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Green synthesis of jarosite nanoparticles for
photocatalytic degradation of Rhodamine B under
simulated sunlight radiation

Hui Wen Neo,? Eslam M. Hamed, €22 Fun Man Fung (2 *® and Sam F. Y. Li(®*@

Green synthesis of efficient photocatalysts using agricultural waste is a promising approach toward
sustainable wastewater treatment. In this work, magnetite (FesO4) and jarosite (KFe3(SO4)2(OH)e)
nanoparticles were synthesized using banana peel extract as a natural reducing/stabilizing agent and
potassium source under microwave-assisted conditions. The structural, optical, and magnetic properties
of the nanoparticles were systematically characterized. Photocatalytic performance was evaluated for
Rhodamine B (RhB) degradation under simulated sunlight irradiation, and reaction kinetics were analyzed
using pseudo-first-order models. Jarosite exhibited a rate constant (k) of 0.0198 min%, approximately
double that of magnetite (k = 0.0098 min~Y), achieving >99% RhB removal within 30 minutes.
Mechanistic studies, including scavenger tests and photoluminescence analysis, confirmed the dominant
role of "OH radicals and efficient charge separation in jarosite. The catalyst retained >94% activity over
five cycles, and total organic carbon (TOC) removal reached 92%, indicating effective mineralization. This
study demonstrates a low-cost, scalable, and environmentally friendly route for synthesizing iron-based
photocatalysts, aligning with the UN Sustainable Development Goals (SDGs) for clean water and
responsible consumption.

Global wastewater pollution from industrial dyes poses a severe threat to both ecosystems and human health. Conventional treatment methods are often
inefficient, costly, and resource-intensive. This work addresses this critical issue by developing a green, cost-effective, and highly efficient method for wastewater

remediation. We achieved this by synthesizing iron-based photocatalysts, specifically jarosite nanoparticles, from agricultural waste—banana peels—which
serve as a natural stabilizing agent and a source of potassium. This approach significantly reduces the need for hazardous chemicals and minimizes waste

generation. The resulting jarosite nanoparticles demonstrated superior photocatalytic activity, achieving a remarkable 99.1% degradation of the organic dye
Rhodamine B, outperforming a conventional iron-based catalyst (magnetite) and maintaining high efficiency over multiple uses. This study provides a novel and

sustainable solution for water purification. This work directly aligns with Clean Water and Sanitation (SDG 6), by improving water quality and substantially
increasing recycling and safe reuse. It also contributes to Responsible Consumption and Production (SDG 12), by reducing waste generation through the use of

an agricultural byproduct as a valuable resource and promoting efficient use of natural resources. Finally, it supports Industry, Innovation, and Infrastructure
(SDG 9), as it introduces a new and sustainable industrial process for producing advanced materials for environmental remediation.

Introduction

health. Conventional wastewater treatment methods usually
struggle to eliminate these contaminants effectively, releasing

The increasing contamination of wastewater with numerous
pollutants, including heavy metals, organic compounds, and
dyes, poses a significant environmental threat. Globally, over
700000 tons of synthetic dyes are discharged annually into
aquatic systems, posing serious risks to ecosystems and human
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them into the environment. Nanoparticles, particularly metal
and metal oxide nanoparticles, have emerged as promising
alternatives for wastewater treatment because of the unique
physicochemical characteristics, such as large surface areas,
high reactivity, and tuneable morphology.'* In particular, iron-
based nanoparticles are known to effectively remove a wide
range of pollutants via adsorption and have the potential to
degrade contaminants through Fenton-like reactions or
photocatalysis.*®

However, conventional synthesis methods for iron-based
nanoparticles often involve hazardous chemicals and oper-
ating conditions with a considerable environmental impact,
such as high temperature, vacuum conditions, or inert
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atmospheres.” Green synthesis provides a sustainable and eco-
friendly method for nanoparticles synthesis by employing plant
extracts, microorganisms, and other natural sources as
reducing and stabilizing agents,’ and replacing organic
solvents with water as the medium for synthesis, reducing the
production of harmful byproducts and disposal of organic
waste."**> The use of biomass waste can further align with the
principles of green chemistry, where the use of renewable
feedstock is increased, and the waste generated is further
decreased.” One such example is banana peels, a common
household and commercial waste. Banana peels are rich in
antioxidants, containing a diverse range of polyphenols such as
flavonoids, terpenoids, and carotenoids that can be extracted,**
making them a viable green alternative for the synthesis of iron-
based nanoparticles.

A promising field of iron-based nanoparticles for wastewater
treatment involves magnetic iron oxide nanoparticles such as
magnetite (Fe;O,). Magnetite nanoparticles exhibit super-
paramagnetism, and this unique magnetic property allows for
effective recovery of the nanoparticles, mitigating the issue of
nano-contamination and reducing recovery costs.'>'® The low
cost, natural prevalence, and superparamagnetic characteristics
have led to extensive studies into their synthesis and applica-
tion in wastewater treatment.”’>* Existing literature has suc-
ceeded in synthesizing iron oxide nanoparticles, specifically
magnetite and maghemite, using banana peel extracts,?»*® but
their applications in wastewater treatment have yet to be eval-
uated. Magnetite has also been extensively studied as an
adsorbent for heavy metals or organic contaminants, but its role
as a photocatalyst has rarely been reported."”

Another potential iron-based nanoparticle is jarosite, a form
of iron-based hydroxysulphate mineral with the formula
KFe;3(50,4),(OH)s.>*** Jarosites are good scavengers for certain
metals and are applied at the industrial scale, mainly to remove
iron in the zinc hydrometallurgy process.>® Lab-scale studies
have revealed potential applications in other fields for its
adsorption and catalytic performance,”” such as its ability to
photocatalytically degrade organic pollutants in wastewater,
such as sulfamethoxazole*®* and Congo red.*® Jarosite is
commonly synthesized by chemical or biological methods. In
chemical synthesis, a potassium precursor such as KNO; or
K,S0, is heated with iron(m) sulphate under acidic conditions.*

On the other hand, biological synthesis mimics the natural
formation mechanism of jarosite involving microbiological
oxidation of ferrous sulphate.”®** The high potassium content
found in the banana peel extract indicates its great potential to be
utilized in the green synthesis of jarosite.*® Unlike magnetite,
which requires sodium hydroxide for the co-precipitation process,
jarosite was synthesized using only the iron precursor and the
banana peel extract, which makes the method more environ-
mentally friendly and enhances the photocatalytic activity.

Despite the well-documented use of magnetite in environ-
mental remediation, jarosite has received comparatively little
attention as a photocatalyst, particularly when synthesized
through green methods. While previous studies have investigated
jarosite for metal adsorption or as a byproduct in hydrometal-
lurgical processes, its band structure, stability, and potential for
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reactive oxygen species (ROS) generation make it a promising
candidate for dye degradation. However, traditional synthesis
methods for jarosite often rely on high temperatures, acidic
media, and synthetic potassium sources, which contradict the
principles of green chemistry. As far as we are concerned, this
study is among the first to utilize banana peel extract as a natural
potassium source in addition to its function as a reducing and
stabilizing agent for the green synthesis of jarosite nanoparticles.
This strategy reduces chemical inputs and leverages agricultural
waste, offering a dual benefit of pollutant remediation and waste
valorisation. Moreover, a direct performance comparison
between green-synthesized magnetite and jarosite in photo-
catalytic dye degradation under simulated sunlight has not been
thoroughly explored in prior literature.

Rhodamine B (RhB) is usually used as a model organic
pollutant because it is a widely produced water-soluble dye used
in textile and related industries, has a strong, well-characterized
visible absorption band (A, = 554 nm) which makes quanti-
tative monitoring straightforward, and is known to exhibit acute
ecotoxicity in aquatic organisms. These properties make RhB
a convenient and reproducible probe to benchmark photo-
catalytic activity and reaction kinetics under simulated sunlight.

In addition to photocatalysis, several advanced oxidation
processes (AOPs) have been explored for the degradation of RhB
and other persistent dyes.**** These include heterogeneous Fen-
ton and photo-Fenton processes using Fe>*/Fe*" catalysts activated
by H,0, under UV or visible light,* as well as persulphate-based
systems where SO, ~ radicals are generated thermally, photo-
chemically, or via transition metal activation.> Catalysts such as
doped TiO,, ZnO, MnO,, and various Fe-based composites have
been reported to significantly enhance RhB degradation rates by
promoting ROS formation. Coupled processes, such as photo-
Fenton combined with ultrasound or electrochemical activation,
have also shown synergistic effects in accelerating mineraliza-
tion.*® These studies highlight the importance of designing cata-
lysts that enable efficient ROS generation under solar irradiation,
providing motivation for the development of sustainable photo-
catalysts like magnetite and jarosite synthesized via green routes.

Herein, jarosite nanoparticles were greenly synthesized in
a microwave oven using banana peel extract as a stabilizing agent
and a source of potassium. The photocatalytic activity was
assessed in the degradation of RhB in wastewater. Magnetite
nanoparticles were also synthesized and evaluated for compara-
tive study. This study aims to develop a green synthesis method
for jarosite and magnetite nanoparticles using banana peel
extract and to comparatively assess their photocatalytic perfor-
mance in RhB degradation under simulated sunlight; a tech-
nique that could pave the route for future studies on the
scalability of the green synthesis of jarosite and its application in
the photocatalytic degradation of persistent organic pollutants.

Materials and methods
Chemicals

Iron(u) sulphate heptahydrate (FeSO,-7H,0) was purchased from
Merck. Iron(m) sulphate (Fe,(SO,);) was purchased from Riedel-de
Haén. RhB, isopropyl alcohol (IPA), p-benzoquinone (PBQ), and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ethylenediaminetetraacetic acid (EDTA) were purchased from
Sigma-Aldrich. Hydrogen peroxide (30% w/w) was purchased
from Scharlau. The chemicals were used without further purifi-
cation. Bananas were purchased from a local supermarket (Fair-
Price) and then the peels were collected for extraction.

Banana peel extract

The banana peels were cleaned, sliced into tiny pieces, and left in
the oven for 3 days at 80 °C to dry them out (Fig. S1). 4 g of the dried
banana peels were added to 40 mL of deionized water, then heated
under reflux for 10 minutes in a microwave with an output power of
650 W at 100% power. The resulting solution was filtered with
a syringe attached to a 0.45 pm hydrophilic polytetrafluoroethylene
(PTFE) filter, and the filtrate was stored at 4 °C for later use.

Magnetite synthesis

FeSO,-7H,0 (0.2 M) and Fe,(SO,4)3-xH,0 (0.2 M) were mixed in
a 2: 3 ratio. The solution was heated to 60 °C for 5 minutes under
continuous stirring at 500 rpm, then 1 M NaOH was added
dropwise to the solution until pH was adjusted to 11, followed by
the addition of the banana peel extract. The formed precipitate
was collected with a magnet and washed with deionized water for
multiple cycles until the supernatant reached pH 7. The residue
was then collected and dried overnight in an oven at 80 °C. The
dry residue was ground to a fine powder before being stored in
glass vials. Optimization studies were carried out by varying
NaOH addition rate (pH 10-12) and banana extract volume (5-20
mL). A pH = 11 and 10 mL extract yielded magnetite with highest
crystallinity and photocatalytic activity. The synthesis process of
magnetite is illustrated in Fig. S2.

Jarosite synthesis

Fe,(S0,);-xH,0 (0.2 M) and banana peel extract were mixed in
a 1:1 volume ratio. The solution was heated under reflux for 30
minutes in a microwave oven with an output power of 650 W at
100%. The resulting precipitate was washed and centrifuged
until the supernatant had a pH of 7. The residue was collected,
dried in an oven at 80 °C, and ground to a fine powder before
storage. The synthesis process of jarosite is illustrated in Fig. S3.
Optimization was conducted by adjusting the iron-to-banana
ratio and the duration of heating in the microwave. The ratio of
iron to banana in the mixture was adjusted by preparing separate
banana extracts where dried banana peels were added to deionized
water in a 1:10 and 1 : 20 ratio. The duration of heating the iron-
banana mixture in the microwave varied between 10 to 30 minutes
in intervals of 10 minutes. Optimization was carried out by con-
ducting triplicates of degradation experiments using 0.5 mg mL ™"
catalyst and 5% H,O, under simulated sunlight irradiance for 10
minutes. The synthesis procedure was repeated three times with
banana peels from different sources. The iron concentration in the
final product varied by less than 2%, confirming reproducibility.

Characterization

X-ray diffraction (XRD) was carried out at room temperature for
a continuous scan of 26 from 20° to 80° using a Bruker D8

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Advance Powder X-ray Diffractometer with Cu K, radiation (A =
1.5418 A). Scanning electron microscopy (SEM) images were
obtained using the JEOL JSM-6701F Field Emission Scanning
Electron Microscope as a 30 kV class analytical SEM. Particle
size distributions were obtained from high-magnification SEM
micrographs using Image] (Fiji) software. For each sample,
multiple representative images (3-5) at the same magnification
were analysed. The SEM scale bar was used to set the image
scale; particles were segmented by thresholding and particle
outlines were measured using the Feret diameter (maximum
caliper). At least 100 particles were measured per sample (N =
112 for magnetite; N = 128 for jarosite). The mean particle size
and standard deviation were calculated and reported as mean £+
SD. Fourier-transform infrared (FTIR) spectra of the synthesized
materials (Fig. S5) show distinct vibrational signatures consis-
tent with magnetite and jarosite structures. Jarosite exhibits
strong sulphate stretching bands in the 1150-1000 ~* region (v;
and »,/v, modes of SO4>7), together with a broad O-H stretching
envelope cantered around 3400 cm ™' arising from structural
OH groups and adsorbed water. On the other hand, magnetite is
characterized by intense Fe-O lattice bands in the 600-
500 cm ™' region (typical Fe-O stretching modes), while only
weak O-H related features are observed, indicating lower
surface hydroxylation relative to jarosite. An Agilent Cary 60 UV/
Vis spectrophotometer was used for all absorbance measure-
ments. Diffused reflectance spectra (DRS) were carried out
using UV-2600i UV-Vis Spectrometer with an Integrating
Sphere. Photoluminescence measurements were performed on
a Horiba Fluorolog-3 spectrofluorometer. EZ9 MicroSense
Vibrating Sample Magnetometer (VSM) was used to measure the
magnetic hysteresis loop at room temperature and a typical
magnetic field of 1.5 Tesla. AULIGHT Xenon Lamp System (CEL-
$500) of optical power 1 Sun (=100 mW cm ™) was used as the
simulated sunlight source for the degradation experiments.

Degradation experiments

To study the effectiveness of the catalyst in the degradation of
RhB, differing concentrations of H,0, and different amounts of
the catalyst were added to 5 mg L™* of RhB solution. The
solution was left under simulated sunlight irradiance for
different durations. Radical scavenging experiments were also
conducted by adding 1% IPA, 1 mM PBQ, and 1 mM EDTA
separately to capture hydroxyl radicals, superoxide radicals, and
photogenerated holes, respectively.”” The difference in the
absorbance of RhB between the beginning and the end of the
experiments was determined using the UV-Vis spectrophotom-
eter at Amax = 554 nm. The presence of H,0, classifies the
process as a photo-Fenton-like AOP.

Results and discussion
Structural analysis

X-ray diffraction (XRD) was used to determine the phase of the
synthesized iron-based nanoparticles. The peaks in Fig. 1A are
found at 26 = 30.1°, 35.3°, 43.1°, 53.5°, 57.2°, and 63.0°, which
match the (220), (311), (400), (422), (511) and (440) planes of
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Fig. 1 XRD patterns of the greenly synthesized (A) magnetite and (B)
jarosite. Scanning Electron Microscopy (SEM) images of the greenly
synthesized (C) magnetite and (D) jarosite. Scale bar: 1 um.

magnetite.”* The XRD pattern in Fig. 1B shows peaks at 20 =
28.7°, 29.0°, 31.3°, 35.3°, 39.4°, 45.8°, 49.8°, 60.0°, and 61.4°,
which correspond to the (021), (113), (006), (024), (107), (303),
(220), (226), and (404), (321) planes of the jarosite crystal.>®
SEM imaging was performed to confirm that the two
synthesis routes produced morphologically distinct nano-
particles. The SEM images obtained for magnetite and jarosite
are shown in Fig. 1C and D and S4. The SEM image of jarosite
shows clear cubic structures, whereas the SEM image of
magnetite shows an agglomerated surface without the uniform
crystal structures observed in jarosite. From SEM image anal-
ysis, the magnetite nanoparticles showed an average Feret
diameter of 45 + 10 nm. Jarosite particles exhibited a smaller
average particle size of 25 + 5 nm. XRD Scherrer analysis

KA
(D = m) yielded crystallite sizes of ~40 nm for magnetite

and ~15 nm for jarosite. Where D = crystallite size, K = 0.9
(shape factor), A = X-ray wavelength (Cu Koo = 0.15418 nm), § =
full width at half maximum in radians (instrument-broadening
corrected), and # = Bragg angle.

Optical properties

UV-Vis Diffuse reflectance spectroscopy (DRS) was utilized to
analyse the optical properties of jarosite and magnetite as
shown in Fig. 2A and B. The small band gap of magnetite
resulted in a wide band in the visible and UV regions. Whereas,
in the case of jarosite, a peak was observed at 710 nm with
a more significant visible light absorption.

The optical band gap (E,) of jarosite was estimated using the
Kubelka-Munk function, F(R)=(1 — R)*/2R, which converts
diffuse reflectance data into a pseudo-absorption coefficient
suitable for powdered samples.*® The plot of [F(R)hv]"? versus hv
was extrapolated to obtain the bandgap energies. On the other
side, the magnetite sample had strong specular reflection, K-M
failed and gave misleading F(R). Therefore, the Tauc method was
adopted for magnetite colloidal suspension using the equation
(ahv)? = A(hv — E,), where « is the coefficient to absorption, Av is

RSC Sustainability

View Article Online

Paper
0.7
—— Jarosite 14 —— Magpnetite|
0.6
12
205 3
g g
g g
504 §10
£ £
S H
Bo3 3
< <gs
0.2
08
01
400 500 600 700 800 900 1000 200 300 400 500 600 700 800
Wavelength, nm Wavelength, nm
C D
e Magnetito|
8
3o 3
k] o
5 5
L4 s
2
2

0
12 14 16 18 20 22 24 26 28 0.0 0.5 1.0 15
hv, eV hv, eV

Fig. 2 UV-Vis diffuse reflectance spectra of (A) jarosite and (B)
magnetite. (C) Kubelka—Munk plot of jarosite and (D) Tauc plot of
magnetite.

the photon’s energy, A is the constant, and E, is the direct
bandgap (eV). The Kubelka-Munk and Tauc plots of jarosite and
magnetite are shown in Fig. 2C and D. The figures show that
jarosite exhibited a band gap of 2.25 eV, while magnetite
exhibited a narrow band gap of 0.24 eV, confirming its strong
absorption in the visible region. The low band gap of magnetite
indicates that it is devoid of maghemite (y-Fe,O3) contamination,
oxidation effects, or indirect band transitions. The photocatalytic
properties of jarosite and magnetite are summarized in table S1.

Magnetic properties

To investigate the magnetic properties of the synthesized
samples, magnetization measurements were conducted with
a Vibrating Sample Magnetometer (VSM) at room temperature.
The magnetic hysteresis loops (M-H) of jarosite and magnetite
are presented in Fig. 3A and B, respectively. The as-synthesized
magnetite exhibited superparamagnetic behaviour with a satu-
ration magnetization (M) of 61.87 emu g~ '. Additionally, the
coercivity (H.) was found to be 35.12 Oe, indicating its soft
magnetic nature.

On the other hand, jarosite displayed weak magnetic
behaviour due to its antiferromagnetic nature, with a signifi-
cantly lower M; of 3.71 emu g~ and higher H. of 345.13 due to
stronger magnetic anisotropy and antiferromagnetic interac-
tions. The presence of iron in jarosite contributes to its
magnetic response, but due to its structural arrangement and
interactions, its magnetization is much lower compared to
magnetite. These findings confirm the distinct magnetic char-
acteristics of magnetite and jarosite, with magnetite demon-
strating strong superparamagnetic properties and jarosite
exhibiting weak magnetism.

Optimization of jarosite synthesis

The ratio of iron to banana present in the mixture was varied by
adjusting the ratio of banana peels to deionized water used in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Comparison of degradation efficiency of jarosite synthesized by
different microwave heating intervals. (D) Removal efficiency of
5mg L™ RhB using 1 mg mL~* magnetite and 0.5 mg mL~* jarosite in
the presence of different radical scavengers.

the preparation of the banana extract. Fig. S6 demonstrates that
a banana extract prepared using a 1:20 (w/v) ratio effectively
enabled the synthesis of jarosite with the highest degradation
efficiency towards RhB. Beyond a 1:20 ratio, there was
a decrease in the yield of jarosite, suggesting that potassium
concentration in the banana extract was too low for the
synthesis. When a 1:5 ratio was used, there was insufficient
liquid to obtain the extract. Hence, in addition to the degra-
dation efficiency of the synthesized jarosite, the lack of liquid at
low ratio, and the dilution of the extract at higher ratios led to
the adoption of a 1: 20 as the optimum ratio for banana extract
preparation.

Based on this, jarosite was then synthesized using banana
extracts prepared in a 1:20 solid to liquid ratio. The mixture
was heated in microwave under reflux for 10, 20, 30, and 40
minutes to determine the effect of duration of heating on the
degradation efficiency of synthesized jarosite. As shown in
Fig. 3C, jarosite synthesized by heating for 30 minutes exhibited
the best photocatalytic degradation. Longer heating time didn't
lead to any further enhancement in the degradation efficiency.

Photocatalytic degradation of Rhodamine B

Radical scavenging experiments were carried out using IPA,
PBQ, and EDTA as scavengers for hydroxyl radicals, superoxide
radicals, and photogenerated holes, respectively. As shown in
Fig. 3D, the highest suppression occurs when 1% IPA is added,
with a 68.8% and 75.9% suppression in the relative degradation
efficiency of RhB for magnetite and jarosite, respectively.

The relative contributions of different ROS to the degrada-
tion process can be quantified based on the inhibitory effects
observed upon the addition of specific scavengers. For jarosite,
the presence of EDTA, PBQ, and IPA reduces the degradation
efficiency from 100% (control) to around 90%, 75%, and 25%,
respectively, indicating that holes, superoxide radicals, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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hydroxyl radicals contribute about 10%, 25%, and 75% to the
observed activity. In comparison, magnetite exhibits a decrease
from about 100% to 80% with EDTA, 60% with PBQ, and 35%
with IPA, respectively, highlighting relative contributions of
20% for holes, 40% for superoxide, and 65% for hydroxyl
radical. The significant suppression in removal efficiency of
RhB under the presence of IPA confirms that hydroxyl radicals
are the predominant ROS. Hence, it is likely that magnetite and
jarosite serve as photocatalysts for the homolytic cleavage of
H,0, to form hydroxyl radicals that would then react with RhB
molecules, resulting in degradation of the organic dye.

Degradation performance of photocatalysts

The synthesized magnetite achieved 87.6% degradation of
5 mg L' RhB after 60 minutes of simulated sunlight irradiance.
In comparison, jarosite was able to achieve 99.1% degradation
of 5 mg L™" RhB after 30 minutes of sunlight irradiance, and
nearly 100% degradation after one hour (Fig. 4A and B).

Additionally, first-order kinetic plots were investigated for
RhB degradation. The pseudo-1st-order kinetic standard was
used to fit the photodegradation of RhB using the equation In
(C/Cy) = k, where Co/C; are the initial concentrations of
pollutants, k is the rate constant, and ¢ represents the reaction
time (Fig. 4C).

Investigations into the catalyst's dosage effect were carried
out as shown in Fig. 4D. Increasing jarosite concentration
initially improved photocatalytic activity. This is explained by
more readily available active sites for the processes of adsorp-
tion and photodegradation. However, the degradation efficiency
decreased when the concentration was increased over 0.5 mg
mL~". This might be the result of less light penetration into the
system and poorer catalyst dispersion at elevated concentra-
tions. Thus, a dosage of 0.5 mg mL™ " was adopted in all
experiments.

Total organic carbon (TOC) analysis was performed to eval-
uate the extent of mineralization of RhB during photocatalytic
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Fig. 4 (A and B) Photodegradation plots of RhB, (C) reaction kinetic
plots, and (D) effect of jarosite concentration on RhB
photodegradation.
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treatment.*® The jarosite catalyst achieved ~92% TOC removal
after 60 min of irradiation, indicating near-complete minerali-
zation of the dye into CO, and H,O rather than partial degra-
dation into intermediate by-products. In contrast, magnetite
exhibited a slower mineralization rate, achieving approximately
63% TOC removal under identical conditions, which is consis-
tent with its lower pseudo-first-order rate constant and slower
decolorization kinetics. These results confirm that jarosite
accelerates RhB degradation and ensures effective mineraliza-
tion, which is a critical factor for environmentally safe waste-
water treatment (Fig. S7).

The rate constant of RhB photodegradation for magnetite
and jarosite is shown in Fig. 5a. Jarosite exhibited a maximum
rate constant (0.0198 min~ "), which is about 2 times greater
than magnetite. A comparison of RhB degradation between
magnetite and jarosite with other iron-based photocatalysts is
in Table 1.

Furthermore, the degradation activity was performed to
evaluate the ability of the jarosite to maintain its photocatalytic
activity after multiple cycles. Tested up to 5 cycles, jarosite
maintained more than 94% of its catalytic activity. As shown in
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Fig. 5b, XRD patterns of jarosite after the 5th cycle showed no
significant change in the characteristic peaks compared to the
fresh one, confirming its great structural stability.

Photocatalytic mechanism

A study using photoluminescence (PL) spectroscopy was con-
ducted to assess the synthesised photocatalysts' ability to
separate and recombine photogenerated electron-hole (e-h)
pairs. The electron-hole recombination rate directly correlates
with PL intensity, where a higher PL intensity indicates a higher
recombination rate of photogenerated carriers and a lower
photocatalytic performance**

The PL profiles of magnetite and jarosite-based photo-
catalysts were examined at an excitation wavelength (Aex) of
320 nm, as shown in Fig. 5C. The magnetite sample exhibited
higher PL intensity, suggesting that photogenerated electron-
hole pairs recombined rapidly, leading to inefficient charge
separation and lower photocatalytic activity. In contrast, in case
of jarosite, a marked decrease in PL peak intensity was noticed.
This reduction in PL intensity indicated a suppression of charge
carrier recombination, which can be attributed to the effective
trapping of photogenerated electrons by jarosite, enhancing
charge transfer and mobility.

The valence band energy (EVB) and conduction band energy
(ECB) potentials of magnetite and jarosite were calculated
based on the following equations:*®

EVB =X — Ee + OSEg

Ecp = Evg — E,

The VB and CB positions of jarosite were determined to be
3.79 eV and 1.54 eV, respectively, as shown in Fig. 5D. The CB
potentials is more positive than the redox potential of O,/°O,
(—0.33 eV vs. NHE), indicating that direct reduction of O, into
'O, by photogenerated electrons is not favourable. This suggests
that alternative pathways or mediator species may be involved
in the photocatalytic degradation.

However, the VB potential is significantly higher than the
redox potential of H,O/'OH (2.72 eV vs. NHE), suggesting the
photogenerated holes in jarosite possess strong oxidative
power, enabling the efficient oxidation of H,O into "OH radi-
cals. This aligns with the results of scavenger tests, confirming

Table 1 Comparison of different iron-based photocatalysts for the degradation of Rhodamine B

[Catalyst] [RhB] [H20,] Time Degradation

Catalyst (mg mL™") (mg L) (%) (min) Light (%) Ref.
Magnetite 1.5 13 2.7 60 UV light 99.5 37
Magnetite 0.51 5 0.068 120 Visible light 97.7 42
Magnetite 0.51 5 0.068 120 Sunlight 41.4 42

V-Ti magnetite/quartz 3.4 5 — 20 Simulated sunlight 98.0 43
Magnetite ~1 10 0.6 30 Visible light 97.5 44
Magnetite 5 10 — 180 Visible light 61.5 45
Magnetite 1 5 10 60 Simulated sunlight 87.6 This work
Jarosite 0.5 5 5 30 Simulated sunlight 99.1 This work
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that "OH radicals play a dominant role in the photocatalytic
mechanism of jarosite.

While magnetite has a lower band gap and absorbs more
light, its rapid charge recombination, limited surface reactivity,
and lower stability in aqueous environments make it less
effective for photocatalysis compared to jarosite. Jarosite's
wider band gap, slower recombination, versatile surface
chemistry, and stability contribute to its superior photocatalytic
activity.

A proposed mechanism for the enhanced activity of jarosite
is summarized in Fig. 6 and is as follows:

Under simulated sunlight irradiation, jarosite absorbs inci-
dent photons, leading to the generation of photoexcited elec-
tron-hole pairs as described in eqn (1). The photogenerated
holes in the valence band (VB) of jarosite (h") are strong
oxidizing agents capable of reacting with water to generate
hydroxyl radicals ("OH) via the reaction shown in eqn (2). The
high oxidative power of these holes facilitates the efficient
conversion of water into ‘OH radical, which plays a key role in
the degradation of organic pollutants such as RhB through
direct oxidation (eqn. (4)).

Given that direct electron transfer from the CB of jarosite to
0, is unlikely, the production of ‘O, radicals could involve an
alternative mechanism through Fe**-mediated electron transfer
since Jarosite contains iron in both Fe** and Fe?' oxidation
states. Photogenerated electrons may reduce Fe** to Fe** (eqn
(3a)), and the Fe®" can subsequently reduce O, to ‘O, via an
indirect process (eqn (3b)).

Through a series of reactions, superoxide radicals (TO,)
further convert into hydrogen peroxide (H,O,) and subse-
quently generate hydroxyl radicals ("OH) (eqn (5) and (6)). These
ROSs play a crucial role in breaking down organic contami-
nants, ultimately leading to their degradation into harmless
products (eqn (7)).

This proposed mechanism aligns with trapping test results,
confirming the enhanced photocatalytic efficiency of jarosite

Jarosite + v —> e~ +h”" (1)
h* + H,0 — "OH (2)
e+ Fe*t - Fe** (3a)
Fe’* + 0, —» Fe** +'0, (3b)
h* + RhB — degradation products (4)
@’\‘Fez" @ o @ =
® & w @ PH0, ¢
hv NFe‘“ & 4 -0, j ’5\\
(®H" °OH on-
@) RhB
H,0
? €O, +H,0

CO,+H,0 Q ;‘>'
" *OH

(a)RhB

Fig. 6 Photocatalytic mechanism of Jarosite for RhB degradation
under sunlight irradiation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2H" +2°'0, — 0, + H,0, (5)
H,0, +¢ —» "OH + OH™ (6)
‘0,/H,0,/'0OH + RhB — degradation products (7)

Conclusions

In this study, we developed a simple and environmentally
friendly route for synthesizing magnetite and jarosite nano-
particles using banana peel extract as both a natural stabilizing
agent and potassium source. This approach eliminates the need
for hazardous chemicals and supports the principles of green
chemistry and sustainability. Jarosite outperformed magnetite
in photocatalytic degradation of RhB, achieving >99% removal
within 30 minutes with a rate constant nearly twice that of
magnetite. The jarosite catalyst maintained >94% of its activity
over five consecutive reuse cycles and achieved 92% TOC
removal after 60 minutes, confirming its excellent stability and
ability to mineralize organic contaminants.

Optimization studies identified that a banana extract
prepared at a 1:20 solid-to-liquid ratio and 30 minutes of
microwave heating produced jarosite with the highest photo-
catalytic efficiency. Mechanistic investigations, supported by
photoluminescence analysis and scavenger tests, revealed that
hydroxyl radicals were the predominant reactive species
generated through a photo-Fenton-like process facilitated by
efficient charge separation.

Overall, this work highlights the dual benefit of agricultural
waste valorisation and effective pollutant removal, providing
a scalable, low-cost pathway to produce high-performance
photocatalysts. The strategy can be extended to other biomass
sources and pollutants, supporting sustainable wastewater
treatment and contributing to global efforts toward clean water
and responsible consumption as outlined in the UN Sustainable
Development Goals.
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