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Abstract. Development of rapid and effective analytical sensing strategy for ﬂuoride ion in aqueous
medium is an utmost need in view of naturally widely spread ﬂuoride contaminated groundwater or drinking
water which causes numerous adverse effects on human health. In prospect of the need, we have developed a
simple synthetic route for poly(ethylene glycol)-400 crowned silver nanoparticles for sensitive sensing of
ﬂuoride ions in aqueous medium. The silver nanoparticles embedded with polyethylene glycol-400 (PEG400) were synthesized as colloids by heating an aqueous solution of silver nitrate and PEG-400 with trisodium citrate. The effects of temperature, the concentration of silver nitrate and trisodium citrate were
thoroughly investigated and optimized. The structure and morphology of prepared poly(ethylene glycol)-400
crowned silver nanoparticles as colloids was thoroughly examined by UV–visible spectroscopy, Fourier
transform infrared (FTIR) and ﬁeld emission scanning electron microscopy (FESEM). The prepared poly(ethylene glycol)-400 crowned Ag Nps selectively detects ﬂuoride ion in an aqueous medium at low concentration (0.098 mg/L) via the change in optical properties. The change in optical properties of Ag Nps was
investigated with UV-visible and morphological changes were examined with ﬁeld emission scanning
electron microscope. The FESEM and UV-Visible analysis demonstrate that synthesized Ag nanoparticles are
agglomerates with ﬂuoride ions with immediate visual color change from yellow to colorless.
Keywords. Fluoride ions; PEG-400; Silver nanoparticles; Sensing; Colorimetric sensing; UV–Visible
spectra.

1. Introduction
The development of nanomaterials is one of the most
exciting growing research ﬁelds ever known because
of their applications across a diverse range of research
ﬁelds including sensors1,2 hydrogen storage,3 catalysis,4 nanoelectronics,5 biomedical implants,6 energyefﬁcient devices7 and several others. Along with various valuable applications, the use of nanoparticles in
sensing applications for speciﬁc analytes have attracted massive attention. Although, metal nanoparticles
of controlled size and shape, selection of

suitable capping and stabilizing agents, sophisticated
equipment, and environmental complications are some
major challenges for the chemical synthesis of metal
nanoparticles. It was found that metal nanoparticles
display the unique optical property of surface plasmon
resonance (SPR) which shows sensitivity to their
shape, size, and composition of nanoparticles.8 The
surface plasmon resonance characteristics of
nanoparticles majorly depends on the interparticle
distance between nanoparticles. The distance-dependent SPR properties of metal nanoparticles are extensively utilized as the basis of colorimetric sensors for
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sensing different target analytes. The development of
selective and sensitive analytical methods for sensing
and quantiﬁcation of anions in aqueous media is sorely
needed in recent years due to their toxicological
effects on humans and the environment. Therefore,
colorimetric method which can be detected by the
naked eye is an easy and suitable on-site method for
real-time sensing of speciﬁc anion due to its simplicity
and cost-effectivity. To date, the number of colorimetric organic sensor materials have been reported for
various speciﬁc anions. Though organic moiety-based
colorimetric sensors imply a wide range of analyte
sensing, but these sensors could only be operated in
organic solvent due to insolubility of these material in
aqueous medium, which restrict the real time application of these sensors. Among the various anions,
monitoring of ﬂuoride ion in aqueous medium is
challenging task because of its high electronegativity,
small size, undistinguishable color and highest
hydration enthalpy than other water stable anions.9,10
Majority of available organic sensor materials for
colorimetric sensing of ﬂuoride are majorly depend on
hydrogen bond interactions.11–13 However, such sensors are not suitable in aqueous medium because water
competes with ﬂuoride ion in hydrogen-bond formations with sensor materials. In view of above, there is
an immense need for the development of colorimetric
sensor materials with excellent bio- and water
compatibility.
In this context, a plasmonic nanomaterial-based
sensor can be exceptional due to its enormously high
visible-region extinction coefﬁcients (19109) and
compatibility in an aqueous environment. The
extinction coefﬁcients of the plasmonic nonmaterial
are many times higher than organic sensor material.14
The distance-dependent localized surface plasmon
resonance (SPR) properties of plasmonic nanoparticles
have been used for designing sensor materials. In the
sensing process, interaction with speciﬁcally targeted
analytes alters optical properties of nanoparticles
which leads to a shift in SPR band and color change of
nanoparticle solution which can be easily noticeable at
low concentration.15 In particular, silver nanomaterials
offer outstanding localized surface plasmon resonance
(LSPR) properties and distinct size-dependent color. It
is well-established that uncoated silver NPs easily gets
agglomerated under high ionic strength conditions. For
effective and precise applications, uniform dispersive
AgNPs are a requirement. The synthesis of uniform
dispersive AgNPs phase could be achieved via capping
the silver nanoparticles with suitable capping agents
such as polyethylene glycol (PEG), ethylenediaminetetraacetic acid (EDTA), polyvinyl pyrrolidone
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(PVP) and polyvinyl alcohol (PVA), etc. Among the
cited capping agents, PEG offers sterically stabilized
nanoparticles that could be preserved even at high
ionic concentrations. Additionally, PEG is a safe,
water-soluble, and biocompatible polymer that resulted in less toxic NPs than those coated with other
capping agents.16,17
It has been found from the literature that coated
silver-based nanomaterials have been widely used for
monitoring metal ions in an aqueous medium by the
colour changes between dispersed and aggregated
ones, but anions sensing has been not explored at that
scope. A very few reports on colourimetric detection
of anions by silver NPs are available in the literature,
for example, Hajizadeh et al. utilized sodium dodecyl
sulfate capped silver nanoparticles for CN- sensing,18
Ibrahim et al., used PABA functionalized Ag Np’s for
NO2- sensing,19 Kumar et al., utilized amide-triazole
and cysteine-based Ag NPs for H2PO4-, F-, and HSO4sensing,20 Bothra et al., utilized silver nanoparticles
for I- and Br- detection,21 Siddhartha Sankar Boxi and
Santanu Paria utilized an Ag-CdS/Ag-ZnS core/shell
nanoparticle for F- detection22 and Xiaochun Chen
et al., developed silver NPs with photoluminescent
graphene oxide (GO) as a paper sensor for visual
ﬂuoride detection.23 Recently Babli Debnath and
Ratan Das reported saponin capped silver nanoparticles for ﬂuoride sensing.24Therefore, in continuation
of our efforts for designing sensor material25–28 polyethylene glycol crowned silver nanoparticles have
been developed for colorimetric sensing of aqueous
ﬂuoride ion. The synthesized nanomaterials were
characterized by UV-Visible, FTIR, and SEM-EDAX
analysis and sensing studies carried out with UV-Vis
and SEM-EDAX analysis techniques.

2. Experimental
2.1 Materials
Poly (ethylene glycol)-400 was procured from Sigma
Aldrich, silver nitrate (AgNO3) and tri-sodium citrate
(Na3C6H5O7) were procured from Merck. Double
distilled water (DDW) was prepared in the laboratory
by using a Borosil double distillation unit.

2.2 Preparation of poly (ethylene glycol)-400
crowned silver nanoparticles
Silver nanoparticles were prepared by chemical
reduction method, in typical synthetic method poly-
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ethylene glycol-400 (4.0 mL) was added into 50.0 mL
of 2.33 mM aqueous silver nitrate solution. The
solution was vigorously stirred at 80 °C for 10 min and
then 35 mM tri-sodium citrate (4 mL) was added into
the reaction mixture. After stirring at 80 °C for
2-3 min, the solution turns into a yellow color solution
which further allows to stirrer at the same temperature
for 45 min.
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stabilizer. Trisodium citrate was used as a reducing
agent for AgNO3.
AgNO3 þ Polyðethylene glycol  400Þðaq:Þ
! ½Agðpolyðethylene glycolÞÞþ ðaq:Þ
½Ag ðpoly ðethylene glycolÞÞþ þ C6 H5 O7 Na3 ðaq:Þ
! ½Agðpoly ðethylene glycolÞÞ
# þDCA þ acetone þ otherproducts

2.3 Instruments
Synthesis of polyethylene glycol-400 crowned silver
NPs and their ﬂuoride sensing properties were conﬁrmed by UV-2600 Shimadzu double beam UV-Visible spectrophotometer and Bruker ALPHA II FT-IR
spectrophotometer. The size and shape of synthesized
polyethylene glycol-400 crowned silver nanoparticles
were studied from FESEM micrographs recorded on
JEOL make JSM-7610FPlus model.
3. Results and Discussion
3.1 Synthesis and characterization
The designed poly (ethylene glycol)-400 crowned
silver nanoparticles were synthesized by using silver
nitrate precursor as depicted in schematic outline in
Figure 1. In this protocol poly (ethylene glycol)-400 is
used as an appropriate capping agent as well as

ð1Þ

ð2Þ

Initially, poly-ethylene glycol-400 reacted with silver ions to form [Ag (poly-ethylene glycol)]? complex
which were subsequently reacted with trisodium
citrate to form [Ag (poly-ethylene glycol)] via reducing silver ions along with irreversible oxidation of
citrate to dicarboxy acetone (DCA), acetone or other
products.29 The completion of the reaction was noticed
by the color change from colorless solution to yellow
color.
To optimization of reaction temperature for the
synthesis of poly (ethylene glycol) crowned AgNps,
polyethylene glycol-400 (4.0 mL) was added into
50.0 mL of 2.33 mM aqueous silver nitrate solution.
The resultant solution was then heated at distinctive
temperature (40, 50, 60, 70 and 80 °C) for 40 min, then
trisodium citrate solution (35 mM, 4mL) was added at
air atmosphere under stirring. The progress of formation of poly(ethylene glycol) crowned silver nanoparticles was monitored by speciﬁc intense surface
plasmon resonance (SPR) absorption band in the range

Figure 1. Preparation of the poly(ethylene glycol) crowned silver nanoparticles.

5

Page 4 of 12

J. Chem. Sci. (2022)134:5

of 300-600 nm in UV-visible spectroscopy. Figure 2
exhibits characteristic silver surface plasmon (SPR)
absorption bands of designed silver nanoparticles
under distinctive temperatures (40, 50, 60, 70 and
80 °C). As demonstrated in Figure 2, slightly broad
and low absorption SPR bands of poly(ethylene glycol) crowned silver nanoparticles was observed at
60 °C whereas at 70 and 80 °C fairly intense absorption (SPR) band was observed which clearly reﬂects
the effect of temperature in development of designed
Ag nanoparticles. Together, it was found that upon
increasing the temperature up to 80 °C, the absorption
maxima of the surface plasmon resonance band was
enhanced from 0.10 to 0.19 and the shape become
narrower and more symmetrical which suggested that
formed designed Ag NPs were narrower size and
uniform spherical shape. The change in spectral proﬁle
of SPR band of AgNps were also reﬂected in colour
changes of AgNPs formed at 40, 50, 60, 70 and 80 °C
(Figure 2, inset). The aqueous solution of AgNPs at
40 °C almost colorless showed low reduction efﬁciency at this temperature whereas increasing temperature from 40 to 60 °C, the solution became pale
yellow. With continued to raise the reaction temperature, and the solution turned into dark yellow at 80 °C.
A symmetrical SPR band was spotted at 416 nm in
UV-visible spectra. These observations revealed that
80 °C is the optimum temperature for the synthesis of
poly(ethylene glycol) crowned silver nanoparticles.
Subsequently, to examine the effect of AgNO3
concentration on the synthesis of poly(ethylene glycol)
silver nanoparticles, a model reaction was carried out
using a distinctive concentration of the AgNO3
(1.0 mM to 3.33 mM) with a constant concentration of

PEG and trisodium citrate. It was found that absorption intensity of SPR band at 416 nm was enhanced
from 0.1 to 0.34 with increasing AgNO3 concentration
indicated that formation of designed AgNPs increases
by increasing concentration of AgNO3. This observation was also reﬂected in color changes of the corresponding reaction mixture as depicted in Figure 3
inset. It was observed that intensity of color become
enhanced with increasing concentration of AgNO3 and
maximum absorption at 416 nm along with symmetrical SPR band at 2.33 mM concentration of AgNO3
was observed. These observations revealed that at
2.33 mM concentration of AgNO3, the maximum
amount of shape- and size-uniform designed Ag NPs
were formed. The concentration and temperature
studies revealed that 80 °C reaction temperature and
2.33 mM concentration of AgNO3 collectively was
optimal for the preparation of the poly(ethylene glycol) crowned Ag nanoparticles.

Figure 2. UV–Vis spectra of poly(ethylene glycol)
crowned silver nanoparticles at distinctive temperture (40,
50, 60, 70, 80 °C) under the same concentration of
poly(ethylene glycol), trisodium citrate (35 mM, 4mL)
and AgNO3 (2.33 mM).

Figure 3. UV-vis spectra of poly(ethylene glycol)
crowned silver nanoparticles prepared at distinctive concentration of AgNO3 (1, 2, 2.33, 3, 3.33 mM) under the
same conentration of poly(ethylene glycol) and trisodium
citrate (35 mM, 4 mL) at reaction temperature 80 °C.

3.2 Structural characterization of poly(ethylene
glycol) crowned Ag nanoparticles
Poly(ethylene glycol) crowned silver nanoparticles
were prepared under optimal reaction conditioned and
characterized by a series of spectroscopic techniques.
The formation of poly-ethylene glycol crowned silver
nanoparticles was veriﬁed by color change of the
reaction mixture from colorless to dark yellow after
addition of trisodium citrate. The complete reduction
of metallic solutions of silver was monitored by UV-
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visible absorption spectroscopy, a well-known fundamental technique for assessing the formation of NPs as
well as optical properties of the plasmonic nanoparticles. It was found from reported literature that plasmonic nanoparticles exhibit an intense absorption peak
in the range of 300-600 nm due to the localized surface
plasmon resonance (SPR) band.30 In view of this,
initially poly-ethylene glycol crowned silver
nanoparticles were characterized by UV-Visible

Figure 4. UV-Visible spectra of as-prepared poly(ethylene glycol) crowned Ag nanoparticles.
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spectroscopy which exhibits a sharp surface plasmon
resonance band at 416 nm as shown in Figure 4. The
existence of a surface plasmon resonance band at
416 nm in UV-Visible spectra clearly indicated the
successful formation of spherical silver nanoparticles
according to Mie theory.31 It is worth mentioning here
that UV–Visible spectrum of poly(ethylene glycol)
crowned silver nanoparticles remained unchanged
over one month, indicating the stability of synthesized
silver nanoparticles. The strong tendency of polyethylene glycol to form hydrogen bonds with solvent
prevents aggregation/agglomeration of polyethylene
glycol crowned Ag nanoparticles and increase steric
distance between nanoparticles.32
The formation of poly(ethylene glycol) crowned Ag
nanoparticles were also analyzed by FT-IR spectra.
The FT-IR spectra of poly(ethylene glycol)-400, Ag
NPs and poly(ethylene glycol) crowned are depicted in
Figure 5. The uncoated AgNPs were chemically synthesized using sodium borohydride as a reducing
agent. The FT-IR spectra of the uncoated AgNPs and
poly(ethylene glycol) crowned Ag NPs are compared
(Figures 5b and 5c). The two intense peaks at
3312 cm-1 and 1638 cm-1 were observed in uncoated
AgNps correspond to stretching and bending vibrations of -OH group respectively during oxidation and
absorption of moisture on the reactive surface of
AgNPs32–34 while for poly(ethylene glycol) crowned

Figure 5. FTIR spectra of (a) poly(ethylene glycol) (b) silver nanoparticles (c) poly(ethylene glycol) crowned Ag
nanoparticles.
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Ag NPs, number of peaks were observed at 3335 cm-1,
2125 cm-1, 1638 cm-1, 1465 cm-1, 1342 cm-1, 1086 cm1
, 944 cm-1, 525 cm-1. The wide spectrum peaks
centred around 3335 cm-1 attributed the stretching
vibration of –OH group. The spectral bands at
2125 cm-1 and 1342 cm-1 were assigned to alkyl C–H
deforming vibrations, and the combination band of O–
C–H. A peak centered at 1086 cm-1 attributed to
hydroxy group (C-OH stretching vibration) indicating
the functionalization of AgNPs with poly (ethylene
glycol) whereas the peak at 944 cm-1 and 525 cm-1
corresponds to C-H bending vibration and stretching
vibration of Ag-O bond.35,36

J. Chem. Sci. (2022)134:5

Further, for the morphological documentation,
FESEM characterization of synthesized colloidal NPs
solution was carried out using the drop cast method on
a silicon wafer sheet (20 lL, as-prepared Ag NPs).
The FSEM image, as shown in Figure 6, exhibited that
the morphology of the nanoparticles is predominately
spherical and uniformly distributed (Figure 7). EDAX
mapping supports the demonstration of uniform distribution of the silver, carbon, and oxygen elements
(Figure 8). Moreover, the elemental composition of
the synthesized silver nanoparticles was further
assessed by the FESEM-EDS spectrum which showed
the presence of carbon, oxygen and silver (Figure 7).
3.3 Sensing studies

Figure 6. FESEM images of poly(ethylene glycol)
crowned Ag nanoparticles at 20,000x magniﬁcation, showing spherical.

In sensing investigation, we started with visual colorimetric observations in the aqueous medium. The
aqueous solution of Br-, F-, I-, CH3COO-, CO32 and
H2PO4- anions were added in the (poly(ethylene glycol) crowned Ag NPs solution to validate visual colorimetric detection. It was observed that addition of an
aqueous solution of ﬂuoride into poly(ethylene glycol)
crowned silver nanoparticle solution, an instant colour
change was observed whereas no such noticeable
observation was observed with other anions (Figure 9b). The instant colorimetric responses revealed
that the surrounding environment and optical properties of the nanoparticles changed during interaction
with only ﬂuoride ion.
Further, UV-Visible studies were conducted to
examine selective sensing of the ﬂuoride ion in presence of other anions like Br-, I-, CH3COO-, CO32H2PO4-, etc. It was found that the interaction of Ag

Figure 7. EDS spectrum of the as-prepared poly(ethylene glycol) crowned Ag nanoparticles.
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Figure 8. EDAX element mapping analysis of as prepared poly(ethylene glycol) crowned Ag nanoparticles (C, O and Ag
elements).

Figure 9. (a) UV-Visible spectra of poly(ethylene glycol) crowned Ag nanoparticles with different anions (b) color of the
poly(ethylene glycol) crowned Ag nanoparticles solution in the absence and presence of anions (c) Absorption intensity of
the poly(ethylene glycol) crowned Ag nanoparticles with different anion at 650 nm.
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Figure 10. FSEM images of the (a) as-prepared poly
(ethylene glycol) crowned Ag NPs, (b) & (c) poly(ethylene
glycol) crowned Ag NPs with F- ion.

NPs with ﬂuoride ion leads to a redshift in the surface
plasmon resonance band. A new SPR band was
developed at 650 nm along with instant color change
as depicted in Figures 9a and 9b. The interaction of
silver NPs with ﬂuoride ion prompts alternation in the
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interparticle networking pattern of the NPs. That
exhibited aggregation of the poly(ethylene glycol)
crowned silver nanoparticles and a remarkable redshift
in SPR absorption band with visual color change
(yellow to colorless).
The FESEM analysis were used to investigate the
morphological changes caused by interaction with
ﬂuoride ion. The synthesized poly(ethylene) crowned
Ag nanoparticles have uniform spherical shape and
size as evident from FESEM image shown in Figure 10a. The addition of an aqueous solution of ﬂuoride ion (aqueous NaF solution) resulted in
aggregation and agglomeration of designed silver
nanoparticles with an increased average particle size
of NPs as shown in Figures 10b and 10c. To endorse
the aggregation behavior of Ag NPs, a possible interaction of silver NPs with ﬂuoride anion was illustrated
in Figure 11.
The monitoring of aqueous ﬂuoride ion is of vital
importance because of its existence in various water
bodies and environments which causes numerous
detrimental effects. Thus, for quantitative analysis,
UV-Visible absorption spectrum of silver NPs were
recorded with various ﬂuoride concentrations under
optimized conditions (Figure 12a). As depicted in
Figure 12b, distinct color change from yellow to colorless was detected with a constant increase of ﬂuoride
ion concentration from 0.01 lM to 0.07 lM. More
prominently, the obtained optical changes are sensitively envisaged by the naked eye and are enough for
analysis purposes. The visual color change was veriﬁed by UV-Visible spectra showing that absorbance at
650 nm gradually increased with increasing concentration of the ﬂuoride ions (0.01 lM–0.07 lM) along
with concurrently ﬂattening SPR band at 416 nm of
NPs. The quantitative coefﬁcients and limit of detection were calculated by the collected UV visible data.
The absorption values exhibited a linear correlation
with a linear regression coefﬁcient (R2) of 0.95 and
were also effective in sensing the minimum concentration of 0.098 mg/L of ﬂuoride ions. Hence, the
analysis results revealed that the as-prepared
nanoparticles have potential use for ﬂuoride ion
sensing in water at a low concentration less than the
permissible limit (1 mg/L).
The sensitivity of reported poly(ethylene glycol)
crowned Ag nanoparticles towards F- ion was compared with other reported nanomaterial-based sensors16,22,37–41 as tabulated in Table 1 which shows that
sensitivity of reported poly(ethylene glycol) crowned
AgNPs is either better or comparable amongst the
recently reported nanomaterial-based colorimetric
ﬂuoride ion sensors.

J. Chem. Sci. (2022)134:5

Page 9 of 12

5

Figure 11. Schematic illustration of the interaction of the poly(ethylene glycol) crowned Ag nanoparticles with F- ion.

Figure 12. (a) UV-vis spectra showing the transformation of poly(ethylene glycol) crowned Ag nanoparticles in a
different amount of sodium ﬂuoride. The absorbance at 416 nm decreased with more sodium ﬂuoride and the peak shifted
from 416 to 650 nm. The intensity of the peak at 416 nm decreases and ﬂattens. The silver nanoparticles aggregates at
650 nm. (b) Picture showing the change in color when 2 mL of Ag NPs was mixed with different amounts of sodium
ﬂuoride, the color changed from yellow to greyish and then colorless from leftward to right. This validates that Ag NPs
agglomerate to form clusters of silver particles. (c) The normalized linear relationship between absorbance v/s concentration
of ﬂuoride anion, concentration ranges from 0.015 lM to 0.05 lM.
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Table 1. Nanosensors for ﬂuoride sensing
Entry
1
2
3
4
5
6
7
8

Nanosensor

LOD

Thiobarbituric-capped gold nanoparticles
L-cysteine-Ag-CdS/Ag- ZnS QDs
Anthraquinone based hybrid nanomaterials
CDs and hexametaphosphate capped Au NPs
Pyrene-boronic acid-based CDs
b-CDs@MP-Au NPs
Fluorescent carbon nanodots
Poly(ethylene glycol) crowned AgNPs

0.19 mg/L
0.0997 mg/L
0.0095 mg/L
0.00399 mg/L
1.12 mg/L
0.028 mg/L
2.09 mg/L
0.098 mg/L

Refs.
16
22
37
38
39
40
41

Present work

Table 2. Practical applicability of the nanoparticles in water sample
Sample
S0 (DW)
S1
S2
S3

Fluoride ion concentration (mg/L)

Observation

0.000
0.074
0.908
5.012

416 nm peak and no 650 nm peak
416 nm peak and no 650 nm peak
No 416 nm peak but evolution of 650 nm peak
No 416 nm peak but evolution of 650 nm peak

3.4 Practical applicability of the nanoparticles
in real water samples
The practical applicability of synthesized poly(ethylene glycol) crowned Ag nanoparticles was monitored for sensing of ﬂuoride ion in water samples (S1,
S2 and S3) taken from three different sources. The
exact concentrations of ﬂuoride ion were measured
using a ﬂuoride analyzer instrument. The collected
water samples were tested with reported poly(ethylene
glycol) crowned Ag nanoparticles through UV–vis
spectroscopic analysis. Each water sample was taken
in a small tube and to this sample, poly(ethylene
glycol) crowned Ag nanoparticle solution was added.
The mixture was well shaken and analyzed through
UV–vis spectrophotometer. The detailed observation
is presented in Table 2. The observed analysis indicated that poly(ethylene glycol) crowned Ag
nanoparticle can detect the presence of ﬂuoride ion in
real water sample.
4. Conclusions
In conclusion, we have successfully designed poly(ethylene glycol)-400 crowned Ag nanoparticles as an
efﬁcient, selective, colorimetric tool for effective
sensing of ﬂuoride ions in an aqueous medium. In the
synthesis of poly(ethylene glycol)-400 crowned Ag
nanoparticles, inﬂuences of temperature, the concentration of silver nitrate and trisodium citrate were
thoroughly investigated and optimized. The silver

nano particles-based sensor exhibits excellent
selectivity towards sensing ﬂuoride ions in water
samples via a distinct immediate color change from
yellow to colorless. Moreover, the synthesized nanosensor is stable over time and exhibits similar efﬁciency for sensing ﬂuoride ions at low concentrations (0.098 mg/L). The excellent selectivity and
sensitivity of the prepared nanoparticles toward
ﬂuoride ions have proven their potential calibre in
anion sensor ﬁelds.
Supplementary Information (SI)
Figures S1-S4 are available at www.ias.ac.in/chemsci.
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36. Tunç S and Duman O 2008 The effect of different
molecular weight of poly (ethylene glycol) on the
electrokinetic and rheological properties of Na-bentonite suspensions Colloids Surf. A 317 93
37. Kim E, Kim H J, Bae D R, Lee S J, Cho E J, Seo M R,
et al. 2008 Selective ﬂuoride sensing using organic–
inorganic hybrid nanomaterials containing anthraquinone New J. Chem. 32 1003

J. Chem. Sci. (2022)134:5
38. Tian X, Wang J, Li Y, Yang C, Lu L and Nie Y 2018
Sensitive determination of hardness and ﬂuoride in ground
water by a hybrid nanosensor based on aggregation induced
FRET on and off mechanism Sens. Actuat. B 262 522
39. Li M, Li X, Jiang M, Liu X, Chen Z, Wang S, James T D,
Wang L and Xiao H 2020 Engineering a ratiometric
ﬂuorescent sensor membrane containing carbon dots for
efﬁcient ﬂuoride detection and removal Chem. Eng. J. 399
125741
40. Feng D-Q, Liu G, Chen Z, Lu H, Gao Y and Fang X 2020
A logic gate for ﬂuoride anion detection based on carbon
dots/gold nanoparticles Microchem. J. 157 104977
41. Shamsipur M, Safavi A, Mohammadpour Z and
Zolghadr A R 2015 Fluorescent carbon nanodots for
optical detection of ﬂuoride ion in aqueous media Sens.
Actuat. B 221 1554

