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r-tristis L. mediated sustainable
synthesis of a-Fe2O3/g-C3N4 S-scheme
heterojunctions for enhanced photocatalytic
degradation of tetracycline hydrochloride:
a mechanistic insight and DFT study†

Mano Ranjan Barik,a Jagadish Kumar b and Sushanta Kumar Badamali *a

The development of efficient and sustainable photocatalytic systems is critical for addressing emerging

pollutants in wastewater. In this study, we report the green synthesis of a novel S-scheme a-Fe2O3/g-

C3N4 heterojunction, engineered to enhance the visible-light-driven photodegradation of tetracycline

hydrochloride (TCH). The composite was fabricated using an eco-friendly route involving Nyctanthes

arbor-tristis L. leaf extract, ensuring a minimal environmental footprint. Structural and chemical

characterization studies via XRD and FTIR confirmed the presence of distinct crystalline phases and key

functional groups, including Fe–O and C]N bonds. Morphological analysis using FESEM and HRTEM

revealed a well-defined interfacial architecture, while XPS confirmed the presence of Fe3+, C, and N

elements, validating successful heterojunction formation. The heterostructure exhibited a BET surface

area of 21 m2 g−1 and a narrowed optical band gap of 2.2 eV, using UV-Vis DRS. Photoluminescence (PL)

spectroscopy demonstrated significantly reduced recombination of photogenerated electron–hole pairs,

indicating efficient charge separation. Under visible-light irradiation, the a-Fe2O3/g-C3N4 photocatalyst

achieved an impressive 93% degradation of TCH within 60 minutes, significantly outperforming pristine

g-C3N4(32%) and a-Fe2O3(43%). The enhanced photocatalytic activity is attributed to a synergistic S-

scheme charge transfer pathway that promotes redox potential and suppresses charge recombination. A

detailed parametric study was conducted to evaluate the effects of catalyst dosage, initial TCH

concentration, heterojunction ratio, and exposure duration. DFT calculations explained the geometrically

favorable crystal and band structures. Superoxide radicals were identified as major reactive species from

scavenging studies. A plausible mechanism for TCH degradation was established based on LCMS analysis.
Sustainability spotlight

This study presents a green and sustainable approach for designing an advanced S-schemea-Fe2O3/g-C3N4 heterojunction photocatalyst leveraging the phytochemical
richness of Nyctanthes arbor-tristis L. leaf extract. Employing an eco-friendly synthesis route, the work eliminates the need for hazardous chemicals, promoting
sustainable material fabrication. The photocatalyst efficiently degrades tetracycline hydrochloride, a persistent pharmaceutical pollutant, under visible light, offering
a cost-effective and scalable protocol for wastewater treatment.Mechanistic insights, supported byDFT calculations, highlight the enhanced charge transfer efficiency of
the heterojunction. Our work aligns with UN Sustainable Development Goals: SDG 6 (CleanWater and Sanitation), SDG 12 (Responsible Consumption and Production),
and SDG 13 (Climate Action) by promoting green synthesis for wastewater treatment, reducing chemical waste, and supporting sustainable environmental practices.
1 Introduction

The surge in population growth and escalating environmental
pollution have elevated the concentration of hazardous
ity, Vani Vihar, Bhubaneswar-751004,

rsity.ac.in

ni Vihar, Bhubaneswar-751004, Odisha,

tion (ESI) available. See DOI:

582–3600
pollutants in the environment, posing signicant risks to public
health. The rapid expansion and extensive utilization of phar-
maceuticals have led to the contamination of aquatic systems
with complex organic pollutants.1 Among the commonly
consumed antibiotics, tetracycline hydrochloride (TCH) is
a widely used broad-spectrum antibiotic, frequently employed
to prevent infections in humans and animals. A signicant
portion of TCH is not metabolized by animals; hence, large
quantities of the drug or its metabolites are directly discharged
through excretion into different water streams.2 These residues
© 2025 The Author(s). Published by the Royal Society of Chemistry
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pose substantial environmental and health risks by contami-
nating aquatic ecosystems through the growth of multi-
resistant microorganisms. According to the notication
released by the Ministry of Environment, Forest and Climate
Change, India (New Delhi, 23rd January 2020), the tolerance
limit of the TCH drug is about 0.4 ppm. The persistent nature of
such pollutants underscores the urgent need for efficient and
sustainable remediation strategies.

Nevertheless, different methods such as precipitation,
solvent extraction, adsorption, froth otation, coagulation,
oxidation, evaporation, sedimentation, ion exchange, and
advanced oxidation processes (AOPs) have been used to elimi-
nate antibiotics from contaminated water.3 Nevertheless, some
of these methods are oen time-consuming, expensive, and
involve additional chemicals, which are eventually polluting the
environment. In a major breakthrough in 1972, Honda and
Fujishima reported photo-electrochemical water splitting using
a TiO2 catalyst, which shied focus to photocatalytic reactions
using semiconductor materials.4,5 Since then, semiconductor-
mediated photocatalysis has been extensively studied as it
utilizes renewable energy and fewer chemicals, making it
a more sustainable option to address the removal of organic
contaminants.

Over the period, several studies have been reported on
heterogeneous photocatalysis using materials such as TiO2,
ZnO, Fe2O3, CdS, ZnS, MoO3, g-C3N4, and GO towards the
removal of a wide range of organic pollutants from various
contaminated water streams.6–9 However, the practical use of
individual semiconductor photocatalysts encounters certain
challenges, including poor electrical conductivity, fast recom-
bination of photogenerated electron–hole pairs, susceptibility
to photo corrosion, poor absorption of solar energy, leaching,
etc.10,11

Hence, the development of photocatalysts needs to overcome
the above facts apart from possessing light absorption in the
visible region and robust redox capability. A narrow bandgap is
necessary to capture a broader spectrum of solar light, while
a wider bandgap is preferable to effectively facilitate photo-
catalytic reactions.12 The requirements to obtain maximum
redox ability and broad light absorption are thus in contradic-
tion with one another. As a result, the creation of a hetero-
junction, achieved by combining two semiconductors in direct
contact, is a valuable architecture to reduce the challenges faced
by bare semiconductors.13

Recent studies on heterojunction structures have proven
their ability to effectively separate photogenerated electron–
hole pairs and integrate the advantages of each semiconductor
involved. These are typically formed by combining two semi-
conducting materials with a staggered band structure arrange-
ment, which supports the Type-II photocatalytic mechanism.14

This arrangement enhances the efficiency of photocatalytic
reactions by optimizing charge carrier separation and migra-
tion. Two types of heterojunctions, namely Z- and S-scheme,
have recently been studied. The Z-scheme is relatively
complex and oen involves additional cocatalysts or intricate
charge transfer processes, which can reduce its efficiency in
large-scale applications. To overcome these disadvantages, Yu
© 2025 The Author(s). Published by the Royal Society of Chemistry
et al. reported an S-scheme (step-scheme) heterojunction, con-
sisting of two types of photocatalysts, an oxidation photo-
catalyst (OP) and a reduction photocatalyst (RP).15 In which the
OP is positioned at a higher potential, whereas the RP is posi-
tioned at a lower potential. In such a system, less redox poten-
tial electrons in the CB of the oxidation photocatalyst and holes
in the VB of the reduction photocatalyst tend to recombine
through an electric eld formed at the interface. However, the
useful electrons and holes on the other side are effectively
separated to participate in the degradation process.16,17 In brief,
the S-scheme heterojunction is oen considered superior to the
Z-scheme in photocatalytic applications owing to its more effi-
cient charge carrier separation, better stability, and simpler
design. Importantly, in an S-scheme-based photocatalyst, the
holes and electrons are more effectively separated and directed
to the appropriate reaction sites, minimizing recombination
and improving photocatalytic efficiency. The S-scheme typically
requires fewer components and a simpler band alignment
between semiconductors, making it easier and cost-effective
with the possibility of realistic applications.18,19

It is worth mentioning that the combination of a-Fe2O3 and
g-C3N4 constitutes an important heterojunction photocatalyst,
and the relevant features of a-Fe2O3 and g-C3N4 are outlined
below. Fe2O3 is an excellent semiconducting material with good
photocatalytic activity. a-Fe2O3 possesses a relatively low
bandgap of approximately 1.8 eV, corresponding to an absorp-
tion wavelength of around 600 nm.20 This reduced bandgap
allows it to effectively absorb visible light from the solar spec-
trum, enhancing its utility in various photocatalytic applica-
tions owing to its availability, potent oxidizing capacity,
excellent chemical stability, low cost, and environmental
friendliness. Similarly, graphitic carbon nitride (g-C3N4), a two-
dimensional polymeric material, has gained remarkable atten-
tion as a catalyst with a bandgap of ∼2.7 eV.21–24 The sp2-
hybridized carbon framework enhances electronmobility, while
the layered structure provides an expanded surface area,
thereby improving its photocatalytic performance. This mate-
rial is also valued for its non-toxic characteristics, cost-
effectiveness, and simple synthesis process.

Various synthetic techniques have been utilized to fabricate
nanostructured a-Fe2O3 with g-C3N4.25 Among all, the hydro-
thermal technique offers advantages such as mild reaction
conditions, moderate operational complexity, and better crys-
talline products.26 However, this process oen involves the use
of templates and expensive chemicals, which can pose envi-
ronmental concerns. To overcome these drawbacks, alternative
green synthesis approaches have been developed utilizing
naturally occurring green plants.27 These environmentally
benign methods are cost-effective, provide high yields, and
exhibit good reproducibility. Several herbs and plants occurring
in nature are rich sources of antioxidants, including terpenoids,
avonoids, ketones, aldehydes, and amide compounds, which
are available in their roots, stems, and leaves. The extracts from
these plants are widely recognized for their eco-friendly,
sustainable, and biocompatible properties in the nanoparticle
synthesis process.28,29
RSC Sustainability, 2025, 3, 3582–3600 | 3583
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Table 1 Comparative studies on the photodegradation of tetracycline using various photocatalysts

Entry Catalyst Catalyst (g L−1) Tetracycline (mg L−1) Source; duration; pH Degradation, % Ref.

1 BiFeO3/TiO2 1.0 10 Vis/3 h/5 72 30
2 Bi/a-Bi2O3/g-C3N4 1.0 10 Vis/3 h 91 31
3 g-Fe2O3/g-C3N4 0.5 10 Vis/2 h 74 32
4 CuInS2/g-C3N4 1.0 10 Vis/1 h 84 33
5 CuBi2O4/g-C3N4 0.5 10 Vis/1 h 90 34
6 CdIn2S4/g-C3N4 1.0 10 Vis/2 h 80 35
7 Nb2O5/g-C3N4 1.0 20 Sunlight/2.5 h 90 36
8 a-MnO2/B@g-C3N4 1.0 10 Vis/1.3 h 87 37
9 Bi2O4 @SnS 1.0 10 Vis/2 h/7 91 38
10 WO3/Bi2O4 0.2 10 Vis/2 h/5 90 39
11 g-C3N4/ZnFe2O4/Ag2CO3 0.2 20 Vis/2 h 84 40
12 MnFe2O4/ZIF-8 0.5 05 Vis/1.5 h/9 95 41
13 Mn0.3Cd0.7S/FeNi8-LDH 0.5 50 Vis/0.5 72 42
14 g-C3N4/BiOCl 1.0 20 Vis/2 h/7 89 43
15 a-Fe2O3/g-C3N4 0.5 20 Vis/1 h/5 93 Present work
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Concentrating our attention on TCH degradation through
photocatalysis by varying different parameters such as reaction
conditions, catalyst, source of light, pH, etc., available in the
reported literature is summarized in Table 1. Some of the listed
studies require closer inspection due to their effectiveness.
Chen et al. reported a notable advancement in photocatalysis
with their Bi2O3/g-C3N4 heterojunction, enhanced by incorpo-
rating plasmonic metallic Bi and strategically introduced
oxygen vacancies. However, this composite achieved a degrada-
tion of 91% within a very large reaction duration of 3 h.31

Similarly, Hong et al. demonstrated the efficacy of an expensive
metal oxide, Nb2O5 modied g-C3N4 photocatalyst, which
exhibited remarkable stability and efficiency in the minerali-
zation of TCH, attaining 90%mineralization within 2.5 h under
sunlight irradiation.36 Zhao et al. introduced an advanced 2D/
1D S-scheme heterojunction Bi2O4@SnS and achieved 91%
degradation of tetracycline hydrochloride.38 Here, the catalyst
dose (1 g L−1) and reaction time (2 h) are relatively high. In
analogous studies, Jiang et al.39 and Azqandi et al.41 reported
commendable photocatalytic efficiencies of 90% and 95%
under visible light irradiation. Despite these notable advance-
ments, the predominant challenges remain the relatively
extended reaction times, expensive metals, and the inherent
complexity associated with these catalysts. An ideal photo-
catalyst should be cost-effective, abundant, and sustainable
while ensuring minimal atom utilization. It must operate effi-
ciently under visible or solar radiation, eliminating the need for
multicomponent systems. Furthermore, it should require only
minimal catalyst dosage and reaction time for optimal
performance.

This study aims to develop a sustainable, green synthesis
route for fabricating a-Fe2O3/g-C3N4 heterojunctions using
naturally occurring green leaf extracts of Nyctanthes arbor-
tristis L. It is a commonly available plant with a very high
quantity of phytochemicals in its leaves, which can play a vital
role in the development of nanomaterials. By leveraging cost-
effective a-Fe2O3 and carbon-based g-C3N4, which efficiently
absorb visible light, the research focuses on enhancing
3584 | RSC Sustainability, 2025, 3, 3582–3600
photocatalytic degradation of tetracycline hydrochloride (TCH)
through an S-scheme charge transfer mechanism. Compre-
hensive characterization is conducted to explain the structural,
electronic, and charge transfer properties of the hetero-
junctions. Density Functional Theory (DFT) calculations further
optimize the structure and band alignment of individual
components. Additionally, the study evaluates the durability
and recyclability of the photocatalyst to assess its potential for
sustainable wastewater treatment, advancing environmentally
friendly approaches to pollutant remediation.
2 Experimental
2.1 Reagents and catalysts

All precursors utilized in the studies were of analytical grade
and used without any additional purication. Tetracycline
hydrochloride capsule I.P. 500 mg was purchased from Abbott
India Limited. Iron(III) nitrate nonahydrate (>98%), urea
(99.5%), and ethanol (99.9%) were purchased from Sisco
Research Laboratories (SRL) Pvt. Ltd. Deionized water was used
as the reaction medium throughout the photocatalytic degra-
dation studies.
2.2 Preparation of g-C3N4 sheets from urea

In a typical synthetic method, 15 g of urea was placed directly
into a 50 mL crucible and subjected to calcination in a muffle
furnace.44 The crucible was partially sealed and heated at 550 °C
for 3 h at a heating rate of 5 °C min−1 (Scheme 1a and b). Aer
cooling to room temperature, the obtained yellowish powder
was treated sequentially with 1 M hydrochloric acid and
deionized water to eliminate ammonia residues from the
sample surface. The powders were then ltered and dried in an
air oven at 80 °C for 6 h. The dried powders were heated at 400 °
C for 3 h to remove ammonium salts that may have formed
during acid treatment. This process yielded the nal sheet-like
g-C3N4.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00437c


Scheme 1 Graphical representation of catalyst fabrication. (a) Preparation of g-C3N4; (b) mechanism of g-C3N4 formation; (c) preparation of a-
Fe2O3/g-C3N4 heterojunction.
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2.3 Preparation of Nyctanthes arbor-tristis leaf extract

Fresh and healthy Nyctanthes arbor-tristis leaves were collected
from the Utkal University campus, Bhubaneswar, India
(geographical location: latitude 20.300622° and longitude
85.842409°). The leaves were carefully washed to remove
adsorbed dust from the surface and then air-dried at room
© 2025 The Author(s). Published by the Royal Society of Chemistry
temperature for around 15 days. The dried leaves were cut into
small pieces, ground, and nally sieved to obtain a ne powder.
As presented in Scheme 1c, two grams of this powder were taken
with 100 mL of ethanol and subjected to extraction under reux
conditions at 50 °C for 5 h. The resulting ethanolic green extract
was ltered and used immediately.
RSC Sustainability, 2025, 3, 3582–3600 | 3585
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2.4 Green synthesis of S-scheme a-Fe2O3/g-C3N4

heterojunctions

In a typical synthesis procedure, a specied amount of g-C3N4

was dispersed into 25 mL of deionized water, followed by the
addition of 20 mL of Nyctanthes leaf extract to the reaction
mixture. The resulting mixture was subjected to sonication for
1 h. Aer this step, a precalculated amount of Fe(NO3)3$9H2O
was dissolved in the above solution and placed under sonica-
tion for another 30 min at room temperature. Aer sonication
was completed, the mixture was transferred into a 100 mL
Teon-lined stainless-steel autoclave and placed under hydro-
thermal aging at 150 °C for 10 h. Aer the crystallization, the
product was ltered off using Whatman No. 1 lter paper,
washed repeatedly with deionized water and ethanol to discard
any remaining impurities, and nally dried at 80 °C for 6 h. The
product was annealed at 400 °C for 4 h to eliminate any
remaining phytochemicals from the surface. Different weight-
to-weight ratios of g-C3N4 and a-Fe2O3 were prepared and
designated as FC10 (10% of g-C3N4 and 90% of a-Fe2O3), FC20
(20% of g-C3N4 and 80% of a-Fe2O3), FC30 (30% of g-C3N4 and
70% of a-Fe2O3), FC 80 (80% of g-C3N4 and 20% of a-Fe2O3), and
FC 90 (90% of g-C3N4 and 10% of a-Fe2O3). Additionally, green
a-Fe2O3 was prepared following the same procedure without the
addition of g-C3N4 for a comparative assessment of a-Fe2O3

activity.
2.5 Characterization

The catalyst was characterized systematically to understand the
structural, elemental, electronic, optical, and morphological
properties. Structural properties of a-Fe2O3/g-C3N4 were studied
by an X-ray diffraction technique using a PANanalytical
diffractometer in Bragg–Brentano geometry with mono-
chromatic Cu-Ka (l = 1.54 Å) radiation. A eld emission scan-
ning electron microscope was used to obtain the morphology of
the catalyst using a Zeiss machine operating at 5 kV. Before
analysis, the sample was prepared by gold sputter-coating
(metallization) to enhance conductivity. The crystallographic
structure of the heterojunction at an atomic scale was obtained
by a high-resolution transmission electron microscope (PHI-
LIPS CM 200) operating at an accelerating voltage of 200 kV.
Before analysis, the powder sample was ultrasonicated in
ethanol, followed by deposition on a carbon-coated copper grid
and dried overnight. For atomic force microscopy analysis, the
powder sample was dried overnight at 70 °C, and pellets were
prepared using a hydraulic press. Then the images were
captured using the MFP-3D Origin Model (Oxford Instruments,
USA). The presence of functional groups in the sample was
investigated by using a Fourier transform infrared spectropho-
tometer (Shimadzu) employing KBr as a reference material.
Raman spectral analysis was carried out in a LabRAM HR
Evolution Raman Spectrometer. The surface area, pore volume,
and pore size measurements of FC 20 were carried out using
a Quantachrome machine. The samples were outgassed at 180 °
C for 8 h before N2 adsorption–desorption measurement. The
thermal stability of the samples was analyzed using DTA-TGA
equipment (STA-6000, PerkinElmer, Germany) in the
3586 | RSC Sustainability, 2025, 3, 3582–3600
temperature range of 30 to 900 °C. The X-ray photoelectron
spectroscopy data were collected using an Omicron ESCA
machine (Oxford Instrument, Germany). It was performed on
powder samples mounted on Cu tape and degassed overnight in
the FEL chamber under high vacuum (5.2 × 10−10 mbar) to
minimize surface contamination. A monochromatic Al Ka
source (1486.7 eV) was used, with energy resolution conrmed
by a FWHM of 0.60 eV. The average particle size in the colloidal
state, as well as the surface charge of catalysts, was probed using
a particle size zeta potential analyser (Malvern Panalytical)
instrument. The diffusion reectance UV vis data were collected
by using a PerkinElmer spectrophotometer (Lambda 365+)
using BaSO4 as a standard. Photoluminescence spectra were
recorded on an Edinburgh FLS 980S photoluminescence spec-
trometer at an excitation wavelength of 330 nm using a xenon
lamp as an excitation source. The liquid chromatography mass
spectrometry patterns were collected by using the Agilent 6530
Q-TOF LCMS system. Density functional theory (DFT) calcula-
tions were performed using the QUANTUM ESPRESSO package.
2.6 Photocatalytic reactor and degradation studies

Photocatalytic degradation studies were carried out using
a custom-built vertically mounted reactor system (manufac-
tured by LELESIL, India) with a working capacity ranging from
25 to 300 mL.45 In a standard experiment, 100 mL of TCH
solution (20 mg L−1) was combined with 50 mg of photocatalyst
and stirred in the dark for 30 min to allow the system to reach
adsorption–desorption equilibrium on the catalyst surface.
Aer the equilibrium, the suspension was subjected to visible
light exposure to facilitate photocatalytic degradation. At spec-
ied intervals, 5 mL aliquots of the reaction mixture were taken
out and centrifuged for 10 min to isolate the catalyst. The
degradation of TCH was assessed by measuring the fall in
absorbance maxima at 357 nm using an Agilent Cary 200 UV-Vis
spectrophotometer (USA).46 The catalyst amount and TCH
concentration were varied to optimize the reaction conditions
and obtain the maximum efficiency.

In all the reactions, the degree of TCH degradation was
calculated by using formula (1):

Degradation ð%Þ ¼ C0 � Ct

C0

� 100 (1)

where C0 and Ct represent the TCH concentrations at the initial
time and at a certain time interval, t, respectively.

To identify the degraded components, the reaction aliquots
were centrifuged and separated from the catalyst. Subsequently,
the liquid chromatography mass spectrometry (LCMS) analysis
of the ltrate was conducted to characterize the degradation
product/pathways.
3 Results and discussion
3.1 XRD analysis

The XRD pattern of the a-Fe2O3/g-C3N4 heterostructure reveals
characteristic peaks from both components, reecting their
distinct crystallographic presence in the heterostructure
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD spectra of prepared photocatalysts.
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(Fig. 1). For a-Fe2O3 (hematite, JCPDS 33-0664), prominent
peaks are observed around 24.39°, 33.34°, 35.85°, 41.11°,
49.65°, 54.17°, 57.71°, 62.67°, and 64.26° (2q), corresponding to
the planes (012), (104), (110), (113), (024), (116), (112), (214), and
(300), respectively, of the hexagonal structure.47 Similarly, g-
C3N4 showed a characteristic peak around 27.4°, associated
with its layered structure (JCPDS 33-0664).48 The heterostructure
a-Fe2O3/g-C3N4 showed retention of both components without
the formation of any new phases.
Fig. 2 FESEM images of a-Fe2O3 (a), g-C3N4 (b), and FC 20 (c); EDAX p

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

The FESEM images of the a-Fe2O3/g-C3N4 catalyst are shown in
Fig. 2, and they provide important insights into the morpho-
logical and structural characteristics of the material. The a-
Fe2O3 nanoparticles are observed as two spherical nanoparticles
elongated (Fig. 2a), having an average particle size of ∼50–
60 nm. The FESEM images of g-C3N4 reveal its characteristic
open layered structure, consisting of two-dimensional sheet-
like morphologies (Fig. 2b). Fig. 2(c) illustrates the a-Fe2O3/g-
C3N4 heterostructure, where spherical a-Fe2O3 nanoparticles
are seen evenly distributed across the g-C3N4 surface. Further-
more, the elemental mapping conrmed the presence of Fe,
O, N, and C, demonstrating the successful incorporation of both
components. This uniform dispersion plays a vital role in
ensuring maximum exposure of the active sites along with
facilitating efficient charge transfer, which is desirable for
improved catalytic performance.
3.3 HRTEM studies

The High Resolution Transmission Electron Microscopy images
presented in Fig. 3 provide a detailed morphological and
structural analysis of FC 20. Fig. 3(a) depicts the overall
morphology with agglomerated nanoparticles in the nanoscale
structure of the composite. Fig. 3(b) and (c) provides a clearer
view of the spherical a-Fe2O3 nanoparticles, emphasizing their
uniform size distribution and intimate contact with the g-C3N4

surface, which promotes potential interfacial interactions.
attern and elemental mapping of FC 20.
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Fig. 3 HRTEM images of FC 20.
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Fig. 3(d) displays a high-resolution lattice fringe analysis of FC
20. Distinct lattice fringes corresponding to interplanar
distances, such as 2.5 and 2.6 Å for the (110) plane and (104)
reection, respectively, are observed, matching the crystal
structure of a-Fe2O3. These HRTEM images collectively
demonstrate the successful integration of a-Fe2O3 nano-
particles with g-C3N4.
3.4 FTIR and Raman studies

FTIR spectroscopy was performed to investigate the structural
and chemical characteristics of a-Fe2O3, g-C3N4, and their
composite, as presented in Fig. 4(a). The FTIR spectrum of a-
Fe2O3 exhibits signicant absorption bands, notably the O–H
stretching vibrations at approximately 3200–3600 cm−1, indic-
ative of surface hydroxyl groups, and Fe–O stretching modes
within the range of 450–700 cm−1, characteristic of the hematite
framework. In contrast, g-C3N4 displays distinct absorption
features, including the C]N stretching vibrations centered
around 1640 cm−1, C–N stretching modes between 1000 and
1200 cm−1, and the breathing mode of the triazine unit peak
near 800 cm−1.48 The composite FC 20 spectrum shows peaks
from both constituents, which suggests the successful assembly
of the two materials. This evidence for the preservation of
3588 | RSC Sustainability, 2025, 3, 3582–3600
characteristic functional groups highlights the structural
integrity of the composite material.

The Raman spectrum of the a-Fe2O3/g-C3N4 composite
provides valuable information about the structural and vibra-
tional properties of the material (Fig. 4b). In the spectrum,
characteristic peaks of a-Fe2O3 are observed in the range of 200–
650 cm−1, corresponding to vibrational modes of Fe–O bonds,
such as symmetric stretching (Eg) and asymmetric bending (A1g)
at 287, 410, and 607 cm−1 and 221 and 498 cm−1, respectively.49

These peaks conrm the crystalline nature of hematite. For g-
C3N4, the Raman spectrum typically shows bands at ∼480,
∼708, and ∼980 cm−1. The peak at ∼708 cm−1 represents the s-
triazine ring.50 In the composite, the presence of characteristic
peaks of both a-Fe2O3 and g-C3N4 is retained, conrming the
successful amalgamation.
3.5 N2 adsorption–desorption and TGA analysis

Nitrogen adsorption–desorption analysis is extensively used to
assess the textural characteristics of materials, including
surface area, pore volume, and pore size distribution, and the
N2 adsorption–desorption isotherm is shown in Fig. 4(c). The
specic surface area of FC 20 was determined to be 21 m2 g−1

using the Brunauer–Emmett–Teller (BET) method. The total
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FTIR spectra (a), Raman spectra (b), BET surface area analysis (c), and TGA plot of FC 20 (d).
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pore volume was measured to be 0.059 cm3 g−1, while the
average pore diameter was 2.1 nm. The pore size distribution is
quite broad, which reveals a highly open structure. The
adsorption branch of the isotherm represents nitrogen gas
uptake at increasing relative pressures, while the desorption
branch reects the release of nitrogen during pressure reduc-
tion. The isotherm typically exhibits a hysteresis loop, which
occurs due to capillary condensation in meso–macropores.

The thermogravimetric analysis (TGA) of a-Fe2O3, g-C3N4,
and FC 20 is presented in Fig. 4(d). It provides crucial infor-
mation on their thermal stability and decomposition behavior.
For pure a-Fe2O3, the TGA plot typically shows ∼6% weight loss
due to physisorbed water molecules in the region of 80–100 °C.
The subsequent weight loss of ∼15–20% in the region of 300–
600 °C is due to the removal of residual carbon content, which
was possibly retained due to the green synthesis process. In
contrast, g-C3N4 exhibits signicant weight loss between 500
and 650 °C, corresponding to the thermal decomposition of the
carbon nitride framework. For FC 20, the TGA curve combines
features of both components, with an initial minor weight loss
at lower temperatures due to adsorbed water or surface-bound
© 2025 The Author(s). Published by the Royal Society of Chemistry
volatiles, followed by a prominent weight loss in the tempera-
ture zone of 300–400 °C associated with the residual carbon
residues. A signicant weight loss was also noted between 500
and 650 °C, which can be attributed to the thermal decompo-
sition of g-C3N4. The thermal behavior of the composite vali-
dates the effective integration of g-C3N4 with a-Fe2O3, as trailing
occurred in the region of 500–550 °C, compared to individual
components. The residual weight at higher temperatures
corresponds to the stable a-Fe2O3 content. This analysis high-
lights the potential of the composite for high-temperature
applications.
3.6 XPS analysis

X-ray Photoelectron Spectroscopy (XPS) is a highly sensitive
technique that provides information about the elemental
composition and oxidation states of the elements present in the
material. The XPS spectra of FC 20 (Fig. 5) display characteristic
peaks for iron (Fe) at binding energies ∼710 eV (Fe 2p3/2) and
724 eV (Fe 2p1/2), conrming the presence of Fe3+ in the a-Fe2O3

lattice.51 Peaks around 530 eV indicate oxygen and possible
RSC Sustainability, 2025, 3, 3582–3600 | 3589
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Fig. 5 XPS survey of FC 20 (a), and high-resolution binding spectra of Fe 2p (b), O 1s (c), C 1s (d), and N 1s (e).
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hydroxyl groups in the heterojunction. Furthermore, peaks for
carbon (C 1s at 284 eV) and nitrogen (N 1s at 400 eV) highlight
the contribution of g-C3N4, indicating its role in electronic
properties and stability. This precise information regarding the
electronic nature is oen essential in explaining the activities.

3.7 UV-vis DRS and photoluminescence studies

The UV-Vis diffuse reectance spectroscopy spectra of a-Fe2O3,
g-C3N4, and their heterojunction are presented in Fig. 6(a),
which reveal distinct optical properties that are crucial for
photocatalytic applications. a-Fe2O3 displays a characteristic
broad absorption spectrum between 250 and 550 nm, with
a bandgap of ∼1.8 eV (Fig. S2, ESI†), indicating effective light
harvesting for photocatalytic reactions. Likewise, g-C3N4 is also
an efficient photocatalyst under visible light, and shows less
broader absorption spectrum between 250 and 430 nm with
a bandgap around 2.7 eV (Fig. S2, ESI†), enabling it to utilize
solar light effectively. FC 20 exhibits a synergistic effect and
a band gap of 2.26 eV, indicating enhanced light harvesting
across a broader spectral range (Fig. 6b). This improvement is
attributed to the effective charge separation and transfer
phenomena due to the heterojunction formation between a-
Fe2O3 and g-C3N4, optimizing photocatalytic efficiency.

The photoluminescence (PL) spectra of g-C3N4, a-Fe2O3, and
composite FC 20 are presented in Fig. (c) and (d), which provide
3590 | RSC Sustainability, 2025, 3, 3582–3600
valuable insights into their charge carrier dynamics and
recombination behaviors. a-Fe2O3 and g-C3N4 exhibit strong
emission peaks, due to the recombination of electron–hole
pairs, indicating relatively inefficient charge separation. In
contrast, the FC 20 heterostructure demonstrates a signicant
reduction in PL intensity compared to a-Fe2O3, indicating
enhanced charge separation and transfer between the compo-
nents. This reduction in PL intensity signies the effective
suppression of charge recombination due to the formation of
a heterojunction, which promotes the migration of charge
carriers toward the surface for catalytic reactions. Overall, the
comparative analysis of the PL spectra of different composites is
carried out, and FC 20 showed enhanced charge separation and
reduced recombination losses.

3.8 Computational study

The electronic properties of the S-scheme a-Fe2O3/g-C3N4 cata-
lyst were thoroughly investigated, adopting rst-principles
calculations based on density functional theory (DFT) using
the QUANTUM ESPRESSO package.52 All calculations were
conducted by using the plane-wave pseudopotential method
with generalized gradient approximation (GGA) employing the
Perdew–Burke–Ernzerhof (PBE) exchange–correlation func-
tion.53,54 Ultraso pseudopotentials were used, where the
valence electrons are 3d, 3p, 3s, and 4s for Fe, and 2s and 2p for
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 UV-Vis DRS spectra of a-Fe2O3, g-C3N4, and FC 20 (a), Tauc plot of FC 20 (b), and PL spectra of g-C3N4 (c), a-Fe2O3, and heterostructures
(d).
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O, N, and C.47 A well-converged kinetic energy cutoff 350Ry and
an appropriate k-point mesh were employed for computational
accuracy, with a convergence threshold of 10−7.55 Structural
optimization was carried out prior to electronic property
calculations to obtain the stable congurations of a-Fe2O3, g-
C3N4, and the a-Fe2O3/g-C3N4 heterostructure, and the opti-
mized structures are presented in Fig. 7.56–60 This optimization
step ensured that the geometries used in subsequent compu-
tations were energetically favorable, thereby improving the
accuracy of the charge density, PDOS, and band structure
results.

We have analyzed the charge density distribution, projected
density of states (PDOS), and band structure of the a-Fe2O3/g-
C3N4 material. The iso-electronic contour plot captures the
valence electron charge density map in a particular plane and is
presented in Fig. 8. The PDOS analysis revealed the distinct
contributions of different atomic orbitals to the electronic
states near the Fermi level. The g-C3N4 component exhibited
dominant contributions from C-2p and N-2p orbitals, while
signicant Fe-3d and O-2p state electrons characterized a-
Fe2O3. The combined a-Fe2O3/g-C3N4 system showed strong
orbital interaction, reinforcing efficient charge transport
mechanisms and minimizing charge recombination (Fig. 9).
© 2025 The Author(s). Published by the Royal Society of Chemistry
The computed band structure further elucidated the elec-
tronic properties of the system and the band gap values of 1.695,
0.00, and 0.247 eV for g-C3N4, a-Fe2O3, and a-Fe2O3/g-C3N4,
respectively, which were calculated at the ground state and
within the limitations of DFT. The individual band structures of
g-C3N4 demonstrated the intrinsic semiconducting nature, with
a bandgap favoring visible light absorption. In the hetero-
structure, band alignment was observed to facilitate charge
transfer via an S-scheme mechanism, which enhances redox
reactions and contributes to superior photocatalytic perfor-
mance. Thus, computational results provide theoretical support
for the improved photocatalytic activity of the S-scheme a-
Fe2O3/g-C3N4 heterostructure, reinforcing its potential for
environmental applications.

3.9 Photocatalytic degradation of TCH

The electronic spectra of TCH in aqueous solution show an
absorption band between 210 and 375 nm, with a characteristic
lmax value of 357 nm. This band arises primarily from n / p*

and p / p* electronic transitions, attributed to p-conjugated
structures and the presence of heteroatoms in the molecule.
The lmax at 357 nm is considered to be the signature to identify
and quantify TCH in the reaction mixture. When TCH was
RSC Sustainability, 2025, 3, 3582–3600 | 3591
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Fig. 7 Optimized structures of a-Fe2O3 (a), g-C3N4 (b), and a-Fe2O3/g-C3N4 (c and d).
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placed in the dark, either with or without contact with the
catalyst, negligible degradation (<1%) occurred. However,
exposure to visible light for an hour, in the absence of the
catalyst, led to approximately 5% degradation, possibly due to
photolysis. The catalytic performance of a-Fe2O3, g-C3N4, and a-
Fe2O3/g-C3N4 was studied under visible light (Fig. 10a). Among
the heterojunctions, i.e., FC 30, FC 20, and FC 10, FC 20
demonstrated the highest degradation efficiency of TCH,
achieving a maximum degradation of ∼93%. In contrast, the
individual components exhibited signicantly lower
Fig. 8 The valence electron charge density map of g-C3N4 (a) and a-Fe

3592 | RSC Sustainability, 2025, 3, 3582–3600
efficiencies, i.e., a-Fe2O3 and g-C3N4 yield only 43 and 32%
degradation, respectively. The enhanced photocatalytic perfor-
mance of FC 20 was also substantiated by the PL data,
demonstrating decreased hole–electron pair recombination due
to the S-scheme mechanism. A comparative experiment in
which the a-Fe2O3/g-C3N4 heterojunction was synthesized
under identical conditions but without the use of the leaf
extract showed degradation efficiency of 82% (Fig.S3, ESI†). The
decreased degradation efficiency is attributed to the differences
in morphology, crystallinity, and particle size (Fig. S4, ESI†),
2O3 (b).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Band structure and PDOS plots of g-C3N4 (a), a-Fe2O3 (b), and a-Fe2O3/g-C3N4 (c).
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conrming the signicant role of the leaf extract in facilitating
controlled growth, enhancing surface properties, and
improving the overall efficiency of the heterojunction.

3.10 Effect of FC 20 dosages

The effect of FC 20 dosage was systematically investigated in the
range of 0.1 to 1.0 mg L−1, keeping TCH concentration constant
(20 mg L−1), as presented in Fig. 10(b). The results showed that
the extent of degradation was initially increased with an
increase in catalyst dosage, achieving an optimal value. Beyond
© 2025 The Author(s). Published by the Royal Society of Chemistry
an optimal catalyst dose, further increases in FC 20 did not
result in any signicant improvements in degradation effi-
ciency, which is due to the aggregation of FC 20 particles at
higher dosages, leading to the onset of light scattering rather
than light absorption.

3.11 Effect of TCH concentration

The inuence of initial TCH concentration on its degradation
using FC 20 is shown in Fig. 11(a). The photocatalytic efficacy
decreased with increasing initial TCH concentration. At 10 and
RSC Sustainability, 2025, 3, 3582–3600 | 3593
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Fig. 10 Effect of different catalysts (a) and FC 20 dose (b) on the degradation efficiency of TCH.
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20 mg L−1, signicant reductions in C/C0 were observed,
reaching approximately 0.08 value of C/C0 aer 60 min,
demonstrating maximal degradation. However, the degradation
Fig. 11 Effect of TCH dose (a), recyclability test (b), kinetic study (c), and

3594 | RSC Sustainability, 2025, 3, 3582–3600
efficiency decreased at higher concentrations (25 and
30 mg L−1), with C/C0 remaining around 0.2 and above 0.6,
respectively. This decline can be attributed to the saturation of
scavenging test (d) on the degradation efficiency.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Relationship between the TCH concentration and the rate
constant

Sl. no. TCH con. (mg L−1) R2 Rate constant (k, s−1)

1 10 0.989 0.0455
2 20 0.996 0.0423
3 25 0.995 0.0378
4 30 0.992 0.0271
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reactive sites on FC 20 and the limited availability of reactive
species to degrade TCH molecules. These results indicate that
lower initial concentrations favor higher degradation rates due
to the more effective interaction between the catalyst and the
target molecules.

3.12 Effect of pH

The photocatalytic degradation efficiency of TCH by FC20 was
evaluated under varying pH conditions (3.0–10.0) and is pre-
sented in Fig. S5 (ESI†). The removal rates were 74.3% at pH 3.0,
increased to a maximum of 93% at pH 6.3, then slightly
decreased at higher pH levels (84.5% at pH 8, and 78.9% at pH
10). This trend suggests that the initial pH of the solution has
a signicant impact on its photocatalytic activity. Zeta potential
analysis showed a point of zero charge (PZC) at pH 5.72 (Fig. S6,
ESI†), suggesting that the catalyst surface is positively charged
at pH < 5.72 and negatively charged at pH > 5.72. TCH mole-
cules exhibit different forms depending on pH, such as cationic
(<3.3), zwitterionic (3.3–7.7), and anionic (>7.7).61,62 At pH 3.0,
repulsion between the positively charged surface and cationic
TCH reduces degradation efficiency. At pH 10.0, both the cata-
lyst and TC are negatively charged, again causing repulsion.
Maximum degradation at pH 6–7 corresponds to the zwitter-
ionic form of TCH, where electrostatic interactions are favor-
able. Overall, the a-Fe2O3/g-g-C3N4 catalyst shows stable
performance over a wide pH range, with optimal activity under
mildly acidic conditions.

3.13 Heterogeneity and recyclability

The test of heterogeneity of catalytic experiments remains of
foremost importance. The catalytic reactions were run with the
ltrate solution, which was obtained aer washing the catalyst,
and about 7% of degradation was achieved. The degradation
obtained is nearly the same as that of the photolysis results.
These results revealed that the photocatalytic degradation
results from the heterogeneous FC 20 catalyst. Additionally, the
Fe content in the ltrate was below the detection limit, con-
rming that no iron leaching occurred during the reaction.
Degradation experiments were performed over regenerated
catalysts for ve consecutive runs to assess the reusability of the
catalyst, as shown in Fig. 11(b). A marginal fall in catalytic
efficiency (<8%) is well within the experimental error, demon-
strating the excellent stability and reusability of the catalyst.
The post-reaction characterization studies such as XRD and FT
IR were carried out aer the 5th cycle, and they showed almost
similar spectra to those of the initially prepared samples
(Fig. S7, ESI†).

3.14 Kinetic study

The catalytic degradation of TCH was investigated at initial
concentrations of 10, 20, 25, and 30 mg L−1 to evaluate the
kinetic behavior of the reaction. The experimental data were
well tted into the rst-order kinetic model, represented by the
equation:

lnCt = −kt+ lnC0 (2)
© 2025 The Author(s). Published by the Royal Society of Chemistry
ln

�
Ct

C0

�
¼ �kt (3)

where C0 is the initial concentration of TCH, C is the concen-
tration of TCH at time t, and k is the apparent rst-order rate
constant (min−1).

Fig. 11(c) presents the linear relationship between ln(C0/C)
and time for the different initial concentrations, conrming
rst-order kinetics with a high correlation coefficient (R2 x
0.99) for all concentrations. The slope of each line corresponds
to the apparent rst-order rate constant (k), which decreased
slightly with increasing TCH concentration. This indicates
a potential decrease in catalytic efficiency due to competitive
adsorption of TCHmolecules at higher concentrations. The rate
constants derived from the linear ts are summarized in Table
2. The results were consistent and showed the rst-order
behavior across all concentrations.

3.15 Scavenging tests

The scavenging test provides critical insights into the reactive
species involved in the photocatalytic reaction. Various types of
scavengers, such as potassium iodide, isopropyl alcohol, ben-
zoquinone, sodium oxalate, etc., were employed to identify the
effect of active species. Potassium iodide and isopropyl alcohol
are well-known scavengers of hydroxyl radicals, whereas ben-
zoquinone and sodium oxalate are used for the scavenging of
superoxide radicals and holes, respectively. The addition of
benzoquinone caused a pronounced reduction in efficiency to
30–40%, demonstrating that superoxide radicals are the domi-
nant reactive species driving the degradation. Upon introduc-
tion of sodium oxalate, the degradation efficiency was
decreased to 60–65% (Fig. 11(d)), highlighting the signicant
contribution of the hole to the degradation mechanism.
Potassium iodide led to a moderate decrease in efficiency to
approximately 70%. Similarly, isopropyl alcohol reduced the
activity to 80%, indicating that hydroxyl radicals play a minor
role. These results conclusively identify superoxide radicals as
the dominant reactive species in the system, with photo-
generated holes and hydroxyl radicals serving the less signi-
cant roles.

3.16 Intermediates and plausible degradation pathways of
tetracycline hydrochloride

The intermediates formed during the degradation process were
investigated using a liquid chromatograph mass spectrometer
(LCMS), and the obtained mass spectrogram is presented in
RSC Sustainability, 2025, 3, 3582–3600 | 3595
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Fig. S8 (ESI†). Functional groups having high electron density,
such as double bonds, amines, and phenolic hydroxyls, are
vulnerable to free radical attacks from the catalyst during
photocatalysis.63 Based on the intermediates, the degradation
pathway of tetracycline hydrochloride was speculated in four
fragmentation pathways, as shown in Scheme 2. TCH degra-
dation follows multiple pathways, each involving distinct frag-
mentation mechanisms. In Pathway I, TCH undergoes ring
opening, deamination, and dihydroxylation, forming fragment
F1 (m/z = 300). Subsequent dealkylation and decarboxylation
convert F1 into F2 (m/z = 244), followed by further dealkylation
of methyl and ethyl groups to yield F3 (m/z = 188). F3 then
undergoes additional ring opening and dealkylation, forming
F4. In Pathway II, TCH undergoes photocatalytic loss of its most
reactive functional groups while retaining its carbon backbone,
producing fragment F5 (m/z = 290). Demethylation and
Scheme 2 Plausible degradation pathway of tetracycline hydrochloride

3596 | RSC Sustainability, 2025, 3, 3582–3600
reduction of F5 generate F6 (m/z = 260), ultimately forming the
stable fragment F7 by the ring-opening reaction. In Pathway III,
the process starts with hydroxyl group removal, followed by ring
opening and dealkylation, resulting in the formation of F8 (m/z
= 279), followed by deamination to produce F9 (m/z = 194).
Further fragmentation of F9 yields F10 (m/z = 154) and F11 (m/z
= 168), both of which decompose into F12 (m/z = 142). Pathway
IV involves the formation of two key fragments, F13 (m/z = 214)
and F14 (m/z = 99). Ultimately, all degradation pathways
converge toward mineralization, producing CO2, H2O, and
other small organic compounds.
3.17 Proposed S-scheme charge transfer mechanism

The S-scheme mechanism for the photocatalytic degradation of
TCH involves the formation of a heterojunction between a-
.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Proposed S-scheme charge transfer mechanism in a-Fe2O3/g-C3N4.
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Fe2O3 and g-C3N4, which is presented in Scheme 3. Before
contact, the conduction band (CB) and valence band (VB) edges
of the individual semiconductors are aligned with their
respective Fermi levels (Ef). Upon forming a heterojunction,
electron transfer occurs between the two materials until their
Fermi levels equilibrate, generating an internal electric eld
(IEF) at the interface. Under light irradiation, a-Fe2O3 absorbs
photons (hn), promoting electrons (e−) from the VB to the CB
and leaving photogenerated holes (h+) in the VB. Simulta-
neously, photogenerated electrons from the CB of g-C3N4

transfer to the VB of a-Fe2O3 via the S-scheme pathway. This
mechanism ensures the retention of highly oxidative holes in
the VB of a-Fe2O3 and highly reductive electrons in the CB of g-
C3N4. These charge carriers facilitate the production of reactive
oxygen species (ROS), including superoxide (cO2

−) and hydroxyl
(cOH) radicals, which oxidize and degrade TCH into non-toxic
products (Scheme 2). The S-scheme conguration, facilitated
by the IEF, enhances charge separation and suppresses
recombination, thereby improving photocatalytic efficiency.

a-Fe2O3/g-C3N4 + hn / a-Fe2O3/g-C3N4(hVB
+ + eCB

−) (4)

a-Fe2O3/g-C3N4 (hVB
+ + eCB

−)/ S-Scheme a-Fe2O3 (hVB
+)

+ g-C3N4 (eCB
−) (5)

a-Fe2O3 (hVB
+) + H2O / cOH + H+ (6)

g-C3N4 (eCB
−) + O2 / cO2

− (7)

g-C3N4 (eCB
−) + cO2

− + 2H+ / H2O2 (8)

g-C3N4 (eCB
−) + H2O2 + H+ / cOH + H2O (9)
© 2025 The Author(s). Published by the Royal Society of Chemistry
Tetracycline hydrochloride + cOH + cO2
− /

CO2 + H2O + small molecules (10)

4 Conclusion

The present investigation is a successful demonstration of
utilizing a naturally occurring and underused renewable
resource towards the sustainable development of photo-
catalysts. Nyctanthes arbor-tristis L. leaf extract can be employed
as a templating agent towards the design of a cost-effective S-
scheme based a-Fe2O3/g-C3N4 heterojunction photocatalyst for
the efficient decontamination of TCH. Comprehensive struc-
tural and optical characterization conrmed the formation of
the heterojunction, with good phase purity, distinct crystal-
linity, functional groups, and elemental composition. FESEM
and HRTEM images showed uniform spherical morphologies of
the catalyst. The optimized photocatalyst exhibited a tailored
band gap of 2.2 eV, a high surface area of 21 m2 g−1, and
a signicantly reduced recombination rate, making it highly
effective for visible-light-driven photocatalysis. About ∼93% of
tetracycline hydrochloride degradation was achieved in the
presence of FC 20 under visible light, substantially out-
performing the activities of individual components, i.e., 32%
and 43% for g-C3N4 and a-Fe2O3, respectively. Mechanistic
investigations conrmed that superoxide radicals (cO2

−) were
the primary reactive species catalyzing the degradation of TCH.
Density Functional Theory (DFT) calculations and differential
charge density mapping further validated the S-scheme charge
transfer mechanism, demonstrating the spatially resolved
electron–hole separation. Based on experimental observations
and fragmentation patterns observed from LCMS studies,
RSC Sustainability, 2025, 3, 3582–3600 | 3597
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a plausible pathway for TCH degradation was presented. The
ndings provide valuable insights into the scalable develop-
ment of sustainable materials for environmental remediation,
particularly in wastewater treatment applications targeting
persistent organic pollutants.
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