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HIGHLIGHTS GRAPHICAL ABSTRACT

e a-Fe,03 nanoparticles were produced by
a green synthesis method using Syzy-
gium cumini (L.) Skeels (Myrtaceae) leaf
extract.

o The compounds present in the extract of
Syzygium cumini (L.) Skeels were inves-
tigated by LC-ESI-ITMS.

e The morphology of the nanoparticles
can be modified by the concentration of
the extract and the heat treatment
temperature.

o Photocatalytic efficiency of 96 % in 30
min of a-Fe;O3 NPs in the degradation
of Norfloxacin.

een synthesis to produce a-Fe,0, nanoparticles

ARTICLE INFO ABSTRACT

Keywords: In this study, we report obtaining o-Fe;O3 nanoparticles by a green synthesis method using different concen-
Norfloxacin trations of Syzygium cumini (L.) Skeels (Myrtaceae) leaf extract. X-ray diffraction (XRD) analysis of materials
Photodegradation

confirmed the presence of pure hematite phase a-Fe3O3 without any impurities. In addition, scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) techniques revealed almost spherical NPs’
morphology. At the same time, it was clear from the dispersive energy X-ray (EDS) technique that no other
chemical elements were present in the sample. On the other hand, the band gap energy obtained from the
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materials was 1.9 and 2.0 eV. The photodegradation tests showed a photocatalytic efficiency of 96 % for the
sample produced with the lowest extract concentration. The mineralization rate of norfloxacin was 32.5 %, as
indicated by the Total Organic Carbon tests. In addition, its potential to generate reactive oxygen species that aid
in the degradation of the pharmaceutical contaminant has been confirmed.

1. Introduction

The growing problems caused by the contamination of the environ-
ment by improperly disposed medicines, pesticides, and dyes have
directly affected human health [1]. Among the primary contaminants in
water bodies, pharmaceuticals are among the most harmful since anti-
biotics, for example, can accelerate the development of resistance
mechanisms in bacteria of interest [2]. Among the antibiotics frequently
found in aquatic bodies, Norfloxacin (NORF) is a widely used drug for
fighting bacterial infections in humans and animals [3-5]. In this sense,
several different methods have been used to degrade organic contami-
nants in aquatic environments [6-9]. On the other hand, the photo-
catalytic process mediated from nanometer-scale oxides represents one
of the most efficient strategies for oxidizing organic pollutants [3,7].

Iron-based oxides are exciting due to their wide availability and
unique properties, such as ferrimagnetism [10]. These magnetic prop-
erties have been exploited to assist in removing these materials from the
aquatic environment after application [10-12]. Hematite (a-Fe;03) is a
metal oxide widely used because it is environmentally safe, presents
good stability, and possesses high photocatalytic capacity for degrada-
tion of organic compounds [13].

Like other oxides, the structural, optical, morphological, and mag-
netic properties of a-Fe;O3 nanoparticles (NPs) can strongly influence
their photocatalytic capacity [14-16]. An adjustable and simple syn-
thesis method reflects the improvement of the properties of a-Fe,O3 NPs
[17,18]. Aalim and Shah [19] produced a-Fe;Os nanorods and nano-
spheres rich in oxygen vacancies after thermally processing the material
produced by microwave irradiation. Zhang et al. [20] produced meso-
porous a-Fe,O3 nanorods by controlling the addition of NaOH through a
hydrothermal process followed by heat treatment. Compared with the
same material’s microplates, the nanorods showed high photocatalytic
capacity and good recyclability in tests involving the degradation of
methylene blue under visible light.

Recently, synthesis approaches based on extracts from plant parts
such as leaves, stems, and fruits have gained special attention [21-26].
Much of the interest in these compounds is the possibility of replacing
toxic and expensive reagents with molecules that can reduce and sta-
bilize metal ions. This happens through the capping process of the
nanoparticles produced, thus avoiding ultra-agglomeration [18,23].
Among the various plants used in biosynthesis, Syzygium cumini is a plant
that presents several chemical constituents and phytochemical com-
pounds, such as tannins, alkaloids, steroids, flavonoids, terpenoids, fatty
acids, and vitamins [18].

Recently, our research group achieved essential breakthroughs in
synthesizing Fe-doped SnO; using the alcoholic extract of the leaves of
Syzygium cumini [27]. It was shown that the phytochemical compounds
present in the extract acted as a chelating and capping agent for the
nanoparticles. In addition, the materials produced had a relatively high
concentration of tin and oxygen vacancies. Riaz et al. [18] also reported
the production of NiO nanoparticles (NiO-NPs) using Syzygium cumini
extract. These green synthesis NPs showed high removal efficiency for
the dyes congo red and methylene blue and good antioxidant capacity.

Therefore, this study investigated obtaining a-Fe;O3 NPs using
different concentrations of the alcoholic extract of S. cumini (L.) Skeels
(17.5 and 22.5 g). The photocatalytic activity of these NPs was evaluated
using NORF as the actual molecule in the photodegradation tests.
Recyclability tests were also carried out to check the integrity of the
catalyst, and a degradation mechanism was proposed.

2. Experimental section
2.1. Synthesis of nanomaterials

2.1.1. Materials

70 % ethanol (Itaja) was used to prepare the hydroalcoholic extract
of S. cumini (L.) Skeels. For the synthesis of the oxides, iron (III) nitrate
nonahydrate (Fe(NO3)3-9H20 - Sigma-Aldrich, 98 %) was used. The
norfloxacin (NORF, C16H18FN30s3 - Sigma-Aldrich — 99.5 %) was used in
the photodegradation assays. None of the reagents used underwent any
purification.

2.1.2. Extract production

The leaves of S. cumini collected at the State University of Maranhao
(2°34'53.7" S 44°12/28.8" W) were washed with double distilled water to
remove impurities. Then, the leaves were dried in an oven with air
circulation at 60 °C for 48 h. After this step, the leaves were ground in a
cyclone-type rotor mill (TE — 651/2) using a 20-mesh. For the prepa-
ration of the extract, different proportions (17.5 and 22.5 g) of the
previously ground leaves were added in an Erlenmeyer containing 100
mL of 70 % ethyl alcohol and kept under constant agitation at 100 rpm
for a period of 48 h on a shaker table. After this period, the extract was
vacuum-filtered and stored to synthesize the oxides.

For the HPLC (High-Performance Liquid Chromatography) analysis,
the extract was cleaned by solid phase extraction (SPE) using Strata C-18
silica cartridges (500mg/6 mL - Phenomenex) activated with 3 mL of
methanol (MeOH) [28]. Then, 0.0060 g of the alcoholic extract was
dissolved in 1.0 mL of MeOH and transferred to the SPE cartridge (6 mL),
and eluted with 1.0 mL of MeOH. Subsequently, the samples underwent
a drying process and resolubilization in 1.0 mL MeOH to be filtered
through a 0.45 pm polypropylene microfilter. Chemical characterization
was performed by LC-ESI-IT-MS with a spectrometer (Bruker, Massa-
chusetts, EUA). The chromatographic analysis was performed on a Luna
5 pm C18 100 A column (250 x 4.6 mm, Phenomenex, Torrance, EUA).
The binary gradient mobile phase consisted of 0.1 % formic acid (Sig-
ma-Aldrich, St. Louis, LO, USA) in water (solvent A) and 0.1 % formic
acid in methanol (Sigma-Aldrich, St. Louis, LO, USA) (solvent B).
Compounds were eluted from the analytical column with a 90 min
gradient ranging from 5 % to 100 % solvent B at a constant 1 mL min ~!
flow rate. Column compartment temperature set to 25 °C. Data acqui-
sition was performed in positive and negative ionization mode, with
fragmentation in multiple stages (MS2 and MS3), according to the
following parameters: nebulization gas pressure, 50.0 psi; capillary
temperature, 300 °C; transfer capillary input voltage, —4500 V; des-
olvation gas, Nitrogen (N3), flow 10 L min~? ; collision gas, Helium (He);
range acquisition, m/z 50-1200. Raw data were analyzed using Data
Analysis 4.3 software (Bruker, Massachusetts, EUA).

2.1.3. Synthesis of a-Fe;0O3

To evaluate the influence of S. cumini (L.) Skeels extract concentra-
tion on a-Fe;O3 production; powders were synthesized by solubilizing
0.025 mol Fe(NO3)3-9H-0 in 100 mL of the two different extract con-
centrations (17.5 and 22.5 %). The solution containing the metallic
precursor and the extract was stirred and heated at 60 °C until a highly
viscous gel was formed. After this step, the material was dried in an oven
at 100 °C for 24 h and then deagglomerated in an agate mortar. Finally,
the dried material was calcined at 500 and 650 °C in a muffle furnace for
2 h at a heating rate of 10 °C min~'. The samples were designated Al
(Extract concentration - 17.5 % and NP heat treatment temperature —
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Fig. 1. (a-b) X-ray diffractograms and (c-d) TG/DTA curves of a-Fe;03-NPs.

500 °C) and A2 (Extract concentration - 22.5 % and NP heat treatment
temperature — 650 °C).

2.2. Characterization techniques

The powders produced were characterized by Thermogravimetric —
Differential Thermal Analysis (TGA-DTA) using Netzsch equipment,
model 409 Cell, with a heating rate of 10 °C min™}, in the temperature
range between 25 and 1000 °C in an oxidizing atmosphere (compressed
air). The structural analysis was carried out by X-ray diffraction (XRD)
using a Shimadzu diffractometer (XRD 6100), operating with CuKa ra-
diation (A = 1.5415 [D\), with an acceleration voltage of 40 kV and 30 mA
of current. The scanning rate was 10° min " with a step size of 0.05° and
a range of 10-110° (26). Calculations of the phase composition and
determination of the network parameters were carried out using Riet-
veld refinement using the GSAS software with the EXPGUI interface
[29]. The crystallite sizes were obtained from the Scherrer (Eq. (1)) and
Willianson-Hall equations (Eq. (2)).

kA

Tc= Eq. 1
¢ pcos @ 4

Where Tc corresponds to the size of the crystallite, k is Scherrer’s con-
stant, which varies between 0.85 and 0.9 depending on the shape of the
crystallite (here 0.89 was considered), 1 is the wavelength of the

radiation used in the equipment, f is the full width at half height
(FWHM) of the diffraction peak, and 6 is the Bragg angle. In the
Willianson-Hall equation (Eq. (2)), € represents the deformation of the
crystalline lattice and D the size of the crystallite, and both values can be
obtained from the slope and intercept of the line originating from the
graph of phkicosd by 4 ¢ sind [30].
kA N

Priq €Os cos 0= D + 4e sin sin 0 Eq. 2

The Fourier Transform Infrared (FTIR) technique was used to study
the chemical bonds in materials based on the vibration they present after
absorbing energy. To this end, tablets containing approximately 1 % of
each a-FeyO3 powder and 99 % potassium bromide (KBr-99 %, Sigma
Aldrich) were produced. The measurements were carried out on a Shi-
madzu spectrophotometer (IRA Ffinity-1) between 400 and 4000 cm ™ _.
Diffuse reflectance data was obtained using a UV-Vis spectrophotometer
(CARY 70000 - AGILENT) in the 200-800 nm wavelength range. The
morphological characteristics of the nanomaterials were investigated by
scanning electron microscopy using a field emission scanning electron
microscope (SEM-FEG), model Supra 35 VP from Zeiss. The morphology
of the Fe;O3 was analyzed using the transmission electron microscopy
(TEM) technique on an FEI TECNAI F20 microscope (Netherlands)
operating at 200 kV. The compositional analysis used the energy
dispersive X-ray spectroscopy (EDS) technique using a Quanta 450 — FEI
equipped with sensors EDS/EBSD. The Brunauer, Emmett, and Teller
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Crystallite size obtained by the Scherrer and Willianson-Hall equations, lattice parameters, and Rietveld refinement reliability factors.

samples Crystallite size Lattice parameter Rietveld agreement factors”
Scherer W-H a(A) b @A) c@) v (&% Rwp 7z

Al 28.51 24.67 5.04 5.04 13.76 349.52 21.2 1.869

A2 37.64 34.32 5.04 5.04 13.75 349.27 19.43 1.537

# The XRD data were refined using CIF #ICSD 85177 as a reference.

(BET) method determined the specific surface area through nitrogen
adsorption and desorption using a NOVA 2200 device (Quantachrome
Instruments).

2.3. Photocatalysis experiments

For photodegradation assays, 50 mg of the catalyst was added to 50
mL of NORF standard solution at a concentration of 50 mg L™! and left
for 3 min in an ultrasonic bath to fully disperse the powder. The samples
were then taken to a wooden reactor equipped with 6 lamps. The sam-
ples were kept in the dark for 30 min under constant stirring to reach
adsorption-desorption equilibrium. After this stage, the solution was
irradiated with UV light (254 nm - Osram, 15 W). Aliquots of 1 mL were
taken at 5, 10, 15, 30, 45, 60, and 90 min, centrifuged, filtered using
Nylon membrane filters (porosity 0.45 pm), and analyzed by high-
pressure liquid chromatography (HPLC).

The HPLC analyses to monitor degradation were carried out using a
Shimadzu chromatograph, model 20A, consisting of two LC-20AD
pumps, an SPD-20AD UV-Vis detector, and a SIL-20AD automatic
injector, managed by a CBM-20AD controller. The chromatographic
measurement conditions for the elution of NORF considered the mobile
phase, a mixture of 50 % (v/v) acetonitrile and water in a 50:50 ratio,
using a flow rate of 1.0 mL min; the stationary phase, a Kinetex C18-
Phenomenex column (reverse phase), composed of 5 pm particles, with
an internal diameter of 4.60 mm and a length of 150 mm. The injection
temperature and analysis volume were 23 °C and 25 pL, respectively.
According to these chromatographic conditions, the NORF molecule
shows an absorption peak at A = 280 nm with a retention time of around
2-2.5 min. A calibration curve was constructed to obtain a linear rela-
tionship between the concentration of NORF and the chromatographic
peak area in the concentration range from 1.5 to 100 mg L. The NORF
removal efficiency was calculated using Eq. (3), where C is the final
concentration, and Cy is the initial concentration of NORF.

Removal efficiency (%) =100- (1 - C£> Eq. 3

0

A scavenger assay using the sample with the best results was carried
out by studying the photocatalytic inhibition resulting from the capture
of reactive oxygen species. For this, 0.7 mg of ascorbic acid -AA (Isofar,
99 %), 0.64 mg of silver nitrate -AgNOs3 (Isofar, 99 %), 3.4 mL of tert-
butyl alcohol — TBA (Neon, 99 %), and 0.56 mg ammonium oxalate - AO
(Sigma-Aldrich, 99 %) were used as "0z, e, *OH and h" scavengers,
respectively. For the catalyst reuse test, the material was washed with
distilled water after each cycle, dried in an oven at 100 °C for 1 h, and
reused [31,32].

3. Results and discussion
3.1. Structural, morphological, and compositional characterization

The X-ray pattern of samples Al and A2 (Fig. 1a-b) showed promi-
nent peaks centered on 2theta = 33.04°, characteristic of the hematite
phase (a-FexO3). The rhombohedral structure belonging to space group
R-3c (n° 167), characteristic of this phase, also corroborates the speci-
fications of the JCPDS 033-0664 crystallographic patterns. Heat treat-
ment at 500 or 650 °C for Al or A2, respectively, increased the
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Fig. 2. FTIR spectra of Fe;03-NPs NPs produced with S. cumini (L.) Skeels
extract at 17.5 and 22.5 % concentrations at 500 and 650 °C, respectively.

crystallinity of the materials to values of around 54.8 % in Al and 66.3
% in A2. This is because the presence of organic extract induces the
amorphous nature of the materials. The crystallite size, which represents
the first stage in the formation of the nanomaterials, was 28.51 nm for
Al and 37.64 nm for A2. As the crystallization stage begins during heat
treatment at 100 °C for 24 h, it can be said that the smaller amount of
extracts in A1 was responsible for producing materials with reduced
crystallite sizes. This is because the extract encapsulates the crystals in
formation [18,33], giving rise to different crystallization nuclei, which
result in small crystallites. Considering the crystallite size values ob-
tained using the Scherrer equation, it was observed that A2 had a crystal
size 24 % larger than Al. However, this is still smaller than in the
literature, confirming that the extract induces a reduction in crystal size
due to the encapsulation mechanism [34]. The crystallite size values
calculated using Willianson-Hall follow the same behavior as the values
observed by Scherrer but still follow the increasing behavior between A1l
and A2 (Table 1).

From the refinement calculations of the crystalline network of both
samples, a slight contraction in the volume of the network was observed,
which may be associated with the effect of temperature on the pro-
cessing of the material (Table 1). The Ry, and x? reliability parameter
values confirm the accuracy of the data. Still, when heat-treated at high
temperatures (500 or 650 °C), the decomposition of the extract is
accompanied by the more efficient crystallization of the metal oxide.
The TG/DTA and DTG curves of the samples (Fig. 1c-d) showed a
thermal event between 50 and 150 °C, which can be attributed to the
loss of water adsorbed on the material’s surface [14,35]. The events
observed between 150 °C and 640 °C are attributed to the decomposi-
tion of the organic extract [36,371], which results in a mass loss of 57 and
66 % in samples A1l and A2, respectively. From the DTA curves, which
are superimposed on the mass loss events, the first thermal event is an
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Table 2
Annotation of compounds obtained from the ethanolic extract of Syzigium cumini analyzed by HPLC-MS-MS.
Peak Retention time (min) Compound ESI (-)/MS/MS fragments Molecular structure Reference
1 3.1 HHDP-hexoside 481 [M—H] /301; 275 HO [41-43]
HO %}»OH
0, g o
s D-on
HO OH OH OH
2 7.8 Bis-HHDP-hexoside 783 [M—H] /763; 481; 301; 275 [41,44,45]
3 27.7 myricetin 3-O-deoxyhexoside 463 [M—H] /316; 271; 179 [46-48]
4 31.8 myricetin 3-O-acethyl-deoxyhexoside 505 [M—H] /463; 316; 271; 179 [42,49]
5 33.7 4'-methylmyrecetin-3-O-acetyldeoxyhexoside 519 [M—H] /504; 577; 477; 331; 315; 287 OH [41,42]
O\
HO. | SN O ‘ OH
= 0.
e

endothermic activity corresponding to the loss of water, and the other
events are exothermic, indicating the combustion of organic matter,
leaving only the presence of a-Fe;Os.

The FTIR spectra shown in Fig. 2 indicate the presence of bands in
the range between 3958 and 3622 cm™?, which can be attributed to the
vibrations of the O - H bond related to the water adsorbed on the surface
of the material [21,38]. The bands observed at 534 and 459 cm ! are
attributed to the Fe — O [21,39]. Narrow bands were also observed be-
tween 1700 and 1300 cm ™, corresponding to the C=C and C — N bonds
in aromatic compounds and amide groups [21,39]. The more intense
transmittance peaks observed for sample Al confirm that the extract
residue persists in the material due to the lower heat treatment tem-
perature (500 °C) than sample A2 (650 °C).

The morphology of samples Al (Fig. 3a—c) and A2 (Fig. 3b-d)
observed by SEM-FEG and TEM showed particles with a tendency to-
wards a spherical shape and different sizes. Sample A1l has an average
diameter of 50.78 + 20.48 nm, and sample A2 has a diameter of 132.28
+ 57.68 nm. The standard deviation values for the particle size of
samples Al and A2 were 40 % and 44 % of the calculated average
diameter, respectively. This shows a high degree of particle diameter
heterogeneity, so the extract concentration effect was not attributed.
However, the larger particle diameter of sample A2 can be attributed to
the higher heat treatment temperature (650 °C). In this condition, the
thermal decomposition of the extract increases the coalescence of

particles, giving rise to a larger diameter particles.

HR-TEM images reveal the presence of network bangs with inter-
planar spacing that correspond to the (202) and (012) planes (Insert in
Fig. 3c—d), corroborating the JCPDS file (033-0664) indexed from the
XRD diffraction data. EDS compositional analysis (Fig. 3e—f) revealed
the presence of the elements Fe (green) and O (red). The additional
peaks observed in the spectrum refer to the elements Al and C present in
the sample holder and carbon tape, respectively.

To better understand how the extract acts in the process of nucle-
ation and formation of a-FeyO3-NPs, it is first necessary to elucidate the
phytocompounds present in the extract of the leaves of S. cumini (L.)
Skeels [40]. In this sense, Fig. 4 shows the chromatogram obtained from
the HPLC analysis of ethanolic extract. Numerous peaks were observed,
indicating a complex mixture of compounds within the extract. For
detailed characterization, the peaks with the highest intensity and
retention times below 40 min (specifically Peaks 1, 2, 3, 4, and 5) were
selected for further analysis by mass spectrometry. These peaks were
prioritized due to their prominent signals in the HPLC-PDA analysis,
suggesting they represent the main constituents of the extract and are
likely key components contributing to its bioactivity and chemical
profile.

The LC-MS/MS analysis of the extract revealed that the predominant
peaks correspond to high molecular weight compounds, primarily
identified as phenolic compounds rich in hydroxyl groups characteristic
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Step 1: Compounds obtained from the ethanolic extract of Syzigium cumini

Step 2: Dissolution of phytocompounds
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Fig. 5. Schematic illustration of the mechanism of formation of a-Fe203 NPs from green synthesis using phytocompounds present in the extract of the leaves of
S. cumini (L.) Skeels. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

of their respective organic functions. In addition to hydroxyl groups,
these compounds exhibit a diverse array of functional groups, including
alcohol, ketone, ether, and ester functionalities, as outlined in Table 2.
This multifunctional composition suggests a complex structure that
could contribute to the extract’s reactivity and potential applications in
synthesis and other chemical processes [41].

The extract, characterized by a high concentration of polyphenol
compounds, serves as an effective alternative to ethylene glycol for the
synthesis of nanomaterials [50,51]. Its composition allows it to function
not only as a solvent but also as an encapsulating agent that facilitates
the controlled growth of nanocrystals, providing precise control over
their size and morphology [52]. In addition, the structural properties of
certain compounds such as quercetin and myrecetin confer chelating
capabilities, allowing the sequestration of metal precursor ions during
synthesis [52-55]. In this sense, some studies suggest that the main
mechanism involved in the process of producing nanoparticles by green
synthesis is the initial oxidation of the hydroxyl group in these molecules
[54]. In our preliminary investigation to determine the phyto-
compounds present in the extract, three different myrecetin molecules
were observed (myricetin 3-0-deoxyhexoside, myricetin

3-O-acethyl-deoxyhexoside, and 4-methylmyrecetin-3-O-acetyldeox-
yhexoside). A possible mechanism involved in the production of a-Fe,0O3
NPs is shown in Fig. 5. After oxidizing the hydroxyl groups of these three
molecules, the next step is the reduction of the previously solubilized Fe
ions (Fig. 5) [54]. The process ends with the chelation of Fe in the
phytocomposite matrix for subsequent calcination and obtaining of
a-Fe;O3 NPs powders.

Fig. 6 shows the N; adsorption/desorption isotherms for the Fe,O3
samples. The specific surface area presented for samples A1 and A2 was
46 and 16 m? g1, respectively. The porosity of the materials, analyzed
by the nitrogen adsorption isotherms, and the pore size distribution
obtained by the Barrett-Joyner-Halenda (BJH) method was 11.7 nm
(A1) and 2.4 nm (A2). The synthesized oxides showed a type IV isotherm
with a H3 hysteresis loop. This type of isotherm occurs when there is
capillary condensation of the mesopores, while the H3-type hysteresis
loop is due to aggregates of non-rigid plate-like particles or macropores
that have not been filled with pore condensates [56,57].
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3.2. Optical properties and photodegradation assays of norfloxacin

Fig. 7a-b shows the band gap values of the samples obtained by
extrapolating the curves from the Tauc graph. The band gap values were
determined using the Kubelka-Munk method [58] (Eq. (4)).

ahy=A(hv — E)" Eq. 4
Where a represents the linear absorption coefficient of the material, h
corresponds to the energy of the incident photon, A is the proportion-
ality constant, Eg is the bandgap energy of the material, and n is a
constant referring to the type of electronic transition of the material in
question. The value of n can be % if the transition is a direct allowed
transition or 2 if it is an indirect allowed transition. The values of 1.9 and
2.0 eV for samples Al and A2, respectively, align with others found in
the literature [15]. This difference, although small, is probably related
to a size and/or shape effect [59]. The reflectance band observed in the
UV-Vis graphs (Insert Fig. 7a-b) may be related to the charge transfer
process after excitation of the hole-electron (¢'/h") pair. In addition, the
band observed at ~610 nm may indicate an excellent ability to capture
light energy due to oxygen vacancy defects [60].

As shown in Fig. 7c-e, in 30 min, NORF degradation reaches 96 %
efficiency. As adsorptive removal is an important process in the photo-
catalytic mechanism, the adsorption contribution of samples Al and A2
was ~49 and 41 %, respectively (Fig. 7c). This result confirms that the
surface of the materials has a high capacity to interact with the organic
molecule due to the presence of functional groups from the extract. The
degradation kinetics showed a good fit to the pseudo-first-order model,
and the observed kinetic constant values kops = 9.44 x 10~> min~!/R?
= 0.763, for photolysis, and kops = 5.69 x 102 min"'/R? = 0.998, and
kops = 2.068 x 1072 min"1/R? = 0.956, Al and A2, respectively. The
photooxidation capacity of NORF using Al and its mineralization was
confirmed through TOC assays, where the mineralization rate achieved
was around 32.5 %. In comparison, the sample resulting from photolysis
was only 4.6 %. Fig. 5f shows that material Al lost approximately 15 %
of its photodegradation capacity even after 270 min of testing, which
confirms its high recyclability.

The photocatalytic degradation of Norfloxacin in this work was
compared with the performance of other materials reported in the
literature, and the data were grouped in Table 3. In some cases, such as
the formation of Fe3O3 - TiO3 microporous structures and TiOy/Ti films,
the performance of the FeyOs produced here was superior when
comparing the concentrations of NORF at which the studies showed the
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best results [61,62].

Assays to capture reactive oxygen species (ROS) generated by the
interaction of light with the catalyst surface were carried out under the
same conditions as the photocatalytic tests but using sample Al. As is
well known, photocatalytic degradation reactions occur on the catalyst’s
surface. The mechanism is initiated by the formation of the electron (e-
)/hole (h™) pair after the electronic excitation of a-Fe,O3, as represented
in Eq. (5) [68].

a-Fey03 + hv — a-Fey03 (e, hH) Eq. 5

As illustrated in Fig. 8, the h + species interact with the water
adsorbed on the catalyst surface and generate hydroxyl radical (HO®).
On the other hand, the electron that has migrated from VB to CB in-
teracts with dissolved oxygen (O2) and forms the superoxide radical
(°03), as represented in Equations (6)-(8), respectively [68,69]. Both
species generated are essential for the oxidation and mineralization
processes of NORF [69].

a-Fe,03 (h") + Hy0 - HO® + H Eq. 6
a-Fe;03 (e7) + 05 — *03 Eq.7
HO® / *02 + NORF - Products transformation Eq. 8

The addition of AA and AgNOs3 as *Oz and e probes showed no
significant reduction in photocatalytic activity (Fig. 8b). Eq. (9) shows
the reaction that occurred after the addition of TBA to the system, which
results in a decrease in the material’s degradation efficiency, consid-
ering that HO® is an essential oxidizing agent in the NORF oxidation
process in the presence of a-FeyOs.

(CH3)3COH + HO® — H50 + ¢CH,C(CH3),0H Eq. 9

Some previous studies using TBA as a probe for HO® observed a
suppression rate of the radicals and suggested that volume may influ-
ence the ability to suppress the corresponding species [70]. Adding AO
as an h + capture agent reduced the rate of NORF degradation, indi-
cating that this is the most important species in the photocatalytic
process.

In this sense, both the structural and morphological data and the
photocatalytic application of these NPs confirm the efficiency of the
S. cumini extract as a reducing and encapsulating agent. This is a point
that deserves a lot of attention, especially in the sense that this extract
can be used to produce other functionalized NPs such as ZnO, NiO, CuO,
and WOgs; for various applications [71-74].

4. Conclusion

This work successfully synthesizes a-FeoO3 NPs using different con-
centrations of S. cumini extract. The XRD patterns showed that the ma-
terial presented only a-Fe;O3 phases. Different concentrations of extract
associated with the temperature difference influenced the morpholog-
ical modification of the materials, especially the degree of aggregation
and particle size. The photocatalytic activity of the material was
demonstrated based on assays using NORF, which showed a rate of
2.868 x 1072 + 0.019, min~"! for the sample produced with 28 % more
extract (A1). TOC tests revealed a mineralization rate of ~32 % of the
drug-treated with sample A1. In addition, the material also showed high
stability after 3 successive cycles under the same photodegradation
conditions. On the other hand, the scavenger tests showed that the
primary photodegradation mechanism of a-Fe;O3 NPs is the generation
of h*, followed by the production of «OH hydroxyl radicals. As a result,
it can be concluded that iron oxides can be obtained by using S. cumini
extract. Its concentration can affect the generation of defects on the
surface of the materials and thus improve their photocatalytic
performance.
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Table 3
Comparison of the photocatalytic efficiency of different catalysts against NORF.
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Photocatalyst Amount of loaded catalyst pH  NORF concentration Light source Time Degradation efficiency Ref.
(mg) (mg/L) (min) (%)
Fe;03 — TiOy 500 7 10 UV-light 90 100 [61]
Zn0O/ZnS@BC 500 7 25 UV-light 180 95 [63]
TiO,/Ti Films - - 10 UV-light 90 98 [62]
Co—Cuy0 60 - 19.13 Xenon lamp 500 W 210 82.23 [64]
Cu/Ni,O3@PC 25 5 20 UV-light 180 59.2 [65]
Mn: ZnS quantum 60 10 15 UV-light 60 86 [66]
dots
BiOCl nanosheets 50 - 10 Xenon lamp 300 W with an AM 180 84 [67]
1.5 filter
a-Fe,03 50 - 50 UV-light 90 96 This
work
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Fig. 8. (a) Proposed mechanism for the photodegradation of NORF using o-Fe;O3 and (b) scavenger tests using AA, AgNO3, TBA, and AO.
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