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Abstract: Water contamination by synthetic dyes and pesticides is a major environmental
concern because of their persistence, toxicity, and adverse effects on aquatic ecosystems and
human health. The present study focused on the green synthesis of SnO> nanoparticles and
the preparation of a SnOz/bentonite nanocomposite (SBT-NC) using Murraya koenigii leaf
extract and its application for the photocatalytic degradation of Rhodamine B (RhB) dye and
Carbofuran (CBF) pesticide in aqueous solutions. Bentonite was used as a supporting material
to improve the adsorption capacity, surface area, and dispersion of SnO2 nanoparticles. The
synthesized materials were characterized using UV-visible spectroscopy, scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), and Fourier-transform in-
frared spectroscopy (FTIR). The characterization results confirmed the successful formation
and incorporation of SnO2 nanoparticles onto the bentonite matrix. The effects of important
experimental parameters, including solution pH, initial pollutant concentration, contact time,
and catalyst dosage, were investigated under light irradiation. The SBT-NC showed considerably
higher photocatalytic degradation efficiency than pure bentonite and SnO2 nanoparticles. Under
optimized conditions, the degradation efficiency of Rhodamine B reached approximately 92—
94%, while Carbofuran degradation reached approximately 90-91%. The optimum conditions
included alkaline pH for Rhodamine B and acidic pH for Carbofuran, with a catalyst dosage of
approximately 0.1 g and a reaction time of about 90-120 min. The enhanced performance of
SBT-NC was attributed to the synergistic effect of the adsorption properties of bentonite and
the photocatalytic activity of SnO2, which provided additional active sites and promoted the
formation of reactive oxygen species. Kinetic analysis indicated that the degradation of both
pollutants was generally better described by the pseudo-first-order kinetic model. Overall, the
green-synthesized SnOz/bentonite nanocomposite demonstrated strong potential as an efficient,
economical, and environmentally friendly photocatalyst for the removal of organic pollutants
from contaminated water.

Keywords: SnO»/bentonite nanocomposite, green synthesis, Murraya koenigii, photocatalytic
degradation, Wastewater treatment, SnO2 nanoparticles, organic pollutants, advanced oxidation
process

1 Introduction

Freshwater resources are essential for sustaining life and supporting agricultural, industrial,
and domestic activities. However, rapid population growth, urbanization, and industrial expan-
sion have resulted in severe deterioration of water quality worldwide. Increasing water demand
has accelerated wastewater generation, introducing a wide range of contaminants into aquatic
systems. Among various pollutants, organic compounds such as synthetic dyes, pesticides,
pharmaceutical residues, and industrial chemicals are considered highly hazardous due to their
persistence, toxicity, and potential bioaccumulation. The discharge of these pollutants into water
bodies not only reduces water quality but also threatens aquatic ecosystems and human health.

Water pollution caused by industrial and agricultural activities has become a global envi-
ronmental challenge. Organic contaminants released from textile, pharmaceutical, chemical,
agricultural, and food-processing industries can enter surface and groundwater systems through
untreated or insufficiently treated wastewater. Exposure to these toxic compounds through
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contaminated water and food may cause adverse effects on vital biological systems, including
neurological, respiratory, cardiovascular, and digestive systems. Therefore, the development of
efficient, sustainable, and cost-effective technologies for wastewater remediation has become an
urgent research priority [1-3].

Among organic pollutants, synthetic dyes represent a major class of contaminants due to their
extensive application in textile, paper, plastic, printing, pharmaceutical, and food industries.
More than 100,000 tons of dyes are produced annually, and a significant proportion is released
into the environment through industrial effluents. These colored compounds reduce light
penetration in water, disturb photosynthetic processes, and may generate toxic intermediates
during degradation. Rhodamine B (RhB), a cationic xanthene dye, is widely used in textile
industries, biological staining, analytical chemistry, and as a fluorescent tracer. Despite its
industrial importance, Rhodamine B exhibits considerable environmental toxicity and has been
associated with carcinogenic and harmful effects on living organisms. Therefore, effective
removal of Rhodamine B from contaminated water is necessary before wastewater discharge

[4,5]. (see Table 1)

Table 1 Photocatalysts used for sequestrating dyes

Photocatalysts Removal of Dyes Ref.
Sn0O2/LaFeO3- x N x composite Rhodamine B (RhB) dye [6]
Au-Ag NPs-decorated TiO2-modified Fe304 composite Rhodamine-6G (Rh6G) [7]
Nanocomposite based on ZnS/ChPA (Zinc Sulfide/Chitosan-g-polyacrylamide) Dyes i.e. Congo Red and Methyl Orange [8]
Heterojuction porous composites (g-C3N4/Sn02/Si02)(DOP-CSiSn) Methyl orange, methylene blue and Rhodamine B [9]
biogenic SnO2 nanoparticles Reactive Yellow 186 (RY186) [10]
Yb2(M004)3/YbMoO4 nanocomposite Methyl Orange, Rhodamine B and Methylene Blue [11]
Nanocomposite based on Zr(IV) phosphate- Gelatin (ZPNC/GT) Fast Green, Methylene Blue Dyes [12]
Nanocomposites based on reduced graphene oxide/3-Tin Tungstate (rGO/3-SnWOy). Rhodamine B(Rh B) and Methylene Orange (MO) [13]
microspheres of BiOBr modified with sepiolite and polyvinyl pyrrolidone (PVP) Rhodamine B [14]
Cu20/rGO nanocomposites Rhodamine B [15]
Magnetic AC/CeO2 Nanocomposite Rhodamine B [16]
Chitosan-SnO2 nanocomposites Azo Dyes [5]
Co0304/Zn0 nanocomposite Methylene Blue and Rhodamine B [17]
graphene/zirconium oxide nanocomposite Rhodamine B dye [18]
CNF-AgNPs aerogel nanocomposite Rhodamine B [19]
Carbon nanotube—cobalt ferrite Nanocomposites Rhodamine B [20]
Exfoliated bentonite, g-C3Ny4 and Ag3PO4 (EB/gC3N4/Ag3PO4)nanocomposite Rhodamine B [21]
CdS/EP nanocomposites Rhodamine B [22]
Biz02C0O3/Bi2O4 photocatalyst Dyes [23]
Sr/Ce/activated carbon bimetallic nanocomposite Rhodamine B [24]
BaWOy4 nanoparticles Rhodamine B [25]
zinc oxide loaded activated carbon Orange G and Rhodamine B [51
L-Serine capped magnetite nanoparticles Rhodamine B [26]
Co1-zCugFe204 (0 < x < 0.5) nanoparticles Rhodamine B [23]
Metallic nanoparticles as a support on InVO4-BiVO4_3DOM MB and RhB dyes [27]
Hybrid materials based on reduced graphene oxide (rGO/ CuzSnS3) Rhodamine B [28]
Bi2S3/BSO composite Rhodamine B [29]
Sn0.215In0.38S/reduced graphene oxide composite high-chroma Rhodamine [30]
SnS2 nanostructure Rhodamine B [31]
SnS nanoparticles Methylene blue and Rhodamine B. [32]
2D SnS2/g-C3N4 Z-scheme composite Rhodamine B (RhB) [33]
Mesoporous silica (SBA-15) embedded inside SnxTi(1-x)O2 Rhodamine B [34]
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Besides dyes, pesticides are another important group of emerging aquatic pollutants. Exces-
sive application of synthetic pesticides in agricultural practices has resulted in their widespread
occurrence in soil, surface water, and groundwater. Due to their chemical stability and biological
toxicity, pesticide residues pose significant risks to ecosystems and human health [35]. Carbo-
furan, a highly toxic N-methyl carbamate pesticide, has been extensively used for controlling
insects and nematodes. Although it can undergo hydrolysis under environmental conditions, its
high mobility and widespread application contribute to its persistence in aquatic environments.
Carbofuran toxicity is mainly associated with acetylcholinesterase inhibition, leading to neuro-
logical disorders and potential fatal outcomes after acute exposure. Consequently, the removal
of carbofuran from wastewater is essential for environmental protection.

Several conventional wastewater treatment approaches, including adsorption, coagulation-
flocculation, filtration, biological treatment, chlorination, and ozonation, have been applied for
pollutant removal. However, these techniques often suffer from limitations such as incomplete
degradation, generation of secondary pollutants, high operational costs, and poor efficiency
toward chemically stable organic contaminants. Biological treatment methods are generally
ineffective for persistent dyes and pesticides due to their complex molecular structures and
resistance to biodegradation. Therefore, advanced oxidation processes (AOPs), particularly
photocatalytic degradation, have attracted considerable attention as promising strategies for
complete mineralization of organic pollutants into harmless products such as carbon dioxide,
water, and inorganic ions.

Photocatalysis is an efficient advanced oxidation technology based on the generation of
highly reactive oxidative species under light irradiation. Semiconductor photocatalysts produce
electron-hole pairs after photon absorption, which subsequently participate in redox reactions to
generate reactive oxygen species (ROS), including hydroxyl radicals (*OH) and superoxide radi-
cals (05 7) [36-38]. These reactive species can effectively degrade complex organic molecules.
However, the practical application of many semiconductor photocatalysts is limited by low
surface area, electron—hole recombination, and poor stability. Therefore, the development
of efficient photocatalytic materials with enhanced surface properties and improved charge

separation is required. (see Figure 1)
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Nanotechnology has provided new opportunities for environmental remediation due to the
unique physicochemical properties of nanomaterials, including high surface area, tunable elec-
tronic structure, and enhanced catalytic activity. Among various semiconductor nanomaterials,
tin oxide (SnO2) has received considerable attention because of its excellent chemical stability,
optical transparency, thermal resistance, and suitable electronic properties. SnO2 nanoparticles
can generate electron—hole pairs under irradiation, enabling the formation of reactive oxygen
species responsible for pollutant degradation. However, aggregation of nanoparticles and limited
adsorption capacity often restrict their practical efficiency.

To overcome these limitations, incorporation of semiconductor nanoparticles onto suitable
support materials has emerged as an effective approach. Natural clay minerals, particularly
bentonite, have gained significant interest as catalyst supports due to their abundance, low cost,
environmental compatibility, high surface area, and excellent adsorption capability. Bentonite,
mainly composed of montmorillonite, possesses layered structures with negatively charged
surfaces that facilitate adsorption of pollutants and provide favorable environments for nanopar-
ticle dispersion. The combination of SnO2 nanoparticles with bentonite can therefore improve
photocatalytic performance by increasing active surface sites, enhancing pollutant adsorption,
and reducing nanoparticle aggregation.

Furthermore, green synthesis approaches have recently gained attention as sustainable al-
ternatives to conventional nanoparticle fabrication methods. Biological synthesis using plant
extracts provides environmentally friendly, economical, and non-toxic routes for nanoparti-
cle production by utilizing naturally occurring phytochemicals as reducing and stabilizing
agents. Murraya koenigii (curry leaf) extract contains bioactive compounds such as carbazoles,
flavonoids, and antioxidants, which can contribute to the formation and stabilization of metal
oxide nanoparticles [39,40].

In this study, a green-synthesized SnOz/bentonite nanocomposite was developed and inves-
tigated for the photocatalytic degradation of Rhodamine B dye and Carbofuran pesticide in
aqueous solution. The combination of SnO2 semiconductor properties, bentonite adsorption
capability, and environmentally sustainable synthesis strategy provides a promising approach for
efficient wastewater treatment. The photocatalytic activity, pollutant degradation efficiency, and
underlying degradation mechanism were systematically evaluated to demonstrate the potential
application of the prepared nanocomposite for environmental remediation [41-56].

2 Materials and Methods

2.1 Green synthesis of SnO, nanoparticles

The green synthesis of SnO> nanoparticles was carried out using Murraya koenigii leaf
extract as a reducing and capping agent. All experiments were conducted in the Analytical
Method Development Research Group Laboratory, Department of Chemistry, University of
Agriculture, Faisalabad. Fresh Murraya koenigii leaves were collected and thoroughly washed
with tap water to remove dust and other adhering impurities, followed by washing with distilled
water to eliminate residual contaminants. The washed leaves were dried under shade and
subsequently ground using a pestle and mortar to obtain fine biomass. A total of 20 g of the
dried and powdered leaf biomass was weighed using an electronic balance and mixed with 200
mL of distilled water. The mixture was heated at boiling temperature for 30 min. After cooling
to room temperature, the extract was filtered through filter paper and subsequently centrifuged
at 6000 rpm to remove suspended particulate matter. The resulting Murraya koenigii leaf extract
was stored under refrigerated conditions until further use. The prepared leaf extract is shown in
Figure 2b.

For the synthesis of SnO2 nanoparticles, 100 mL of the prepared leaf extract was added
dropwise to 50 mL of 0.05 M tin chloride pentahydrate (SnClz-5H20) solution under constant
magnetic stirring at room temperature for 30 min. A gradual color change from white to light
brown was observed during the reaction, indicating the formation of the precursor material.
Subsequently, sodium hydroxide solution was added at 60 °C under vigorous stirring until the
pH reached 11-12. The reaction mixture was then continuously stirred for 5 h to facilitate
nanoparticle formation.

The resulting light-brown precipitates were collected by centrifugation at 4000 rpm and
filtered using Whatman filter paper. The precipitates were washed several times with distilled
water to remove unreacted and soluble impurities and were subsequently dried at 80 °C for 48
h. The dried material was finally calcined in a muffle furnace at 600 °C for 2 h to obtain the
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biosynthesized SnO2 nanoparticles.

2.2 Preparation of SnO,/bentonite nanocomposite

The SnO2/bentonite nanocomposite (SBT-NC) was prepared by incorporating SnO2 onto
bentonite clay through the same green synthesis route. Bentonite was selected as the sup-
port material because of its abundance, low cost, high surface area, and favorable adsorption
properties.

Initially, 3 g of bentonite was dispersed in 50 mL of 0.05 M SnCl,-5H20O solution and
vigorously stirred on a magnetic stirrer for 30 s at room temperature to obtain a homogeneous
suspension, as shown in Figure 2c. Subsequently, 100 mL of Murraya koenigii leaf extract was
added dropwise to the suspension over a period of 30 min under continuous stirring (Figure
2d). After 30 min, sodium hydroxide solution was gradually added until an alkaline pH was
achieved. The reaction mixture was then continuously stirred for 5 h, during which light-colored
precipitates were formed.

The resulting precipitates were separated by centrifugation at 4000 rpm for 20 min and
filtered using Whatman filter paper. The filtrate obtained after the separation process is shown
in Figure 2e. The collected precipitates were washed with distilled water and initially dried at
room temperature, followed by drying at 80 °C in a vacuum oven for 48 h (Figure 2f). The dried
material was subsequently calcined in a muffle furnace at 600 °C for 120 min. After calcination,
the resulting material was ground to obtain a fine powdered SnOz/bentonite nanocomposite
(SBT-NC), as shown in Figure 2g.

The overall synthesis procedure and representative photographs of the Murraya koenigii
extract, reaction mixture, filtration, drying, and final SBT-NC powder are presented in Figure 2.

a) Curry leaves b) Formation of leaf

extract

c) Addition of d) Mixing of extract ¢) Centrifugation of f) Filtration after g) SnOy/bentonite
extract into solution solution centrifugation nanocomposite

Figure 2 Stepwise procedure followed (a) curry leaves, (b)formation of extract, (c) Addition, (d) Mixing, (e) Centrifugation, (f) Filtration and

(g) SBT-NC

Health and Environment e SyncSci Publishing

3 Results and Discussion

3.1 Confirmation of synthesis

A green synthesis approach was employed for the preparation of SnO2/bentonite nanocom-
posite using tin chloride pentahydrate, bentonite clay, and Murraya koenigii leaf extract. The
prepared nanocomposite exhibited a high surface-to-volume ratio, which enhanced its adsorp-
tion capacity and sensitivity. Furthermore, the synthesized material demonstrated effective
photocatalytic activity for wastewater treatment applications. The successful immobilization of
SnO> nanoparticles onto the bentonite surface was confirmed through various characterization
techniques.

The optical properties of the SnO2/bentonite nanocomposite were investigated using UV—
visible spectroscopy. The absorption spectra were recorded in the wavelength range of 200-800
nm. SnO2 nanoparticles exhibited absorption mainly in the UV region due to their wide band
gap, whereas the SBT-NC sample showed a broad absorption band extending into the visible
region around 600 nm, which was attributed to surface plasmon resonance (SPR) effects. The
maximum absorption peaks (Amax) were observed in the range of 270-530 nm. The UV
absorption intensity was found to be dependent on the structural Sn(IV) concentration and
inversely related to clay particle size.

The maximum absorption peak of the nanocomposite was observed at 337 nm (Figure
3), which was attributed to electron charge transfer processes involving transitions from the
valence band to higher energy states. These electronic transitions resulted in the generation of
photo-induced charge carriers, which subsequently reacted with oxygen and water molecules
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at the surface to produce reactive oxygen species. These reactive radicals played a significant
role in the degradation of pollutant molecules. The obtained results were consistent with
previously reported studies, where SnO»-related absorption peaks were observed around 350
nm, confirming the successful incorporation of SnO2 nanoparticles within the bentonite matrix.

It was observed the absorption spectra of the SnO2-bentonite composite shifting from 350 to
360 nm upon an increase in the SnO2 content can be attributed to the band gap narrowing in
relation to the interstitial SnO2 species on the bentonite surface [57].

0.6 -
0.5 -
0.4 -
03 -

0.2
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0.1 4

0
2_(')0 300 400 500 600 700 800 900
-0.1
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Figure 3 UV-Visible spectra of Tin oxide-bentonite composite

3.2 Scanning Electron Microscopy (SEM) analysis

SEM analysis was performed to investigate the morphological characteristics and parti-
cle size of the prepared materials. The SEM images of bentonite, SnO2 nanoparticles, and
SnOqz/bentonite nanocomposite are presented in Figure 4. The SEM micrographs revealed
that natural bentonite consisted of layered nanoflakes of clay particles, indicating its porous
structure and suitability as a support material for SnO immobilization. The SnO2 nanoparticles
exhibited a predominantly spherical morphology with an average particle size of approximately
50 nm. Although the heterostructure of the composite was modified after incorporation of SnO»
nanoparticles, the spherical SnO2 particles were successfully distributed within the pores and
surface of bentonite. The SEM images further showed that bentonite was a cohesive material
composed of microsized agglomerates. The presence of interconnected pores in bentonite was
also observed, which contributed to its enhanced adsorption capability toward various adsorbate
molecules [58]. The SEM images of SnO2-NP-AC at different resolutions from which a rough
porous surface was observed which may be due to the loading of SnO2 NPs on Activated Carbon
surface [59]. It was also observed, spherical SnO2 nanoparticles on bentonite in the SEM image
of SnO2-bentonite nanocomposites [60].

(a)

Figure 4 SEM Micrograph (a) Bentonite b) SnO2, ¢) and d) SnO2/bentonite nanocomposite
(SBT-NC)
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3.3 EDX analysis

Energy dispersive X-ray spectroscopy (EDX) analysis was performed to determine the
elemental composition of the prepared SnO2/bentonite nanocomposite, as presented in Figure
5. The EDX elemental mapping confirmed the presence of Fe, Ti, Ca, Mg, Na, O, C, Si,
Al, and Sn within the nanocomposite. The EDX spectrum of SnO2 nanoparticles showed
characteristic peaks corresponding to tin (Sn) and oxygen (O), confirming the formation of
SnO-. In the case of bentonite, the detected elements mainly included Mg, O, Na, Al, and Si,
which were associated with its clay composition. Furthermore, the appearance of Sn peaks in
the SnOz/bentonite nanocomposite, along with the characteristic elemental signals of bentonite,
confirmed the successful incorporation and distribution of SnO2 nanoparticles onto the bentonite
matrix [61].

B Spectum 6

Teprinngon

Figure 5 EDX Spectra of SnO2/bentonite (SBT) nanocomposite

To analyze nanoparticles, composition at various calcination temperatures were analyzed by
EDX spectroscopy that confirmed higher atomic content of oxygen than tin and peak at 0.3 keV
respresented presence of carbon [62]. Bentonite was subjected to EDX analysis to determine the
elemental composition. It was observed that untreated clay consisted of Na, Mg, Si, Al and all
other elements. But after treatment, values of atomic content for Na and Mg has been decreased,
confired the exchange of ions with protons [63].

3.4 FTIR analysis

The FTIR spectrum of bentonite is presented in Figure 6a, which revealed the characteristic
functional groups and structural vibrations of the clay material. The broad absorption bands
observed at 3452 and 1643 cm ™! were attributed to the stretching and bending vibrations of
hydroxyl (-OH) groups, respectively, indicating the presence of adsorbed water molecules
within the bentonite structure. The absorption bands located at 1030 and 1100 cm™! were
assigned to the stretching vibrations of Si—O-Si and Si—O bonds, while the band around 545
cm™! corresponded to Si-O—Al bending vibrations.

! was associated with the stretching vibration of

The absorption peak observed at 3633 cm™
hydroxyl groups bonded to AI*" in the octahedral sheets of bentonite, whereas the band at 1644
cm™! was related to the bending vibration of hydroxyl groups from interlayer water molecules.
The bands at 3445 and 1428 cm ™! were attributed to O—H stretching vibrations of hydrated
metal ions present in the bentonite layers and bending vibrations of water molecules associated
with Al,O3 structures, respectively. The strong absorption band at 1048 cm ™! was assigned
to the in-plane stretching vibration of Si—O bonds, while the peaks at 527 and 468 cm™* were
related to Si—O-Si and Al-O-Si vibrational modes, respectively. These characteristic bands
confirmed the layered aluminosilicate structure of bentonite [64]. observed IR band at 1080
cm ™! that corresponds to Si-O-Si vibrations.

The FTIR spectrum for nanocomposite of SBT is shown in Figure 6b. In both of spectra, the
absorption band at around 3654 cm ™! and 3437 cm ™ is related to free hydroxyl groups and
the hydroxyl groups confirming the hydrogen bonding in these compounds, respectively. The
typical band at 1654 cm™* is corresponding to O-H bending vibrations of water. The absorption
bands at around 1062, 534 and 487 cm ™! are due to Si—O-Si stretching vibrations and Si-O-Al
and Si-O-Si bending vibrations, respectively. The band of Sn—O stretching vibrations should be
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exhibited at around 511 cm™?, but it overlaps with strong bands in this region and only causes
the broadening of peaks.

b
140 o (
120 4
100
59 Bend
;; 3654 3437 (OH)
2 80+ Abs(OH)
[
E
E 60
c
g
40 4
20 534 487 Bend(Si-0)
T Bend .4 sir(sn-0)
1082 SiHO-Al
Str(Si-0-Si)
O T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-1)

Figure 6 FT-IR spectra of a) Bentonite b) SBT-NCs

3.5 Optimization of the experimental variables

Various experimental variables like concentration, pH, dosage rate, effect of contact time
on photocatalysis rate of Rhodamine B dye and Carbofuran pesticide. These parameters were
optically optimized under study in following way:

3.5.1 Effect of pH

Strong effect of pH on the photodegradation efficiency of MB and Rh B solution was observed.
The highest dye removal rate was obtained at pH of 10 and 11 for MB and Rh B respectively.
For further increase in pH the degradation efficiency decreases. This observation indicates
that efficient degradation of Rh B needs more basic solution as compared to MB. It is also
observed that degradation is faster in alkaline medium as compared to acidic medium for both
dyes. This phenomenon may be explained in terms of charge on ZrOs. As ZrO» particles are
either positively or negatively charged depending on the value of pH. As MB and Rh B are
basic dyes and these produce cations in water so catalyst (ZrO2 or ZrO2/GR) repels MB and Rh
B particles in acidic medium. Hence degradation was less in acidic medium [65].

Thus, at pH = 2.6, percentage removal of pesticide was high. The presence of greater positive
charge sites on SBT surface, results in stronger electrostatic attraction among organic pollutants
and positively charged SBT-NC. It was observed the effect of pH by changing the initial pH
value of the pesticide solution from 2 to 5 and the results illustrated that degradation percentage
of Carbofuran was increased at low pH range from 2-3 and it gave the highest degradation at
pH 2.6. After increasing pH from 4 the degradation rate decreased. Therefore, the rate of CBF
disappearance is strongly affected by the pH —dependence [66].

100 - 100 -
90 - (a) % 4 .
0 | a0 | (b)
70 | 70 1
g =
£ 60 - £ 60
=3 <
= =
£ 50 SBT-NC £ 50 -
g ]
2 40 - ~8-Sn02-NP 2 a0 |
s S
© 30 —4—Bentonite 30 -
(SBT-NC)
20 4 20 4 ~8—5n02-NP
10 4 10 4 =4 Bentonite
0 ‘ ‘ ‘ 0 ‘ . . : ‘ ,
0 5 10 15 0 2 4 6 8 10 12
pH pH

Figure 7 a) Effect of pH on the degradation of Rhodamine B dye; b) Effect of pH on the
degradation of Carbofuran pesticide

Therefore, by keeping other variables constant, the optimum pH was evaluated. It is obvi-
ous that degradation of Rh B dye and CBF pesticide is affected by variation in pH. Results

335 of 344


https://www.syncsci.com/journal/HE
https://www.syncsci.com

Volume 7 Issue 1, 2026

Samar Jahan, Raziya Nadeem, and Noor Zulfigar

Health and Environment e SyncSci Publishing

showed bentonite and SnO2-NPs didn’t give high efficiency of degradation as compared to
SnOa/bentonite-NCs. The maximum degradation efficiency of Rhodamine B dye is in the fol-
lowing order 77.62 > 82.18 > and 90.71 for bentonite, SnO2-NPs and SBT -NCs respectively
as given in Figure 7a.

Figure 7b represented effect of pH on the degradation of CBF pesticide. The results revealed
that at pH=2.6, the maximum degradation was observed. The maximum degradation efficiency
is represented in the Figure 7b of Carbofuran in the following order 69.88 > 79.68 > and 90.13
for bentonite, SnO2-NPs and SnO2/bentonite -NCs respectively.

3.5.2 Effect of concentration

In present research, the initial concentration effect was seen through different treatment
concentrations of Rhodamine B dye and Carbofuran pesticide (100, 80, 60, 40. 20 and 10 ppm)
having photocatalysis at optimal time and pH under sunlight. it can be observed that maximum
degradation is obtained at 10 ppm. As the dye concentration is increased keeping the catalyst
amount constant, fewer active sites become available for the reaction. With increase in the
number of dye molecules, the solution becomes more intensely colored and the path length of
photons entering the solution decrease and fewer photons reach the catalyst surface, and the
generation of hydroxyl and superoxide radicals gets reduced. Obtained results revealed that %
degradation at 10 ppm concentration of Rh B dye was 60.08 > 71.76 and 86.37 for bentonite >
SnO>-NPs and SnOa/bentonite -NCs respectively as shown in the Figure 8a.

It was observed the effect of initial Rh B concentration on the degradation by varying the
concentration from 10 to 30 ppm, keeping the quantity of ZnO (200 mg/100 ml) constant.
The degradation efficiency of Rh B was found to decrease with increase in the initial dye
concentration . The active surface on the catalyst available for the reaction is critical for the
degradation to take place . Incorporation of hydrogen peroxide within system favored the
concentration increase of hydroxyl radicals which leads to quick pollutants decomposition. At
still higher concentration of the dye, the (path length) surface area is further reduced and the
Photodegradation was found to be negligible . The optimum concentration of dye was found to
be 10 ppm [67].

While in the case of Carbofuran as shown in Figure 8b the maximum degradation is ob-
tained at 10 ppm in the following order 51.33 <77.04 <87.14 for bentonite, SnO2-NPs and
SnOz/bentonite -NCs respectively for CBF pesticide. It was observed the effect of initial
concentration of Carbofuran on the overall rate of degradation was studied by varying the initial
concentration over a wide range from 10 to 100 mg 17*. The results illustrated that rate of
degradation decreases with increase in the carbofuran concentration up to 100 mg 1. The
rate of degradation is related to the formation of OH radicals, which is the critical species in
the degradation process. But above optimal concentration i.e 10 ppm the rate decreases due
to insufficient quantity of OH radicals, as the formation of OH radicals is constant for a given
amount of the catalyst [68].
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Figure 8 a) Effect of initial concentration for Rhodamine B dye degradation; b) Effect of
initial concentration for the degradation of Carbofuran pesticide

3.5.3 Contact time

In current work, maximum efficiency for removal was obtained in 120 minutes. By keeping
the experimental conditions constant, the contact time was studied. For instance, at pH of
Rh B is 11, for CBF pesticide is at pH 2.6, concentration of dye and pesticide was 100ppm
with dosage of 0.1g below sunlight. The uptake of dye/pesticide molecules on catalyst surface
was due to more attractive forces that provides active sites for binding at initial contact time.
However, with the passage of time, the availability of binding sites decreases and degradation
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efficiency become constant after certain time.

The maximum % degradation is demonstrated in Figure 9a of Rhodamine B dye in the
following order 69.11 < 83.63 < 92.15 for bentonite, SnO2-NPs and SnOz/bentonite-NCs
respectively, where maximum removal was achieved at 90-120 min using SBT-NCs about
92.15% and at 90min confirmed that the SBT-NCs enhances the degradation efficiency during
short time period. The maximum % degradation is showed in Figure 9b of Carbofuran pesticide
in the following order 64.02 < 81.72 < 91.00 for bentonite, SnO2-NPs and SnO2/bentonite-NCs
respectively.Results indicate highest degradation rate within 90 minutes by using photocatalysts.

It was observed the effects of contact time on the removal of Rh B using photocatalytic
degradation by Na-Mt, BiOBr, and BiOBr—Mt. where all the degradation processes are rapid
during the first 90 min period of reaction and the equilibrium is reached within 2 h. The fast
degradation process at the initial stage (0—90 min) can be attributed to the fact that Rh B can
interact easily with the reactive sites, while the slow degradation rate in later stage is mainly
due to slower diffusion of solute into the interior of the photocatalysts [69].

It was observed the removal of carbofuran by activated carbon increased with time and then
reached equilibrium at approximately 90 min. Furthermore, the removal was rapid in the early
stages and reached an almost constant value over longer contact times. Obviously, the initial high
degradation rate is due to the abundance of free binding sites [65]. The percentage degradation
as evident from Figure 9 increases from 5 to 90 minutes and then after 120 minutes it remained
unchanged. However, bentonite based SnO2 nanocomposites, degradation efficiency was
obtained 92.15% for Rhodamine B dye and 91.01% for Carbofuran pesticide which indicated
that SnO2/bentonite-NCs enhanced the degradation under sunlight effectively.
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Figure 9 a) Relation between contact time and Rhodamine B dye degradation; b) Effect of
contact time on degradation of Carbofuran pesticide

3.5.4 Effect of dose rate

The effect of catalyst dosage on the photocatalytic degradation of Carbofuran was investigated.
Catalyst loading is an important parameter that influences degradation efficiency; however,
excessive catalyst concentration can reduce cost-effectiveness and increase solution turbidity.
An increase in catalyst dosage initially enhanced the degradation rate due to the availability
of more active sites and increased generation of reactive species on the photocatalyst surface.
The optimum catalyst dosage was found to be 0.1 g/L., which provided maximum degradation
efficiency.

The improved photocatalytic performance at higher catalyst loading was attributed to the
increased number of irradiated active sites and the greater availability of reactive species relative
to pollutant molecules. However, further increase in catalyst concentration resulted in a decline
in degradation efficiency. This reduction was associated with particle agglomeration caused by
attractive forces between catalyst particles, which decreased the available active surface area.
Moreover, excessive catalyst loading increased the turbidity of the reaction mixture, limiting
light penetration and reducing photon absorption by the catalyst surface [70]. Optimum dose
rate was found to be 0.1 g-0.2 g. The catalyst amount inside mixture converts into active site
available for the process of degradation, thus, uptake of pollutant increases with dosage increase
as shown in figure. The dose increased to 0.2g from 0.05 g at 3 or 4 pH. Thus, 0.1-0.2 g of
dose rate was chosen as catalyst dose for all experiments with fixed dose amount due to higher
percentage degradation [71].

In Figure 10, by increasing dose rate of catalysts, the %degradation efficiency was increased
and then decreased. At 0.1g, the %degradation for bentonite was 71.14%, for SnO2-NPs 84.03%
and by using SnOz/bentonite-NCs %degradation was increased upto maximum value of 93.12%
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of thodamine b dye. At 0.1g, the %degradation for bentonite was 70.86%, for SnO2-NPs
82.50% and by using SnO2/bentonite-NCs %degradation was increased up to 90.42% maximum
value of carbofuran pesticide. The obtained results showed that %degradation of Rh B and CBF
pesticide was 71.14 > 84.02 > 93.12 and 70.86 > 82.50 > 90.42 for bentonite> SnO2-NPs and
SnOa/bentonite-NCs respectively. From the results, it is clear that by increasing dose rate the
degradation efficiency was decrease because the surface area on the surface of catalyst increased
but at the same time turbidity of suspension also increased. Therefore, penetration power of
ultraviolet light decreased due to increase the tyndall effect.
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Figure 10 a) Effect of dose rate on degradation of Rhodamine B dye degradation; b) Effect of
dose rate on degradation of Carbofuran pesticide

3.6 Comparison among different catalysts

A comparative study was performed to evaluate the photocatalytic degradation efficiency
of bentonite, SnO2 nanoparticles, and SnOz/bentonite nanocomposite (SBT-NC) toward Rho-
damine B dye and Carbofuran pesticide. The degradation performance of different catalysts is
compared in Figure 11. The results demonstrated that SBT-NC exhibited significantly higher
photocatalytic activity compared with individual bentonite and SnO2 nanoparticles. Under
optimized conditions of pH, pollutant concentration, contact time, and catalyst dosage, the
maximum degradation efficiencies achieved by SBT-NC were 92.87% for Rhodamine B dye
and 90.50% for Carbofuran pesticide. In comparison, bentonite showed degradation efficien-
cies of 68.81% and 65.02% for Rhodamine B and Carbofuran, respectively, whereas SnO2
nanoparticles exhibited 84.60% and 80.89% degradation efficiency for the respective pollutants.

100 -
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40
30
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0 -
bentonite Sn02-NPs SBT-NCs
Figure 11 Effect of different catalysts on degradation of Rhodamine B dye and Carbofuran
pesticide

The enhanced photocatalytic performance of SBT-NC was attributed to the synergistic interac-
tion between SnO-> nanoparticles and bentonite, which improved pollutant adsorption, increased
available active sites, and facilitated photocatalytic reactions. Compared with previously re-
ported clay-supported metal oxide photocatalysts, the prepared SnO2/bentonite nanocomposite
demonstrated rapid degradation of both dye and pesticide pollutants. Furthermore, while
SnO; nanoparticles generally require UV irradiation for photocatalytic activation, the SBT-NC
exhibited improved light utilization and enhanced degradation efficiency under visible light
irradiation, indicating its potential for efficient wastewater treatment applications.
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3.7 Kinetic study of degradation of Rhodamine B and Carbofuran
by SBT NC

The kinetic parameters for the photocatalytic degradation of Rhodamine B dye and Carbofu-
ran pesticide using the synthesized nanocomposite were evaluated under different experimental
conditions using response surface methodology. The degradation kinetics were analyzed us-
ing pseudo-first-order, pseudo-second-order, and Bangham kinetic models. For the first-order
kinetic model, the relationship between In(Co/Ct) and reaction time (t) was evaluated, while
the second-order kinetic model was studied by plotting t versus [(1/Ct)-(1/Co)]. The Bangham
model was analyzed using the relationship between t and t/[1-(Ct-Co)].

The validity and suitability of each kinetic model were determined based on the regression
correlation coefficient (R?) values obtained from the kinetic plots. The results revealed that
the R? values for the first-order kinetic model were greater than 0.98, which were higher than
those obtained for the second-order and Bangham models. This indicated that the photocatalytic
degradation of Rhodamine B and Carbofuran followed first-order reaction kinetics.

The calculated kinetic parameters, including rate constants and correlation coefficients, are
presented in Table 2. The lower R? values obtained for the second-order and Bangham kinetic
models indicated poor agreement between the experimental data and these models. In contrast,
the first-order kinetic model showed the best fitting with the experimental degradation data.
Therefore, the photocatalytic degradation process of Rhodamine B dye and Carbofuran pesticide
over the SnOz/bentonite nanocomposite was better described by the first-order kinetic model.
(see Figure 12, 13, and 14)
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Figure 12 Pseudo 1°* order kinetics of (a) Rhodamine B dye and (b) Carbofuran pesticide
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Figure 13 Pseudo 274 order kinetics of (a) Rhodamine B dye (b) Carbofuran pesticide
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Table 2 Kinetic models for degradation of Rhodamine B dye and Carbofuran pesticide

First Order Kinetic Model Second Order Kinetic Model BMG Kinetic Model
Dyes Catalysts - -
K1/min—1! R? K2/M~1min~—! R? 1/m 1/b R?

Bentonite 0.0053409 0.9268 0.000012 0.8662 0.13223 2.53356  0.8281
Carbofuran pesticide ~ SnO3-NPs 0.0066001 0.9346 0.000013 0.8827 0.13781 2.1445 0.8875

SnOq/bentonite -NCs  0.005384281 0.9786 0.0000675 0.8838 0.11601 1.80407  0.8816

Bentonite 0.002475033 0.9094 0.00008155 0.8548 0.17046 2.64620  0.8278
Rhodamine B dye SnO2-NPs 0.004515849 0.9633 0.000206728 0.8619 0.119365 2.619170  0.8344

SnOqz/bentonite -NCs  0.006079027 0.9795 0.000259671 0.9947 0.09268 2.2192 0.8611

Health and Environment e SyncSci Publishing

4 Conclusion

Water pollution resulting from synthetic dyes and agricultural pesticides represents a signifi-
cant environmental challenge because of the toxic and persistent nature of these contaminants.
In the present study, SnO2 nanoparticles and a SnOz/bentonite nanocomposite (SBT-NC) were
successfully synthesized using a green approach involving Murraya koenigii leaf extract. The
prepared materials were characterized using UV-visible spectroscopy, SEM, EDX, and FTIR,
and the results confirmed the formation of SnO» nanoparticles and their successful incorporation
onto the bentonite support. The photocatalytic degradation experiments demonstrated that the
SnOz/bentonite nanocomposite exhibited superior performance compared with pure bentonite
and SnO» nanoparticles for both Rhodamine B dye and Carbofuran pesticide. The degradation
efficiency was strongly influenced by pH, initial pollutant concentration, contact time, and
catalyst dosage. The optimum catalyst dosage was approximately 0.1 g, while maximum
degradation occurred within approximately 90-120 min. Rhodamine B showed the highest
degradation under alkaline conditions at approximately pH 11, whereas Carbofuran showed
maximum degradation under acidic conditions at approximately pH 2.6.

Under the optimized experimental conditions, SBT-NC achieved approximately 92-94%
degradation of Rhodamine B and approximately 90-91% degradation of Carbofuran, demon-
strating its superior photocatalytic activity. The enhanced performance of the nanocomposite
can be attributed to the synergistic contribution of SnO2 and bentonite. Bentonite provided
adsorption sites and a suitable support for the dispersion of SnO2 nanoparticles, while SnO2
promoted photocatalytic reactions through the generation of photo-induced electron—hole pairs
and reactive oxygen species. The kinetic investigation further indicated that the degradation
behavior was generally better represented by the pseudo-first-order kinetic model. Overall, the
findings demonstrate that green-synthesized SnO2/bentonite nanocomposite is a promising,
sustainable, and effective material for the treatment of wastewater contaminated with organic
pollutants. The use of Murraya koenigii leaf extract provides an environmentally friendly
synthesis route, while the combination of SnO, and naturally abundant bentonite enhances
pollutant removal. Therefore, SBT-NC has considerable potential for application in wastewater
remediation and environmental protection.
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