac-
teria and undermines medical treatment globally. Addi-
tionally, low concentrations disrupt aquatic ecosystems,
affecting organism growth, reproduction, and behavior,
potentially causing long-term ecological imbalances [4, 5].
Global regulatory agencies have established antibiotic limits
for the water quality. The European Union permits a max-
imum of 0.1 ug/L of individual pharmaceuticals in drinking
water. Detecting and removing ciprofloxacin at low con-
centrations is difficult in standard water treatment processes
[6]. This underscores the need for advanced, efficient, and
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cost-effective technologies to degrade ciprofloxacin in
water. Treatments for pharmaceutical pollution include
adsorption, membrane filtration, biological treatments, and
chemical oxidation. However, traditional methods often
struggle with efficiency, cost, or the potential creation of
harmful byproducts [7, 8].Advanced oxidation processes
(AOPs), particularly heterogeneous photocatalysis, have
gained prominence owing to their ability to degrade recal-
citrant organic pollutants such as ciprofloxacin under mild
conditions using solar energy. This process generates highly
reactive species, mainly hydroxyl radicals (*OH), which can
effectively mineralize various organic contaminants [9].
When a semiconductor photocatalyst is subjected to light
with energy matching or exceeding its band gap, electron-
hole pairs are typically produced during the photocatalytic
reaction. The charge carriers migrate to the catalyst surface
to engage in redox interactions with dissolved oxygen and
adsorbed water, forming Reactive Oxygen Species (ROS),
such as hydrogen peroxide (H,0O,), hydroxyl radicals
(*OH), and superoxide radicals (O,°-). These ROS degrade
organic pollutants such as ciprofloxacin into non-hazardous
substances such as CO, and H,O [10, 11].

The effectiveness of photocatalytic processes largely
depends on the -characteristics of the photocatalyst.
Numerous photocatalysts, such as TiO,, ZnO, WOj3, and
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composite materials, have been examined for environmental
degradation. TiO, has been extensively studied because of
its high photocatalytic activity, low toxicity, and chemical
stability [12]. However, their wide bandgap restricts visible-
light utilization, which forms a significant part of the solar
spectrum. This limitation has spurred efforts to develop new
photocatalysts that better absorb visible light and have
improved charge separation efficiencies [13—15].

Recently, spinel ferrites have emerged as promising
materials for photocatalytic applications. This is due to their
unique magnetic and electronic characteristics, coupled with
their narrow bandgaps and exceptional chemical stability
[16-20]. Barium-manganese ferrites exhibit potential for
environmental applications, such as the degradation of
organic pollutants. The substitution of Fe*" ions with AI**
ions in the ferrite structure enhances the photocatalytic
activity by altering the electronic structure and surface
properties [21-23].

In this study, Al-doped spinel ferrites were synthesized,
characterized, and evaluated for ciprofloxacin degrada-
tion. The material was chosen due to its mixed valence
states of Mn and Fe, which can enhance charge transfer
and separation, potentially improving photocatalytic
activity [24]. Incorporating A’ ions into the ferrite lat-
tice can alter the electronic structure and optical proper-
ties, potentially narrowing the bandgap and enhancing
visible-light absorption. Additionally, partially substitut-
ing Fe*™ with AI’" is anticipated to introduce defects and
modify the surface properties of the material, significantly
impacting its photocatalytic performance [25, 26]. Al
doping of Mng3;Bag4Cdj3AlFe, Oy is expected to sig-
nificantly alter its photocatalytic properties [27]. Al dop-
ing can enhance adsorption, reactivity, and light
absorption by inducing structural changes, modifying
chemical properties, and altering the electronic band
structure [28, 29].

The incorporation of A" ions into the Mn-Ba-Cd ferrite
lattice significantly influences its photocatalytic properties.
Key mechanisms include Al ** substitution reducing the
bandgap energy, enhancing visible light absorption, and
facilitating electron-hole pair generation. The introduction
of intermediate energy levels within the bandgap acts as
electron traps, hindering recombination and prolonging the
lifetime of the charge carriers. The spatial separation of
electrons and holes, facilitated by the complex electronic
environment, enables efficient redox reactions with adsor-
bed water and oxygen, leading to the formation of highly
reactive species, such as hydroxyl and superoxide radicals.
The combined effects of bandgap narrowing, improved
charge carrier dynamics, and enhanced ROS generation
contribute to the superior photocatalytic performance of Al-
doped Mn-Ba-Cd ferrite for ciprofloxacin degradation
[30-32].

Spinel ferrites are superior photocatalysts owing to
their broad light absorption, magnetic recoverability, and
strong stability. Unlike TiO,, they effectively utilize
visible light and can be easily separated from the treated
water, thereby ensuring their long-term efficacy in water
treatment [33]. This study is the first to investigate the
photocatalytic degradation of ciprofloxacin using Al-
doped Mng3Baj4Cdy3AlFe, Oy and to examine the
impact of Al doping on the photocatalytic properties of
barium-manganese ferrites.

This study aimed to synthesize and characterize Al-
doped Mng3Baj4Cdg3AlFe, .04 (x =0.0, 0.5) and evalu-
ate the photocatalytic degradation of ciprofloxacin under
visible light. By correlating the structural, morphological,
and optical properties with the photocatalytic performance,
Al doping can be optimized to enhance the efficiency.
Understanding these mechanisms can contribute to the
development of high-performance photocatalysts for water
remediation.

2 Materials and methods
2.1 Materials

This study exclusively used analytical-grade compounds,
which were employed without additional purification pro-
cesses. The following chemicals were acquired from Sigma-
Aldrich: Ba (NO3); (99%), Mn (NO3),-4H,0 (98%), Fe
(NO3)3 9H20 (98%), and Al (NO3)3 . 9H20 (98%) TCI
Chemicals were used as the source of ciprofloxacin
hydrochloride (298%). The ethanol used to prepare the
ammonia solution was 99. A 9% ammonia solution was
donated by Merck, whereas a 33% ammonia solution was
obtained from Merck. Deionized water with a resistivity of
18.2 MQ-cm was employed throughout all experimental
trials.

2.2 Preparation of Mng ;Ba, 4Cd, ;Al,Fe; .04 (x = 0.0,
0.5) by sol-gel technique

The Barium manganese ferrite nanoparticles doped with
aluminum, with a composition of Mng3;Bay4Cdj3AlFe,-
x04 (x=0.0, 0.5), were synthesized using the sol-gel auto-
combustion method [34]. Stoichiometric quantities of bar-
ium nitrate (0.104 M), manganese nitrate tetrahydrate
(0.078 M), iron nitrate nonahydrate (0.523 M), and alumi-
num nitrate nonahydrate (0.131 M for the x = 0.5 sample)
were dissolved in deionized water. Citric acid was added as
a chelating agent in a 1:1 molar ratio to the total metal ions.
The pH of the solution was adjusted to 7.0 using a 33%
ammonia solution. The sol-gel was formed at 90 °C for 4 h
with constant stirring at 600 rpm. The resulting gel
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Fig. 1 Sol-gel method diagram
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underwent auto-combustion to yield fluffy precursor pow-
der. This powder was then ground using an agate mortar
and pestle to obtain crystalline ferrite. The final product was
calcined at 800 °C for 4 h with a heating rate of 5 °C/min
and subsequent temperature plateaus at 200 °C for 1 h,
400°C for 1h, and 800 °C for 4h. The samples were
allowed to cool naturally to room temperature (Fig. 1).

2.3 Characterization of nanoparticles

Structural characterization involves X-ray diffraction
(XRD) for crystal structure determination (Rigaku Ultima
IV), Fourier Transform Infrared Spectroscopy (FTIR) for
functional groups identification (Bruker Vertex 70), scan-
ning electron microscopy (SEM) to determine surface
morphology (JEOL JSM-IT200), energy-dispersive X-ray
spectroscopy (EDX) for elemental composition analysis
(Oxford Instrument AZtec Energy), and These two methods
collectively are most advantageous to ascertain the property
of the nanoparticle samples in terms of their physical and
chemical requirements.

2.4 Photocatalytic activity investigations

A systematic investigation of the visible-light-driven pho-
tocatalytic degradation of ciprofloxacin was conducted using
Mn0.3Ba0.4Cd0.3AlxFe2-xO4 (x = 0.0, 0.5) nanoparticles
as photocatalysts. The photocatalytic reactions were carried
out in a custom-designed photoreactor equipped with a
100 W xenon lamp and a Newport filter (2420 nm), pro-
viding a spectral distribution of 420-800nm. The light
source was configured to deliver an intensity of 100 mW/
cm? at the sample surface, with a beam diameter of 5cm
positioned 15cm from the reaction solution. The experi-
mental setup utilized a 250 mL capacity quartz reactor
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(6.5 cm diameter) containing 100 mL of reaction solution
with a depth of 3 cm. Temperature control was maintained at
25 + 1 °C using a water circulation cooling system. For each
experimental run, 20 mg of the photocatalyst was dispersed
in 100mL of a 10 mg/L ciprofloxacin solution. The sus-
pension was magnetically stirred at 400 rpm for 60 min
under dark conditions to establish adsorption-desorption
equilibrium prior to illumination. During the photocatalytic
process, 3 mL aliquots were collected at 10-minute intervals
and centrifuged at 4000 rpm for 5 min to separate the cata-
lyst. The supernatant was analyzed using a Shimadzu UV-
1800 UV-Vis spectrophotometer equipped with a 1 cm path
length quartz cuvette, scanning from to 200-800nm at
400 nm/min. The photocatalytic efficiency was calculated
using Eq. (1).

Co—C
Degradation efficiency(%) = 0 !

x 100 (1)

0
where C is the initial concentration of ciprofloxacin and C;
is the concentration at time t.

Rigorous quality control measures were implemented
throughout the experiment. Temperature was monitored
using a K-type thermocouple (0.5 °C accuracy), while pH
measurements were recorded using a calibrated pH meter
(£0.01 units). Light intensity was monitored every 30 min
using a calibrated radiometer. Control experiments were
conducted in parallel to evaluate the effects of adsorption
and photolysis. The photocatalytic efficiency was calculated
based on the ratio of the initial concentration (CO) to the
concentration at time t (Ct). To assess the reusability, the
photocatalysts were magnetically separated post-reaction,
washed with deionized water and ethanol, dried at 60 °C,
and reused in subsequent degradation cycles. The
mechanistic investigation of the photocatalytic process
included the analysis of reactive oxygen species (ROS)
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Fig. 2 the systematic diagram Egé
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using specific scavengers: tert-butyl alcohol for hydroxyl
radicals, benzoquinone for superoxide radicals, and dis-
odium ethylenediaminetetraacetate for holes. Additional
parameters investigated included the effects of dye dose,
catalyst loading, temperature, doping concentration, and
solar light irradiation on the degradation efficiency (Fig. 2).

2.5 Electrical resistivity measurements

The electrical resistivities of Mng3Bag4Cdy3Fe,O4 and
Mny 3Bag 4Cdg 3Aly sFe; 50, ferrite samples were measured
using a standard four-probe technique. Pellet-shaped sam-
ples were prepared by pressing the powdered ferrites into
discs and sintering them at 800 °C for 4 h. The sintered
pellets were placed in a custom-built four-probe resistivity
measurement cell. Platinum wire probes were brought into
contact with the sample surface, and a Keithley 2400 Source
Meter was used to apply a constant current through the
outer probes while measuring the voltage drop across the
inner probes. The electrical resistivity (p) was calculated
using the following formula:

r=5x (i)

Where V is the measured voltage, I is the applied current,
and t is the thickness of the pellet sample. The measure-
ments were carried out over a temperature range of
300-600 K, and the reciprocal temperature (1000/T) was
plotted against the logarithm of the electrical resistivity (log
p) to obtain the plots shown in the manuscript.

2.6 Kinetic studies

Time-dependent experiments were conducted to study
the ciprofloxacin degradation kinetics using the

Take CIP \
solution after Centrifuge
every 15 min /

Mny ;Bag 4Cdj3Alj sFe; 504 photocatalyst under the fol-
lowing optimal conditions: pH 7, 30 °C, 10 ppm initial
ciprofloxacin concentration, 20 mg catalyst dose, and
100 W visible light. Aliquots were taken at set intervals
(0, 10, 20, 30, 40, 50, 60, 70, and 80 min), filtered through
a 0.45 pym membrane to remove catalyst particles, and
analyzed for ciprofloxacin concentration using a
Shimadzu UV-1800 UV-Vis spectrophotometer at
Amax =275 nm. The kinetic data were examined using
pseudo-first-order and pseudo-second-order kinetic mod-
els. Equation (2) represents a pseudo-first-order kinetic
equation:

In <%> =K1t (2)

where Cj is the initial ciprofloxacin concentration, C is the
concentration at time t, and k; is the pseudo-first-order rate
constant. The pseudo-second-order kinetic equation was
applied as follows in Eq. (3)

1/C =1/Co+ Kt (3)

where k, is the pseudo-second-order rate constant. The
applicability of each model was evaluated based on the
linear regression coefficient (Rz) values. The rate constants
(k; and k,) were determined from the slopes of the
respective linear plots.

2.7 Photocatalyst efficiency evaluation

To assess the practical effectiveness of various photo-
catalysts for removing ciprofloxacin, their energy usage
during the catalytic process was examined. The essential
performance metrics, including the quantum yield (QY),
space-time yield (SY), figure of merit (FOM), and photon
flux (Ph), were determined using the following formulae:
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Quantum Yield (QY)

B Moles of Number of reacted molecules

QY =

100 (4
Number of absorbed photons X “)

Space-Time time Yield (SY)

Sy — Mass of removed pollutant
 catalyst mass X reaction time

Figure of Merit (FOM).

_ Quantum Yield
~ Space — Time Yield

Calculated Photon flux (Ph):

FOM

_ Light intensity
~ photon energy x Avogadro Number

(7)

These metrics offer substantive insights into the efficacy
and sustainability of photocatalytic systems, facilitating the
comprehensive evaluation of diverse photocatalysts and
optimization of the treatment process.

3 Results and discussion
3.1 XRD analysis

The X-ray diffraction patterns of the Mn (3Baj 4Cd 3Fe,O4
and Mng;Bag 4Cdg 3Alj sFe; 5O, ferrites exhibited a cubic
spinel structure with characteristic peaks corresponding to
the (220), (311), (442), (511), (440), and (533) lattice
planes. The peak at (311) in both materials demonstrated the
highest intensity, indicating a single-phase cubic spinel
structure with the Fd3m space group (Fig. 3(a)). Upon AI*"
substitution, a shift in the peak positions towards higher 20
values was observed, consistent with the smaller ionic
radius of AI’* (0.57 AA) than that of Fe** (0.67 A). Al
doping also caused peak broadening and reduced intensity,
suggesting alterations in the crystal structure. The crystallite
size was determined using the Scherrer Eq. (8).

KA
b= BcosB ®)

The crystallite size (D) was calculated using the shape
factor (K), X-ray wavelength (), full width at half
maximum (B), and Bragg angle (0). The crystallite size
decreased from 37.24 to 27.25nm with Al doping,
consistent with lattice contraction (Table 1). This reduction
can be attributed to several factors: substitution of AI** for
Fe*" introduces lattice strain and defects that limit crystal
growth; A" presence alters the nucleation and growth
kinetics during ferrite formation, favoring smaller crystal-
lites; and lattice distortion from the size mismatch between
APP* and Fe>* creates smaller coherent domains. Thus, Al
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doping significantly affected the crystal structure and
growth mechanism of the Ba-Mn ferrite system. The value
of the lattice constant, denoted by “a” is calculated using the
Eq. (9).
a=dVi +12+P ©)
where h, k, and 1 are the Miller indices of the ferrite crystal
planes, a is the lattice parameter, and “” is the interplanar
spacing. The lattice parameter of the doped sample
decreased from 8.472 to 8.380 A compared to that of the
undoped sample. This observation is consistent with the
lower ionic radius of AI** (0. 0.57 A) compared to that of
Fe’* (0. 0.67 A A), leading to shrinkage of the lattice
structure [35]. The decrease in the lattice constant results in
a corresponding reduction in the cell volume from 608.194
to 588.503 A3, calculated using Eq. (10)

v=2a (10)

The d-spacing, determined by Bragg’s law Eq. (11)

nh

= 11
2sinf (1)

where n represents an integer value, A denotes the
wavelength, d refers to the lattice spacing, and ©
represents the Bragg angle.), the d-spacing decreased
from 2.5546 to 2.5267 A, further confirming lattice
contraction. The hopping lengths L, and L,, which
represent the distance between magnetic ions, also
decreased from 3.668 A to 3.628 A and from 2.995 A to
2.962 A, respectively, owing to the overall lattice
shrinkage [36]. The incorporation of A" into the Mn-
Ba-Cd ferrite lattice resulted in a decrease in crystallite
size from 37.24 nm to 27.25 nm. This reduction led to an
increased surface area, facilitating greater adsorption of
ciprofloxacin and enhancing the efficiency of photocata-
lytic reactions. Additionally, the smaller crystallite size
reduced the charge carrier diffusion lengths, minimizing
recombination and promoting the generation of reactive
oxygen species. The substitution of larger Fe** ions with
smaller A>T ions caused a shift in the XRD peak positions
towards higher 20 values, indicating lattice contraction.
This structural modification alters the electronic band
structure, potentially narrowing the bandgap and improv-
ing the visible light absorption. Furthermore, the lattice
distortions and defects induced by the ionic size mismatch
facilitated charge carrier separation and prolonged their
lifetime, thereby enhancing photocatalytic activity.The
combined effect of these structural modifications resulted
in improved photocatalytic performance, as evidenced by
the enhanced degradation of ciprofloxacin under visible
light irradiation [37-39].



Journal of Sol-Gel Science and Technology

a (311) Mn,;Ba, Cd,;Fc,0, b
Mn, ;Ba, ,Cd,;Al, sFe, sO
(220)
(511)
(442) A (440) (533) 5
= “ A A S
< <
= (311) g
5 =]
g (220) g
= =
= ™
(511) =
@42y (440)
I h A (533) Mn, ;Ba, ,Cd, ;Fe,0, 5
Mn, ;Ba, ,Cd, ;Al, ;Fe, 0, 548
448
20 30 40 50 60 70 80 2000 1500 1000 500
20 (degree) Wavenumber (cm™)
300 2.2
o d
2.0 o
0 R MngBay,Cdy Fe0, l/----—"'.'7' -
":3‘0 ®— Mn, ;Ba, ,Cd, ;Al, sFe, ;O o)
E 200 4 / 164
£ 1.4 4
< 150 4 ; Mn, ;Ba, ,Cd, ;Fe,0,
= 150 4
> S 121 Mn, ;Ba, ,Cd, Al sFe, O,
d s
= 100 - ./-/ l/
- - /& 0.8 =
< P E /..
g ~80”
50 1 e 0.6 4
A -@_-,\fo"—":‘
';.u 0.4
0 L] Ll L) L] Ll L] L] L] L) L] Ll L] L] L] L]
0.0 0.2 0.4 0.6 0.8 1.0 14 1.6 1.8 20 22 24 26 28 30 32 34
Relative Pressure (P/P°) 1000/T (K™

Fig. 3 Characterization of Mn (3Baj4Cdg3Fe,04 and Mng;Bay4Cdj3AlysFe; 504 (@) XRD Spectrum (b) FTIR Analysis (¢) BET Analysis (d)

Electrical Resistivity

Table 1 The XRD analysis of the crystal structure of Mng3Bag4Cdg3AlLFe; 04 (x =0.0, 0.5) (x =0.0, 0.5) ferrite

Catalyst FWHM D-Spacing Lattice constant ~ Cell Volume Hoping length L, Hoping length L, Crystalline size

composition (A) (A)3 (A) (A (nm)

X=0 0.2123  2.5546 8.4726 608.19 3.66872 2.99549 37.2495505

X=05 0.2898 2.5267 8.3801 588.5 3.62869 2.96281 27.2577

3.2 FTIR characterization respectively, whereas in the Al-substituted sample, they shif-
ted to 548 cm™' and 448 cm™!, respectively, owing to the

The FTIR spectra of Mng3Bag4CdysFe,0, and substitution of Fe>" by AP, Higher wavenumber peaks were

Mng 3Bay4Cdy3AlgsFe; sO4 were examined between
400 cm ™! and 4000 cm !, revealing the characteristic spinel
ferrite absorption bands. Notably, two distinct absorption
bands between 400 and 600 cm <> B-! were identified, cor-
responding to tetrahedral and octahedral site vibrations,
respectively [40]. In the case of Mng3Baj4Cd3Fe;0,, these
characteristic peaks were observed at 531 cm~ ! and 435 cm™ !,

also detected: 1171 cm™" and 1063 cm™" for Bay sMng sFe,Oy
and 1182 cm ! and 1072 cm™! for the Al-substituted sample,
likely owing to residual FeO-OH groups and C-O stretching
vibrations. The observed peak shifts towards higher wave-
numbers can be attributed to the smaller ionic radius of Al3+
(0.57 A) compared to Fe3+ (0.67 A). The substitution of the
larger Fe3+ cations by the smaller Al3+ cations in the spinel
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structure leads to the contraction of the crystal lattice. These
changes in the local coordination environment can affect the
electronic structure, potentially leading to improved light
absorption and charge carrier dynamics, which are crucial for
enhanced photocatalytic activity. These findings confirmed the
spinel structure and highlighted the impact of cation sub-
stitution on the molecular structure.

3.3 BET analysis

The nitrogen adsorption isotherms for the Mn
0.3Bag4Cdo3Fe;0, and  Mng3Bag 4Cdg3AlgsFe; sO4spinel
ferrites revealed significant structural changes due to Al
doping. The Al-doped sample showed markedly improved
textural properties, with increases in BET surface area (8.39
to 32.14 m?/g), total pore volume (0.028 to 1.18 cm®/g), and
average pore radius (10.38 to 34.26 A), as shown in Table
2. Both samples exhibit Type IV isotherms, which are
characteristic of mesoporous structures, with the Al-doped
sample showing a more pronounced hysteresis loop, which
is indicative of larger mesopores (Fig. 3(c)). The significant
increases in the surface area, pore volume, and pore size
indicate that Al doping notably changes the crystal structure
and particle morphology of the spinel ferrite. These altera-
tions, probably due to AI*" replacing Fe*", may affect the
catalytic properties of the material [41].

3.4 Electrical resistivity

The graph shows the electrical resistivity (log p) variation
with reciprocal temperature (1000/T) for Mn 3Bag4Cdg 3-
Fe,O4 and its Al-doped Mng;Bag4Cdj3AlysFe; sO,4 var-
iants. The Al-doped sample exhibited higher resistivity
across the temperature range, suggesting that Al incor-
poration increased the electrical resistivity (Fig. 3d). This
increase is due to impurity scattering, the compensation
effect, and potential barrier formation caused by Al doping.
These resistivity changes influence photodegradation by
potentially reducing charge recombination and extending
charge carrier lifetimes, which may enhance photocatalytic
activity. However, the decreased conductivity can hinder
charge transport to the catalyst surface, possibly impeding
redox reactions.

Table 2 Adsorption Description results
MHO.3B3044Cd043A1XF62_XO4 (X = 00, 05)

of Nitrogen of the

Compositions Bet Surface Total pore Average pore
Area (mz/g) volume (cm3/g) radius (A)

X=0 8.39 0.028 10.38

X=05 32.14 1.18 34.26
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3.5 Scanning electron microscopy

Scanning electron microscopy (SEM) revealed significant
microstructural changes in Mn 3Bag4CdgsFe,0,4 ferrite
after Al doping. The undoped sample exhibited larger
elongated particles with irregular morphologies and
agglomeration tendencies (Fig. 4a). In contrast, Al-doped
Mng3Bay4Cdy3AlgsFe; sO4 exhibited a refined micro-
structure with smaller, more uniform, and predominantly
spherical particles, showing improved dispersion. This
transformation is attributed to the incorporation of AI’*
ions, which inhibit grain growth and alter the crystallization
dynamics. Al doping led to a more homogeneous particle
distribution, reduced agglomeration, and increased the sur-
face texture, as shown in Fig. 4(b). The average grain size
decreased from 61.72nm in the undoped samples to
50.33 nm in the Al-doped samples (determined by the J
Image Software), respectively. Possible reasons for this
reduction include impurity effects, solid-solution strength-
ening, secondary phase formation, and oxygen vacancy
creation. These factors can disrupt atomic arrangements and
pin grain boundaries, and impede grain formation and
oxygen vacancy creation. These factors can disrupt the
atomic arrangements, pin grain boundaries, and impede
grain growth, resulting in a finer grain structure [42—44].
The smaller, more uniform particles with decreased average
grain size from 61.72nm to 50.33 nm provide a higher
surface area and more accessible active sites for the
adsorption of pollutants and the catalytic reactions.The
improved dispersion and reduced agglomeration of the Al-
doped ferrite particles can also enhance mass transport and
light penetration, further promoting the photocatalytic
degradation of ciprofloxacin.

3.6 EDX analysis

EDX analysis of the Mn (3Bag4CdysFe;,04 and
Mn 3Bag 4Cdg3Al sFe; 50,4 samples provided insights into
their elemental compositions and purities. For the undoped
sample (Fig. 5a), peaks corresponding to Ba, Mn, Cd, Fe,
and O were observed, reflecting their stoichiometric ratios.
The Al-doped sample exhibited an additional Al peak and a
reduced Fe peak, confirming the incorporation of Al into the
ferrite structure at the expected atomic ratios (Fig. 5b). No
impurity peaks were detected, indicating the high purity of
the synthesized materials.

3.7 Optical properties

Incorporating aluminum as a dopant in Mn
0.3Ba0.4Cd0.3Fe204 results in a decrease in the bandgap
from 2.2 eV to 1.9 eV, which leads to improved character-
istics and catalytic efficacy under light exposure (Fig. 6).
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This change arises from crystal field effects, lattice distor-
tion, intermediate energy levels, and charge transfer pro-
cesses [45].

Al doping narrows the bandgap of iron oxides by dis-
torting the lattice and altering the electronic band structure
owing to the lower electronegativity of aluminum. The
introduced intermediate energy levels act as electron traps

or recombination centers, whereas the various oxidation
states of aluminum ions facilitate charge transfer. This
bandgap narrowing enhances visible-light-driven photo-
catalytic activity through increased light absorption,
improved charge separation, and lowered band-edge
potentials, thereby optimizing the photodegradation per-
formance [46].
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Fig. 6 The Uv-DRS spectrum for band gap determination

3.8 Photodegradation studies
3.8.1 Aluminum doping influences

The incorporation of aluminum (AD into
Mn 3Bay4Cdg3AlFe, 04 (x=0.0, 0.5) significantly
enhanced the photodegradation efficiency of ciprofloxacin,
increasing from 56.68% to 93.45% with higher Al doping
(x=0.0, 0.5), far exceeding that of photolysis alone (Fig.
7a). Al doping modifies the electronic band structure,
enhances light absorption, and enables the catalyst to utilize
a broader solar spectrum [47]. Al incorporation facilitates
efficient charge carrier separation, reduces recombination
losses, and extends the lifetime of the reactive species.
Finally, the increased surface area due to Al doping offers
more adsorption sites for ciprofloxacin, promoting proxi-
mity to the reactive sites of the photocatalyst and enhancing
degradation. The catalyst with an Al doping concentration
of x =0.5 exhibited optimal performance, achieving the
highest degradation rate [30].

3.8.2 Effect of pH

Impact of initial solution pH on ciprofloxacin photo-
degradation. Experiments at pH 3, 7, and 11 showed
degradation efficiencies of 99.81, 93.45, and 71.47%,
respectively, indicating a decline in efficiency with
increasing pH (Fig. 7(b)). This trend was attributed to the
speciation of ciprofloxacin and the catalyst surface charge.
At low pH, ciprofloxacin is mainly in its cationic form,
which interacts well with the catalyst surface. As the pH
increases, changes in ciprofloxacin speciation and catalyst
surface charge alter these interactions [32]. A higher pH
initially enhances electrostatic attraction, but an excessive
pH leads to competition between the hydroxyl ions and
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ciprofloxacin for the catalyst sites. These results underscore
the importance of pH in optimizing ciprofloxacin photo-
degradation, with acidic conditions being the most effective
[48].

3.8.3 Effect of ciprofloxacin concentration on enrofloxacin
photodegradation

Effect of increasing ciprofloxacin concentration on enro-
floxacin photodegradation. Experiments with ciprofloxacin
concentrations of 10, 20, 30, and 40 mg/L showed enro-
floxacin photodegradation efficiencies of 93.43, 83.65,
73.87, and 64.87%, respectively (Fig. 7c). An inverse
relationship was observed between ciprofloxacin con-
centration and enrofloxacin degradation efficiency owing to
competitive adsorption on the catalyst surface sites and
scavenging of reactive species by ciprofloxacin. Both
structurally similar fluoroquinolones compete for adsorption
sites and reactive species, and higher ciprofloxacin con-
centrations intensify this competition and reduce enro-
floxacin degradation [49].

3.8.4 Role catalyst quantity ciprofloxacin degradation

This section examines the impact of the catalyst dosage on
ciprofloxacin photodegradation. Experiments using catalyst
doses of 20, 40, 60, 80, and 100 mg yielded photo-
degradation efficiencies of 93.45, 97.28, 99, 100, and 74%,
respectively, after 75 min (Fig. 7d). The showed an effi-
ciency peak at 80 mg and a notable decrease at 100 mg,
which was attributed to the enhanced active site availability
at lower doses, reduced light penetration and scattering at
higher doses, and possible catalyst aggregation at higher
doses. The optimal catalyst dose of 90 mg balanced the
increase in the number of active sites with minimal light
obstruction, emphasizing the significance of optimizing the
catalyst dosage in ciprofloxacin photodegradation for
maximum efficiency.

3.8.5 Effect of temperature on ciprofloxacin
photodegradation

Experiments were carried out at 20, 40, and 60 °C to
examine how temperature influences the photocatalytic
breakdown of ciprofloxacin. The degradation efficiency
reached 93.45% at 20 °C. Increasing the temperature to
40 °C improved the efficiency to 98.17%, an increase of
4.72 percentage increase (Fig. 8(a)). Increasing the tem-
perature to 60 °C increased the efficiency to 99.88%, a 6.43
percentage point improvement from room temperature,
owing to the enhanced reaction kinetics, mass transfer,
reduced activation energy, and synergistic thermal effects
that complement photocatalytic degradation [50].
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3.8.6 Effect of light intensity and solar light

Effect of light intensity on ciprofloxacin photodegradation.
Experiments conducted at 100 and 200 W under solar light
revealed a clear correlation between increased light intensity
and improved degradation efficiency (Fig. 8(b)). The
ciprofloxacin degradation rates were 93.56% and 100%
after 75 min at 100 W and 200 W, respectively, whereas
complete degradation was achieved after 45 min under solar
light. This trend resulted from increased photon absorption
by the catalyst, faster reaction rates between ciprofloxacin
and the reactive species, and the broad spectrum of solar
light, offering more efficient wavelengths for catalyst acti-
vation [51]

3.8.7 Effect of H,0, concentration on photodegradation

The percentage degradation of ciprofloxacin increased
markedly with increasing H,O, concentration from 0 to
9mM (93.45% to 99.90%), showing a positive correlation
between H,0O, concentration and photodegradation

efficiency (Fig. 8c). When the H,0, concentration increased
to 12 mM, the degradation rate decreased to 80.61538%,
suggesting that this concentration was ideal for achieving
maximum photodegradation. H,O,, a source of highly
reactive and potent hydroxyl radicals (*OH) under photo-
lytic conditions, enhances photodegradation by increasing ®
OH generation. However, at higher concentrations, H,O,
acts as a radical scavenger, competing with the pollutant for
*OH radicals, reducing their availability and decreasing
photodegradation efficiency. Moreover, H,O, can generate
other reactive species, such as superoxide (O,-*) and
hydroperoxyl (HO,-) radicals, contributing to the degrada-
tion process [52].

3.8.8 Scavenger analysis and identification of active species

Experiments using scavenging agents such as benzoquinone
(BQ), ethylenediaminetetraacetic acid (EDTA), and tert-
butanol (TBA) were conducted to determine the main
reactive species responsible for the photocatalytic break-
down of ciprofloxacin. The baseline degradation efficiency
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Fig. 8 Impact of ciprofloxacin photodegradation on (a) temperature, b light intensity vs. solar spectrum, ¢ H,O, addition, and d scavenger analysis

was 93.45%. BQ reduced the efficiency to 91.12%, indi-
cating the minimal role of superoxide radicals (Fig. 8d).
EDTA decreased the efficiency to 87.54%, suggesting a
modest contribution from the holes. TBA significantly
lowered the efficiency to 43.67% with hydroxyl radicals as
the primary reactive species, causing a 49.78% reduction
from the baseline. Thus, hydroxyl radicals mainly drive the
photocatalytic degradation of ciprofloxacin, with minor
contributions from holes and superoxide radicals [53].

3.8.9 Kinetic analysis

The ciprofloxacin  degradation kinetics using the
Mng 3Bay4Cdgy3AlysFe; 5O, photocatalyst were assessed
using pseudo-first-order and pseudo-second-order models.
Linear regression analysis yielded R? values of 0.987 and
0.944 for the pseudo-first-order and pseudo-second-order
models, respectively (Fig. 9a, b). The higher R? value for
the pseudo-first-order model indicated a better fit to the
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data, suggesting that -ciprofloxacin degradation pre-
dominantly followed pseudo-first-order kinetics under these
conditions. This indicated that the degradation rate mainly
depended on the ciprofloxacin concentration, with the other
reactants remaining stable.

3.8.10 Possible Mechanism Photodegradation of
Ciprofloxacin

The photocatalytic degradation of ciprofloxacin (CIP) using
Mny 3Bag 4Cdg 3Al sFe; 504 involves multiple stages. When
exposed to light, the catalyst captures energy, generating
electron-hole pairs that interact with oxygen and water to
produce reactive oxygen species (ROS), primarily hydroxyl
and superoxide radicals, as illustrated in Fig. 10. The pho-
tocatalytic degradation mechanism of ciprofloxacin (CIP)
using Mng 3Bagy4Cdg3AlysFe; sO4 was enhanced through
the effects of Al doping. The substitution of Fe’* with AI**
significantly impacts the electron-hole pair dynamics and
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Fig. 10 Possible mechanism photodegradation of CIP

reactive oxygen species (ROS) generation. Specifically, Al
doping introduces oxygen vacancies and surface defects
that serve as electron traps, thereby reducing the recombi-
nation rates. Furthermore, the incorporation of AT ions
modify the band structure, leading to enhanced visible light
absorption and improved charge carrier mobility. These
modifications result in a more efficient generation of
hydroxyl (*OH) and superoxide (O,*—) radicals, which are
the primary ROS responsible for CIP degradation. The
photocatalytic process proceeds through four key steps,
with Al doping effects playing a crucial role at each stage:
(1) photon absorption, where Al doping narrows the band-
gap and enables more efficient visible light capture; (2)
ROS formation, where enhanced charge carrier separation
promotes the generation of superoxide and hydroxyl radi-
cals; (3) CIP oxidation, where the increased ROS con-
centration facilitates more effective degradation of CIP
through hydroxylated intermediates; and (4) mineralization,
where the process culminates in complete CIP conversion to
CO,, H,0, and inorganic ions, with Al doping maintaining
sustained photocatalytic activity through improved charge
carrier dynamics [54-56] These ROS then engage with CIP
and trigger oxidative breakdown through hydroxylated
intermediates. This process ultimately leads to the complete

Time (minutes)

mineralization of CIP, converting it into carbon dioxide,
water, and inorganic ions.

1. Photon absorption: The catalyst absorbs light and
generates electron-hole pairs.

Mno3Bag4Cdo3AlysFeqs04 + hv
— Ml’lo,3Ba0,4Cd(),3AlO'5F€0,504(6_ s h+)

(12)

2. Reactive oxygen species (ROS) formation: The
interaction of electrons and holes with water and
oxygen results in the formation of superoxide and
hydroxyl radicals, respectively.

h* +H,0/OH  — OH* + H* (13)

In aqueous solutions, electrons in the excited state
within the conduction band interact with the dissolved
oxygen molecules, resulting in the formation of
superoxide radical anions. These potent oxidants can
subsequently react to produce other ROS, including
hydrogen peroxide (H,O,) and hydroperoxyl radicals
(HO»*).

e+ 0s(aq) — 05~ (14)

The efficiency of this step depends on the ability of
the catalyst to separate and sustain electron-hole pairs,
preventing recombination. The mixed metal composi-
tion likely contributed to the improved separation.

3. CIP oxidation: ROS attack CIP molecules, forming
hydroxylated intermediates and eventually breaking
them down.

CIP + HO*/O; — Hydroxyakted intemidate —
CO, + H,O + Mineral acids

(15)
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Table 3 Photocatalysts removal

ffici d ¢ ield Photo-Catalyst Composition Quantum efficiency Space Time Yield FOM References
iorf;glt(i:gnan quantum yie (molec /photon) (molec /photon/mg)  (L/g/mol/J/h)
Mn 3Bag 4Cdo3Fe,04 3.04 x 1077 1.52 x 10710 4.22 x 10716 Current study
Mnyg sBag 4Cd3Aly sFe; 04 5 x 1079 2.50 x 10710 6.96 x 10710 Current study
Sto,Mng sFe,0, 1.33x107% 1.33x1078 1.39x10712 [31]
Sto,Mng sAlg »Fe; 04 1.57x107% 1.57x1078 1.64x10712 [31]
Sto,Mng sAlg sFe; 04 1.85x107% 1.85x1078 1.93x10712 [31]
Sto,Mng sAlg ¢Fe; 4Oy 1.13x107% 1.13x1078 1.18x10712 [31]

4. Mineralization: This process results in the complete
conversion of CIP into CO,, H,0, and inorganic ions.
The mixed-metal-oxide composition of the catalyst
enables visible-light absorption and efficient electron-
hole separation. The overall reaction is summarized as
follows:

CIP + hv + MI’l()_3Ba()_4Cd0.3Alo'5F60_5 04 + 02 + HQO
— C02 -+ H20 + Mineral acids + Mn()_3Bao_4Cd0_3A10.5F60_5 04
(16)

This process effectively degrades organic pollutants into
less harmful inorganic compounds [57].

3.8.11 Photocatalyst performance assessment

Table 3 presents a comparative analysis of the photocatalytic
performance of two ferrite compositions, Mng;Bag4Cdy 3-
Fe,04 and Mng3Bag4Cdg3AlysFe; sO4, for ciprofloxacin
degradation under visible-light irradiation. The quantum
yield represents the efficiency of the photocatalyst in con-
verting absorbed photons into chemical reactions that
degrade the target pollutant [58]. A higher quantum yield
indicates a more efficient photocatalyst. The space-time yield
provides a measure of the productivity of the photocatalyst
per unit mass, taking into account both the quantum yield
and the catalyst loading [59]. Compared to the Sr-based
photocatalysts reported in [31], Mng3;Baj4Cdg3Fe,O4 and
Mng 3Bag 4Cdy3Aly sFe; sO4 photocatalysts studied in the
current work show somewhat lower quantum yields and
space-time yields. However, the figure of merit, which
accounts for both the removal efficiency and the energy
consumption, is still competitive. Further optimization of the
catalyst composition and reaction conditions could poten-
tially improve the quantum and space-time yields for the
materials in the current study. Both catalysts were evaluated
under visible light conditions for 75 min, using a 100 W lamp
and a photocatalyst dosage of 0.02 g in a 0.01 g L™! pollutant
concentration. The aluminum-doped ferrite demonstrated
superior performance, achieving a removal efficiency of
93.45% compared to 56.68% for the undoped ferrite. This
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enhancement is further reflected in the quantum yield (QY),
with the Al-doped catalyst showing a higher value of
5 x 10~° molecules photon ™! than 3.04 x 10~° the undoped
variant. The space-time yield (STY) and figure of merit
(FOM) also improved with aluminum doping, increasing
from 1.52 x 1079 to 2.5 x 107!° molecules photon'mg~!
and from 4.22 x 10'°t06.96 x 10" ymol L 'h 2 g ' W1,
respectively. The incorporation of Al into the ferrite structure
enhances its photocatalytic efficiency, potentially owing to
the improved charge separation, increased surface area, and
altered bandgap properties [36, 60].

3.8.12 Catalyst recyclability and deactivation of
Mn 3Bag 4Cdo3Al sFeq 504

Reusability experiments indicated a reduction in the
degradation efficiency of Al-doped Mn-Ba-Cd ferrite from
93.45% in the first cycle to 89% after five cycles (Fig. 11).
Four primary factors contribute to this deactivation: Sin-
tering and Agglomeration: High-temperature calcination
and repeated cycling under illumination cause sintering and
agglomeration of catalyst particles, reducing the surface
area and active sites, thereby diminishing the photocatalytic
performance. Leaching of Active Species: Partial dissolu-
tion and leaching of active metal ions (A", Mn*", Fe*™)
during photocatalytic reactions and washing steps result in
gradual catalytic activity loss over multiple cycles. Catalyst
Poisoning: Accumulation of reaction intermediates or
byproducts on the catalyst surface blocks active sites and
hinders pollutant adsorption, decreasing photocatalytic
efficiency. Photo-corrosion: Prolonged light exposure and
generation of reactive oxygen species partially degrade the
ferrite material, further deactivating the photocatalyst.
Strategies to enhance the long-term stability and reusability
of Al-doped Mn-Ba-Cd ferrite photocatalysts include Sur-
face Modification: Applying protective coatings or func-
tionalizing the catalyst surface, such as incorporating silica
or carbon-based shells, can improve structural and chemical
stability. Reaction Condition Optimization: Optimizing the
pH, temperature, and pollutant concentration can minimize
harmful intermediates and reduce catalyst deactivation
during repeated use. Post-treatment Regeneration: Effective
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regeneration methods, such as thermal treatment or acid/
base washing, can restore catalytic activity by removing
accumulated deposits and recovering active sites. Structural
Modifications: Alternative synthesis methods or doping
strategies, such as incorporating additional cations or using
core-shell architectures, may enhance the intrinsic stability
of the ferrite structure and long-term performance [61, 62].

4 Conclusion

Al-doped Mng3Bagy4Cdg3AlFe; (O (x =0.0, 0.5) ferrites
were synthesized and characterized for ciprofloxacin
degradation. Al-doped ferrite achieved 93.45% degradation
efficiency compared to 56.68% for undoped. Hydroxyl
radicals were the primary reactive species, with a 49.78%
reduction in efficiency when scavenged. The addition of
9mM H,0, increased the degradation rate to 99.90%.
Bandgap decreased from 2.2¢eV to 1.9 eV with Al doping.
XRD analysis showed a crystallite size reduction from
37.25 nm to 27.26 nm due to Al doping. FTIR spectroscopy
indicated peak shifts, with tetrahedral and octahedral site
peaks shifting from 531 and 435 cm™! to 548 and 448 cm ™',
respectively. SEM revealed smaller, uniform particles,
reducing the average grain size from 61.72 nm to 50.33 nm.
BET surface area increased from 8.39 m%g to 32.14 m%
kinetic studies showed degradation followed pseudo-first-
order kinetics (R*> = 0.987) more closely than pseudo-
second-order (R> = 0.944). Photocatalyst Performance
Assessment revealed improved quantum yield (5 x 107°
molecules/photon) and space-time yield (2.50 x 1071°
molecules/photon/mg) for the Al-doped sample. The
enhanced photocatalytic activity is attributed to the
increased surface area, reduced particle size, and modified
electronic structure. This study highlights the potential of

MH0_3B30_4Cd0‘3A1045F61_504 ferrites  for
degradation during water treatment.

Future research directions for Al-doped Mn0.3Ba0.4C-
d0.3AlxFe2-x0O4 (x =0.0, 0.5) ferrite photocatalyst sys-
tems. We have incorporated a discussion of potential
research avenues in the revised manuscript. This study
highlights several key areas for future investigation: scaling
up the sol-gel auto-combustion synthesis method for
industrial viability, assessing photocatalytic performance
under varied environmental conditions (pH, temperature,
and water matrix constituents), and exploring co-doping
strategies with transition metals and rare-earth elements to
enhance light harvesting and charge carrier separation effi-
ciency. These systematic investigations will contribute to
advancing the practical implementation of this photocatalyst
system in water treatment applications.

ciprofloxacin
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