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heme rGO–SnS2 synergistic
photocatalyst for photocatalytic mineralization of
atrazine and 2,4-dichlorophenoxyacetic acid and
applying machine learning for predictive modelling
of photocatalytic performance†

Jinal Patel,a Megha Parmar,a Syed Shahabuddin,*a Inderjeet Tyagi,b Suhas c

and Rama Gaur *a

The extensive use of agrochemicals for crop protection and quality enhancement has raised environmental

concerns due to their negative effects on human health. This study focuses on the design and synthesis of

a Z-scheme rGO–SnS2 photocatalyst for wastewater treatment. rGO–SnS2 nanocomposites with varying

SnS2 nanoparticle loadings were synthesized using a thermal decomposition method and characterized

using various analytical techniques to confirm their composition, phase, structure, morphology, optical

properties, and functional groups. The photocatalytic performance of the rGO–SnS2 nanocomposites

was evaluated for the degradation of atrazine (ATZ) and 2,4-dichlorophenoxyacetic acid (2,4-D) in

aqueous solutions under natural sunlight. The optimized nanocomposite achieved fast and efficient

degradation, with a removal efficiency of 91% for ATZ and 87% for 2,4-D within 3 minutes, compared to

only 18% and 26% removal by pure rGO. The study also explored key parameters affecting photocatalytic

performance, including catalyst loading, pH, dosage, and regeneration. The degradation pathways and

major intermediates of ATZ and 2,4-D were identified using LC-MS analysis, and a detailed reaction

mechanism was proposed based on scavenger and mineralization studies. Additionally, machine learning

(ML) models, including Gaussian process (GP), artificial neural network (ANN), and support vector

machine (SVM), were employed exclusively for predictive analysis of the photocatalytic performance.

ANN demonstrated the best predictive capability, with an R2 value of 0.974 and an error of 0.002. This

work highlights the potential of rGO–SnS2 nanocomposites as effective photocatalysts for agrochemical

mineralization, with ML aiding in performance prediction for real-world applications.
1. Introduction

To meet the growing demand for food, the agricultural industry
has signicantly expanded its use of agrochemicals and pesti-
cides. The accumulation of these agrochemical residues in
water bodies threatens marine life and overall ecosystem
health. This has raised concerns about their environmental
impact, particularly on water quality and aquatic biodiversity.
Water pollution has become a critical environmental issue,
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affecting water bodies worldwide. Agrochemicals have been
detected in surface water, groundwater, and drinking water
sources, posing signicant threats to ecosystems and human
health. Their use presents considerable environmental and
health challenges. Exposure to agrochemicals can occur
through direct contact, consumption of contaminated water
and food, and inhalation. Additionally, agrochemicals can leach
into groundwater, discharge into surface water bodies, and
persist in the soil.1

This study focuses on atrazine and 2,4-dichlorophenoxy-
acetic acid (2,4-D), two of the oldest and most extensively used
agrochemicals due to their effectiveness and relatively low cost
in agriculture. Atrazine is an herbicide primarily used to control
broadleaf and grassy weeds.2 It belongs to the triazine class of
herbicides and has been extensively utilized in agriculture,
forestry, aquatic systems, and residential areas.3 It is soluble in
water, facilitating its presence in groundwater and surface
water. 2,4-Dichlorophenoxyacetic acid (2,4-D) is a widely used
herbicide for controlling broadleaf weeds in cereal crops like
Nanoscale Adv., 2025, 7, 3485–3507 | 3485
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wheat, corn, and rice, and managing fast-growing plants that
can disrupt ecosystems.4 It belongs to the phenoxy family of
herbicides.5 Despite their extensive use, these agrochemicals
are associated with various health and environmental risks.6

The literature indicates that health risks include acute
poisoning, endocrine disruption, decreased fertility, birth
defects, cancer, and neurological disorders. Although these
agrochemicals do not persist as long as some other herbicides,
their residues can still impact soil and water for extended
periods, posing long-term environmental risks.4 During the
degradation process, reactive species can attack the molecules
of these agrochemicals, breaking chemical bonds and leading
to the formation of secondary pollutants. Sometimes, these
secondary pollutants can be more toxic than the original
compounds, making the removal of these metabolites crucial
for improving water quality and maintaining a healthy
environment.

Several methods are commonly employed for wastewater
treatment, including adsorption, membrane ltration, ion
exchange, and photocatalysis, each serving different
purposes.7–11 Among these, photocatalysis offers promising
properties that make it particularly appealing for environmental
remediation and sustainable processes.12,13 It is favored by
researchers for its ability to activate photocatalysts, generate
reactive species, degrade contaminants, and disinfect water
using light energy.14 In the last decade, advanced oxidation
processes (AOPs) and heterogeneous photocatalysis have
developed as effective alternatives for wastewater treatment
using photocatalysts.

In recent years, researchers have increasingly focused on
graphene and its derivatives due to their special properties,
including high surface area, good physicochemical stability,
electron mobility, high adsorption capacity, and ease of fabri-
cation via chemical reduction methods.15 The effectiveness of
photocatalytic processes involving a catalyst is signicantly
affected by its electronic structure and the energy of its band
gap.10 For an efficient photocatalyst, reduced graphene oxide
(rGO) has a smaller band gap than graphene oxide (GO),
extending light absorption into the visible region. However,
pure rGO suffers from lower photocatalytic efficiency due to
higher recombination rates of charge carriers generated by
light. This issue can be addressed by combining rGO with other
materials to form binary nanocomposites.

Researchers have already reported various rGO-based heter-
ojunctions, such as B-rGO/PbTiO3,16 rGO-ZnO/WO3,17 Cu2O/
rGO/BiVO4,18 and AgZrO2/rGO,19 for diverse applications.
Recently, the development of Z-scheme photocatalytic systems
has emerged as a promising strategy to increase interfacial
charge transfer and improve the separation of photogenerated
electron–hole pairs while maintaining superior redox capabil-
ities. Although many semiconductor materials have unique
optical properties, some have limitations. SnS2, with its
photochemical properties, electronic band structure, high
carrier mobility, stability, and a narrow band gap (2.5 eV), has
proven useful in various applications.20 SnS2 also has suitable
band edges that can align well with those of rGO, potentially
forming an effective Z-scheme photocatalytic system.21 To date,
3486 | Nanoscale Adv., 2025, 7, 3485–3507
there are only a few reports on the preparation of binary and
ternary nanocomposites using rGO and SnS2, such as rGO/SnS2,
rGO/SnS2/Fe3O4, rGO/SnS2/Ag, and rGO/SnS2/g-C3N4, speci-
cally for photocatalytic degradation of contaminants.22–25

Machine learning (ML) models are widely used in various
sectors, such as healthcare, nance, e-commerce, pharmaceu-
tical industry, etc., for predictive analysis, giving valuable
insights, optimization of the process, and acceleration of the
decision-making process.26 Various models, articial neural
networks, Gaussian processes, support vector machines,
Gaussian processes, and decision trees are available to train and
test the data sets. Ignacio Melendez-Pastor Co et al. utilized
machine learning for the determination of inuencing envi-
ronmental factors responsible for the accumulation of DDT-
DDE in the watercourses. Their study revealed how machine
learning could be used to determine the spatial distributions in
agricultural drainage systems.27 Kyung Hwa Cho Co et al.
simulated the photocatalytic degradation of a toxic dye using
NM–Bi–Fe–O3 and the CatBoost model. Their ndings revealed
that reaction conditions are more important than the photo-
catalyst properties, and the model simulated the dye degrada-
tion with a root mean square error of 1.34.28

This study reports the successful synthesis of a Z-scheme
rGO–SnS2 photocatalyst using a one-pot thermal decomposi-
tion approach and its application in the photocatalytic degra-
dation of ATZ and 2,4-D from aqueous solutions. A
comprehensive degradation mechanism has been proposed
based on experimental results from pH studies, scavenger
experiments, and LC-MS investigations, providing insight into
the degradation pathways and intermediates of these agro-
chemicals. The synthesized rGO–SnS2 nanocomposites
demonstrate high efficiency for environmental remediation.
Additionally, robust machine learning (ML) methodologies,
including articial neural networks (ANN), Gaussian process
(GP), and support vector machines (SVM), were employed to
predict the removal efficiency of the nanocomposite. While the
primary focus of this work is the synthesis and application of
the Z-scheme rGO–SnS2 photocatalyst, ML was incorporated as
a secondary tool for predictive analysis. By integrating experi-
mental results with ML algorithms, this study enhances the
adaptability of the nanocomposite for real-world applications,
providing a deeper understanding of the key parameters inu-
encing photocatalytic performance and enabling targeted opti-
mization for improved efficiency.

2. Materials

All the chemicals used for the synthesis of reduced graphene
oxide (rGO) and conducting photocatalytic studies were as
follows: graphite powder (HPLC grade), graphene oxide (GO,
synthesized by Hummer's method), ammonia solution (Finar),
ethanol, chloroform (Merck), ascorbic acid (Merck), hydrogen
peroxide (H2O2, Merck 30%), thiourea (SRL 99% purity), tin(IV)
chloride (Sigma-Aldrich, 98% purity), diphenyl ether(Sigma-
Aldrich 99% purity), commercial atrazine (Traxx, 50% purity),
2,4-dichlorophenoxyacetic acid (2,4-D, Sigma-Aldrich, 95%
purity), ammonium oxalate monohydrate (Finar), isopropanol
© 2025 The Author(s). Published by the Royal Society of Chemistry
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(Finar, 99% purity), p-benzoquinone (Sigma-Aldrich, 98%),
silver nitrate (ACS grade), and methanol (Finar Chemicals,
India). All chemicals were used as received. Distilled water was
used for all synthesis and photocatalytic experiments.

2.1. Synthesis of graphene oxide (GO)

GO was synthesized using a modied Hummers' method.29 For
the preparation of GO, a mixture of 1 g of graphite, 1 g of
sodium nitrate (NaNO3), and 50 ml of sulfuric acid (H2SO4) was
placed in a beaker and stirred in an ice bath for 15 minutes,
maintaining the temperature below 10 °C. Aer 15 minutes, 3 g
of potassium permanganate (KMnO4) powder was added to the
solution slowly, with continuous stirring for 30 minutes, under
a temperature below 20 °C. The mixture was then heated at 35 °
C for 30 minutes. Distilled water was added to the mixture, and
the temperature was raised and maintained at 90 °C. Aer 30
minutes, additional distilled water and 30% hydrogen peroxide
(H2O2) were added to the beaker to stop the reaction. The
product was washed using a 5% hydrochloric acid (HCl) solu-
tion and distilled water until a neutral pH (pH = 7) was ach-
ieved. Finally, the product GO was kept in an oven to dry at 80 °C
for 24 hours. Scheme 1(a) illustrates the steps involved in
preparing graphene oxide.

2.2. Synthesis of reduced graphene oxide (rGO)

rGO was prepared using the chemical reduction method.30 For
the synthesis of rGO, ascorbic acid was used as the reducing
agent. First, 400 mg of GO was added to a beaker and dissolved
in distilled water. Once the GO was fully suspended, 4 grams of
ascorbic acid were added to the beaker, and the mixture was
stirred for 30 minutes at 60 °C. Aer the reaction, the solution
was centrifuged to achieve complete separation. Next, 30%
Scheme 1 Schematic representation of the preparation of (a) GO, (b) rG

© 2025 The Author(s). Published by the Royal Society of Chemistry
hydrogen peroxide (H2O2) was added to the solution to oxidize
any excess ascorbic acid, and the mixture was stirred for an
additional 30 minutes at 60 °C. Aer this step, the solution was
centrifuged again to separate the product. The rGO was washed
with ethanol, followed by distilled water, until a neutral pH (pH
= 7) was achieved. The rGO sample was then dried in an oven at
120 °C for 24 h. Scheme 1(b) illustrates the steps involved in
preparing reduced graphene oxide.

2.3. Synthesis of SnS2 nanoparticles

A simple, one-pot thermal decomposition method was used to
synthesize SnS2 nanoparticles.31 Tin chloride (1 mM), thiourea
(2 mM), and diphenyl ether (10 ml) were added to a round-
bottom ask. The reaction mixture was then reuxed at 180 °
C for 1 hour. A change in the color of the mixture to dark yellow
indicated the formation of SnS2 nanoparticles. Aer the reac-
tion, the mixture was cooled to room temperature and precip-
itated with excess methanol. The precipitate was centrifuged
and washed with methanol. Finally, the product was dried
overnight in an oven at 80 °C.

2.4. Synthesis of rGO–SnS2 nanocomposites

The rGO–SnS2 nanocomposites were synthesized using
a thermal decomposition method, with varying loadings of SnS2
(0.125 mM, 0.25 mM, 0.5 mM, and 1 mM). To prepare the
nanocomposites, 100 mg of rGO, tin chloride, and thiourea in
10 ml of diphenyl ether were added to a round-bottom ask.
The same procedure described in Section 2.4 was followed for
the synthesis. The details and nomenclature of the nano-
composites prepared in this study are summarized in Table 1.
Scheme 1(c) illustrates the schematic representation of the
preparation of rGO–SnS2 nanocomposites.
O, and (c) rGO–SnS2 nanocomposites.

Nanoscale Adv., 2025, 7, 3485–3507 | 3487
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Table 1 Synthetic details and nomenclature of rGO–SnS2 samples
prepared via the thermal decomposition approach

Code rGO Temp. and time Tin chloride used Thiourea used

SnS2 — 180 °C, 1 h 1 mmol 2 mmol
rGO — — — —
RS-0.125 100 mg 180 °C, 1 h 0.125 mmol 0.25 mmol
RS-0.25 100 mg 180 °C, 1 h 0.25 mmol 0.5 mmol
RS-0.5 100 mg 180 °C, 1 h 0.5 mmol 1 mmol
RS-1 100 mg 180 °C, 1 h 1 mmol 2 mmol
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2.5. Characterization

The rGO–SnS2 nanocomposites were characterized using
various analytical techniques to evaluate their phase, structure,
optical properties, functional groups, thermal stability, and
morphology. Phase analysis was conducted using powder X-ray
diffraction, with patterns recorded on a Rigaku MiniFlex 600 C
diffractometer employing ltered Cu Ka radiation (l = 1.53 Å)
over a 2q range of 20 to 80°, with a scan speed of 4° per minute.
Raman spectral analysis was performed using a Horiba LabRam
HR spectrometer over 300 to 3000 cm−1. Diffuse Reectance
Spectroscopy (DRS) spectra were obtained using a PerkinElmer
Lambda 365+ UV-Vis spectrophotometer in the 200 to 800 nm
range. Fourier Transform Infrared (FT-IR) analysis was per-
formed using a PerkinElmer Spectrum instrument in the 4000
to 500 cm−1 range in Attenuated Total Reectance (ATR) mode.
Thermal analysis was performed with a HITACHI STA7200
thermogravimetric analyzer. The heating rate was set to 10 °
C min−1 under airow (99.99%) or nitrogen (99.99%) at a ow
rate of 20 ml min−1, and the temperature was raised to 750 °C.
The morphology of the nanocomposites was analyzed using
a ZEISS Ultra 55 eld emission scanning electron microscope
(FE-SEM). The aluminum substrate was cleaned with iso-
propanol, and the sample was mounted on carbon tape on an
aluminum stub and then coated with a thin layer of gold for 30
seconds under vacuum to make the sample conductive. Trans-
mission electronmicroscopy (TEM) images were obtained using
a JEOL TEM operating at an accelerating voltage of 180 kV. For
TEM measurements, a few drops of sample suspension in
methanol were placed on carbon-coated copper grids and
allowed to dry in the air. UV-visible spectra for photocatalytic
degradation studies were recorded using a LABINDIA UV-visible
spectrometer in the 200 to 800 nm range. Mott–Schottky (M-S)
analysis was done using a three-electrode system with a glassy
carbon electrode (GCE) as the working electrode, a platinum
wire as the counter electrode, and sodium sulphate as the
electrolyte (more details are given in the ESI†).
2.6. Photocatalytic studies

The photocatalytic activities of rGO, SnS2, and rGO–SnS2 (RS)
nanocomposites were monitored using UV-visible spectroscopy.
For the photocatalytic degradation experiments, 1 mg ml−1 of
each photocatalyst was added to aqueous solutions of atrazine
(ATZ, 10 ppm) and 2,4-dichlorophenoxyacetic acid (2,4-D, 10
ppm), in a test tube, and the solutions were sonicated to ensure
3488 | Nanoscale Adv., 2025, 7, 3485–3507
uniform dispersion. Aer dispersion, the samples were exposed
to natural sunlight for 3 minutes. Following irradiation, the
slurries were centrifuged, and the supernatant solutions were
analyzed using a UV-Vis spectrophotometer. The degradation of
ATZ and 2,4-D was monitored by observing the characteristic
absorption peaks at 220 nm and 200 nm, respectively. The
photocatalytic mineralization of agrochemicals in aqueous
solutions using rGO–SnS2 as the photocatalyst was conducted at
Pandit Deendayal Energy University, Gandhinagar, Gujarat,
India. The experiments took place during the month of April
2024, from 12:00 to 3:00 PM. The exact location coordinates are:
latitude: 23.2156° N, longitude: 72.6369° E (https://
www.suncalc.org/#/21.5074,73.9412,5/2025.03.29/11:27/1/3).

Parameter studies, including loading, dosage, pH, and
regenerability, were conducted to determine the optimal
conditions for the photocatalytic degradation of agrochemicals.

The loading study aimed to evaluate the effect of varying
SnS2 nanoparticle loading on the photocatalytic performance of
the nanocomposites. Degradation studies were performed with
different photocatalyst dosages (0.1, 0.25, 0.5, 1, and 2 mgml−1)
to assess their impact on the degradation of both agrochemi-
cals. The effect of pH on degradation was examined by
preparing agrochemical solutions at various pH levels, ranging
from 2 to 12, using 1 M HCl and 1 M NaOH solutions.

To assess the photochemical stability of the materials and their
potential for reuse, a regenerability study was conducted. This
involved measuring the photocatalysts' X-ray diffraction (XRD)
patterns before and aer degradation. A scavenger study was per-
formed to identify the active species involved in the degradation
process. The study was conducted in the presence and absence of
various scavengers. Different scavengers, such as ammonium
oxalate (AO, 1 mmol), silver nitrate (AgNO3, 1 mmol), benzoqui-
none (BQ, 0.1 mmol), and isopropanol (IPA, 1 mmol), were used to
target holes, electrons, superoxide radicals, and hydroxyl radicals,
respectively. Scavengers were added to the agrochemical solutions,
followed by the addition of the photocatalyst (1 mg ml−1). The
mixture was exposed to natural sunlight for 3 minutes and then
sampled and analyzed using a UV-visible spectrometer.
2.7. LC-MS analysis

Aer the photodegradation studies, an LC-MS analysis was
carried out to investigate the degradation pathways of the
photodegraded product. For the LC-MS analysis, both blank
and post-degradation solutions of ATZ and 2,4-D were examined
to identify degradation products. The 2,4-D solution was
prepared using acetonitrile (HPLC grade) (acetonitrile : H2O
ratio: 4 : 6). The ATZ solution was prepared using methanol
(methanol : H2O ratio: 7.5 : 2.5). These solutions were analyses
using a liquid chromatography-mass spectroscopy (LC-MS)
(Agilent) instrument (Bio Q-TOF, MS type-QTOF).
3. Results and discussion
3.1. XRD analysis

The XRD patterns of rGO, SnS2, and RS nanocomposites are
shown in Fig. 1a. The XRD pattern of rGO exhibits a strong
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) XRD pattern, (b) FT-IR spectra of rGO, SnS2, and RS nanocomposites and Raman spectra of (c) rGO, RS nanocomposites, and (d) SnS2
nanoparticles.
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reection at a 2q value of 24.9°, corresponding to the (002)
plane.32 It indicates the presence of graphitic carbon with an
interlayer spacing of 3.37 nm. The XRD pattern of SnS2, which
matches the JCPDS le no. 83-1705, conrms its hexagonal
structure.33 The SnS2 XRD peaks at 2q values of 15.08°, 28.29°,
30.40°, 32.18°, 42.02°, 50.13°, and 52.6° are indexed to (001),
(100), (002), (011), (012), (110), and (111) reections,
respectively.

In the RS nanocomposites, characteristic peaks of both
materials are observed at 2q values of 26.48°, 28.29°, 32.18°, and
50.13°, corresponding to the (002), (100), (011), and (110)
planes, conrming the formation of the nanocomposites. The
d-spacing and average crystallite size of rGO, SnS2, and RS
nanocomposites were calculated using reections at 24.9° and
Table 2 Crystallite size and D spacing values of rGO, SnS2, and RS
nanocomposites

Samples

rGO (2q = 24.9°) SnS2 (2q = 50.13°)

Crystallite size
(nm)

D spacing
(Å)

Crystallite
size (nm)

D spacing
(Å)

rGO 20.093 3.573 — —
RS-1 30.518 3.573 11.953 1.816
RS-0.5 17.957 3.587 10.530 1.819
RS-0.25 20.454 3.587 9.666 1.817
RS-0.125 23.140 3.587 6.093 1.812
SnS2 — — 3.616 1.804

© 2025 The Author(s). Published by the Royal Society of Chemistry
50.13° with Bragg's and Scherrer's equations. The obtained
values are provided in Table 2.
3.2. FT-IR analysis

The FT-IR spectra of rGO, SnS2, and RS nanocomposites are
shown in Fig. 1b. In the rGO spectrum, the peak at 1037 cm−1 is
attributed to the C–O stretching vibrations of the C–O–C group.
The peak at 1603 cm−1 indicates the C]C stretch from the
oxidized graphitic domain 25. The peak at 1730 cm−1 corre-
sponds to the C]O stretch of the carboxyl group. Peaks at
2850 cm−1 and 2937 cm−1 are attributed to C–H symmetric and
asymmetric CH2 stretching, respectively. The broad peak at
3406 cm−1 is due to O–H stretching from hydroxyl groups.10

In the SnS2 IR spectrum, the peaks at 593 cm−1 and 791 cm−1

are attributed to the bending and stretching vibrations of the
C–S group. The peak at 689 cm−1 corresponds to the Sn–S bond
formation.23 The peak at 1273 cm−1 is associated with C–OH
stretching vibrations. The peak at 1435 cm−1 is related to C–H
bending vibrations. The peaks around 1638 cm−1 and
3333 cm−1 are ascribed to hydroxyl groups' stretching and
bending vibrations.

In the RS nanocomposites, the characteristic peaks of rGO
and SnS2 are observed at 1603 cm−1 and 689 cm−1, corre-
sponding to the C]C stretching and Sn–S stretching, respec-
tively. The IR spectrum of the RS nanocomposites conrms the
presence of both rGO and SnS2, indicating the successful
formation of the nanocomposites.
Nanoscale Adv., 2025, 7, 3485–3507 | 3489
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3.3. Raman analysis

Raman spectroscopy conrms the presence of carbon disorder
and defects in the prepared samples, as shown in Fig. 1c and d.
The rGO spectrum exhibits two strong Raman bands: the D
band at 1341 cm−1 and the G band at 1593 cm−1.34 Additionally,
the 2D band appears at 2730 cm−1. These bands indicate the
presence of ring and chain structures, reecting the multilayer
nature of the graphene. In rGO, the ID/IG ratio decreased due to
the conversion of sp3 to sp2 carbon atoms.35 The G band
intensity is lower than that of the D band due to the increased
number of sp2 carbon atoms, with the G band shied to a lower
wavenumber. The D/G intensity ratio conrms the existence of
more defects and disorder in the structure, with rGO showing
an ID/IG ratio of 0.84 due to the sp2 domains formed during the
reduction process.36

The SnS2 spectrum features an intense peak at 312 cm−1,
assigned to the A1g mode of SnS2 (as shown in Fig. 1d). The
Raman spectra conrm the formation of SnS2 nanoparticles in
the 2H polytype.31 However, the intensity of the A1g mode was
reduced with a decrease in the loading of SnS2 in the nano-
composites. In the RS nanocomposites, the characteristic peaks
of SnS2 at 312 cm−1 and the D (1341 cm−1) and G (1593 cm−1)
bands of rGO are observed. The Raman spectral results indicate
the successful formation of the nanocomposites.
3.4. TGA analysis

Fig. 2 shows the thermogravimetric curves of rGO, SnS2, and RS-
1 nanocomposites. All samples exhibit three main stages of
Fig. 2 TGA/DTG plots for rGO, SnS2, and the RS-1 nanocomposite.

3490 | Nanoscale Adv., 2025, 7, 3485–3507
weight loss in the TGA curves. For the rGO, the DTG analysis
shows peaks at 50 °C (adsorbed water release), 207 °C (degra-
dation of oxygen-containing groups in rGO), and 320 °C
(decomposition of stable groups or impurities), indicating
a transition to a more thermally stable carbon structure. The
rGO sample shows high thermal stability aer oxygen group
removal, with clear weight loss stages corresponding to mois-
ture, functional group, and impurity removal, conrming effi-
cient reduction and stability above 320 °C. For the SnS2, the
DTG analysis shows peaks at 50 °C (adsorbed water release) and
328 °C (removal of chemically bonded water and partial
decomposition of SnS2), and thermal decomposition of SnS2
due to sulfur release or structural changes. Weight loss up to
50 °C is due to moisture, while decomposition at higher
temperatures relates to sulfur loss or transformation into
a stable tin-based compound. SnS2 remains thermally stable up
to 328 °C, making it suitable. The TGA/DTG analysis of the RS-1
nanocomposite shows weight loss below 150 °C (moisture
evaporation), a peak at ∼264 °C (removal of oxygen groups from
rGO), and a peak at ∼396 °C (thermal decomposition of SnS2,
possibly sulfur release). The peak at ∼489 °C indicates residual
carbon or stable SnS2 degradation. Minimal weight loss above
500 °C conrms excellent thermal stability, enhanced by strong
rGO–SnS2 interactions. The synergistic effects of rGO's frame-
work and SnS2's properties make the composite suitable for
photocatalysis applications. The TGA results indicate a relative
weight loss of 39 wt% for rGO, 47 wt% for SnS2, and 42 wt% for
RS-1. The lower weight loss observed in the RS-1 nano-
composites conrms their high purity and thermal stability.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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The TGA graph conrms that the RS nanocomposite exhibits
higher thermal stability compared to SnS2.
3.5. Optical studies

The optical properties of rGO, SnS2, and RS nanocomposites
were studied using diffuse reectance spectroscopy. Fig. 3
shows the Tauc plot (ahv2 vs. hv) for rGO, SnS2, and RS nano-
composites. The band gaps were found to be 2.61 eV for rGO
and 2.43 eV for SnS2. In the nanocomposites, no major change
in the band gap of rGO was observed because it acts as the
substrate material. In the RS nanocomposites, band gaps were
observed for SnS2. For the RS-0.125, RS-0.25, RS-0.5, and RS-1
nanocomposites, the band gaps of SnS2 were estimated to be
2.3 eV, 2.26 eV, 2.19 eV, and 1.97 eV, respectively. The decrease
in the band gap of SnS2 in the RS nanocomposites from 2.3 eV to
1.97 eV indicates that the combination of carbon materials with
metal suldes reduces the band gap.37,38
3.6. FE-SEM analysis

Fig. 4 shows the FE-SEM images of the rGO, SnS2, and RS
nanocomposites. The inset shows the SnS2 akes, which are
deposited over the rGO. The morphological analysis of rGO,
SnS2 nanoparticles, and RS nanocomposites was conducted
using FE-SEM. The FE-SEM images of rGO reveal a ake-like
morphology. For SnS2, the images show ower-like structures
surrounded by a ake-like morphology. In the RS nano-
composites, the SnS2 nanoparticles are observed to be deco-
rated on the rGO akes. The FE-SEM analysis indicates that the
RS nanocomposites have been successfully formed. The
uniform distribution of SnS2 nanoparticles on rGO enhances
Fig. 3 ahv2 vs. hv plot of rGO, SnS2, and RS nanocomposites.

© 2025 The Author(s). Published by the Royal Society of Chemistry
the photocatalytic activity, demonstrating improved efficiency
compared to pure rGO.
3.7. TEM analysis

The morphological analysis of rGO, SnS2 nanoparticles, and RS
nanocomposites was conducted using TEM. Fig. 5 presents the
TEM images, SAED patterns, and lattice fringes of rGO, SnS2,
and RS nanocomposites. The TEM images reveal that rGO
exhibits a layered sheet-like morphology, while SnS2 displays
a ower-like ake morphology. The TEM image of the RS-1
nanocomposite shows SnS2's ower-shaped akes deposited
on the surface of the rGO sheets.

The well-dened SAED pattern of rGO indicates high crys-
tallinity (monocrystalline). The diffuse SAED pattern of SnS2
indicates poor crystallinity, while a mixed pattern with lines and
dots for RS-1 indicates polycrystalline behavior. The crystallo-
graphic lattice fringes in the TEM images show d-spacings of
3.57 Å and 3.31 Å in the RS-1 nanocomposite, corresponding to
2q values of (002) for rGO. The TEM analysis conrms that the
RS nanocomposite has been properly formed.
4. Photocatalytic studies of rGO and
rGO–SnS2 (RS) nanocomposites
4.1. Photocatalytic degradation and % removal studies of
ATZ and 2,4-D (natural sunlight)

The degradation studies of ATZ and 2,4-D were performed using
UV-Vis spectroscopy, with characteristic peaks of ATZ and 2,4-D
observed at lmax of 220 nm and 200 nm, respectively. Fig. 6a–
d show the UV-Vis spectra and removal efficiency.
Nanoscale Adv., 2025, 7, 3485–3507 | 3491
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Fig. 4 FE-SEM images of rGO, SnS2, and RS nanocomposites (insets show the zoomed-in images; scale bar of insets = 200 nm).
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Fig. 6a shows the UV-Vis spectra for the degradation of ATZ
using rGO and RS nanocomposites. A drastic reduction in
intensity indicates the degradation of ATZ. Fig. 6c shows the %
removal of ATZ using rGO and RS nanocomposites. For the
degradation of ATZ, 18% removal was observed when rGO was
used as a photocatalyst, aer 3 minutes of irradiation. The
removal studies indicate the maximum removal of 91% by the
RS-1 nanocomposite in 3 minutes, followed by 33%, 61%, and
82% for RS-0.125, RS-0.25, and RS-0.5, respectively, which is
higher than that of the parent compound.

Fig. 6b also shows the UV-Vis spectra for the degradation and
(d) % removal of 2,4-D using rGO and RS nanocomposites.
Similarly, for 2,4-D, 26% removal was observed in 3 minutes. A
maximum of 87% removal was observed when the RS-1 nano-
composite was used, while other nanocomposites RS-0.125, RS-
3492 | Nanoscale Adv., 2025, 7, 3485–3507
0.25, and RS-0.5 exhibit 11%, 63%, and 75% removal, respec-
tively. The RS-1 nanocomposites demonstrate the highest
removal efficiency. An enhanced degradation ability of the RS
nanocomposites compared to rGO is because the incorporation
of SnS2 into the carbon matrix improves the degradation of the
analyte on the surface.

Based on the graph, it is concluded that RS nanocomposites
exhibit higher removal efficiency compared to rGO samples for
both agrochemicals. Further testing for 15 minutes showed no
additional change, conrming that 3 minutes is the optimal
time for degradation (the data of kinetics and control studies
have been added in ESI Fig. S2†). rGO has limitations in
generating charge carriers; however, combining it with the
photosensitizer material (SnS2) enhances the removal efficiency
due to the synergistic effects of the two materials. Additionally,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 TEM images and SAED pattern of rGO, SnS2, and the RS-1 nanocomposite along with lattice fringes observed in the RS-1 nanocomposite.

Fig. 6 UV-Vis graph showing degradation of (a) ATZ and (b) 2,4-D using rGO, RS nanocomposites, and % removal graph of (c) ATZ and (d) 2,4-D
using rGO and RS nanocomposites (reaction conditions: 10 ppm solution, 1 mg ml−1, 3 minutes, and sunlight).

© 2025 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2025, 7, 3485–3507 | 3493
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RS nanocomposites facilitate the breakdown of ATZ and 2,4-D
into major intermediates, as conrmed by UV-Vis spectroscopy
and discussed in the following section 4.2.

4.2. Effect of various parameters on the photocatalyst RS-1
nanocomposite

4.2.1. Loading of SnS2. Fig. 7a and b show the effect of SnS2
loading in RS nanocomposites. The loading study aimed to
Fig. 7 Bar graph representation of % removal in ATZ (a) and 2,4-D (b) wi
with different amounts of dosage and % removal in ATZ (e) and 2,4-D (f
solution, 1 mg ml−1, 3 minutes, and sunlight).

3494 | Nanoscale Adv., 2025, 7, 3485–3507
determine how the amount of SnS2 nanoparticles inuences the
photocatalytic performance of the nanocomposites. The graphs
for both agrochemicals, ATZ and 2,4-D, indicate that as the
loading of SnS2 on rGO increases, the removal percentage also
increases. This is because more active sites are available on the
material's surface for interaction with the agrochemicals,
enhancing the efficiency. However, there is a decrease in effi-
ciency at the highest loading (RS-2). This decline is likely due to
th varying amounts of SnS2 on rGO, % removal in ATZ (c) and 2,4-D (d)
) in the presence of different scavengers (reaction conditions: 10 ppm

© 2025 The Author(s). Published by the Royal Society of Chemistry
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agglomeration, which reduces the surface area available for
interaction with the agrochemicals, leading to lower removal
efficiency.

4.2.2. Effect of catalyst dosage. A dosage study determined
the optimal amount for maximum removal efficiency. Different
dosages of 0.1, 0.25, 0.5, 1, and 2 mg ml−1 were tested for
removing ATZ and 2,4-D. Fig. 7c and d illustrate the effects of
dosage on the degradation of ATZ and 2,4-D using the RS-1
nanocomposite. The results show that as the dosage increased
from 0.1 to 1 mg ml−1, the removal percentage also increased.
The maximum efficiencies observed were 91% for ATZ and 87%
for 2,4-D at a dosage of 1 mg ml−1. The improved performance
with higher dosage is attributed to the increased availability of
active sites for degradation. However, when the dosage was
further increased from 1 to 2 mg ml−1, there was an insigni-
cant change in removal efficiency. Therefore, 1 mg ml−1 was
selected as the optimal dosage for further studies.

4.2.3. Effect of pH. The pH study was conducted to deter-
mine the most suitable conditions for maximum degradation
performance under different pH levels. Degradation studies
were performed at various pH values ranging from 2 to 12.
Fig. 8a and b show the UV spectra, while Fig. 8c and d present
the percentage removal of ATZ and 2,4-D achieved in 15minutes
using the BZ-10 nanocomposite under different pH conditions.

ATZ demonstrates comparable removal efficiencies across
different pH levels, with no signicant changes observed,
despite the structural changes at both high and low pH levels
Fig. 8 UV-Vis spectra at 2 and 12 pH for ATZ (a) and 2,4-D (b), and bar gra
conditions: 10 ppm solution, 1 mg ml−1, 15 minutes, and sunlight).

© 2025 The Author(s). Published by the Royal Society of Chemistry
(as shown in Fig. 8a). Reports conrm that at lower pH, cyanuric
acid is formed, while at higher pH, melamine is produced—
both are major intermediates of ATZ.39

In the case of 2,4-D, a 79% removal is observed at pH 2, and
as the pH increases, there is no signicant change in the effi-
ciency, with similar removal observed at higher pH levels. The
UV spectrum of 2,4-D shows a shi at two wavelengths at lower
pH, conrming the formation of hydroquinone (HQ), and at
higher pH, the formation of hydroxycarboxylic acid (HCA).

The results from the pH studies indicate that the initial pH
(ATZ = 5.7 and 2,4-D = 5.3) is more favorable for the maximum
degradation of both agrochemicals. For ATZ, the RS-1 nano-
composites effectively remove cyanuric acid and melamine
under acidic and basic conditions, respectively. For 2,4-D, the
RS-1 nanocomposites effectively remove HQ and HCA under
acidic and basic conditions, respectively. Scheme 2 illustrates
the pH mechanisms for ATZ and 2,4-D degradation using rGO–
SnS2 nanocomposites under acidic and basic conditions and
shows the major intermediates formed at these pH levels.

4.2.4. Stability study. The stability study examined the
crystal structure stability of photocatalysts using XRD aer
degradation experiments. Fig. 9 shows the XRD patterns of the
RS-1 nanocomposite recorded before and aer the degradation
experiments. The XRD patterns reveal no signicant differences
between the as-prepared nanocomposites and those aer
degradation, indicating that the structure was retained. This
ph of % removal of ATZ (c) and 2,4-D (d) at different pH levels (reaction

Nanoscale Adv., 2025, 7, 3485–3507 | 3495
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Scheme 2 Proposed schematic representation of the rGO–SnS2 nanocomposite based on the pH studies.

Fig. 9 Recycle study of the RS-1 nanocomposite.
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demonstrates that the rGO–SnS2 nanocomposite exhibits
excellent photochemical stability.
4.3. Mechanism and degradation pathway

4.3.1. Scavenger study. Scavenger studies were conducted
to identify the primary active species involved in the degrada-
tion process. Fig. 7e and f show the results of the scavenger
studies for ATZ and 2,4-D using the RS-1 nanocomposite.
Various scavengers, including AO, AgNO3, IPA, and BQ, were
used to scavenge holes, electrons, hydroxyl radicals, and
superoxide radicals, respectively.

For both agrochemicals, the results concluded that holes are
the primary active species involved. It was observed that scav-
enging hydroxyl radicals and electrons with IPA and AgNO3 led
to a decrease in degradation efficiency. Conversely, no
3496 | Nanoscale Adv., 2025, 7, 3485–3507
signicant change was observed when using BQ, suggesting
that superoxide radicals do not participate in the degradation of
the agrochemicals. The results indicate that holes, electrons,
and hydroxyl radicals are the main active species involved in the
degradation of ATZ and 2,4-D.

4.3.2. Mechanism of the Z-scheme photocatalyst for pho-
tocatalytic degradation of agrochemicals. The band structure of
the rGO–SnS2 nanocomposite suggests a possible Z-scheme
photocatalytic mechanism, as proposed in Scheme 3. The
enhancement in the photocatalytic activity of the rGO–SnS2
nanocomposite is due to the synergistic effects of rGO and SnS2,
forming heterojunctions. Two possible mechanisms of hetero-
junctions promote the separation of charge carriers: the
conventional heterojunction conguration and the direct Z-
scheme conguration. The scavenger study, which showed
a decrease in efficiency with the scavenging of electrons and
holes, conrms that the rGO–SnS2 system follows a Z-scheme
heterojunction mechanism.40

In a direct Z-scheme photocatalytic system, rGO and SnS2
absorb light due to their narrow band gaps. This light exposure
excites electrons from the valence band (VB) to the conduction
band (CB), leaving holes in the VB. Electrons from SnS2's CB can
then move to rGO's VB through the hetero-interface, where they
recombine with holes, aiding in separating electrons from
rGO's CB.41

rGO is an n-type semiconductor and SnS2 is a p-type semi-
conductor, which together form a p–n junction in the hetero-
junction, a key feature for the Z-scheme. The p–n junction,
which is a key feature in a typical Z-scheme heterojunction (as
conrmed by the M–S analysis, described in ESI S1†), creates an
internal electric eld that aids in the movement of electrons
toward the n-type region while holes move towards the p-type
region, thereby decreasing the recombination rate of charge
carriers.40 By efficiently separating the charge carriers, the p–n
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Schematic representation of the conduction pathway for charge carriers in a direct Z-scheme heterojunction.
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junction increases their lifetime, allowing them to participate in
redox reactions on the photocatalyst surface, thereby enhancing
photocatalytic activity.

The synergistic effect between rGO and SnS2 is effective for
degrading agrochemicals such as ATZ and 2,4-D. The remaining
photogenerated electrons in the CB of rGO interact with oxygen
molecules in the aqueous solution, producing highly active
superoxide radicals (O2c

−). Simultaneously, the remaining
photogenerated holes in the VB of SnS2 interact with water or
hydroxyl ions to form hydroxyl radicals. These active oxidation
species (AOS), including electrons, holes, superoxide, and
Fig. 10 Mass spectra of blank ATZ (a) and ATZ after degradation (b–d) (

© 2025 The Author(s). Published by the Royal Society of Chemistry
hydroxyl radicals, are responsible for degrading the agrochem-
icals. These radicals react with the agrochemicals, breaking
them down into major intermediates and simpler products
such as H2O and CO2. This process accelerates the separation of
photogenerated electrons, improving the photocatalytic
performance for degrading ATZ and 2,4-D agrochemicals.

Based on these ndings, a possible photocatalytic degrada-
tion mechanism for these agrochemicals using rGO/SnS2
nanocomposites is proposed.

(rGO/SnS2) photocatalyst + hv / e− + h+ (a)
degraded products at different retention times).
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e− + O2 / O2c
− (b)

h+ + H2O / OHc + H+ (c)

h+ + OH− / OHc (d)

Agro + hv + rGO/SnS2 / Agro+c + rGO/SnS2 (e
−) (e)

Agro and Agro+c + OHc / intermediates + CO2 + H2O (f)

4.3.3. Degradation pathway of ATZ and 2,4-D by LC-MS
analysis. LC-MS techniques have been employed to investigate
the degradation pathways of ATZ and 2,4-D and identify the
Fig. 11 Mass spectra of blank 2,4-D (a) and 2,4-D after degradation (b–

3498 | Nanoscale Adv., 2025, 7, 3485–3507
resulting byproducts. The study observes a shi in the UV-vis
absorption spectra and new peaks of the byproducts, conrm-
ing their formation (as shown in ESI S3†). This research
provides a comprehensive analysis of the photocatalytic
mineralization of ATZ and 2,4-D, with detailed insights into its
degradation pathways based on LC-MS data. Fig. 10 and 11
show the mass spectra of a standard solution of ATZ and 2,4-D
and those obtained aer degradation (15 min).

The mass spectrum of ATZ shows a prominent molecular ion
peak at m/z 216, which is well-documented in the literature
(Fig. 10a).3 The mass spectrum also reveals the degradation of
ATZ into major metabolites with different retention times, as
illustrated in Fig. 10b–d. At a retention time of 7.9 minutes, the
molecular ion peak for the major metabolite, 6-chloro-N2, N4-
d) (degraded products at different retention times).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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diethyl-1,3,5-triazine-2,4-diamine, appears at m/z 202. This
metabolite further degrades into 6-chloro-1,3,5-triazine-2,4-
diamine, which shows a molecular ion peak at m/z 145 at
a retention time of 2.29 minutes. Additionally, at the same
retention time (2.29 minutes), two other metabolites, atrazine-
desethyl-2-hydroxy (DEHAT) and N,N0-methylenediacrylamide,
are detected with molecular ion peaks at m/z 169 and m/z 154,
respectively. These metabolites are subsequently converted into
ammeline or cyanuric acid at m/z 128, as seen in the mass
spectra at a retention time of 2.25 minutes.

The mass spectra of 2,4-dichlorophenoxyacetic acid (2,4-D)
exhibit a molecular ion peak at m/z 222, as shown in Fig. 11a.42

Following degradation, 2,4-D is converted into various metab-
olites at different retention times, as shown in Fig. 11b–d. The
major metabolites phenoxyacetic acid (PAA) and 3-hydrox-
ymandelic acid are detected atm/z 152 andm/z 169, respectively,
at a retention time of 2.279 minutes. These metabolites subse-
quently degrade into two additional products: succinic acid and
benzene-1,2,4-triol or 4-chlorophenol, which are observed atm/z
118 and m/z 127, respectively, at a retention time of 2.18
minutes. Further breakdown leads to the formation of three by-
products: hydroquinone, 2-chlorocyclohexa-2,5-diene-1,4-
dione, and propanoic acid, which are detected at m/z 110, m/z
143, and m/z 74, respectively, at a retention time of 1.99
minutes.
Scheme 4 Proposed degradation pathway based on the identified trans
studies.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Scheme 4 illustrates the breakdown of two compounds, ATZ
and 2,4-D, into intermediate and nal degradation products
through photocatalytic degradation. These pathways involve
multiple stepwise transformations leading to mineralization,
highlighting the breakdownmechanisms for these compounds.

Hydroxylation, dechlorination, and de-ethylation degrade
ATZ to form compounds like 6-chloro-N2,N4-diethyl-1,3,5-
triazine-2,4-diamine, HAT, DEHAT, melamine, and cyanuric
acid. Cyanuric acid is the terminal product in all pathways,
a stable, less toxic compound indicative of complete
mineralization.

The degradation of 2,4-D follows two primary pathways,
leading to the breakdown of its aromatic ring and mineraliza-
tion into smaller compounds. Similarly, 2,4-D breaks down into
intermediates like 4-CPAA and 2,4-DCP, which are cleaved into
4-chlorophenol (4-CP) and 2-chlorophenol (2-CP). These inter-
mediates are reduced to HQ, which undergoes further trans-
formation to phenol and propanoic acid. These pathways
highlight the stepwise cleavage of the aromatic ring, leading to
the formation of simple organic compounds such as phenol,
propanoic acid, and hydroxycarboxylic acid, indicating near-
complete mineralization of 2,4-D. These pathways demon-
strate the progressive detoxication of agrochemicals into
simpler, environmentally benign molecules, as conrmed by
LC-MS, UV spectroscopy, and pH studies.
formation products of (a) ATZ and (b) 2,4-D using LC-MS, pH, and UV
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The proposed degradation pathways reveal that both ATZ
and 2,4-D undergo stepwise transformations involving deal-
kylation, hydroxylation, and aromatic ring cleavage. The iden-
tication of intermediates such as DEHAT, 4-CP, and HQ
provides insights into the mechanisms underlying the break-
down processes. The formation of nal products such as cya-
nuric acid, phenol, and propanoic acid indicates effective
mineralization, which is crucial for reducing the environmental
persistence and toxicity of these compounds. These ndings
contribute to understanding the fate of ATZ and 2,4-D in nature
and provide a basis for designing effective degradation
strategies.

A thorough literature review was conducted to understand
the state-of-the-art application and utilization of the rGO–SnS2
nanocomposite towards photo mineralization of agrochemi-
cals. The existing literature indicates that to date, only six
Table 4 Data set explanation of each investigational feature used in ma

Investigational features Explanation

Input Photocatalyst RS-1, RS-2, rG
Contaminant Atrazine (ATZ

2,4-Dichlorop
Dosage The quantity
Initial concentration of contaminant The contamin
Time The total tim
Volume The total volu
pH The pH at wh

Output Removal efficiency The percenta

Fig. 12 Scatter matrix plot representing the distribution and trends pres

© 2025 The Author(s). Published by the Royal Society of Chemistry
researchers have reported on the rGO–SnS2 system in various
ternary nanocomposites for the photocatalytic degradation of
organic contaminants. The rGO–SnS2 nanocomposite has been
explored in limited studies; other well-established materials,
such as TiO2-based and BiVO4-based photocatalysts, have been
widely used for the degradation of different pollutants. Table 3
summarizes the efficiency of rGO–SnS2 alongside other photo-
catalysts and other papers on the photocatalytic degradation of
ATZ and 2-4-D, using a different catalyst under different reac-
tion conditions. These studies highlight the diverse synthesis
methods, operational conditions, and efficiencies achieved
using various photocatalysts, including rGO–SnS2, WO3/TiO2,
biochar/ZnO/g-C3N4, TiO2, BiVO4, and their composites.

However, these synthesis methods have some disadvantages,
including high temperatures, long processing times, and
expensive procedures. Furthermore, an extensive literature
chine learning

Feature type

O, SnS2, RS-0.125, RS-0.25, RS-0.5 Categorical
) Categorical
henoxyacetic acid (2,4-D)
of photocatalyst used for the experiment Numeric
ant's initial concentration before degradation Numeric
e taken by the photocatalyst for degradation Numeric
me of the contaminant solution taken for analysis Numeric
ich degradation occurs Numeric
ge degradation the photocatalyst shows Numeric

ent in the data set.
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review reveals that the photocatalysts reported oen have lower
efficiency and require reaction times of up to 3 hours. Also, it
can be noted that not many studies report the application of
TiO2-based or BiVO4-based materials for the photocatalytic
degradation of agrochemicals. However, these materials oen
require longer reaction times and specic irradiation sources,
such as UV or visible light.

In contrast, the present research demonstrates the
synthesis of rGO–SnS2 nanocomposites through a single-pot,
facile approach using thermal decomposition. This method
is both environmentally friendly and cost-efficient. The rGO–
SnS2 nanocomposite shows superior performance, achieving
93% ATZ and 87% 2,4-D with a catalyst dosage of 1 mg per ml
at pH 12 under sunlight within 3 minutes, making it
a promising alternative for sustainable photocatalytic
applications.

5. Predictive analysis of removal
efficiency using machine learning
models

Machine learning is an important aspect of articial intelli-
gence. Its statistical algorithms and computational power can
generate a robust model capable of learning from data sets and
patterns provided. These models are trained by feeding sample
data, and once they learn the patterns and relationships
between the variables, they can be tested on unseen and new
Fig. 13 Correlation coefficient plot showing the relationship between v

3502 | Nanoscale Adv., 2025, 7, 3485–3507
data sets to make precise predictions. In the current study,
machine learningmodels are only used for predictive modelling
of the photocatalytic performance of the rGO–SnS2
photocatalyst.

5.1. Data set preparation and explanation

The data obtained from experimental Section 2.6 is used for the
simulation analysis of machine learning. Table 4 describes the
experimental features.

5.2. Feature selection techniques

Fig. 12 depicts the scatter matrix plot showing the distribution,
trends, and clusters visible in the data set. The data set is
multivariate and the scatter plot helps in nding out the corre-
lation between the variables. Photocatalysis and removal do not
have any specic trend, as visible in the plot and most of the
removal efficiency clusters around some specic pH values,
signifying that most of the removal occurs at a specic pH.
Dosage is showing a slightly upward trend with removal effi-
ciency, indicating that increasing the dosage will increase the
removal. The scatter plot only shows a visual representation, but
does not quantify it. It does not provide any numerical value that
quanties the relationship between variables. To overcome these
limitations, the Pearson correlation is used in a further section.

The Pearson correlation coefficient plot is used for the
quantication of the relationship between variables. It gives
a numeric value ranging between −1 and 1, providing a precise
ariables.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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measure of the relationship between variables. Dosage and pH
exhibit positive correlation values of 0.49 and 0.16, with removal
efficiency, as depicted in Fig. 13. Hence, feature selection
techniques identied two major variables, dosage and pH, as
being strongly correlated with removal efficiency.
Fig. 14 (A) Plot of GP model prediction analysis, (B) residual plot of the G
the SVM model, (E) plot of GP model prediction analysis, (F) residual plot

© 2025 The Author(s). Published by the Royal Society of Chemistry
5.3. Application of the machine learning model for
simulation

Machine learning is used for predictive analysis for the simu-
lation of removal efficiency on the dataset obtained from the
degradation results. Three modelling approaches, articial
P model, (C) plot of SVM model prediction analysis, (D) residual plot of
of the ANN model and (G) model performance evaluation parameters.

Nanoscale Adv., 2025, 7, 3485–3507 | 3503
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neural network (ANN), Gaussian process (GP), and support
vector machine (SVM), are fed with the data set, trained, and
tested efficiently. Hyperparameters are conguration settings
that need to be adjusted before feeding the model with the
training set, which affect the capability of the model to learn.
The number of hidden layers and neurons, step size, learning
rate, activation function used, and iterations are some examples
of hyperparameters for an ANNmodel.65 For the SVMmodel, the
kernel type, gamma if the radial basis function is used, and
regularization parameter are some examples of hyper-
parameters used in the SVMmodel. The type of kernel, learning
rate, number of iterations, and stopping criteria are some
examples of the Gaussian process model. Several strategies are
available for hyperparameter tuning, such as grid search,
random search, Bayesian optimization, etc. The method used
for the current models is random search, in which various
combinations of hyperparameters are searched randomly. For
the ANNmodel, the number of hidden layers is two, the number
of neurons in each layer is c (7,2), the learning rate is 0.001, the
logistic activation function is employed, and the maximum
number of training steps is 1 × 106. The radial basis function is
utilized in the SVM model, with a cost function of 10 to control
the trade-off taking place between margin maximization and
misclassication. For the Gaussian process model, a radial
basis function kernel is used, and the model optimizes hyper-
parameters, including the length scale for the determination of
the function's exibility. Further information is provided in the
ESI,† including hyperparameter tuning results for ANN, SVM
and GP models. Mean squared error and R2 are used as evalu-
ation metrics for the estimation of the performance of the
model.66

Fig. 14 depicts the simulation results of the GP, SVM, and
ANN models applied. Each scatter plot describes the relation-
ship between the actual and predicted removal efficiency for the
respective models. The dashed green line represents the ideal
line, and most of the data points should overlap or cluster
around the ideal line, representing an accurate prediction. The
R2 values indicate the variation present between the actual and
predicted removal efficiency. Fig. 14G shows the evaluation
parameter values, RMSE, MAE, and R2 of all the models applied.
When comparing GP, SVM, and ANN, ANN shows accurate
predictions, outperforming the other models, showcasing the
lowest mean squared error and the highest R2 values, 0.002 and
0.974, respectively. Fig. 14F shows the residual error graphs of
all the models. The residual error plots of SVM and GP have
a broader spread of errors, while the ANNmodel hasmost of the
residual errors near zero, signifying the accurate performance
and validation of the model. The symmetric distribution of
errors visible in the residual plot of the ANN also implies that
the model did not over-predict the removal efficiency, indi-
cating unbiased predictions.

6. Conclusion

The present study demonstrates the successful synthesis of
rGO–SnS2 (RS) nanocomposites by a thermal decomposition
approach, which were characterized by various analytical
3504 | Nanoscale Adv., 2025, 7, 3485–3507
techniques conrming the proper formation of RS nano-
composites. The removal efficiencies of ATZ by rGO, RS-0.125,
RS-0.25, RS-0.5, and RS-1 were 18%, 33%, 61%, 82%, and
91%, respectively. For 2,4-D, the removal efficiencies were 26%,
11%, 63%, 75%, and 87% for the same samples. The RS
nanocomposites demonstrated superior removal efficiency
compared to the parent compound, highlighting their
enhanced photocatalytic degradation activity for agrochemicals
under natural sunlight in just 3 minutes. For further studies,
the optimum parameters were determined to be a concentra-
tion of agrochemicals (10 ppm), a dosage of 1 mg ml−1, and pH
values of 5.8 for ATZ and 7.06 for 2,4-D. Regenerability studies,
conrmed by XRD analysis, showed that the photocatalyst
retains excellent photochemical stability. Scavenger studies
indicated that electrons, holes, and hydroxyl radicals are the
main active species responsible for the degradation of ATZ and
2,4-D. Additionally, the study revealed the complete degrada-
tion of ATZ and 2,4-D into simpler products, with proposed
degradation pathways supported by UV-Vis spectroscopy and
LC-MS analysis. Furthermore, predictive modelling using
advanced machine learning models, SVM, ANN, and GP, has
been carried out for the simulation of removal efficiency. The
ANN model outperformed all the other models and predicted
the removal efficiency with an R2 value of 0.99 and an error of
0.002. In summary, the rGO–SnS2 binary heterojunction func-
tions as a Z-scheme photocatalyst with excellent potential for
wastewater treatment, and the incorporation of machine
learning methodologies for predictive analysis not only vali-
dates the experimental nding but also provides a framework
for optimizing and scaling the photocatalytic process.
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