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Abstract

Fluoride is a crucial inorganic anion found in drinking water, which may pose serious
health hazards to human health if consumed in excess quantities. The quantification of
fluoride in drinking water with high sensitivity, selectivity and cross-sensitivity is critical.
Given these factors, the present work proposes a spectroelectrochemical sensing platform
for fluoride sensing using 5,10,15,20-Tetraphenyl-21H,23H-porphine iron (III) chloride
(FeTPP), and Tetrabutylammonium perchlorate (TBAP) as electrolyte. The proposed spec-
troelectrochemistry (SEC) is a hybrid platform that concurrently provides spectroscopic
and electrochemical information about a system susceptible to oxidation and reduction.
An ensemble-based multivariate prediction model was developed to simultaneously an-
alyse electrochemical and spectroscopic data to predict fluoride concentration with en-
hanced reliability and precision. The prediction model provided promising results with a
coefficient of determination of 0.9923 + 0.0063 and MSE of 0.369 + 0.0596. These encourag-
ing results showed the promising performance of the proposed spectroelectrochemical
platform in complex real-world applications.
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1. Introduction

Spectroelectrochemistry (SEC) is a hybrid technique that simultaneously delivers
spectroscopic and electrochemical data about a system prone to oxidisation and reduc-
tion. Depending on the type of investigation and system under study, every spectroscopic
method can theoretically be coupled with any electrochemical technique to provide
unique information. This powerful hybrid approach allows simultaneous monitoring of
spectral and electrochemical changes, providing comprehensive insights into electron
transfer mechanisms and molecular structures. SEC’s capacity to interpret intricate reac-
tion dynamics has led to its enormous significance in a number of domains, including
materials research, catalysis, bioelectrochemistry, etc. [1]. Predominantly in the field of
sensing, the dual-domain integrated approach has shown to be highly promising for the
selective identification of a species in the presence of various interferents [2-5]. Moreover,
this concept, coupled with chemometrics/machine learning, can reduce the number of
false-positive data in real-time through cross-verification and help in detecting multiple
species with identifiable fingerprints in the optical and electrochemical domain [6-8].
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Further, in designing a SEC sensor the sensing material plays a pivotal role. Metal-
loporphyrins offer tunable and strong redox activity, allowing generation of sensitive elec-
trochemical signal along with strong optical absorption bands (Soret and Q-bands). The
distinct optical absorption bands help in selective spectroelectrochemical readout. [9] The
iron(Ill) tetraphenylporphyrin (FeTPP), with iron as its central metal ion, exhibits a dis-
tinct tendency to form complexes with perchlorate ions. Furthermore, it demonstrates the
ability to coordinate with fluoride ions, expanding its utility in ligand-binding and sens-
ing studies. Thus, SEC has proven to be a versatile tool in understanding both fundamen-
tal and applied aspects of electrochemistry; however, its potential still remains underex-
plored in the field of sensing.

This work proposes a spectroelectrochemical-based platform for fluoride sensing us-
ing 5,10,15,20-Tetraphenyl-21H,23H-porphine iron (III) chloride (FeTPP), and Tetrabu-
tylammonium perchlorate (TBAP) as electrolyte. The fluoride concentration varied from
0.5 ppm to 20 ppm for sensing studies. The sensing mechanism has been validated by
performing interference studies in the presence of interfering ions: chloride (CI-), bromide
(Br-), iodide (I7), sulfate (SO4%), and nitrate (NOs").

A machine learning algorithm was also developed to predict fluoride concentration
in water. The absorbance data combined with IV data provided two complementary sig-
nals for a single sample. These datasets were integrated and fed into the developed algo-
rithm, enabling accurate prediction of fluoride concentration with enhanced reliability
and precision.

2. Materials and Methods
2.1. Materials

5,10,15,20-Tetraphenyl-21H,23H-porphine iron (III) chloride (FeTPP), Tetrabu-
tylammonium perchlorate (TBAP) and Dimethylformamide (DMF) were procured from
Sigma Aldrich and were used as received. The IC TraceCERT® standard solutions of 1000
ppm of fluoride (F-), chloride (Cl), bromide (Br-), iodide (I), sulfate (SO4), and nitrate
(NOs") were also procured from Sigma Aldrich. The dilutions of all the standards were
performed using deionized water (18 MQ cm™).

2.2. Sensor Preparation

1.42 mM stock solution of FeTPP was prepared by continuously stirring 10 mg of
FeTPP in 10 mL of DMF at 50 °C for 4 h to ensure dissolution and homogeneity. Further,
0.1 M TBAP was prepared in DMF, which was used as an electrolyte for the spectroelec-
trochemical studies. The sensor probe/chemosensor for the detection of fluoride was pre-
pared using FeTPP and TBAP in a ratio of 1:4. All sensing and interference studies were
conducted using the as-prepared chemosensor.

2.3. Instruments Used

Cyclic voltammetry and in-situ absorbance measurements were carried out using a
customized portable set-up comprising of (i) a three-electrode bulk electrochemical set-
up and Precision Source/Measure Unit (Keysight B2902) as the electrochemical platform,
(ii) a spectroelectrochemical cell integrated with collimating lenses, (iii) light source
(RIDH2000) and (iv) spectrophotometer (Brolight BIM-6002). The light source was posi-
tioned parallel to the electrode, introducing a beam that goes through the analyte solution
and reaches the detector, as shown in Figure. Customized disposable cuvettes with a path
length of 1.0 cm and volume of 1 mL were used for all experiments, as shown in Figure 1.
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Figure 1. Data acquisition set-up for spectroelectrochemical sensing of fluoride using iron porphy-

rin.

2.4. Data Analysis/Prediction

For data analysis, all the electrochemical data and optical data were plotted using
Origin software. An ensemble learning-based multivariate machine learning prediction
model was developed for the prediction and quantification of fluoride in the presence of
interfering ions. The developed model used Linear Regression (LR) for prediction. The
model generated the ensemble results for the IV and absorbance data recorded. The mul-
tivariate prediction model obtained was trained before validation using the subset of the
concentration matrix from 0.5-20 ppm fluoride. The dataset was divided into 80% for
training and 20% for testing based on random selection.

3. Results and Discussion
3.1. Spectroelectrochemical Characterization

Cyclic voltammetry was carried out for each sample in a four-wire configuration us-
ing a 4-wired configuration in KeySight Precision Source/Measure Unit 2902 and a three-
electrode bulk electrochemical set-up. The potential applied across the electrode was lin-
early varied from —1.5 V to 1.5 V and back at a scan rate of 60 mV/s using Quick IV Meas-
urement software. The absorbance spectra were simultaneously acquired in this potential
window for a wavelength range of 400-750 nm using BSV software. This configuration
enabled the capture of dual signals for a single sample, i.e., optical as well as electrochem-
ical signals. These spectroelectrochemical (SEC) measurements were recorded for differ-
ent concentrations of fluoride and interfering ions using the as-prepared chemosensor.

3.2. Sensing Studies

FeTPP and TBAP were used for all the sensing and interference experiments in a ratio
of 1:4 as a sensing probe. A total of 1 mL of solution was used for each experiment. A
range of fluoride concentrations from 0.5 ppm to 20 ppm was prepared by serial dilution
of IC TraceCERT® standard solutions of a 1000 ppm stock solution of fluoride. The inter-
ference studies were conducted using chloride (Cl-), bromide (Br-), iodide (I'), sulfate
(SO4%), and nitrate (NOs") as interferents and their concentrations were considered within
the permissible range, issued by WHO/BIS/EPA. The concentration matrix used for inter-
ference studies is given in the table below.
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Table 1. Concentration matrix of analyte and interfering ions for the interference studies.

Ions F- Cl- Br- I- SO~ NOs-
Concentration (mg/L) 1.5 10 0.5 0.5 5 45

The electrochemical measurements were performed using cyclic voltammetry, where
the voltage was varied linearly from —1.5 V to 1.5 V at different scan rates to study domi-
nant reduction and oxidation. This revealed dominantly two oxidations at 0.435 V and
0.825 V and two reductions at 0.461 V and —0.476 V. As per the previous reports, this is
attributed to the metal-centered reduction with three consecutive one-electron transfers
for the final formation of Fe(I) or neutral Fe species [10]. During the cyclic voltammetry,
the reduction of FeTPP occurred in three steps and the resulting Fe(I) species in Fe(I)TPP
generated, which is highly reactive. After these reductions, fluoride ions (F-) can bind to
the iron center of FeTPP, forming a stable Fe-F bond, regardless of whether the iron is in
the Fe(Il), Fe(Ill), or Fe(I) oxidation state. Among different ions, fluoride has a high ten-
dency to form complexes with trivalent metal ions such as iron [11,12]. The emergence of
a new peak in absorption in Q band supports the proposed reaction mechanism.

The reaction with fluoride is represented as:

Fe(X)TPP + F- — Fe-F + X- 1)

where X represents any counter ion from the electrolyte (e.g., TBAP), which balances the
charge in the solution.

The absorbance spectra and IV spectra for iron porphyrin have been shown in Figure
2a,b for fluoride concentration varying from 0.5 ppm to 20 ppm. The addition of TBAP
resulted in the appearance of absorption bands around 505 nm, 531 nm and 694 nm and
the disappearance of absorption bands associated with Q-bands. These spectral changes
are related to redox-active interactions with the Fe center in FeTPP, which can influence
the metal’s oxidation state and the associated electronic transitions. Also, on the addition
of fluoride, the emergence of new peaks was observed at 614 nm and 649 nm, with the
disappearance of the peak at 698 nm.
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Figure 2. (a) Absorbance Spectra; (b) IV spectra of 5,10,15,20-Tetraphenyl-21H,23H-porphine iron
(III) chloride (FeTPP) for varying concentrations of fluoride from 0.5 ppm to 20 ppm.
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3.3. Ensemble Learning-Based Multivariate Prediction Model

The developed ensemble learning-based prediction model took both IV and absorb-
ance data as input and predicted the concentration of fluoride. Linear regression was used
with an average of 10 runs for fluoride sensing along with the interfering ions.

Table 2. R? and MSE for the Linear Regression of fluoride sensing in water.

Linear Regression (Average
Train-Test Number of 10 Runs * Standard Devia-

T
arget Split  of Runs * tion)
R2Score MSE

FeTPP + TBAP + F-+ Interf

e * B Interference g, o)) 10 0.9985 +0.00140.0684 + 0.05961

Data (Electrochemical Data)

FeTPP + TBAP + F + Interf

e T Fornterterence - gh20 10 09861 +0.011 0.6702 +0.4516
Data (Optical Data)

Spectroelectrochemical Data (En- ¢ - 10 0.9923 +0.0063 0.3693 + 0.2556

semble)

* Ten runs of the experiments are executed, and the best results are reported.

The selectivity studies were performed in the presence of different interfering ions,
and the response was studied in terms of absorbance recorded at 614.147 nm, Figure 3a,
which shows high selectivity of the proposed sensor for fluoride as compared to other
potential interferences. The effect of the electrochemical technique on the cross-sensitivity
of the proposed scheme has also been studied. A voltage peak shift vs. current graph is
shown in Figure 3b. It is evident that in the case of fluoride ions, there is a voltage shift
along with a high magnitude of current as compared to other interfering ions. Thus, this
helps to understand and distinguish different interfering ions in the real-world scenario.
The use of the dual technique, i.e., electrochemical embedded with spectroscopic data,
helps avoid false alarms in complex interfering mixtures in real-world applications.
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Figure 3. (a) Selectivity studies for different interfering ions at 614.147 nm; (b) Cross-sensitivity

studies conducted using IV spectra recorded during cyclic voltammetry.

4. Conclusions

A spectroelectrochemical platform using three-electrode bulk electrochemical set-up
for detecting fluoride in water has been proposed with better selectivity and cross-sensi-
tivity. The selective and sensitive detection of fluoride has been carried out using iron
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porphyrin (FeTPP). The hybrid spectroelectrochemical technique not only aided in en-
hancing the sensitivity but also enabled the proposed scheme to avoid interfering ions,
offering better cross-sensitivity for real world applications.
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