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etic sand as a dual-mode
fluorescent sensor: turn-on detection of
chlorpyrifos and turn-off response to glyphosate

Aaliya Qureashi,ab Arshid Bashir, ac Irfan Nazir,ad Zia ul Haq,ae

Firdous Ahmad Ganaie,a Altaf Hussain Pandith f and Faheem A. Sheikh *a

The development of a low-cost fluorescent sensor material is of paramount importance for detecting

persistent contaminants. We collected stones rich in iron near Magnetic Hill, Leh, India (34.171° N,

77.3525° E) and found them to be strongly fluorescent. We developed an intriguing, cost-effective

fluorescent sensor based on ball-milled magnetic sand (BMMS) to detect two widely used

organophosphorus pesticides, e.g., glyphosate and chlorpyrifos. BMMS was systematically characterized

by PXRD, XPS, TEM, SEM-EDX, and zeta potential measurements to confirm its structural, morphological,

and surface properties. The sensor exhibited a fluorescence turn-off response to glyphosate and a turn-

on response to chlorpyrifos, demonstrating selective interaction with the analytes. The detection limits

(LOD) were determined to be 0.97 mM for glyphosate and 1.1 mM for chlorpyrifos. This fluorescence

modulation is due to distinct molecular interactions with the surface Fe-based defect states.

Furthermore, the practical applicability of BMMS was demonstrated using vegetable extracts, yielding

excellent recovery rates of 92% to 100%. These findings underscore the potential of BMMS as a green,

magnetically recoverable platform for pesticide monitoring in environmental and food samples.
1 Introduction

The extensive use and accumulation of organophosphorus
pesticides, such as chlorpyrifos and glyphosate, have raised
serious health and environmental concerns.1 Although these
pesticides are widely used in agriculture to eradicate weeds
and pests, their excessive usage has been responsible for
chronic toxicities in humans as well as animals, disrupting the
ecosystem, particularly contaminating the soil and water.2

Chloropyrifos, a neurotoxic chemical, inhibits acetylcholin-
esterase, an enzyme essential to nerve function.3 Prolonged
exposure to chlorpyrifos has been linked to endocrine failure,
dementia, and developmental abnormalities, especially in
pregnant women and children.4 Several countries have limited
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and/or even banned chlorpyrifos usage because of its harmful
effects on human health. Similarly, glyphosate, one of the
most popular herbicides in the world, has sparked worries
because of its potential carcinogenicity and disturbance of the
gut microbiota.5 Glyphosate, which the International Agency
for Research on Cancer (IARC) has classied as “probably
carcinogenic to humans,” can also bind essential metal ions,
which could have an impact on the availability of nutrients
and the activities of enzymes in both plants and animals. Due
to the presence of glyphosate residues in food, water, and
human specimens, a worldwide debate has emerged about
how to regulate and control its usage.6,7 In modern times,
signicant technological and scientic innovations have
greatly raised the quality of life. Still, they have contributed to
rapid environmental degradation through increased indus-
trialization, agricultural intensication, and human
activities.8,9

To date, various conventional techniques, including AAS,
ICP-MS, ICP-ES, HPLC, GC-MS, and X-ray uorescence, have
been widely employed for the detection of contaminants.10–13

However, their dependence on complex instrumentation and
limitations in selectivity and/or sensitivity have driven the
exploration for alternative approaches.14 In this context, uo-
rescence sensing has emerged as a promising technique due to
its simplicity, high sensitivity, rapid response, and ability to
enable simultaneous detection.15–17 The surface chemistry,
defect states, and the kinetics of interactions between the
Nanoscale Adv.
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sensing element and analytes all signicantly inuence the
performance of sensing devices. Analyte adsorption and signal
transduction are signicantly enhanced by engineered surface
aws, oxygen vacancies, and heterostructured surfaces,
according to recent developments in sensor materials.
Specically, research on advanced nanomaterials, such as
CeO2-decorated Y2O3 heterostructured nanosensors and
TbCrO3-based humidity sensors, has demonstrated the
importance of active surface sites and interfacial interactions
for improved sensitivity and selectivity.18,19

Over the years, numerous nanomaterials, including carbon
dots, metal–organic frameworks, quantum dots, magnetite-
based nanoparticles, and graphene-based composites, have
been investigated for uorescence sensing applications.20–24

Nevertheless, frequent utilization of hazardous chemicals,
multistep synthesis, and high production costs limit their
applications.25 A naturally occurring iron-rich mineral mostly
composed of magnetite (Fe3O4) and other iron oxides and
sulphides (e.g., a-Fe2O3, FeTiO3, and SiO2), commonly referred
to as magnetic sand, offers an unexplored and environmen-
tally friendly resource for developing natural nano-
materials.26,27 In contrast to synthetic nanoparticles, this sand
is inherently magnetic due to the ferromagnetic properties of
Fe3O4, making it readily accessible and environmentally
benign. Because of its mineralogical composition, it can be
used straight out of the ball mill without the need for doping
and/or other chemical functionalization, which are standard
procedures employed in the synthesis of conventional
magnetite nanomaterials.28

Ball milling increases the surface area by decreasing
particle size through continuous impact and attrition. It
Scheme 1 Schematic illustration for the synthesis of BMMS and detectio

Nanoscale Adv.
introduces oxygen-rich functional groups and surface defects,
which collectively enhance magnetic response through
quantum effects and improved domain alignment.29 Such
modications provide active sites for analyte interaction in
addition to improving its uorescence properties. The result-
ing ball-milled magnetic sand (BMMS) exhibits tunable optical
properties and becomes inherently uorescent, making it
a unique naturally occurring material.30 In contrast to tradi-
tional uorescent probes, which need hazardous precursors
and produce toxic byproducts, BMMS offers a safe, economi-
cally viable alternative with single-step synthesis. Neverthe-
less, its inherent magnetic properties enable easy recovery and
reuse, consistent with the growing focus on green chemistry.
Furthermore, BMMS-based sensing procedures can eliminate
the need for complex immobilization techniques and/or
further functionalization, which greatly simplies sensor
production.31–34

Here, we present a new, environmentally friendly sensor
based on BMMS that uses a uorescence “on–off” mechanism
to detect glyphosate and chlorpyrifos, respectively. The sand
was processed to the nanoscale via facile ball milling, yielding
surface imperfections and oxygenated groups that provide the
material with intrinsic uorescence. The magnetic character-
istic enabled easy separation, making it reusable and environ-
mentally friendly.
2 Experimental section
2.1. Materials and methods

Natural stones, which are known for magnetic properties, were
collected in the vicinity of Magnetic Hill, Leh (India) (latitude
n of chlorpyrifos and glyphosate.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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34.171° N, and longitude 77.3525° E). The samples were thor-
oughly washed to remove unwanted mud and other surface
impurities, then air-dried before being processed by high-energy
ball milling for 24 hours. Glyphosate (C3H8NO5P, purity >98%)
and chlorpyrifos (C9H11Cl3NO3PS, purity >99%) were procured
from Sigma-Aldrich for subsequent experimental procedures
(Scheme 1).
2.2. Characterization of ball-milled magnetic sand (BMMS)

Fourier-transform infrared (FT-IR) spectra were recorded using
a Bruker (a-12345390) spectrometer. The thermal stability of
BMMS was evaluated using a simultaneous thermal analyzer
(STA, LINSEIS, USA 6807/8835/16) over a temperature range of
20–800 °C at a heating rate of 10 °C min−1 under a nitrogen
atmosphere. Surface morphology and elemental composition
were characterized by scanning electron microscopy (SEM)
equipped with EDS using a Zeiss Gemini SEM-500. High-
resolution transmission electron microscopy (HR-TEM) was
performed with a JEM-2010 microscope operating at 200 kV for
visualization of atomic-scale structures of particles. Magnetic
properties were measured using a vibrating sample magne-
tometer (Microsense E29). X-ray diffraction (XRD) analysis was
performed on a Rigaku Ultima-IV diffractometer (Rigaku
Corporation, Tokyo, Japan) using Cu Ka radiation (l = 1.5417
Å). X-ray photoelectron spectroscopy (XPS) was conducted using
a PHI 500 Versa Probe III to examine the surface chemical states
of the BMMS. Surface charge measurements were carried out
using an Anton Paar Litesizer 500 zeta potential analyzer.
2.3. UV-visible uorescence properties

The optical properties of BMMS were examined using UV-visible
absorption and uorescence spectroscopy. UV-visible spectra
were recorded using a Lasany LI-280 spectrophotometer over
200–800 nm, with BMMS dispersed in deionized water. Fluo-
rescence emission spectra were obtained using a Shimadzu RF-
5301 PC spectrouorometer. The excitation-dependent uores-
cence behaviour was studied by exciting the sample at various
wavelengths (330–360 nm), and the emission was recorded in
the visible range. All measurements were performed at room
temperature (25 °C) using quartz cuvettes with a 1 cm path
length.
2.4. Sensing protocol

Fluorescence responses were studied in aqueous medium upon
following the sequential addition of chlorpyrifos and glyph-
osate. Detection limits (LOD) were determined following the 3s/
slope method.35

LOD ¼ 3� standard deviation in experimental intensity values

slope of intensity vs: concentration graph

(1)

2.5. Analysis of natural samples

The performance of the BMMS was evaluated using a spike/
recovery approach to detect trace levels of pesticides in vege-
table extracts. The extracts (e.g., spinach and tomato) were
© 2026 The Author(s). Published by the Royal Society of Chemistry
prepared by blending, ltering, and centrifuging fresh samples.
The unspiked extract was rst analyzed using the BMMS-based
uorescence sensor. Known amounts (5 mM and 10 mM) of
glyphosate and chlorpyrifos were then added to the same
extract, and uorescence intensity was measured aer 10
minutes. Using the calibration curve, concentrations were
determined, and recovery was calculated according to the
protocol described elsewhere.36

Recovery ¼ Cspiked � Cunspiked

Creal

� 100

3 Results and discussion
3.1. Morphological and structural characterization

Fourier transform infrared (FTIR) spectroscopy was rst used to
investigate the surface chemistry of ball-milled magnetic sand
(BMMS). Moreover, some insights into the interaction mecha-
nisms of glyphosate and chlorpyrifos with BMMS were corrob-
orated, and the typical results are presented in the SI (Fig. S1).
The FTIR data in Fig. S1 show spectra of pure magnetic sand.
The spectra exhibited a strong absorption band around
3400 cm−1 corresponding to O–H stretching vibrations, indi-
cating the presence of surface hydroxyl groups and/or adsorbed
moisture. A relatively weak absorption peak around 2920 cm−1

corresponds to aliphatic C–H stretching. In contrast, the band
around 1625 cm−1 was assigned to H–O–H bending vibrations,
which further indicates the presence of water molecules and/or
hydroxyl groups. Moreover, the presence of silica (SiO2) content
in BMMS is evidenced by a prominent strong absorption band
within the range of 1040–1100 cm−1 corresponding to Si–O–Si
stretching. A distinct band at 520 cm−1 is assigned to the
presence of the Fe–O bond, indicating the presence of iron
oxide phases.

The BMMS showed increased surface activity aer ball
milling, and its interaction with glyphosate was principally
determined by the presence of hydroxyl (–OH), silanol (Si–OH),
and iron oxide (Fe–O) groups. Glyphosate, which contains
phosphonate (–PO3H2), carboxyl (–COOH), and amine (–NH2)
groups, interacts with BMMS predominantly through H-
bonding and complexation mechanisms. The polar functional
groups in glyphosate form strong hydrogen bonds with the
surface-OH groups of the BMMS. In contrast, the negatively
charged phosphonate groups bind to Fe3+ sites on BMMS,
forming an inner-sphere complex via chelation. Evidence of
glyphosate binding was conrmed by spectral shis observed in
the P–O stretching (1080–1140 cm−1) and vibration band C]O/
COO− (∼1590–1650 cm−1).

Chlorpyrifos possesses phosphorothioate (P]S), phospho-
diester (P]O), and aromatic functionalities, and interacts with
BMMS through multiple mechanisms. These include moderate
hydrogen bonding with surface hydroxyls, hydrophobic inter-
actions arising due to its non-polar structure, and p–p stacking
between chlorpyrifos aromatic rings and BMMS carbonaceous
domains. Furthermore, small ligand-exchange pathways may
exist between the phosphorus centres and the Fe sites on
BMMS. The FTIR spectra indicate changes in aromatic C]C
Nanoscale Adv.
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Fig. 1 (a) Zeta potential analysis in water. (b) XRD, (c) TGA, and (d) VSM analysis of BMMS.
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(∼1450–1600 cm−1) and P]S/P–O (∼850–1050 cm−1) vibra-
tions, indicating effective chlorpyrifos adsorption.

In line with this nding, zeta potential measurement of
BMMS shows a negative charge of −17.04 mV, indicating
moderate colloidal stability in aqueous solution (Fig. 1a). This
negative charge prevents particles from adhering by promoting
electrostatic repulsion, maintaining uniform dispersion, and
enhancing solubility-like behavior in water. The observed
stability aligns with FTIR studies, which conrm the presence of
surface hydroxyl (–OH), silanol (Si–OH), and Fe–O groups.
These functional groups not only contribute to the overall
surface charge but also facilitate dispersion through hydrogen
bonding and electrostatic repulsion. BMMS's stability and well-
dispersed nature are critical for effective sensing interactions
with glyphosate and chlorpyrifos.

Following the surface charge analysis, the structural analysis
and phase composition of BMMS were investigated using X-ray
diffraction (XRD). The BMMS sample reveals a broad range of
diffraction peaks between 10° and 80° (2q), indicating the
polycrystalline nature of the material. Among these diffraction
peaks, the most prominent is observed near 27.5°,
Nanoscale Adv.
corresponding to the (101) crystalline phase of quartz (SiO2),
suggesting its dominance (Fig. 1b). Several other peaks at 2q z
30.1°, 35.5°, 43.2°, 53.5°, and 57.0°, which are indexed to the
(220), (311), (400), and (440) planes, respectively, do conrm the
formation of a cubic spinel structure corresponding to magne-
tite (Fe3O4). The sharpness and intensity of these peaks imply
that the ball-milling process, while reducing particle size, has
retained the original crystallinity of the major phases. The
presence of these magnetic and non-magnetic crystalline pha-
ses validates the composite nature of BMMS, making it
a promising candidate for multifunctional environmental
applications. This crystallinity is further supported by energy-
dispersive X-ray spectroscopy (EDX) elemental mapping,
which shows a uniform spatial distribution of key elements
across the sample. The mapping image shows carbon (12%),
nitrogen (10%), oxygen (17%), silicon (41%), and iron (20%),
conrming the successful integration of magnetic and siliceous
components, along with surface functional groups (Fig. S2).

Furthermore, the structural robustness of BMMS, as deter-
mined by XRD analysis, is supported by thermogravimetric
analysis (TGA). The TGA curve (red) depicts the relative mass
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Complete surface scan (b) Si2p,2s, (c) C1s, (d) N1s, (e) O1s, and (f) Fe2p.

Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/3
1/

20
26

 6
:1

7:
22

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
change (%) as a function of temperature, and the blue curve
corresponds to the differential scanning calorimetry (DSC) and/
or differential thermal analysis (DTA) response (Fig. 1c). The
TGA prole shows an initial mass loss below 200 °C, attributed
to the evaporation of adsorbed water. A subsequent weight
reduction occurs between 300 °C and 500 °C, likely due to the
breakdown of organic moieties or surface-bound functional
groups. A pronounced mass loss around 550–650 °C suggests
structural degradation and phase transformation of the
magnetic component, potentially involving the conversion of
Fe3O4 to g-Fe2O3 and/or a-Fe2O3. This is corroborated by the
DSC/DTA curve, which displays an endothermic peak around
600 °C, supporting the occurrence of a phase transition or
thermal decomposition event.

Moreover, the retention of magnetic behavior in BMMS aer
mechanical and thermal treatment was conrmed by vibrating
sample magnetometry (VSM). The resulting S-shaped hysteresis
loop is indicative of a ferromagnetic material, with a high
saturation magnetization (Ms) of around 40 emu g−1 (Fig. 1d).
The material also exhibits remanent magnetization (Mr) at zero
eld and a small coercivity (Hc), indicating so magnetic
behaviour. This conrms that the material retains good
magnetic properties, making it suitable for magnetic separation
and recovery applications. The combined TGA-DSC and VSM
results demonstrate the thermal stability and strong ferro-
magnetic properties of BMMS, which are essential for envi-
ronmental sensing or remediation applications.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Likewise, X-ray photoelectron spectroscopy (XPS) analysis of
BMMS, as shown in Fig. 2, conrms the elemental composition
and chemical states of the constituent elements. The survey
spectrum (Fig. 2a) reveals prominent peaks corresponding to
O1s, Fe2p, N1s, C1s, Si2p, and Si2s, conrming the presence of
oxygen, iron, nitrogen, carbon, silicon, and other elements in
the BMMS composite. The high-resolution Si2p spectrum
(Fig. 2b) shows two distinct peaks at ∼103.3 eV and ∼104.0 eV,
attributed to Si2p3/2 and Si2p1/2, indicating the presence of silica.
The C 1s spectrum (Fig. 2c) displays peaks at ∼284.8 eV and
∼288.5 eV, assigned to C–C and C]O bonds, respectively,
suggesting surface functionalization. The N1s spectrum (Fig. 2d)
exhibits peaks at ∼398.5 eV and ∼400.3 eV corresponding to
C–N and C]N bonds, implying nitrogen doping or amine
functionalities. The O1s spectrum (Fig. 2e) shows deconvoluted
peaks at ∼530.5 eV and ∼532.8 eV, corresponding to metal–
oxygen bonds and surface hydroxyl or carbonyl species. Finally,
the Fe2p spectrum (Fig. 2f) displays multiple peaks at ∼710.5 eV
and 724.0 eV, corresponding to Fe2p3/2 and Fe2p1/2, respectively,
with accompanying satellite peaks. This conrms the presence
of Fe3+ and Fe2+ oxidation states, indicative of magnetite-like
structures. Altogether, this detailed XPS analysis validates the
successful incorporation of magnetic, siliceous, and function-
alized carbon-based components in BMMS.

SEM analysis reveals that the nanoparticles exhibit predomi-
nantly spherical to near-spherical morphologies with a range of
sizes, resulting from strong impact forces and continuous attrition
associated with high-energy mechanical ball milling. The process
Nanoscale Adv.
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Fig. 3 FE-SEM micrographs (a–f) and mapping analysis (g–l) of BMMS.
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effectively converts irregular rock fragments into more uniform
and rounded structures. This morphology, resulting from
repeated collisions and surface shearing during milling, enhances
the surface area-to-volume ratio and promotes better dispersion in
aqueous systems; an essential feature for adsorption and sensing
applications (Fig. 3a–f).

The EDX elemental maps further conrm the homogeneous
distribution of key elements—iron (Fe), silicon (Si), and oxygen
(O)—across the BMMS surface (Fig. 3g–i). Fe signies the
magnetic phase, likely derived from naturally occurring magnetite
Nanoscale Adv.
and hematite, while Si andO originate from the siliceousmatrix of
the parent rockmaterial. The even dispersion of Fe throughout the
sample indicates successful milling without noticeable phase
segregation, which is vital for achieving uniform magnetic
behavior and reproducible sensing responses. The combined
SEM-EDX analysis thus validates the structural integrity and
compositional uniformity of BMMS, supporting its potential
application in detecting environmental contaminants.

Furthermore, we captured TEM micrographs of BMMS at
various magnications to delve into their nanostructural
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a–d) HR-TEM micrographs of ball-milled magnetite-silica (BMMS) nanoparticles at different magnifications: (a) 5 nm, (b) 10 nm,
(c) 50 nm, and (d) 200 nm. The results reveal well-ordered atomic arrangement characteristic of magnetite (Fe3O4) and silica (SiO2) phases.
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features, as illustrated in Fig. 4a–d. At higher magnications
(5 nm and 10 nm), clear lattice fringes are observed, affirming
the crystalline nature of the BMMS nanoparticles and indi-
cating well-ordered atomic arrangements, typically associated
with magnetite (Fe3O4) and silica (SiO2) phases. At lower
magnications (50 nm and 200 nm), the TEM images reveal that
the particles are nearly spherical to irregularly shaped, with
sizes ranging from tens to hundreds of nanometers, and exhibit
slight agglomeration, a common feature in magnetic materials
due to dipole–dipole interactions. These results are consistent
with the SEM images of the samples, conrming the nearly
spherical morphologies. Furthermore, these observations align
well with the XRD data, which conrm crystallinity, and the
EDX elemental mapping, which demonstrates a homogeneous
distribution of Fe and Si nanoparticles. Collectively, TEM
analysis conrms the successful size reduction of ball-milled
materials to nanoscale BMMS, characterized by well-dened
crystalline structures and morphologies, making them suit-
able for surface-related applications such as sensing and
adsorption.

3.2. Optical properties of BMMS: inuence of solvent and
time on uorescence response

The optical characteristics of BMMS were examined through
UV-visible absorption and uorescence spectroscopy, as depic-
ted in Fig. 5. In panel 5a, the UV-Vis absorption spectrum
reveals a strong absorption below 300 nm, indicative of p–p*
transitions. These transitions likely arise from surface-adsorbed
organic species or native functional groups present on the
© 2026 The Author(s). Published by the Royal Society of Chemistry
BMMS surface aer ball milling. The presence of a shoulder
peak at approximately 270 nm may be attributed to n–p* tran-
sitions associated with oxygen-containing groups, suggesting
partial surface oxidation or structural defects. Fig. 5b shows the
uorescence emission spectrum, which exhibits a sharp and
intense peak centered at 525 nm, highlighting the ability of
BMMS to emit visible uorescence. This luminescent behavior
is attributed to surface defect states or localized electronic
transitions introduced during the high-energy ball milling
process. Collectively, these observed optical characteristics
suggest that BMMS holds promise as a cost-effective, magneti-
cally recoverable uorescent sensor material for detecting
environmental contaminants.

The uorescence behavior of BMMS was investigated in
various solvents and over time to determine its optical stability
and environmental responsiveness. In Fig. 5c, the emission
intensity of BMMS varied signicantly across solvents such as
water, acetone, methanol, DMSO, and DMF. Among these, DMF
exhibited the highest uorescence intensity, which can be
attributed to its strong polarity and solvation capacity that likely
stabilize the surface states of BMMS, reduce non-radiative
decay, and enhance radiative recombination. In contrast,
lower intensities observed in water and methanol may result
from hydrogen bonding-induced aggregation or uorescence
quenching. This suggests that solvent polarity and hydrogen-
bonding ability play crucial roles in regulating the uores-
cence of BMMS. Furthermore, Fig. 5d illustrates the temporal
stability of BMMS, showing a noticeable increase in uores-
cence intensity aer 100 minutes compared to the initial
Nanoscale Adv.
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Fig. 5 (a) Absorption and (b) emission spectra of BMMS; (c) effect of using different solvents and (d) time on the fluorescence intensity of BMMS.
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measurement. This enhancement is indicative of surface
stabilization or delayed passivation effects that reduce non-
radiative losses over time. The retention of spectral features
over time conrms the structural and optical stability of BMMS,
demonstrating its suitability for long-term applications in
sensing and imaging.

3.3. Dual-mode uorescence sensing of glyphosate and
chlorpyrifos using BMMS

The uorescence behaviour of BMMS was investigated in the
presence of varying proportions of glyphosate, ranging from 2 to
25 mM. As illustrated in Fig. 6a, the uorescence intensity of
BMMS exhibited a remarkable quenching effect with increasing
glyphosate concentration. The emission peaks, prominently
observed in the 450–550 nm region, gradually decreased in
intensity as glyphosate concentration increased. These ndings
highlight the strong interaction and possible electron or energy
transfer between BMMS and glyphosate molecules.

A quantitative analysis was performed by plotting the uo-
rescence intensity ratio (F/Fo) against glyphosate concentration,
Nanoscale Adv.
where F and F0 represent the uorescence intensities in the
presence and absence of glyphosate, respectively. In this regard,
the Stern–Volmer plot (Fig. 6b) displayed a good linear rela-
tionship over the tested concentration range, following the
equation F/Fo = −0.0372 [glyphosate] + 0.9723 with an R2 value
of 0.9864. The limit of detection (LOD) was calculated to be 0.97
mM, suggesting the high sensitivity of BMMS towards glyph-
osate. Notably, the calculated LOD falls below the maximum
allowable concentration set by the U.S. Environmental Protec-
tion Agency (EPA) for glyphosate in drinking water. These
results conrm the potential of BMMS as an effective,
magnetically recoverable uorescent probe, making it a prom-
ising candidate for glyphosate detection in environmental
monitoring applications.

Similarly, the uorescence response of BMMS to chlorpyrifos
was investigated by monitoring its emission at increasing
chlorpyrifos concentrations (2–25 mM). As shown in Fig. 6c,
a distinct uorescence enhancement was observed with rising
chlorpyrifos levels, particularly around the 510 nm emission
peak. This enhancement is likely due to the interaction of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Effect of glyphosate on the FL intensity of BMMS, (b) Stern–Volmer plot showing the decrease in fluorescence intensity with increase in
the concentration of glyphosate, (c) effect of chlorpyrifos on the fluorescence intensity of BMMS, (d) Stern–Volmer plot showing the increase in
fluorescence intensity with increase in the concentration of chlorpyrifos.
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chlorpyrifos molecules with the surface functional groups of
BMMS, which may suppress non-radiative recombination
pathways or induce structural rigidity, thereby increasing uo-
rescence intensity.

The graph showing the correlation between relative uores-
cence intensity (F/F0) and chlorpyrifos concentration is plotted
in Fig. 6d. The results exhibited a good linear t over the studied
range. The calibration curve followed the equation F/F0 =

0.0189 [chlorpyrifos] + 0.4588 with a high correlation coefficient
Table 1 Various materials that are used for glyphosate sensing

S. no Material

1 Cu2+ modulated squaraine dye
2 Organo-probe (ZDA), synthesized by purine hydrazone derivativ

derivatives
3 Antigen magnetic beads Fe3O4-GLY
4 Carbon dots
5 Ball-milled magnetic sand (BMMS)

© 2026 The Author(s). Published by the Royal Society of Chemistry
(R2 = 0.9924). The calculated LOD was 1.1 mM, demonstrating
the potential of BMMS as a sensitive and selective uorescence
“turn-on” sensor for chlorpyrifos. The simplicity, reusability,
and eco-friendly nature of BMMS underscore its promise for on-
site detection of organophosphate pesticides in environmental
samples.

The opposite uorescence responses demonstrate the dual-
mode sensing capability of BMMS. This enables selective and
distinguishable detection of agrochemicals with varying
Limit of detection (LOD) References

13.16 n mol L−1 37
e and 2,20-dipyridylamine 11.6 nM 38

8 ng mL−1 39
0.37 mM 40
0.97 mM This work

Nanoscale Adv.
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Table 2 Various materials used for chlorpyrifos sensing

S. no Material Limit of detection (LOD) References

1 Oxime-functionalized carbazole 0.485 ppm 41
2 Eu(III)-8-allyl-3-carboxycoumarin probe 6.53 mM L−1 42
3 9-Fluorenone oxime 15.5 mg L−1 43
4 Magnetic Mn–ZnS molecularly imprinted probe (Fe3O4/Mn–ZnS/MIP) 0.41 ng mL−1 44
5 Ball-milled magnetic sand (BMMS) 0.97 mM This work
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structural and functional characteristics. The differential
interaction mechanisms—quenching via electron transfer in
glyphosate and enhancement via restriction of non-radiative
decay in chlorpyrifos—highlight the versatility of BMMS as
a sustainable platform for pesticide monitoring in environ-
mental matrices.

Furthermore, to demonstrate the novelty and performance
of the present approach, comparisons with previously reported
sensors for glyphosate and chlorpyrifos detection are presented
in Tables 1 and 2, respectively. This comparison highlights its
advantages in terms of practical application, selectivity, and
sensitivity.
3.4. Probable mechanism

Based on the proposed mechanistic scheme, the uorescence
sensing behavior of BMMS toward glyphosate and chlorpyrifos
can be explained through distinct interaction pathways. This
leads to uorescence quenching (turn-off) with glycophosphate
and uorescence enhancement (turn-on) with chlorpyrifos
(Scheme 2).
Scheme 2 Probable mechanism for the mode of interaction of BMMS w

Nanoscale Adv.
In the presence of glyphosate, BMMS exhibits a uorescence
turn-off response. This is primarily due to glyphosate's ability to
chelate with Fe3+ ions on the BMMS surface through its phos-
phonate (–PO3H2) and carboxyl (–COOH) functional groups.
These groups form strong inner-sphere complexes with surface
iron centres, effectively withdrawing electron density and di-
srupting the charge-transfer processes responsible for BMMS
uorescence. Additionally, hydrogen bonding and electrostatic
interactions further stabilize the glyphosate–BMMS complex,
leading to non-radiative decay pathways and quenching of the
uorescence signal.

In contrast, chlorpyrifos induces a uorescence turn-on
effect. This is attributed to weaker and more surface-localized
interactions involving its phosphorothioate (P]S) group and
aromatic ring system. The aromatic moiety of chlorpyrifos
interacts via p–p stacking with carbonaceous domains on
BMMS, and moderate hydrogen bonding with surface hydroxyl
groups may also occur. These interactions stabilize the excited
electronic state of BMMS and enhance radiative recombination,
thereby increasing uorescence intensity. Moreover, unlike
ith glyphosate and chlorpyrifos.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a–c) FE-SEM micrographs of BMMS and (d–k) elemental mapping analysis of BMMS after interaction with target analytes.
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glyphosate, chlorpyrifos does not chelate Fe centers or intro-
duce signicant non-radiative pathways, allowing the emission
signal to intensify. Thus, the dual uorescence response of
BMMS arises from the fundamental differences in the molec-
ular structures and binding affinities of the two pesticides,
enabling a selective turn-on/turn-off sensing platform for the
detection of agrochemicals.
3.5. Post-interaction characterization of BMMS with
pesticides

Aer exposure to chlorpyrifos and glyphosate, BMMS showed
clear structural and surface changes. Post-adsorption SEM
images (Fig. 7a–c) revealed that the initially rough, granular
surface with well-dispersed particles became slightly smoother
and more aggregated, indicating surface adsorption and partial
coverage by pesticide molecules. Furthermore, elemental
mapping (Fig. 7d–k) conrmed the uniform distribution of both
pesticides on the BMMS surface. These morphological changes
suggest strong interactions between BMMS active sites and
pesticide molecules via hydrogen bonding, electrostatic forces,
and p–p stacking. Despite these modications, BMMS retained
good colloidal stability, as shown by its moderately negative zeta
potential, and preserved its magnetic properties (Fig. 8).

FTIR analysis supported these observations. Aer glyphosate
adsorption, the O–H stretching band broadened and shied,
and new bands at 1230–1250 cm−1 appeared, corresponding to
© 2026 The Author(s). Published by the Royal Society of Chemistry
P]O or P–O vibrations of the phosphate group. These features
indicate strong hydrogen bonding and surface passivation,
consistent with the observed uorescence quenching caused by
non-radiative energy or charge transfer. In contrast, BMMS
exposed to chlorpyrifos exhibited additional peaks at 1450–
1500 cm−1 (aromatic C]C stretching) and stronger bands at
1230–1270 cm−1 (P]O and P–O–C vibrations), along with
minor changes in Fe–O vibrations. These shis point to surface-
level physisorption and weaker electronic coupling. The
electron-donating nature of chlorpyrifos likely promotes radia-
tive recombination, explaining the enhanced uorescence
intensity. Overall, the SEM, elemental mapping, and FTIR
results align with the uorescence data: glyphosate quenches
BMMS uorescence, while chlorpyrifos enhances it. BMMS
remains chemically and structurally robust aer interaction
with pesticides, conrming its suitability as a reusable material
for environmental sensing applications.

Despite these interactions, BMMSmaintained good colloidal
stability as indicated by its moderately negative zeta potential,
and its magnetic nature remained largely intact, conrming its
structural robustness (Fig. 8).
3.6. Interference study

The selectivity of BMMS for glyphosate and chlorpyrifos was
assessed in the presence of other agrochemical interferants.
The characteristic uorescence response for both analytes
Nanoscale Adv.
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Fig. 9 Effect of potential interferents on the fluorescence intensity of (a) glyphosate and (b) chlorpyrifos.

Fig. 8 Stability of BMMS post interaction with pesticides.
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remains essentially unaffected, with only minor changes in the
intensity (Fig. 9a and b), demonstrating the sensitivity and
selectivity of BMMS. The corresponding quantitative changes in
uorescence intensity in the presence of interferants are
provided in the SI (Fig. S3a and b), further conrming the
excellent anti-interference capability of the BMMS.
Table 3 Detection of glyphosate and chlorpyrifos in vegetable
extracts using BMMS

Sample Pesticide
Spiked
(mM)

Unspiked
(mM)

Measured
(mM)

Recovery
(%)

Spinach Glyphosate 10 0.5 10.3 98.0
Tomato Glyphosate 5 0.4 5.2 96.0
Spinach Chlorpyrifos 10 0.6 10.5 99.0
Tomato Chlorpyrifos 5 0.3 5.1 96.0

Nanoscale Adv.
3.7. Real sample analysis

The BMMS-based uorescence sensor was successfully applied
to real vegetable extracts to assess its practical applicability.
Recovery studies were performed by spiking spinach and
tomato extracts with known concentrations (5 and 10 mM) of
glyphosate and chlorpyrifos. The calculated recoveries ranged
from 92% to 100%, indicating minimal matrix interference and
high sensing accuracy (Table 3). These results conrm the
suitability of the sensor for real-sample analysis, with excellent
reliability and reproducibility.
4 Conclusion

In this work, we introduce a ball-milled magnetic sand (BMMS)
derived from magnetic stones collected in the Ladakh Valley,
India. Thematerial exhibits distinctive uorescence. The BMMS
© 2026 The Author(s). Published by the Royal Society of Chemistry
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exhibited an intriguing dual-mode uorescence behavior in the
presence of two well-known agrochemicals (chlorpyrifos and
glyphosate). An on-off-on uorescence sensing mechanism was
well established, along with excellent sensitivity and stability of
the material. The distinct uorescence behavior towards each
pesticide enables selective identication, while the good
recovery rates from real vegetable samples (92–100%) affirm its
applicability in real-world scenarios. This work highlights the
promise of BMMS for environmental monitoring and food
safety applications, owing to its green synthesis, magnetic
recoverability, and robust sensing performance.
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