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Abstract

This study examines the solar-driven photocatalytic degradation of tetracycline hydrochlo-
ride in aqueous media using immobilized magnetite. The synthesized catalyst was char-
acterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), and Fourier
transform infrared spectroscopy (FT-IR). Photocatalytic experiments revealed that tetra-
cycline degradation followed pseudo-first-order kinetics, achieving 48% removal within
30 min and nearly complete degradation (99%) after 120 min of solar irradiation. The
addition of Fenton reagent significantly enhanced degradation efficiency by promoting the
generation of reactive oxygen species. The formation of multiple degradation intermediates,
along with a substantial reduction in chemical oxygen demand (COD) was observed. The
immobilized magnetite catalyst exhibited good stability and reusability with minimal loss
of activity over repeated cycles. Overall, the results demonstrate that magnetite-based solar
photocatalysis is a cost-effective, efficient, and environmentally sustainable approach for
treating TCT-contaminated wastewater.

Keywords: photocatalytic degradation; tetracycline; magnetite; sunlight; Fenton reagent

1. Introduction

Antibiotics are extensively used in human and veterinary medicine, with global

R) Check for updates consumption increasing by ~16.3%, from 29.5 to 34.3 billion defined daily doses in re-
cent years [1-3]. Although not initially regarded as environmental contaminants, their
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to its accumulation in soil and water. Its high chemical stability and low adsorption fur-
ther enhance environmental persistence, posing long-term risks to ecosystems and public
health [5].

Recent studies have demonstrated that Fe304-based photocatalysts are highly effec-
tive for antibiotic oxidation due to their visible-light activity, magnetic recoverability, and
efficient Fe?* /Fe3* redox cycling. Another study [6] reported that single-metal-atom oxide
anchored Fe3O4-ED-rGO with enhanced charge separation for visible-light degradation
of antibiotic residues. A violet phosphorus-Fe3O4 photocatalysis-self-Fenton system that
achieved rapid norfloxacin removal through intensified reactive oxygen species generation
was developed [7]. More recently, [8] demonstrated efficient TCT degradation using an
Fe304@starch-derived carbon photo-Fenton catalyst under visible light. These studies high-
light the strong potential of Fe3O4-based systems for solar-driven antibiotic remediation,
supporting the approach of the use of synthesized magnetite adopted in this work.

While TCT degradation via UV /TiO, and photo-Fenton systems has been reported,
solar-driven approaches remain underexplored. This study evaluates the solar-assisted
photocatalytic degradation of TCT using magnetite (Fe;0,), highlighting their low cost,
environmental compatibility, and magnetic recoverability through batch and real-water
experiments. Since conventional wastewater treatments are ineffective in removing trace
pharmaceuticals [9], advanced oxidation and reduction processes (AO/RPs), which gener-
ate reactive species such as *OH radicals, are therefore promising for antibiotic removal [10],
as proved using this study.

2. Materials and Methods
2.1. Materials Used

Tetracycline hydrochloride (98.5-100.0% purity) was purchased from Sigma-Aldrich
(Darmstadt, Germany). Iron sulfate heptahydrate (FeSO4-7H,0O), hydrogen peroxide
(H20,), sodium hydroxide (NaOH), and sulfuric acid (H,SO4) were obtained from NICE
Chemicals Pvt. Ltd. (Kochi, India) and other chemicals used in this study were of analytical
reagent (AnalaR) grade or equivalent and were used without further purification. The data
analysis and graphical plotting were carried out using OriginPro 2021 (Version 9.8).

2.2. Methodology
2.2.1. Photocatalytic Experimental Setup

Photocatalytic experiments were carried out in a 250 mL open Pyrex reactor containing
TCT solution and magnetite catalyst, with continuous agitation using a KEMI VDRL
shaker (Kadavil Electro Mechanical Industries, Kochi, India). Solar irradiation experiments
were conducted outdoors in Kochi, Kerala, India (9°59'28.29" N, 76°13'57.08" E), between
11:00 a.m. and 2:00 p.m. from December 2023 to April 2024, under an average irradiance
of ~780 W m~2, measured using a Metravi 207 (Metravi Instruments Pvt Ltd., Kolkata,
India) solar meter maintaining a temperature of 34 & 2 °C. Samples were then periodically
withdrawn, centrifuged, and analyzed spectrophotometrically. Experiments under varying
conditions, including sunlight alone, TCT-Fenton reagent (FR), TCT-FR—catalyst, and
TCT alone, were performed to assess individual and synergistic effects, the samples being
analyzed using spectrophotometer.
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2.2.2. Dark Control Experiments

Dark control experiments were conducted to evaluate the contribution of adsorption
and non-photolytic degradation. During the study, no significant degradation of TCT was
observed in either case. The slight decrease in concentration over time was attributed solely
to adsorption onto the catalyst surface rather than chemical degradation, confirming that
light irradiation is essential for effective TCT removal.

2.2.3. Synthesis of Catalyst

Magnetite nanoparticles were synthesized using the precipitation method [11]. Briefly,
1.81 g of FeSO4-7H,O was dissolved in 100 mL of distilled water and homogenized at
6000~10,000 rpm. A 2 mol L~! NaOH solution was slowly added until the pH reached 11,
resulting in the formation of iron oxide and oxyhydroxide precipitates. The suspension
was aged for 24 h, after which magnetic separation was performed for 2 min and the
supernatant was discarded. The precipitate was washed several times with distilled water
and dried at room temperature (25 °C). The chemical structure of TCT and a photograph of
the synthesized magnetite catalyst are shown in Figure 1a,b, respectively.

OH O OH O

b)

Figure 1. (a) Magnetite powder obtained from the reaction of FeZ* ions and OH™ ions. (b) Magnetite
catalyst exposed to the magnet field of a magnet.

2.2.4. Analytical Methods

The morphology and surface characteristics of the synthesized magnetite particles
were examined using scanning electron microscopy (SEM) Helios MX1 PFIB-SEM, Thermo
Fisher Scientific, Waltham, MA, USA (Figure 2a). The crystalline structure and phase compo-
sition were analyzed by X-ray diffraction (XRD) using a Bruker D8 Advance diffractometer,
Thermo Fisher Scientific, United States (Figure 2b). Fourier transform infrared spectroscopy
(FT-IR, Nicolet Avatar 370, Thermo Fisher Scientific, United States) was employed to iden-
tify functional groups present in the catalyst by measuring infrared absorption over a
range of wavelengths (Figure 2c). TCT concentrations were determined using a UV-Vis
spectrophotometer (ELICO Double Beam SL 210 UV-Visible Spectrophotometer, ELICO
Ltd. Hyderabad, India), and the corresponding results are provided in the results and
discussion section.
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Figure 2. (a) SEM image of the magnetite sample. (b) XRD spectra of the magnetite sample. (c) FTIR
absorption spectra from the magnetite nanoparticle samples.

3. Results and Discussions
3.1. Dark Experiments

The degradation of 20 mg L~! (ppm) TCT under dark conditions was investigated in
the presence and absence of 5 g/L of magnetite catalyst for a duration of up to 300 min. The
volume of the sample solution used in each experiment was 25 mL. The results indicated
that no significant degradation of TCT occurred either in the presence or absence of the
magnetite catalyst at room temperature under dark conditions. The slight decrease in TCT
concentration observed over time was attributed to adsorption onto the catalyst surface
rather than to chemical degradation [12], as illustrated in Figure 3a.
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Figure 3. (a) Effect of dark on the degradation of TCT. (b) Effect of sunlight and catalyst on the
degradation of TCT.
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3.2. Solar Experiments
3.2.1. Effect of Light and Magnetite on the Degradation of TCT

The influence of solar irradiation on TCT degradation was evaluated under various
conditions (Figure 3b). Solar photolysis alone resulted in limited TCT removal, indicating
that sunlight acts primarily as an energy source rather than a direct degradation agent. In
the presence of magnetite, a moderate enhancement in degradation was observed. Notably,
when the magnetite catalyst was immobilized through surface coating, the degradation
efficiency increased significantly, reaching 48% within 30 min. This improvement is at-
tributed to enhanced light absorption, increased availability of active surface sites, and
more efficient generation of hydroxyl (*OH) radicals [13-15].

3.2.2. Effect of Fenton Reagent on Immobilized Catalyst

The photo-Fenton process is strongly influenced by HyO, and iron concentrations and
solution pH, as hydroxyl radical (*OH) generation controls the reaction rate. H,O, serves
as the main *OH source, while Fe®* catalyzes its formation [16]. Degradation studies using
an immobilized magnetite catalyst showed that adding Fenton reagent (FR) significantly
enhanced TCT removal. For a 20 mg L~! TCT solution with 5 ¢ L~! magnetite at an
Fe?*:H, O, ratio of 5:5 (ppm), the FR system (pH 3—4) achieved 89% and 100% degradation
after 60 and 120 min, respectively, compared to 70% and 88% at natural pH (6.5) without
FR. The improved performance is attributed to increased generation of reactive radicals
(*OH, HO,*) via Fe?* /Fe3*-H, 0, reactions.

The enhanced degradation efficiency can be attributed to the increased availability
of active catalytic sites, which facilitates more effective interactions between the photo-
catalyst and TCT molecules [14]. In the Fenton-assisted system, the Fe?*/Fe®* redox
cycle in the presence of H,O, generates highly reactive hydroxyl (*OH) and hydroperoxyl
(HO,°®) radicals [16,17] with *OH exhibiting a strong oxidation potential of approximately
2.0-2.8 V (E°). These reactive species effectively attack the aromatic rings of TCT, resulting
in ring opening, formation of intermediate compounds, and subsequent mineralization into
CO; and HO. Consequently, the Fenton-assisted system achieved complete (100%) TCT
degradation, whereas only 88% degradation was observed in the absence of the Fenton
reagent. The results are summarized in Figure 4.
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Figure 4. Effect of Fenton reagent on the degradation of TCT for 60 min in the presence of sunlight.
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3.2.3. UV-Visible Analysis and Reaction Kinetics of TCT

The UV-Vis absorption spectra of TCT recorded at different irradiation times during
solar photocatalytic degradation is given in Figure 5. The characteristic absorption bands
of TCT gradually decreased with increasing irradiation time, indicating the destruction
of the conjugated chromophoric structure of the antibiotic. The continuous reduction
in absorbance intensity confirms effective photocatalytic degradation rather than mere
adsorption of TCT onto the catalyst surface.
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Figure 5. UV-Vis absorption spectra of TCT (20 mg L) at different irradiation times during solar
photocatalytic degradation in the presence of immobilized magnetite catalyst.

The kinetic analysis and degradation pathway interpretation were conducted. In
accordance with recent reports [18], the degradation data were fitted to a pseudo-first-
order kinetic model, indicating that the reaction rate is governed by the availability of
reactive oxygen species generated on the catalyst surface. The observed kinetic behavior
supports a radical-mediated oxidation mechanism, in which hydroxyl radicals (*OH)
play a dominant role in the breakdown of the conjugated antibiotic structure, leading
to progressive degradation and mineralization. The kinetics of degradation can also be
explained in terms of the modified Langmuir-Hinshelwood model [19].

To place the kinetics of the photocatalytic performance of the present immobilized
Fe30Oy4 system in context, a comparative evaluation with previously reported photocatalysts
for antibiotic degradation was conducted. Table 1 summarizes representative Fe3O4-based
and related photocatalytic systems reported in the literature, highlighting degradation
efficiency, reaction time, light source, and key catalyst characteristics.

Table 1. Comparing the photocatalytic degradation performance of the synthesized magnetite with
previously published systems.

Degradation Time

Target .
Catalyst System Antibiotic Light Source Efficiency (min) Key Features Reference
Tetracvcline Simple synthesis,
Immobilized Fe;O4 Hél Solar light ~99% 120 solar-driven, magnetic This work
recovery, reusable
Fe304—ED-rGO o Enhanced charge
. Antibiotic - . - .
(single-metal-atom . Visible light >90% 120 separation, visible- [6]
- residues . L
oxide anchored) light activity
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Table 1. Cont.
Target . Degradation Time
Catalyst System Antibiotic Light Source Efficiency (min) Key Features Reference
Violet
- . Strong ROS generation,
phosphorus—Fe.g O Norfloxacin Visible light ~100% 60 synergistic photo- [7]
(photocatalysis— + plasma
Fenton effect
self-Fenton)
Fe3O,@starch-derived . o o Rapid Fe3* /Fe?* cycling,
carbon (photo-Fenton) Tetracycline Visible light >95% 90 high stability [8]
ZnO/NiFe;0,/Co30,  Tetracycline  Solar light ~92% 120 Magnetically separable [14]
composite
TiO;-based Various o Widely used benchmark
photocatalyst antibiotics UV/solar 80-90% 150-180 photocatalyst 201

3.2.4. Effect of Cod on the Degradation of TCT

COD was used to evaluate the mineralization efficiency of the process, indicating
the conversion of pollutants into benign end products such as CO;, H,O, and inorganic
salts [16,19]. The COD was monitored at different time intervals during solar photocatalytic
treatment which resulted in the formation of intermediates: the results are shown in
Figure 6. Complete mineralization of the pollutant mixture was achieved after 1200 min in
the presence of catalyst under solar irradiation.

20 T
] [TCT]: 20 mg/L 0
18 [FR]: 15 mg/L 120 |
E [Magnetite]: 5 g/L 240 | ]
161 360 |]
14 480 ||
)l 720 ||
212 960 |
& 1200 1
E 10 ]
a
(@]
O 8- ]
6 J
o ]
5] ]
. |
TCT
Time (min)

Figure 6. COD reduction in TCT in presence of FR and magnetite under sunlight.

3.2.5. Recycling of Used Catalyst

Catalyst reusability is a key factor for both economic and environmental sustain-
ability [21,22]. After each reaction cycle, the used magnetite catalyst was magnetically
separated, washed thoroughly with deionized water, and dried at 200 °C for 2 h prior to
reuse. Recycling experiments conducted under identical optimal conditions demonstrated
TCT degradation efficiencies of 96%, 92%, 90%, and 90% over four successive cycles under
solar irradiation (Figure 7). The slight decline in degradation efficiency observed after
repeated use indicates the good stability and reusability of the magnetite catalyst.

https://doi.org/10.3390/engproc2025117076


https://doi.org/10.3390/engproc2025117076

Eng. Proc. 2025, 117,76 8 of 10

100 [TCT]: 90 mg/L,[Magnetite]: S gm/L,Time: 90 min

90
80
70
60
50
40

% Degradation

30
20
10

1st cycle 2nd cycle 3rd cycle 4th cycle
No. of Cycles

Figure 7. Recycling of used magnetite under sunlight.

3.2.6. Photocatalytic Reaction Mechanism

Under solar irradiation, immobilized Fe3O4 absorbs visible light and generates
electron-hole pairs. Fe3Oy4 absorbs visible components of solar light due to its narrow
band gap, leading to the excitation of electrons from the valence band (VB) to the conduc-
tion band (CB, as indicated by Equation (1):

Fe;04 + hv — eCB™ + hVB* 1)

The photogenerated charge carriers initiate redox reactions at the catalyst surface.

The photogenerated electrons reduce dissolved oxygen to superoxide radicals
(*O,7), while holes oxidize water or hydroxide ions to form hydroxyl radicals (*OH)
(Equations (2) and (3)). In the presence of Fenton reagent, Fe?* /Fe3* redox cycling on the
Fe30y4 surface accelerates HyO, decomposition, producing additional *OH radicals and
significantly enhancing oxidative activity.

eCB™ +0; — *0O,~ (2)

hVB* + H,O/OH™~ — *OH 3)

In the Fenton-assisted system, Fe?* /Fe3* species present in magnetite catalyze hydro-
gen peroxide decomposition (Equation (4)):

Fe?* + H,0, — Fe**+ *OH +OH ™~ (4)

Solar irradiation further promotes the photoreduction of Fe3* back to Fe?", sustaining
the catalytic cycle (Equation (5)):

Fe®* + hv — Fe?* (5)

This continuous Fe?/Fe® redox cycling significantly enhances *OH generation, ex-
plaining the higher degradation efficiency observed in the photo-Fenton system. TCT
molecules adsorb onto the catalyst surface and are subsequently attacked by *OH and
*O,~ radicals, leading to hydroxylation, demethylation, and ring-opening reactions.
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The intermediate compounds undergo further oxidation by ROS (Equation (6)), ul-
timately producing CO,, H,O, and inorganic ions, which is supported by the observed
reduction in COD.

Intermediates + *OH — CO; + H,O + Inorganic products (6)

4. Conclusions

This study demonstrates that solar-assisted photocatalysis using synthesized mag-
netite is an effective and sustainable approach for the degradation of TCT in aqueous
systems. The immobilized magnetite catalyst exhibited favorable structural and mor-
phological properties and efficiently generated reactive hydroxyl radicals responsible
for pollutant degradation. Catalyst immobilization improved stability, reusability, and
magnetic recoverability, while the incorporation of Fenton reagent significantly enhanced
degradation efficiency. Overall, the magnetite-based solar photocatalytic system offers a
cost-effective and environmentally friendly strategy for treating antibiotic-contaminated
wastewater and shows strong potential for further optimization and scale-up applications.
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