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ABSTRACT: Consumption of excess fluorides through drinking
water and its adverse effects on human health is of global concern.
Given that people from at least 25 countries are suffering from
fluorosis, global management of this issue is of immense importance.
Here, we developed a sensor called FeFlu, based on an anionic
micelle (SDS)−hematoporphyrin (Hp) complex, sensitized by
Fe(III) chloride for the detection of fluoride in water. The
micelle−hematoporphyrin (SDS−Hp) complex is almost non-
fluorescent, but the prototype (FeFlu device) based on it displays a
strong turn-on fluorescence upon recognition of F− in water. In
addition, the detection of fluorides using FeFlu is found to suffer
insignificant interference from environmentally relevant anions and
cations. In the present study, we also fabricated a fluorescence-based prototype FeFlu device based on photophysical
investigation of several sensitized micelle−Hp complexes and validated the results with a fluoride-ion-selective electrode, which
is widely utilized for the detection of fluorides in drinking water in an easy and affordable manner.

KEYWORDS: SDS−Hp complex, Fluorescence, Raspberry Pi, FeFlu sensor, FeFlu Device

■ INTRODUCTION

Fluoride, a mineral found in water and soil, is known to
improve dental health in humans3,4 and is also administered as
a therapeutic for the treatment of osteoporosis.5,6 Although
fluoride is beneficial, chronic exposure to it can have
detrimental effects on human physiology. Increased levels of
fluoride in drinking water can cause incidences of dental and
skeletal fluorosis.7−10 Exposure to higher levels of fluoride is
cited as a major cause for neurotoxicity, thereby resulting in
lower IQ in children.11,12 Several cases have been reported
where high concentrations of fluorides were a contributing
factor in the development of diseases like attention deficit
hyperactive disorder and osteosarcoma.13−15 Taking into
account these adverse effects of fluoride, real-time monitoring

and quantification of it in the aqueous and the physiological
milieu is of utmost importance. The problem appears to be
global in nature given that skeletal fluorosis has surfaced as an
epidemic in at least 25 countries across the globe. Thousands
of DFU’s have been established in these countries for
defluoridation of groundwater, which requires constant
monitoring of treated water for residual fluoride, so that a
timely replacement of the spent adsorbent bed may be carried
out. This requires detection of F− in treated water in an easy
manner, with minimal cost and high reliability.
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Since the discovery of ion-selective electrode (ISE) by Frant
and Ross,16 the technique has been one of the gold standard
methods17 for the detection of F− in the groundwater sample.
Although the performance of this method is satisfactory18 for
determination of different ions,19 the presence of Al(III) ion in
water severely undermines the detection efficiency of F−

through the formation of an Al(III)−fluoride complex.20,21

Given the fact that potassium alum (Al(III)-based compound)
is widely used for the treatment of fluoride in drinking water,
the possibility of Al(III)-ion leaching in the treated water is
unavoidable, posing a risk of “false negative” F− detection by
the conventional colorimetric determination. Several other
sensor strategies based on the NIR method,22 chemosensor,23

colorimetric methods,24,25 molecular recognition-linked trans-
duction mechanism, and organic receptors having amide, urea,
thiourea, guanidinium, or pyrrole functionalities capable of
hydrogen bonding with the fluoride anion in their binding sites
are in use.21,26,27 However, interference from other anions
essentially complicates the detection of fluoride in drinking
water, further necessitating the scope of developing a low-cost
detection method with comparable sensitivity.
Our photophysical studies have demonstrated that the

complex of hematoporphyrin (Hp) with an anionic micelle
(sodium dodecyl sulfate, SDS) sensitized by Fe(III) chloride is
far superior to the sensitized complex of Hp with a cationic
(cetyltrimethylammonium bromide, CTAB) or a neutral
(Triton-X-100, TX-100) micelle for the detection of fluorides
in drinking water. The fluorescence intensity of the SDS−
micelle-incorporated Fe(III)−Hp complex (referred to as
FeFlu nanosensor) becomes significantly enhanced upon the
addition of fluoride ions relative to the cationic (CTAB) or the
neutral (Triton X-100) micelle-incorporated metal−ligand
complex. In the present work, we sensitized an anionic
(SDS) micelle−hematoporphyrin (Hp) complex with Fe(III)
chloride for the detection of fluoride ions in drinking water.
Dynamic light scattering (DLS) and steady-state fluorescence
studies confirm the detachment of the Fe(III) ion from the
SDS−micelle-incorporated Fe(III)−Hp complex upon inter-
action with fluoride. A schematic picture of the complete
procedure is demonstrated in Scheme 1. The microscopic
understanding of the processes involved was achieved via
density functional theory (DFT) and molecular dynamics
simulations. Furthermore, the sensitivity and selectivity of the
FeFlu nanosensor are found to suffer negligible interference
from other anions present in water. It is therefore quite

remarkable that our prototype FeFlu device detects fluoride
ions, which have continued to pose difficulties in fluoride
detection for several decades. On the basis of the detailed
photophysical study, an easily reproducible fluoride test
method based on SDS−micelle-incorporated Fe(III)−Hp
complex has been been devised and incorporated in a portable
digital camera-based prototype FeFlu device that was designed
and built in house. The reliability of the FeFlu device is
confirmed with blind tests on groundwater samples collected
from different villages of Rajasthan, which is one of the most
affected with fluorides in India.28,29 The prototype is proposed
to be a robust, potentially efficient, and inexpensive solution
for detection of the fluoride ions even in the presence of
interfering Al(III) ions. The device is shown to be easy to use,
affordable, and accessible to local communities impacted by
chronic fluoride toxicity.

■ EXPERIMENTAL SECTION
Chemicals. Sodium dodecyl sulfate (NaC12H25SO4) and hema-

toporphyrin (C34H38N4O6) were purchased from Sigma-Aldrich.
Fe(III) chloride and all other salts were of analytical reagent grade
and purchased from Merck and Aldrich. All of the salts and synthetic
organic compounds were used as received without further
purification. The stock solutions were prepared in Millipore water
from Milli-Q (Merck) and diluted gradually for the preparation of all
working solutions (pH 7.0). The performance of the sensor was
investigated by selectivity studies where its fluorescence response was
measured against interference from other anions.

DFT Calculations. The chemical structure of hematoporphyrin
(Hp) was obtained from PubChem.30 To probe the interactions with
SDS, a truncated alkyl sulfate (AS−) was used for the calculations
instead of dodecyl sulfate (DS−). Geometries of [FeF6]

3−, [Fe-
(H2O)6]

3+, Hp, [FeHp(H2O)2]
+, and [FeHpH2O]+AS− were

optimized with density functional theory (DFT) approximation
using the B3LYP exchange-correlation functional31 and Pople’s
double-ζ basis set (6-31G) with added diffuse function and
polarization function for the heavy atoms. All optimizations were
done in the polarizable continuum model (IEFPCM) of water, where
the molecule was placed in a solvation cavity and a constant dielectric
field was assumed on the outside. The spin multiplicity of Fe(III) in
all of the Fe(III) complexes were sextet. Time-dependent density
functional theory (TDDFT) calculations were performed on the
optimized geometries using the same exchange-correlation and basis
sets. Classical molecular dynamics (MD) simulations were performed
using the OPLS (optimized potential for liquid simulations) force
field in Desmond.32

Optical Spectroscopic Studies. Optical absorption spectra of
the sensor materials were measured using a Shimadzu UV-2600

Scheme 1. Schematic Representation of the Sensing Mechanism of FeFlu Sensora

a“Quenching of fluorescence” occurs in the presence of Fe3+ ions, whereas the “fluorescence is released” in the presence of F− ions due to the
presence of SDS−Hp complex in solution.

http://dx.doi.org/10.1021/acssuschemeng.9b03447


spectrophotometer at ambient temperature with a quartz cell of 1 cm
path length. Dynamic light scattering (DLS) experiments were
performed to measure the hydrodynamic diameter of the micelle both
in the presence and in the absence of Fe(III) and fluoride (F−) ions.
Picosecond-resolved fluorescence transients were measured using a
time-correlated single-photon counting (TCSPC) setup from
Edinburgh Instruments UK though a 375 nm excitation laser diode
was used with an instrument response function (IRF) of 80 ps. The
excitation laser was vertically polarized, and the emission was
collected through a polarizer oriented at 54.7° with respect to the
vertically polarized excitation beam. Previous reports from our group
depict the details of the time-resolved fluorescence measurement
techniques used in our present studies.33−38

Synthesis of the Fluoride Sensor, FeFlu. A 10 mmol/L stock
solution of SDS in Millipore water was used to prepare SDS micelles
in accordance with previously published procedures.39 Hematopor-
phyrin (1.1 mmol/L) was dissolved in 4 mL of SDS solution and was
kept under stirring conditions until the Hp dissolves in SDS solution.
The resulting solution was passed through a 0.22 μm syringe filter to
obtain the Hp−micelle complex. A 50 μL amount of the prepared
Hp−micelle complex was diluted to 2 mL of SDS micellar solution
(10 mM) to make a final concentration of 27.5 μmol/L. An aqueous
solution of 30 mmol/L FeCl3 (prepared in Millipore water) was
added to the Hp−micelle complex such that the final concentration of
Fe(III) in the resulting solution becomes 0.3 mmol/L under stirring
conditions and was kept for 15 min. The resulting Fe(III)−Hp
complex encapsulated by the SDS micelle is the fluoride sensor.
Characterization of the Sensor, FeFlu. To characterize the

prepared sensor, UV−vis absorption and dynamic light scattering
(DLS) experiments were performed. In the case of absorption studies,
baseline correction was carried out with respect to the 10 mM SDS
solution without hematoporphyrin. An aqueous solution of 150
mmol/L of NaF was prepared and added to the solution containing
the fluoride sensor. The resulting solution was mixed, and the
absorption spectrum was recorded at room temperature. Furthermore,
DLS measurements were carried out to determine the hydrodynamic
diameter of the SDS−Hp complex and the prepared FeFlu sensor.
Fluoride Sensing in Real Samples. Water samples from Jaipur

were provided by the Malaviya National Institute of Technology
Jaipur, India. The water samples were tested using our developed
sensor as described earlier, and a correlation was established between
the measured and the expected results by comparing the differential
fluorescence intensity with respect to the reference sample. The pH of
all of the sample water was in the range of 6.5−7.5.

■ RESULTS AND DISCUSSION

Characterization of the Micelle−Hp Complexes.
Dynamic light scattering (DLS) measurements were used for
characterization of different micelle−Hp complexes. The
average hydrodynamic diameter of the micelle−Hp complex
is found to be more or less similar (Figure 1) to that of the
anionic micelle (SDS), indicating negligible perturbation in its
structure or size due to the formation of the complex. On
addition of Fe(III) chloride, the size of the resulting complex
remains unchanged, showing further that the structure or the
size of the SDS micelle is not altered upon formation of the
micelle-encapsulated Fe(III)−Hp complex. In presence of
fluoride another distinct peak appears at ∼2 nm in the DLS
profile (Figure 1), which may be attributed to the [FeF6]

3−

complex formed from the interaction of Fe(III)−Hp complex
with F−. On the contrary, the average hydrodynamic diameter
of the CTAB−Hp complex or that in the presence of the
Fe(III) ion fluctuates significantly from that of the cationic
micelle (Figure S1 in Supporting Information), suggesting
significant perturbation in the structure or size of the CTAB
micelle during formation of the CTAB−Hp complex or the
Fe(III)−Hp complex. The perturbation in the size or structure

of the neutral (Triton X-100) micelle in the presence of
hematoporphyrin (Hp) and Fe(III) or fluoride ion (F−) is less
than that in the cationic micelle and absence of any peak at ∼2
nm in the DLS profile (Figure S2 in Supporting Information),
indicating the absence of any [FeF6]

3− complex. Thus, the
[FeF6]

3− complex is found to be most efficiently formed from
the interaction of Fe(III)−Hp complex with fluoride in the
SDS−micelle than that in either the cationic (CTAB) or the
neutral (Triton X-100) micelle. To probe whether the extent
of formation of the Fe(III)−hexafluoride complex forms the
basis of the sensor response in terms of fluorescence signal in
the presence of fluorides steady-state fluorescence measure-
ments of the micelle−Hp complexes in the presence of Fe(III)
chloride and fluoride ions were undertaken. In the present
study, we were far from experimenting with Fe(II) as our
target is to determine the level of F− in the drinking water. We
observed that the in the presence of iron the fluorescent
intensity of the developed sensor is reduced, and in turn, the
amount of the added Fe(III) determines the detectability range
of the fluoride sensor.

Steady-State Fluorescence Studies. The fluorescence of
both Triton X-100−Hp complex and CTAB−Hp complex is
drastically quenched (Figure 2) in the presence of Fe(III) ion.
Contrary to the neutral micelle where no change in emission
intensity is detected upon addition of fluoride (F−), the
fluorescence is moderately enhanced in the case of the cationic
micelles of CTAB, though it is observed that the same reactant
(Hp) interacts with three different micelles. The absence of
any response of the neutral micelle-encapsulated Fe(III)−Hp
complex in terms of fluorescence signal likely originates from

Figure 1. Dynamic light scattering (DLS) of (a) SDS micelle, (b)
hematoporphyrin (Hp) encapsulated SDS micelle, (c) SDS−Hp
complex in the presence of Fe(III) chloride, and (d) SDS−Hp
complex in the presence of Fe(III) chloride and sodium fluoride.
Note that a hump is clearly visible ∼2 nm. This ensures the formation
of [FeF6]

3− complex.
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the absence of [FeF6]
3− complex in the presence of fluoride,

which agrees excellently with the absence of any peak at 2 nm
in the DLS profile (Supporting Information). On the other
hand, a very weak shoulder at ∼2 nm in the DLS profile
(Supporting Information) of the cationic micelle-encapsulated
Fe(III)−Hp complex is observed in the presence of fluoride,
indicating formation of the Fe(III)−hexafluoride complex via
removal of the Fe(III) ion coordinated to Hp. This leads to a
moderate enhancement of fluorescence intensity of the
cationic micelle-based system in the presence of fluoride. In
comparison to neutral or cationic micelle, the fluorescence is
significantly enhanced (Figure 2) for the SDS−micelle-based
system in the presence of fluoride (F−), indicating efficient
formation of the [FeF6]

3− complex, which is evident from a
distinct peak at 2 nm in the DLS profile (Figure 1). Thus, the
SDS−micelle-based system turns out to be the most efficient in
producing a fluorescence response in the presence of fluoride.
In consequence, we focused our further studies solely on the
SDS−micelle-based Fe(III)−Hp (metal−ligand) complex.
Photophysical Studies of SDS Micelle−Hp Com-

plexes. The UV−vis absorbance spectrum of Hp in SDS−
micelle is found to display peak maximum at 392 nm (λmax)
which is significantly red shifted from that at 370 nm due to
the dimeric or aggregated form of Hp,21 indicating

deaggregation of Hp upon its incorporation within the SDS
micelle, thereby resulting in formation of the SDS−Hp
complex. The fluorescence of the SDS−Hp complex at 606
and 663 nm is significantly quenched (Figure 3) on addition of
Fe(III) chloride, which may be attributed to the formation of a
nonemissive Fe(III)−Hp complex where the pyrrole nitrogens
are coordinated to the metal ion.30

For a static quenching mechanism due to the formation of a
nonfluorescent complex the Stern−Volmer equation applies

F
F

K1 Q0
SV= + [ ]

(1)

where F0 and F are the fluorescence intensities of the SDS−Hp
complex in the absence and presence of Fe(III) ion as the
quencher (Q). KSV is the quenching constant that depends on
the association constant of the complex formed between the
SDS−micelle-encapsulated Hp and Fe(III). The plot of F0/F
versus the concentration of the Fe(III) ion (Figure 3b) yields a
straight line, confirming the static quenching mechanism due
to the formation of a nonemissive Fe(III)−Hp complex in
SDS−micelle. Assuming a 1:1 stoichiometry of the complex
between the Fe(III) ion and the micelle-incorporated Hp eq 2
is used31

F F F F K F F
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1
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where F0, F, and F∞ are the fluorescence intensities of the
SDS−Hp complex in the absence and in the presence of an
intermediate and large concentration of Fe(III) ion. The plot
of 1/(F0 − F) versus 1/[Fe(III)] at 606 nm exhibits an
excellent linear relationship (Figure 4), confirming the 1:1
stoichiometry of the complexes formed between the Fe(III)
ion and the SDS−micelle-incorporated Hp with an association

Figure 2. Release of fluorescence from micelle-incorporated Fe(III)−
Hp (a), Triton X-100, (b) SDS, and (c) CTAB micelle complex in the
presence of increasing mole fractions of F−.

Figure 3. (a) Steady-state emission spectra of SDS−Hp complex in
the presence of increasing mole fraction of Fe(III) chloride (b)
Stern−Volmer plot for steady-state quenching at 606 nm.
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constant (K) of 8.6 × 103 M−1. Furthermore, the value of the
quenching constant (KSV = 9.3 × 103 M−1) obtained from the
Stern−Volmer plot is quite close to the estimated association
constants (K = 8.6 × 103 M−1) for the formation of the
micelle-encapsulated Fe(III)−Hp complexes. This demon-
strates that a static quenching mechanism due to the formation
of a nonemissive complex is responsible for the decreased
fluorescence of the SDS−Hp complex in the presence of
Fe(III) ion.
Time-resolved fluorescence measurements further corrobo-

rate the nonemissive or very weakly fluorescent nature of the
SDS−micelle-incorporated Fe(III)−Hp complex. The fluo-
rescence decay of the SDS−Hp complex is characterized by a
dominant long time constant (τ3) of 9.6 ns (Table 1) along

with an insignificant contribution (8%) of a shorter component
(τ2 ≈ 2 ns). The longest time constant may be attributed to

the decay time of the SDS−Hp complex, whereas the shorter
component (τ2 ≈ 2 ns) likely originates from a dimeric or
aggregated form of Hp present in bulk water. In the presence
of 46.6 ppm of Fe(III), the decay is characterized by a
triexponential function with a significantly large contribution
(92%) of a very fast component (τ1) of 20 ps, which may be
ascribed to the fluorescence lifetime of the SDS−micelle-
incorporated Fe(III)−Hp complex.
The significantly short lifetime (∼20 ps) of the micelle-

incorporated Fe(III)−Hp complex is indicative of the presence
of a dominant nonradiative deactivation pathway of the
photoexcited complex which gives rise to its very weakly
fluorescent or nonfluorescent nature. TDDFT calculations
lend further support to the presence of a strong nonradiative
deactivation channel of the singlet excited state in the
photophysics of the Fe(III)−Hp complex which is responsible
for its nonemissive or very weakly fluorescent nature. Figure 5
shows the frontier molecular orbitals of Hp and Fe(III)−Hp
complexes. The HOMO/LUMO energy gap is much lower in
the Fe(III) complex than that in Hp. The ground state is also
found to be more stabilized in the metal−ligand complex. For
Hp, upon UV irradiation, the electron is promoted from S0 to
S1 and to higher excited states followed by relaxation from the
S1 to the S0 state through a radiative path due to high orbital
overlap. However, in the Fe(III)−Hp complex the electron
goes from the ground state to higher excited states, from where
it comes down to the first excited state (S1) through an internal
conversion (IC) process. Relaxation from the first excited state
to the ground state becomes predominantly nonradiative as the
energy gap is very low and there is low orbital overlap which
significantly increases the rate of nonradiative deactivation
from the excited singlet state (S1) to the ground state.

Sensing Behavior of Micelle-Encapsulated Fe(III)−Hp
Complex for Detection of F−. The remarkably quenched
fluorescence of the SDS−micelle-incorporated Fe(III)−Hp
complex is recovered appreciably upon addition of fluoride
ions in the anionic SDS micelles relative to the cationic CTAB
or the neutral TX-100 micelles (Figure 2). This spectral feature
renders the anionic micelle (SDS)-encapsulated Fe(III)−Hp
complex worthy of being used as a potentially efficient sensor
(FeFlu) in the detection of fluoride ions in water. The “turn

Figure 4. Plot of 1/(F0 − F) versus 1/[Fe(III)].

Table 1. Fluorescence Lifetime of SDS−Hp Complexa

system τ1 (ns) (%) τ2 (ns) (%) τ3 (ns) (%)

SDS−Hp 2.0 (8) 9.61 (92)
SDS−Hp−Fe 0.02 (92) 0.42 (5.4) 9.6 (2.6)

aτ1, τ2, and τ3 are the fluorescence lifetime components;
corresponding amplitudes are shown within parentheses in terms of
percentage (%).

Figure 5. Frontier molecular orbitals of hematoporphyrin (Hp) and its Fe(III) complex. (A) Optimized geometry of Hp. Color key: N, blue; O,
red; C, gray; H, white. (B) Optimized geometry of Hp−Fe(III) complex. Top and side view is shown. Fe(III) is placed at the center. (C) HOMO
and HOMO-1 forms the ground state (S0) of Hp. LUMO and LUMO+1 forms the S1 of Hp. (D) SOMO and SOMO-1 forms the ground state
(S0) of the Fe(III)−Hp complex. LUMO and LUMO+1 forms the first excited state (S1).
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on” fluorescence of the sensor (FeFlu) in the presence of
fluoride ions originates from removal of Fe(III) ion from the
SDS−micelle-encapsulated Fe(III)−Hp complex via formation
of a stable Fe(III) hexafluoride complex [FeF6]

3−, which is
corroborated by the appearance of a new peak (∼2 nm) in the
DLS profile (Figure 1). The formation enthalpies of [FeF6]

3−

and Fe(III)−Hp complexes calculated in water are shown in
Table 2. It is clearly evident that [FeF6]

3− formation is

thermodynamically more favorable than Fe(III)−Hp complex
formation. Therefore, in the presence of F− in solution, Fe(III)
is released from the Fe(III)−Hp complex, resulting in
significant restoration of Hp fluorescence as manifested in
the steady-state fluorescence spectra (Figure 2).
Molecular Dynamics Simulation of SDS-Micelle-

Bound Fe(III)−Hp Complex (FeFlu Sensor). Binding of
the Fe(III)−Hp complex to SDS micelle was further
investigated by classical molecular dynamics (MD) simulation
in the OPLS2005 force field. In this case, only one headgroup
of the dodecyl sulfate anion (DS−) interacts with the central
Fe(III) of the complex and [FeHp(H2O)]

+DS− complex is
formed. It becomes also discernible that Fe(III)−Hp gets
attached to the surface of the SDS micelle through one
headgroup of the DS− ion (Figure 6). The dynamics of SDS

micelle bound to Fe(III)−Hp complex is shown in Video S1
(Supporting Information). Fluoride ion (F−) attacks the
central Fe(III) from the solvent-exposed side of the complex.
The approach of an F− to the Fe(III)−Hp complex is shown in
Video S2 (Supporting Information). An MD simulation of the
SDS-bound Fe(III)−Hp complex in the presence of fluoride
ions was also performed where the later were randomly placed
at the beginning of the simulation. Upon the progress of time,
the F− is found to bind to the central Fe(III) of the SDS
micelle-bound Fe(III)−Hp complex as shown in Video S3
(Supporting Information).
Thus, detailed photophysical studies as well as theoretical

calculations involving TDDFT and classical MD simulations
establish that the sensor (FeFlu) is based on SDS−micelle-
bound Fe(III)−Hp complex which is very weakly fluorescent,

and it sends a strong fluorescence signal following interaction
with fluoride in water.

Selectivity Studies. To check the efficacy of the newly
developed fluoride sensor (FeFlu) we monitored the
fluorescence response of the SDS−Hp complex to the
interference of other metal cations including Ca2+, Cd2+,
Co2+, Cu2+, K+, Mg2+, Ni2+, Pb2+, Zn2+, Na+, and Al3+. The
results of the insignificant change in fluorescence intensity of
the SDS−Hp complex (Figure 7b) in the presence of other

metal ions relative to Fe(III) indicates that the SDS−micelle-
encapsulated Fe(III)−Hp complex (FeFlu) is far superior to
other metal−Hp complexes as fluoride sensor. In addition, we
also checked for the response of the fluoride sensor (FeFlu) to
interference from other anions such as CO3

2−, Cl−, SO4
2−, and

NO3
− in water. It has become clearly evident (Figure 7c) that

compared to F− other interfering anions such as CO3
2−, Cl−,

SO4
2−, and NO3

− failed to cause a clearly discernible increase
in the fluorescence intensity of the SDS−micelle-encapsulated
Fe(III)−Hp complex. Thus, from the selectivity studies, the
role of the SDS−micelle-encapsulated Fe(III)−Hp complex
(FeFlu) as a potentially efficient sensor of fluoride in water is
clearly manifested.

Determination of F− Ions in Real World Samples.
Application of our proposed method has been evaluated for the
determination of F− in real-world samples. We collected water

Table 2. Formation Enthalpies from the DFT Studies

complex formation enthalpy (kJ/mol)

[FeF6]
3− −1969

[FeHp(H2O)2]
+ −1339

[FeHp(H2O)]
+AS− −1418

Figure 6. MD simulation-based model of Fe(III)−Hp interaction
with SDS micelle containing 60 SDS molecules.1,2 Whole complex
after 3.2 ns in water at 298 K (right). Color key: O, red; S, yellow; N,
blue; H, white; C, gray in Fe(III)−Hp and green in SDS.

Figure 7. (a) Response of SDS−Hp complex with Fe(III) and
Fe(III)−Hp micelle complex. Presence of different (b) cations and
(c) anions have least interference to the FeFlu sensor. Note the
interaction of different anions and cations with the sensor is
insignificant.
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samples from Jaipur, Rajasthan. In these samples the
concentration of other metal ions and some unknown
contaminants are significantly higher than that of the F−

ions. Therefore, it becomes highly challenging to detect the
levels of fluoride in such samples. The concentration of the
fluoride ion obtained from the calibration curve and those
measured from real samples were found to be within ±10%
error range, further confirming the potential of FeFlu for the
detection of F− in drinking water. We also tested the
interferences due to cations like Hg2+ and Ag+. The interaction
of the sensor with the exposed Hg2+ reduces the fluorescence
of the sensor itself, and for Ag+ no changes in the sensor
fluorescence have been observed. The presence of Hg2+ and
Ag+ and other anions CN−, other halogen ions, and AcO
would be only in trace amounts as their permitted
concentrations are extremely low;40,41 hence, they are expected
to cause minimal interference. Thus, for F− detection the
presence of mercury and silver is far from interest for
defluoridation.
Development of a Prototype Device (FeFlu Device).

To address the presence of fluoride in the water sample, a
portable prototype has been designed and constructed to
miniaturize a fluorimeter device (Figure 8) based on our
developed sensor. The device consists of a customized cuvette
holder mounted internally with one 370 nm UV LED and a
Picamera as the detector. The LED and the camera are kept
normal to each other. A raspberry pi and the associate relay
circuit have been mounted to control the entire operation and
to turn on the LED. The device is powered by a 12 V source
and consists of an LCD display connected to a raspberry pi.
The software has been coded in Python 2.7 for user interface
and displays the calculated concentration of the fluoride
present in the sample. This is programmed to capture the
change in luminescence intensity which is translated into its
corresponding fluoride concentration and is displayed on the
LCD screen.
We found using the nanosensor that the device could be able

to detect the concentration of the fluoride ion within 5 min,

and its limit of detection and limit of quantification42 have
been calculated as 0.7183 and 1.0 ppm, respectively. Using this
device we tested samples of groundwater obtained from
different areas of Jaipur, which is one of the most fluoride-
contaminated places in India. The concentrations of fluoride in
these samples were measured using our developed sensor,
which shows remarkable agreement with the results from a
fluoride ion meter (Thermo Orion). The Bland and Altman
plot43,44 shows a direct comparison of the two methods. From
the plot it has been confirmed that using the method (FeFlu)
yielded a bias of 0.24 ppm, and 95% CI for the bias has been
obtained as from −0.181 to 0.675 and 95% limits of agreement
[mean ±1.96SD] as from −0.97 to 1.47 ppm.45 This fact
highlights the method performance and reliability of the FeFlu
sensor coupled with the portable device which may provide an
easy solution for water testing in remote areas where frequent
monitoring of the fluoride level is crucial.

■ CONCLUSION
Anionic micelle (SDS)-bound Fe(III)−hematoporphyrin (Hp)
complex has been found to be highly efficient for the detection
of fluoride in water even in the presence of Al(III), which
infiltrates in water during the later’s treatment with potassium
alum. The anionic micelle-bound Fe(III)−Hp complex is
almost nonemissive due to a dominant nonradiative relaxation
process operating between its excited singlet (S1) and ground
(S0) electronic state. However, upon interaction with fluoride
(F−), the central Fe(III) ion coordinated to the hematopor-
phyrin (Hp) moiety in the SDS−micelle-bound Fe(III)−Hp
complex is removed via the formation of [FeF6]

3−, resulting in
significantly strong fluorescence from the SDS−Hp complex.
Thus, the SDS−micelle-bound Fe(III)−Hp complex acts as a
potentially efficient sensor for the detection of fluoride in
water. Furthermore, selectivity studies on the fluorescence
response of this complex have revealed negligible interference
from other cations as well as anions, confirming its efficiency to
be developed as a sensor for the detection of fluoride in water.
Finally, we developed the prototype FeFlu device on the basis

Figure 8. (a) Schematic diagram of FeFlu device. (b) Snapshots of fluorescence from different concentrated (in ppm) fluoride waters in the
presence of FeFlu nanosensor. (c) Performance of the device with differently concentrated fluoride water.
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of the SDS−micelle-bound Fe(III)−Hp complex for detection
of the fluoride level in the water. The prototype FeFlu device
has shown excellent results when compared to commercially
available equipment for detection of the fluoride level in water
collected from different parts of the state of Rajasthan, one of
the most fluorides affected places in India.
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