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al mesoporous silica nanoparticles
for the adsorptive removal of the chiral insecticide
sulfoxaflor from water

Sarah Alharthi, ab Ashraf Ali *ce and Eman Y. Santalid

Mesoporous materials have garnered significant interest because of their porous structure, large surface

area and ease of surface functionalization to incorporate the functional groups of choice. Herein, chiral

mesoporous silica nanoparticles (CMSNPs) were prepared using quaternary amino silane as the template,

tetramethyl orthosilicate as the silica source and proline and cellulose as chiral selector. The developed

CMSNPs were characterized by scanning electron microscopy (SEM), transmission electron microscopy

(TEM), elemental analysis, Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction analysis, BET

surface area analysis and BJH pore size/volume analysis. It was observed that the CMSNPs have high

specific surface area and narrow particle size and pore size distribution. These CMSNPs were used as

adsorbents for separation of the chiral insecticide sulfoxaflor. The effects of various parameters that

affect adsorption, such as initial concentration of the analyte, adsorbent dose, time and pH, were

evaluated, and the optimum values were determined. At optimum conditions, the removal efficiency and

adsorption capacity were 98.5% and 435.45 mg g−1, respectively. Further, adsorption isothermal study

was carried out using Freundlich and Langmuir models. Results showed that mesoporous silica

nanoparticles functionalized with amide-bonded cellulose are promising and cost-effective adsorbents

for the removal of chiral pesticides from water and wastewater.
1. Introduction

The global need for increased food production has resulted in
excessive use of pesticides and fertilizers, which have caused
serious environmental effects and raised public health
concerns.1,2 Traces of pesticides have been detected in surface
and groundwater, which are the major sources of drinking
water.3 The presence of various pesticides and their derivatives
in water and soil is particularly concerning as pesticides are
harmful even at very low concentrations (pg L−1 to ng L−1).4

Industries and agriculture sector are the major sources of
releasing pesticides into the environment.1 Wastewater from
pesticide-producing industries contaminates water bodies,
which in turn affects humans and other living organisms when
they consume food and water contaminated with pesticides.
The most widely used pesticides are organophosphates,
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carbamates, pyrethroids and organochlorines. Different pesti-
cides have different toxicity levels depending on their chemical
composition and mode of action and the toxicity of pesticides
could be acute or chronic. Acute toxicity results from short term
exposure, while chronic toxicity results from long term exposure
to the chemical. In acute toxicity, harmful effects are due to
a single exposure by any means, such as via ingestion, skin
contact or inhalation and causes headache, nausea, dizziness,
stress, etc. In contrast, tumors, birth defects, genetic disorders,
nervous and reproductive disorders are the results of chronic
toxicity. Therefore, it is necessary to efficiently remove pesti-
cides from water, soil and food samples.5

About thirty percent of currently registered pesticides exhibit
chirality, and they typically show some degree of stereo-
selectivity that affects their toxicity and/or biodegradation
rates.3,4 Given that the vast majority of chiral pesticides are
produced and used as racemic mixtures, it is necessary to
determine their stereoselectivity in order to enhance risk
assessment and provide an explanation for the creation of
single- or enriched-enantiomer products.6,7 Sulfoxaor[meth-
yl(oxo),1-[6-(triuoromethyl)-3-pyridyl]ethyl-l6-sulfanylidene]
cyanamide was the rst compound that was chosen for
commercial development.8 Compared to other insecticides,
members of this class have a distinct set of structure–activity
relationships (SAR) because of the presence of sulfoximine,
which is a unique chemical moiety and the rst of its kind in
© 2025 The Author(s). Published by the Royal Society of Chemistry
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a commercial pesticide. Sulfoximines are effective in controlling
a wide variety of sap-feeding insects/pests, including those that
are resistant to neonicotinoids.9

Various methods, such as membrane separation, ozonation,
solvent extraction, oxidation, and chlorination, are used for the
removal of pesticides. These techniques have several draw-
backs, including the production of secondary waste, high
operating costs, and inefficient removal. Therefore, to eliminate
pesticides from water samples, more effective, fast, and reliable
remediation techniques are needed. Adsorption is an attractive
alternative method for pesticide removal because of its simple
design, high removal efficiency, and low costs of operation.10,11

Various adsorbents, such as activated carbon,12 metal organic
frameworks,13 agricultural by-products,14 clay minerals,15

zeolites,16 biosorbents17 and mesoporous silica-based adsor-
bents,18,19 have been reported for the removal of pesticides.

Mesoporous silica and silica-based materials have garnered
a lot of interest because of their large surface area, ordered pore
distribution, narrow particle size distribution, high thermal
stability, and ease of surface functionalization, regeneration
and reusability.20,21 These characteristics make them ideal
adsorbent materials for the removal of various contaminants
from wastewater and water.22,23 Chiral mesoporous silica has
been used by different researchers as an effective adsorbent for
the removal of various chiral contaminants from water.24

Sawicki and Mercier25 investigated cyclodextrin-modied silica
for the removal of various pesticides. It was observed that the
adsorption capacity of cyclodextrin-modied silica was higher
than that of bare silica, owing to the creation of additional
binding sites on the surface of silica aer chemical function-
alization. Compared to non-chiral adsorbents very limited
studies have reported the synthesis of chiral adsorbents based
on mesoporous silica. Therefore, it is neccessary to develop
highly selective and efficient silica-based chiral adsorbents for
the removal of chiral pesticides from water and wastewater.

In this study, mesoporous silica nanoparticles (MSNPs) with
uniform particle size distribution were prepared using a sol–gel
method. Surface functionalization of MSNPs was carried out
using cellulose-based chiral selector, and an efficient chiral
adsorbent for the removal of sulfoxaor pesticide from water
was prepared. The developed adsorbent was characterized by
TEM, SEM, elemental analysis, FTIR spectroscopy, XRD anal-
ysis, BET analysis and BJH analysis. The effects of concentration
and adsorbent dose were investigated. The experimental data
for sulfoxaor removal were analyzed using various isotherm
and kinetics models. Furthermore, the used adsorbent was
regenerated and re-used several times for the adsorptive
removal of sulfoxaor, and notably, the removal efficiency
declined only 10% aer recycling and reusing for twenty times.

2. Materials and methods
2.1 Chemicals

Tetramethyl orthosilicate (TMOS), polyethylene glycol, urea,
acetic acid, sulfoxaor (98.9%), HCl (37%), NaOH (99%),
ethanol (99.8%), methanol (99.7%), and octadecyl dimethyl
chlorosilane were bought from Sigma Aldrich, USA.
© 2025 The Author(s). Published by the Royal Society of Chemistry
2.2 Synthesis of MSNPs

MSNPs were prepared according to a method reported by Chen
et al.26 with some modications. Ammonium hydroxide (6.7
mL) and deionized water (5.1 mL) were mixed with absolute
ethanol (70 mL), and the mixture was stirred for 20 min at room
temperature. Then, tetraethyl orthosilicate (TEOS) (4 mL) was
added into the mixture dropwise and stirred for 40 min at room
temperature. Aer 40 min, the mixture was heated to 55 °C for
30 min, followed by the addition of 0.64 mL water and 4 mL
TEOS. The addition of water and TEOS was repeated three times
at regular intervals of 40min. The silica particles were separated
from the liquid phase by centrifugation at 3500 rpm, washed
with ethanol and water and dried in an oven at 70 °C for 12 h.
Aer drying, the silica particles were calcined at 550 °C in
a muffle furnace to remove the organics and increase the pore
size.
2.3 Surface modication of MSNPs

Cellulose powder (2 g) was dispersed in tetrahydrofuran (100
mL) and stirred for 20 min at room temperature. Then, 5 mL
chloroacetic acid and 1 mL trimethyl amine were added into it,
and the contents were heated to 80 °C for 5 h with continuous
stirring to obtain product (2). Product (2) was dispersed in 100
mL THF and allowed to react with 5mL dimethyl acetamide and
10 mL 3-aminopropyl trimethoxy silane (APTMS) at 80 °C for 5 h
to obtain product (3). Product (3) was then reacted with methyl
isocyanate to get product (4). Finally, MSNPs (3 g) were
dispersed in 100 mL toluene, and 20 mg of product (4) was
added to it through a dropping funnel with constant stirring at
100 °C under reux for 8 h to get product (5). Product (5) was
then washed thoroughly with methanol, ltered and dried in an
oven at 70 °C for 10 h. The reaction scheme for the synthesis of
chiral adsorbent based on MSNPs is shown in Fig. 1.
2.3 Characterization and evaluation of the developed
adsorbent

The adsorbent was characterized using several characterization
techniques, including elemental analysis, particle size distri-
bution, BET analysis, BJH analysis, SEM, XRD, and FTIR spec-
troscopy. An NA-1500 analyzer (Carlo-Erba) was used for
elemental analysis, a DLS-7000 analyzer (Otsuka, Japan) was
used for particle size analysis and BELSORP-Max (Japan) was
used for BET surface area analysis. An S-4200 FE-SEM (HITA-
CHI, Japan) was used to obtain SEM images of the adsorbent,
and an FT-IR spectrometer (Shimadzu Japan) was used to
examine the functional groups. The concentration of sulfoxaor
aer adsorption was determined using a UV-visible spectro-
photometer (Agilent-4853, CA, USA). The chiral resolution
capability of the adsorbent was determined by testing its
selectivity for mandelic acid (MA) enantiomers. MA was used as
a model solute to evaluate the chirality of the developed
adsorbent by conducting dynamic and static adsorption exper-
iments.27 In a typical experiment, 100 mg of absorbent was
added to 200 mL of aqueous R-MA and S-MA solutions (0.5 mg
mL−1) in conical asks to assess the kinetic adsorption curve. A
Nanoscale Adv., 2025, 7, 1432–1442 | 1433
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Fig. 1 Reaction scheme for the synthesis of the chiral adsorbent based on MSNPs.
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magnetic stirrer was used to stir the suspension, which was
incubated at 20, 30, and 40 °C. 1 mL of the sample was taken at
regular intervals and centrifuged, and the MA concentration
(Ct, mg mL−1) in the supernatant was measured using HPLC.
HPLC (LC-10AT, 15 mL injection loop, SPD-M20A detector, Shi-
madzu, Japan) equipped with a chiral column OD-H (150 mm ×

2.1 mm) was used to examine the enantiomers of MA in various
samples at 230 nm, 25 °C, and a ow rate of 0.2 mL min−1. The
1434 | Nanoscale Adv., 2025, 7, 1432–1442
mobile phase was a 90 : 10 (v/v) mixture of methanol and n-
hexane with 0.1% TFA. Prior to injection, both the samples and
mobile phases were passed through a 0.45 mmmembrane lter.
Eqn (2) was used to determine the adsorption quantities (q, mg
g−1) of MA on the adsorbents. Adsorption dynamics and elution
studies were used to assess the dynamic characteristics of the
adsorbent for MA. A glass column (10 mm ID) was lled with
1.0 g of absorbent,27 and the racemic MA solution (0.5 mgmL−1)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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was passed slowly through the column at a rate of 3 BV h−1. To
construct the dynamic adsorption curve and determine the
saturation adsorption amounts, the effluents with a single bed
volume were taken and examined. Lastly, HCl solution (10%, v/
v) was used as the eluting agent with a ow rate of 0.5 BV h−1.
The elution ratio was calculated by collecting and analyzing the
eluent. The enantiomeric excess (ee%) of MA at a ow rate of 0.5
BV h−1 was calculated using eqn (1).

eeð%Þ ¼ ½S� � ½R�
½S� þ ½R� � 100 (1)

where [S] and [R] are the concentrations of S-MA and R-MA,
respectively, in the solution.
2.4. Adsorption of sulfoxaor

The adsorption of sulfoxaor onto functionalized MSMPs was
examined through batch adsorption tests, and the optimum
values of factors, such as concentration, dose, pH and time,
taken for sulfoxaor adsorption were determined. In a typical
experiment, 100 mL sulfoxaor solution of specic concentra-
tion (10–100 ppm) was added to a ask containing 0.1 g of
adsorbent, and the asks were shaken for 3 h at 40 °C in a water
bath. Aer 3 h, the solution was ltered, and the concentration
of sulfoxaor in the ltrate was measured. The percentage
removal efficiency (% R) of sulfoxaor and the adsorption
capacity (q) were calculated using eqn (2) and (3), respectively.

qe ¼ ðC0 � CeÞV
m

(2)

Removalð%Þ ¼ ðC0 � CeÞ
C0

(3)

where “m” is the adsorbent's mass (g), “V” is the solution
volume in liters, “qe” is the adsorption capacity, and C0 and Ce

are the sulfoxaor concentrations before and aer adsorption,
respectively.
Fig. 2 Particle size distribution curve of MSNPs and functionalized
MSNPs (A) and pore size distribution curve of functionalizedMSNPs (B).
2.7 Adsorption isotherm and kinetic study

To nd out the mechanism for the solute transfer from the
aqueous phase to the adsorbent, it was necessary to analyze the
experimental data with different isotherm models. The ob-
tained numerical data on the effect of concentration of sulfox-
aor on adsorption capacity at a constant temperature was
analyzed using the Freundlich and Langmuir isotherm models
to elucidate the model that perfectly ts with the experimental
data. Kinetic study was conducted to determine the rate at
which the adsorbate molecules transfer from the solution to the
adsorbent surface and the duration for which the adsorbate
molecules remain on the adsorbent surface. For the kinetic
study, the adsorption capacity of the adsorbent for sulfoxaor
removal was recorded by carrying out adsorption experiments at
different time intervals, while concentration, dose, and pH were
kept constant. Origin Pro-8 soware was used for linear
regression analysis and data computation. The experimental
data of sulfoxaor adsorption were analyzed using the pseudo
1st order, pseudo 2nd order, and IPD models.
© 2025 The Author(s). Published by the Royal Society of Chemistry
2.8 Regeneration and re-use of the spent adsorbent

Adsorbent regeneration was necessary to determine the
economic viability as well as the operational cost of this reme-
diation strategy. The used adsorbent was collected and treated
with various desorbing solutions, such as HCl, acetic acid,
NaOH and distilled water, separately. Specic amount of the
spent adsorbent was dispersed into each solution and agitated
at 40 °C with an agitation speed of 100 rpm for 3 h. Aer 3 h, the
adsorbent was rinsed three times in deionized water to ensure
the removal of any contaminants and dried in an oven for re-
use. The same procedure was applied for the regeneration of
the spent adsorbent using HCl and distilled water.
3 Results and discussion
3.1 Characterization

3.1.1 Particle size analysis. Uniform particle size distribu-
tion is observed when most of the particles exist within the
same size range. The particle size distribution of MSNPs and
functionalized MSNPs are shown in Fig. 2(A). These results
show that the average particle size of MSNPs is 80 nm and that
of the functionalized MSNPs is around 100 nm. The results
show an increase in particle size aer coating with silica and
functionalization as shown in Table 1(A). The polydispersity
index (PdI) value of MSNPs is 0.13, which indicates that the
particles are monodispersed. When the PdI value is near zero,
the particle size distribution is homogeneous. Generally, if the
PdI value is less than 0.3, the particles are considered mono-
dispersed, and if it is larger than 0.5, the particles are consid-
ered heterogeneous.28 Notably, the results of this study are
Nanoscale Adv., 2025, 7, 1432–1442 | 1435
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Table 1 Particle size (A) and pore size (B) distributions of MSNPs and
functionalized MSNPs

(A) Particle size distribution

MSNPs Functionalized MSNPs

80 nm 100 nm

(B) Pore size distribution

Pore diameter 23 Å
Surface area 143 m2 g−1

Average pore volume 1.74 cm3 g−1

Fig. 3 X-ray diffraction analysis of functionalized MSNPs (a) and
MSNPs (b).
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comparable to those of a previous study reported in the
literature.29

3.1.2 Pore size distribution. The pore size distribution of
functionalized MSNPs is shown in Fig. 2(B), and the respective
numerical values are presented in Table 1(B). The average pore
size of the functionalized MSNPs is 23 Å, and the surface area
and pore volume are 143 m2 g−1 and 1.74 cm3 g−1, respectively,
as shown in Table 1(B). Notably, these results align well with
those of silica coated iron oxide nanoparticles reported in the
literature.30

3.1.3 XRD analysis. XRD spectra of the functionalized
MSNPs and bare MSNPs are shown in Fig. 3(a) and (b),
respectively. The XRD spectrum of MSNPs (Fig. 3b) exhibits
several peaks at 2q = 20°–35°, which indicates there are no
impurities in the silica nanoparticles prepared using the sol–gel
method. On the other hand, the XRD spectrum of functional-
ized MSNPs shows several peaks at 2q ranges of 29.20°, 37.02°,
58.53° and 62.53°.30 Interestingly, a similar XRD pattern was
observed by other researchers for mesoporous silica
particles.29,31,32

3.1.4 Morphology. SEM and TEM images of bare and
functionalized MSNPs are shown in Fig. 4. The SEM images
show the textural features of the particles, while the TEM
1436 | Nanoscale Adv., 2025, 7, 1432–1442
images provide detailed information of the particles, such as
porosity and ligand chains on the surface. The SEM image of
bare MSNPs in Fig. 4(A) shows that the particles are homoge-
nous and well distributed without any agglomeration. Similarly,
the TEM image of single bare MSNP particles in Fig. 4(C) shows
the porous structure of the silica particles. The SEM image of
a single functionalized MSNP shows a highly porous structure,
as presented in Fig. 4(B), while the corresponding TEM image
shows the growth of ligands over the particle surface, as shown
in Fig. 4(D).

3.1.5 FTIR analysis. The FTIR spectra of bare MSNPs,
synthesized polymer and functionalized MSNPs are shown in
Fig. 5. The FTIR spectrum of bare MSNPs shows two prominent
peaks at 3410 cm−1 and 1060 cm−1, which correspond to the OH
stretching vibration of surface silanol and the asymmetric
stretching vibration of Si–O–Si, respectively.32 The FTIR spec-
trum of the synthesized polymer is shown in Fig. 5(b). The
bands at 3310 cm−1, 2950 cm−1, and 2870 cm−1 represent N–H
stretching, aliphatic C–H stretching, and –OCH3 stretching,
respectively. Similarly, the bands at 1690 cm−1 and 1440 cm−1

represent C]O stretching and OH bending vibration frequen-
cies, respectively. The FTIR spectrum of functionalized MSNPs
is shown in Fig. 5(c). The peak at 3470 cm−1 represents the
amide group.33 The peak intensity in the OH stretching region is
not as prominent as in bare MSNPs, which indicates that most
of the silanol groups are functionalized with the polymer.
Similarly, the bands at 1710 cm−1 and 1440 cm−1 represent
C]O stretching and OH bending vibration frequencies,
respectively, which is also present in the FTIR spectrum of the
synthesized polymer. Thus, the FTIR results conrmed that the
polymer was successfully graed onto the surface of MSNPs.
3.2 Effect of parameters on sulfoxaor removal

3.2.1 Effect of concentration. The effect of concentration
on sulfoxaor removal was evaluated by varying the solution
concentration during batch adsorption experiments while
keeping other parameters such as dose, time and pH constant.
The effect of concentration on sulfoxaor removal by func-
tionalized MSNPs is shown in Fig. 6(a). Sulfoxaor solutions of
different concentrations (20, 40, 60, 80, 100 ppm) were tested at
pH 6, temperature 40 °C, time 90 min, agitation speed of
300 rpm and an adsorbent dose 10 mg L−1. It was noted that %
R was low at low concentrations and gradually increased until
reaching the optimum concentration of 60 ppm. At the
optimum concentration, the % R reached the maximum value
of 98.5 ± 0.707%. However, increasing the concentration
beyond the optimum value decreased the % R, as at higher
concentrations, the interactions between the adsorbate mole-
cules increases and their interaction with the adsorbent surface
decreases.

3.2.2 Effect of adsorbent dose. The relationship between
adsorbent dose and% R of sulfoxaor is shown in Fig. 6(b). This
effect was studied by varying the amount (2, 6, 10, 15, 20mg L−1)
of functionalized MSNPs at a constant pH value of 6 and an
initial concentration of 100 ppm, followed by equilibration for
90 min at 40 °C. Results show that at low adsorbent doses (2–10
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM images of MSNPs (A) and functionalized MSNPs (B) and TEM images of MSNPs (C) and functionalized MSNPs (D).
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mg), the % R increased from 80% to 98.4% for functionalized
MSNPs owing to an increase in the available active sites for
adsorbate molecules. Beyond this optimum value (10 mg),
further increase in the adsorbent dose did not affect the % R
Fig. 5 FTIR spectra of SiO2 NPs (a), synthesized polymer (b) and SiO2

functionalized with the polymer (c).

© 2025 The Author(s). Published by the Royal Society of Chemistry
value, and the removal efficiency was stabilized around 98 ±

0.579%.
3.2.4 Effect of pH. Sulfoxaor solutions were examined by

varying the pH (2, 4, 6, 8, 10) and keeping other factors constant.
The solutions were placed in a water bath for 90 min at 40 °C
while keeping the concentration of sulfoxaor at 100 ppm and
adsorbent dose at 10 mg L−1. The results in Fig. 6(c) show that
% R of 98% was obtained at pH 6 for sulfoxaor. At low pH, the
sulfoxaor adsorption was low because of the increased H+

concentration. These H+ ions interacted with negatively charged
adsorbent and hindered the interaction between the adsorbent
and the sulfoxaor molecules. However, the % R of sulfoxaor
increased when the pH was raised and reached its maximum at
pH 6. Further elevation in pH decreased the % R of sulfoxaor
and reached the minimum value of 74 ± 0.832% at pH 10. At
a high pH, the hydroxyl ion concentration increased, which
further reduced the sulfoxaor adsorption.

3.2.3 Effect of time. The effect of adsorption time on% R of
sulfoxaor is shown in Fig. 6(d). The adsorption of sulfoxaor
was carried out for 30–150 min, and the results show that
during 30–90 min, the removal efficiency increased and reached
the maximum value of 98.5 ± 0.883% at 90 min. Aer 90 min,
Nanoscale Adv., 2025, 7, 1432–1442 | 1437
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Fig. 6 Effect of concentration (a), adsorbent dose (b), pH (c) and contact time (d) on sulfoxaflor using functionalized MSNPs.

Fig. 7 Freundlich adsorption isotherm (a) and Langmuir adsorption isotherm (b) for sulfoxaflor removal using functionalized MSNPs.
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the % R remained constant. The signicant rise until 90 min
was due to the longer interaction time between sulfoxaor
molecules and the adsorbent. Further increase in contact time
showed no effect on sulfoxaor adsorption as the active sites
were saturated.
3.3 Adsorption isotherm study

3.3.1 Freundlich isotherm. The linear form of Freundlich
adsorption model is presented in eqn (4).
1438 | Nanoscale Adv., 2025, 7, 1432–1442
ln qe ¼ ln K þ 1

n
ln Ce (4)

The experimental data of sulfoxaor adsorption onto func-
tionalized MSNPs were plotted on the Freundlich isotherm
model, and the plots are shown in Fig. 7(a). By plotting (ln qe) vs.
(ln Ce), linear plots were obtained. The “n” values are greater
than zero, indicating the effectiveness of the adsorbent. The
experimental data of sulfoxaor adsorption onto functionalized
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Adsorption isotherm parameters for the Freundlich and Langmuir isotherm models

Adsorbent

Freundlich model Langmuir model

1/n KF (mg g−1) R2 qmax (mg g−1) K (L mg−1) R2

Functionalized MSNPs 0.42 52.36 0.941 435.45 60.24 0.993
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MSNPs exhibited an R2 value of 0.941, which shows that the data
do not t perfectly with the Freundlich isotherm model
(Fig. 7a). Similar results for tting experimental results of sul-
foxaor adsorption were obtained by other researchers as well.34

Linear plots were obtained, showing logarithmic curves plotted
as ln qe vs. ln Ce with a slope of 1/n. The numerical values of
Freundlich isotherm constants are presented in Table 2. The
results in Table 2 show that the “1/n” value for sulfoxaor
removal is 0.42, and the value of Freundlich constant (KF) is
52.36 for functionalzied MSNPs.

3.3.2 Langmuir isotherm. Langmuir isotherm can be pre-
sented in mathematical form as given in eqn (5)

Ce

q
¼ 1

qmaxK
þ Ce

qmax

(5)

where “Ce” is the equilibrium concentration of sulfoxaor and
“qmax” is the adsorption capacity.35 The experimental data of
sulfoxaor adsorption onto functionalized MSNPs were plotted
Fig. 8 Pseudo first order (a), pseudo second order (b) and intra-particle
MSNPs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
using the Langmuir isotherm model, as shown in Fig. 7(b). The
results in Fig. 7(b) show that the experimental data of sulfoxa-
or adsorption onto functionalized MSNPs t well with Lang-
muir model with an R2 value of 0.993. The numerical values of
the Langmuir adsorption isotherm for sulfoxaor are given in
Table 2. The results show that the qmax value for functionalized
MSNPs for sulfoxaor is 435.45 mg g−1, and the K value is 60.24
(Table 2).
3.4 Adsorption kinetics

To determine the rate-determining step of sulfoxaor adsorp-
tion onto functionalized MSNPs, batch adsorption tests were
performed for different times. It was observed that until 60 min,
the adsorption of sulfoxaor onto MSNPs was fast, and at
equilibrium, it slowed down. The data collected for different
time intervals were computed using the pseudo 1st order,
pseudo 2nd order and IPD models. The results show that the
diffusion (c) model plots for sulfoxaflor adsorption onto functionalized

Nanoscale Adv., 2025, 7, 1432–1442 | 1439
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Table 3 Numerical values of pseudo 1st order, pseudo 2nd order and IPD for sulfoxaflor adsorption onto functionalized MSNPs

C0 (mg L−1)
Pseudo 1st order
experimental

Pseudo 1st order
calculated

Pseudo 2nd order
calculated IDP calculated

qe (mg g−1) K1 qe R2 qe (mg g−1) K2 R2 R2 Ki (mg g−1 min−1)

10 132.40 0.0398 173.67 0.9693 185.34 0.0589 0.996 0.9432 4.23
20 240.72 0.0398 296.56 0.9526 298.56 0.0587 0.993 0.9521 3.50
30 387.60 0.0536 394.34 0.9678 388.75 0.0520 0.991 0.9554 4.79
40 473.22 0.0578 495.21 0.9698 485.20 0.0467 0.985 0.9620 4.94

Fig. 9 Regeneration and reuse of the spent adsorbent for the removal
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adsorption of sulfoxaor onto MSNPs followed the pseudo
second order model.

3.4.1 Pseudo rst-order kinetic model. The linear form of
pseudo 1st order model is given in eqn (6).

ln(qe − qt) = ln qe − k1t (6)

where k1 represents the rate constant per minute, “qe” is the
quantity of sulfoxaor adsorbed (mg g−1) at equilibrium, and
“qt” is the quantity of sulfoxaor adsorbed (mg g−1) at a speci-
ed time (t).34 Fig. 8(a) shows the plot ln(qe − qt) vs. (t) at
different concentrations. The graph displays straight lines, and
the slope of these plots was used for the calculation of k1
(min−1). The computed and experimental values of qe (mg g−1),
R2, K1, and Ki (mg g−1 min−1) for the sulfoxaor adsorption onto
functionalized MSNPs are shown in Table 3.

3.4.2 Pseudo second-order kinetic model. The pseudo 2nd
order model is given in eqn (7),

t

qt
¼ 1

K2qe2
þ t

qe
(7)

where K2 (g mg−1 min−1) is the constant and qe and qt are the
concentrations of sulfoxaor adsorbed onto functionalized
MSNPs at equilibrium and at a specied time (t), respectively.
The “K2 (g mg−1 min−1)” was determined from the plot of (t) vs.
(t/qt), as shown in Fig. 8(b). The results show that the adsorption
kinetics of sulfoxaor onto functionalized MSNPs is better
described by the 2nd order model.

3.4.3 Intra-particle diffusion model. The diffusion process
of sulfoxaor onto functionalized MSNPs was studied using an
IPD model.36 Eqn (8) can be used to illustrate intra-particle
diffusion.

qt = Kpt
0.5 + C (8)

where “C” is the intercept, Kp (mg g−1 min0.5) represents the IPD
constant, and qt (mg g−1) is the amount of sulfoxaor adsorbed
at a specic time “t”. The IPD plot of sulfoxaor adsorption onto
functionalized MSNPs is shown in Fig. 8(c). The thickness of the
boundary layer is directly related to the intercept, which means
that a bigger intercept value results in a larger boundary layer
effect and vice versa.37 As shown in Table 3, a high intercept
value indicates that a thick layer of sulfoxaor has been
deposited over the adsorbent, covering the particles. Since the
graphs in Fig. 8 are linear, all the three kinetic models can be
applied to the adsorption of sulfoxaor onto functionalized
1440 | Nanoscale Adv., 2025, 7, 1432–1442
MSNPs. Of these three kinetic models, pseudo 2nd order kinetic
model aligns better with the experimental data for sulfoxaor
adsorption onto functionalized MSNPs.
3.5 Regeneration and reuse of the spent adsorbent

It is necessary to regenerate and reuse an adsorbent several
times to assess whether the adsorption process is cost-effec-
tive.38 Hence, the used adsorbent (4 g) was divided into four
equal parts, and each part weighing 1 g was treated separately
with 0.1 M HCl, 0.1 M CH3COOH, 0.1 M NaOH and water. For
instance, 1 g of the used adsorbent was suspended in 100 mL of
the solution and shaken at 40 °C for 3 h, followed by ltration.
The quantity of sulfoxaor desorbed (%) was calculated using
eqn (9).39,40

% desorption ¼ quantity of analyte desorbed

quantity of analyte adsorbed
� 100 (9)

Using a variety of desorbing agents, including 0.1 M HCl,
0.1 M CH3COOH, 0.1 M NaOH and distilled water, to recover
and reuse the spent adsorbent, thirty regeneration cycles were
conducted to assess its reusability. Fig. 9 shows the removal
efficiency of regenerated adsorbent for the adsorption of sul-
foxaor and its reuse at 10, 15, 20, 25 and 30 cycles. The % R of
spent adsorbent regenerated with 0.1 M HCl was the highest,
of sulfoxaflor.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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followed by 0.1 M CH3COOH, 0.1 M NaOH and distilled water.
These ndings indicate that desorption of the adsorbate from
the adsorbent surface can be achieved in an acidic medium.
Moreover, the % R of the adsorbent dropped from 98.5% to 75%
aer thirty times of reuse, indicating that functionalizedMSNPs
can be used for the removal of sulfoxaor several times aer
regeneration with 0.1 M HCl.
4. Conclusion

The results show that chiral MSNPs are highly effective for the
removal of sulfoxaor from water. The adsorption capacity of
functionalized MSNPs was signicantly higher (435.45 mg g−1)
owing to the highly porous nature of the silica particles and the
presence of chiral functional groups. The magnetic nature of
the adsorbent helped to remove it from aqueous medium using
a magnet. Both the removal efficiency and adsorption capacity
were reasonable. The regeneration study showed that the spent
adsorbent can be regenerated and reused several times without
any considerable loss in removal efficiency. Furthermore, there
is scope for future studies to assess the developed adsorbent for
its effectiveness in removing various other pollutants.
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