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Abstract

Simultaneous speciation of benzenediol isomers (BDIs), 1,2-benzenediol (catechol, CC), 1,3-benzenediol (resorcinol, RS), and
1,4-benzenediol (hydroquinone, HQ), was investigated by differential pulse voltammetry (DPV) using a graphite paste electrode
(GPE) modified with Prussian blue-polyaniline nanocomposite. The modified GPE showed good stability, sensitivity, and
selectivity properties for all the three BDIs. Prussian blue-doped nanosized polyaniline (PBNS-PANI) was synthesized first by
using mechanochemical reactions between aniline and ferric chloride hexahydrate as the oxidants and then followed by the
addition of potassium hexacyanoferrate(Il) in a solid-state and template-free technique. The material was characterized by
scanning electron microscopy, transmission electron microscopy, Fourier transform infrared spectroscopy (FT-IR), and X-ray
photoelectron spectroscopy (XPS). The DPV measurements are performed in phosphate electrolyte solution with pH 4.0 at a
potential range of — 0.1 to 1.0 V. The proposed modified electrode displayed a strong, stable, and continuous three well-separated
oxidation peaks towards electrooxidation at potentials 0.20, 0.31, and 0.76 V for HQ, CC, and RS, respectively. The calibration
curves were linear from 1 to 350.5 uM for both HQ and CC, while for RS, it was from 2 to 350.5 uM. The limit of detection was
determined to be 0.18, 0.01, and 0.02 uM for HQ, CC, and RS, respectively. The analytical performance of the PBNS-PANI/GPE
has been evaluated for simultaneous determination of HQ, CC, and RS in creek water, commercial hair dye, and skin whitening
cream samples with satisfactory recoveries between 90 and 106%. Overall, we demonstrated that the presence of NS-PANI and
PB resulted in a large redox-active surface area that enabled a promising analytical platform for simultaneous detection of BDIs.
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Introduction applications. They are used as industrial solvents or as raw

materials in several industries [3, 4] and are also found in

Rapid and sensitive detection of organic pollutants having
structural isomers is of a significant concern in environmental
monitoring studies [1-3]. The benzenediol isomers (BDI),
catechol (1,2-benzenediol, CC), resorcinol (1,3-benzenediol,
RS), and hydroquinone (1,4-benzenediol, HQ) (sce
Scheme 1), are widely present in the environment because of
the commercial mass production and vast potential
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industrial effluents as they are extensively used in production
of food additives, hair dyes, rubber, plastics, synthetic fibers,
paper, cosmetics, and pharmaceuticals [4—8]. These isomers
are also found from the wastewater effluents of several indus-
trial processes such as synthetic coal fuel conversion, coal-tar
production, photo-processing, steel, paper, and pulp mills in
concentrations ranging from 1 to 1000 mg/l [4]. Upon its
toxicological assessment due to health concerns, Health
Canada has classified HQ and CC to be “toxic” under
Canadian Environmental Protection Act, 1999 [9, 10]; in ad-
dition, it has also listed all the three BDI under the List of
Prohibited and Restricted Cosmetic Ingredients (Cosmetic
Ingredient Hotlist) [11]. The removal of BDI is necessary
due to their low degradability, high toxicity, and high oxygen
demand in the ecological environment. Moreover, due to these
reasons, national environmental agencies from the USA,
European Union, and Canada have classified them as primary
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Scheme 1 The chemical structures of BDI

wastewater pollutants [4, 12, 13]. Previous reports have
shown the ability of CC to foster DNA damage and stimulate
tumors and its toxicity for microorganisms, water flea, human
cell lines, zebra fish, and trout [4, 14, 15]. HQ and RS are also
widely used in cosmetic and pharmaceutical creams and lo-
tions for topical applications on skin. Although the data for
carcinogenicity of HQ and RS on humans is insufficient, sev-
eral studies have shown that HQ can augment the spread of
lung cancer and is toxic primarily in kidney and stomach and
RS triggers serious neurological complications such as
angioneurotic edema along with eczema and urticaria [4, 16]

Furthermore, the structural similarity and physiochemical
characteristics of BDI induce it to co-exist in environmental
samples and cause interference during its detection [3, 5].
Until now, several analytical methods have been established
for detection of BDI such as colorimetric [5], liquid
chromatography-tandem mass spectrometry [17], gas
chromatography-mass spectrometry [18], electrochemistry
[19], spectroelectrochemistry [20], chemiluminescence [21],
fluorescence [22], capillary electrophoresis [23], spectropho-
tometry [3], and phosphorescence [1]. Amongst these, the
chromatographic and spectrometric methods are quantitative
and have good sensitivity, but they are time-consuming due to
the laborious sample pre-treatment and preparation steps, re-
quire highly skilled personnel, have high instrumentation cost,
and cannot be used on-site for analysis [5, 24]. In contrast, the
electrochemical methods are most widely used because of
their sensitivity, low cost, miniaturization capabilities, and
rapid detection [5]. Earlier Lisdat et al. [25] have used enzy-
matic amplification sensors using the principle of substrate
recycling for detection of catechol derivatives, and in another
past study by Mizutani et al. [26], the amplification biosensor
performance for HQ, CC, and other dihydroxyphenols was
improved by utilizing the bioelectrocatalytic recycling ap-
proach. Furthermore, Niwa et al. [27, 28] had also used elec-
trodes modified by molecular imprinting technique and inter-
digitated array microelectrodes for electrochemical detection
of the catechol and catecholamines. Recently, few studies
have used various modifiers on different types of electrode
materials for electrochemical determination of BDI. For ex-
ample, electrodes modified with hybrid material made up of
reduced graphene oxide-multiwall carbon nanotubes was used
by Hu et al. [29] for simultaneous determination of BDI. Tian
et al. [30] had used one-dimensional poly (3,4-
ethylenedioxythiophene)-graphene composites-based electro-
chemical sensors for determination of BDI. Moreover,
Tohidinia et al. [19] used graphite paste electrodes modified
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with poly(quercetin)-bismuth nanowires for simultaneous de-
termination of the HQ, CC, and RS. Also, glassy carbon elec-
trode modified with nanoraspberry-like copper/reduced
graphene oxide nanocomposites was used by Sabbaghi and
Noroozifar [31] for detection of HQ, CC, and RS, recently.
Polyaniline (PANI) a conducting electroactive polymer has
recently shown promising potential in fabrication of anti-
corrosion coatings, batteries, and electrochemical biosensors
due to its distinctive electronic and optical characteristics, re-
dox properties, cost-effectiveness, ease of synthesis, high con-
ductivity, environmental stability, and facile doping mecha-
nisms [32]. Previous studies have also demonstrated that these
properties of PANI can be enhanced by incorporation of metal
nanoparticles, hexacyanoferrates, and other functional mate-
rials [33]. Polyaniline-based sensors have earlier been report-
ed by Bartlett and Ling-Chung [34] as intelligent gas sensors
for different vapors. Kilmartin et al. [35] have reported the use
of polyaniline-based sensors for electrochemical detection of
ascorbic acid in beverages. Prussian blue (PB) is another re-
dox material with good stability, conductivity, and electrocat-
alytic properties [36]. The first reported use of PB-modified
electrodes was by Karyakin et al. [37] who used it as amper-
ometric sensors for detection of glucose. Several studies have
reported the use of metal oxide-based and nanoparticle-based
electrochemical sensors for BDI detection, but there have been
only a few reports on PB-based BDI detection. Recently,
Buleandra et al. [38] had used an electrochemically activated
and PB-modified screen-printed electrode for simultaneous
detection of HQ and CC; however, RS was not detected si-
multaneously in this study. In environmental water samples,
the three BDI might co-exist as pollutants. In environmental
water samples, the three BDI might co-exist as pollutants;
therefore, detecting all the three BDIs simultaneously using
a modified electrode can have a wide analytical scope. It has
been hypothesized previously [39, 40] that PANI-PB hybrid
would produce synergistic effects from the two electroactive
materials that is not possible from each of the single compo-
nents. Nonetheless, it is still motivating to study novel elec-
trode modifications for simultaneous detection of the BDIs.
Ideally to start the remedial actions swiftly and prevent any
environmental incidents due to the contaminants, it becomes
imperative to develop simple, reliable, cost-effective, rapid,
selective and sensitive method for early detection and discrim-
ination of pollutants such as BDIs. The goal of this work was
to develop a nanocomposite-based electrochemical sensor for
simultaneous detection of HQ, CC, and RS using PB-PANI
hybrid-modified GPE. This type of electrode will possess
characteristics such as low cost, good stability, rapid response,
good selectivity, and low detection limits. To the best of our
knowledge, no study has been reported on the speciation and
simultaneous analysis of HQ, CC, and RS using a modified
GPE with PBNS-PANI nanocomposite. In the present study,
for the first time, nanosized polyaniline (NS-PANI) was
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synthesized using one step in situ mechanochemical reaction
method from aniline and iron(III) chloride salt. This polymer
was doped with Prussian blue (PB) and then used for prepa-
ration of the modified graphite paste electrode (GPE). The
proposed modified electrode, PBNS-PANI/GPE, was used as
a new and sensitive electrode for speciation of HQ, CC, and
RS in creek water (Highland creek, Scarborough, ON), com-
mercial hair dye and skin whitening cream samples. The re-
sults showed that in situ mechanochemical synthesis of the
modifier without any pre-treatment, pre-concentration, or sep-
aration methods helped in achieving good stability, low detec-
tion limits, and excellent selectivity.

Experimental
Reagents and solutions

Hydroquinone (HQ), catechol (CC), resorcinol (RS), aniline
(AN), and iron(IIl) chloride were purchased from Sigma-
Aldrich (Oakville, ON) and used without further purification.
A series of electrolyte solutions including H;PO, (0.2 M)
were prepared and pH adjusted using NaOH (0.1 M) in the
range from 2.0 to 8.0. All the reagent solutions were freshly
made for each measurement in 18.2 M) purified water
(Millipore, Darmstadt, Germany). All measurements were
performed in compliance with the relevant laws and institu-
tional guidelines.

Instrumentation and characterization

Cyclic voltammetry (CV), differential pulse voltammetry
(DPV), and electrochemical impedance spectroscopy (EIS)
were performed using an pAutolab PGSTAT 128 N (Eco
Chemie, Netherlands) potentiostat/galvanostat powered by
NOVA 2.0 software. In addition, a conventional three-
electrode cell was used while all the electrochemical measure-
ments were performed, where the (PBNS-PANI/GPE) modi-
fied electrode was the working electrode, a platinum electrode
was the counter electrode, and an Ag/AgCl electrode in satu-
rated KCI was the reference electrode. Moreover, 10 mM
[Fe(CN)6]37/47 prepared in 0.1 M KCIl was used while
performing the EIS measurements over a frequency range of
0.1 Hz to 10 kHz with 0.02 V amplitude (rms). DPV measure-
ments were performed in a wide potential window from — 0.1
to 1.0 V at a step potential of S mV and a modulation ampli-
tude of 0.025 V with a modulation time of 0.05 s as well as an
interval time of 0.5 s. A Metrohm Titrando pH meter (model
888) was used for pH measurements. SEM analyses of the
samples were performed using a Quanta FEG 250 ESEM™
scanning electron microscope from FEI Company (Minato,
Japan). UV-activated carbon coated copper mesh grid
(Electron Microscopy Sciences, Hatfield, PA) was spot coated

with PBNS-PANI and blot dried for 15 min. The Hitachi H-
7500 transmission electron microscope (Hitachi, Japan) was
then used to image the prepared samples and determine its
topography. FT-IR spectral analysis was performed using
Bruker alpha-P FT-IR spectrometer (Billerica, MA) equipped
with a highly sensitive deuterated lanthanum « alanine doped
triglycine sulphate (DLaTGS) detector. A FT-IR spectrum was
obtained by placing powdered PB, NS-PANI, and PBNS-
PANI on the crystal. FT-IR spectra were obtained at a resolu-
tion of 2 cm™! at a scan rate of 16, between 4000 and
400 cm ', FT-IR spectra were baseline corrected and smooth-
ened once with an average of 17 data points. All the data
analysis was performed with Opus 6.5® software.
ThermoFisher Scientific K-Alpha X-ray photoelectron spec-
trometer (ThermoFisher Scientific—E. Grinstead, UK) was
used to perform all the XPS measurements. Low resolution
survey spectra (nominal 900 um spot, 100 eV pass energy),
followed by high-resolution spectra (nominal 900 pm spot,
100 eV pass energy) for all of the elemental regions observed
on the NS-PANI and PBNS-PANI samples were collected.
The system’s combined e /Ar" floodgun was used to apply
the charge compensation. All data processing was performed
using the software supplied with the system (Avantage™
5.926).

Preparation of NS-PANI and PB-doped NS-PANI

The preparation of NS-PANI was carried out by hand-
grounding and mixing 10 mM aniline and 20 mM FeClj-
6H,0 for 2 min. The mixture developed a black color, which
was from the FeCl; -6H,0O. Upon further grinding for about
8 min, the mixture was changed from powder to slurry. Once it
turned slurry, the mixture was further grinded which resulted
in the slurry to turn green in color, which indicated the forma-
tion of NS-PANI in its doped emeraldine salt (ES) oxidation
state and the reduction of Fe>*. Next, this mixture was grinded
for additional 40 min, and then the product was collected and
purified by washing with water and filtering using a Buchner
funnel connected to a water aspirator. Finally, the products
were dried at room temperature and mixed then with
K4Fe(CN)g solution. The final product, PBNS-PANI compos-
ite, was again washed with water and dried at 70 °C in oven
for 1 h. Based on these results, the mechanism of the synthesis
is illustrated in Scheme 2. In this reaction, FeCl;.6H,O was
used as oxidant for the polymerization of aniline, during the
polymerization, Fe** was reduced to Fe** and resulted in the
subsequent formation of NS-PANI. After the polymerization,
Fe** ions were still in the medium of reaction as observed in
the XPS spectra (Fig. 2d) of NS-PANI as the amount of oxi-
dant was five times the amount of monomer. In the final step,
the PB were prepared with adding K4Fe(CN)g solution in the
ambient air and the doped PB in NS-PANI (PBNS-PANI)
were formed.
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Scheme 2 Schematic illustration for the synthesis of Prussian blue-doped nanosized polyaniline (PBNS-PANI) using aniline and ferric chloride
hexahydrate as the oxidants followed by the addition of potassium hexacyanoferrate(Il) in a solid-state and template-free technique

Preparation of NS-PANI/GPE and PBNS-PANI/GPE
modified electrodes

NS-PANI or PBNS-PANI (6 mg) and graphite (194 mg) were
thoroughly mixed stoichiometrically and transferred into a
mortar, where 5 mg of paraffin oil was added to the mixture.
Next, this mixture was grounded using a pestle for 10 min.
Following this, glass tubes with a 2-mm diameter were filled
either using the prepared NS-PANI or PBNS-PANI modified
graphite paste and then an electrical contact was created by
inserting a copper wire into the glass tube. Similarly, for un-
modified GPE electrode, graphite (200 mg) was used to create
the graphite paste as mentioned earlier. A new surface of the
GPE was re-generated by pushing the graphite paste out of the
glass tube and polishing the electrode with printing paper. All
the prepared electrodes were next placed in 0.2 M phosphate
electrolyte solution at pH 4.0, and the electrode potential was
cycled between — 0.2 and 1.0 V (vs. Ag/AgCl) at a scan rate of
50mV's ! for 10 cycles in a cyclic voltammetry regime until a
stable voltammogram was attained. The modified electrodes
were stored in deionized distilled water, when not in use.

Real sample analysis

The potential applicability of the proposed sensor was exam-
ined by detecting benzenediol isomers in real-life samples.
Specifically, the performance of the proposed sensor was test-
ed in various matrices such as creek water (Highland creek,
Scarborough, ON), 1% (w/v) commercial hair dye and 1%
(w/v) skin whitening cream solutions. Various matrices were
spiked with varying concentrations of CC, HQ, or RC and
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then, the BDI were detected using the aforementioned analy-
ses in triplicates (n = 3).

Results and discussions
Morphological and spectroscopic characterization

A conducting polymer such as PANI is reported to have
unique electrical and optical properties due to their polymer
backbone possessing a 7t electron delocalization [41]. PANI
can exist either in a fully reduced state as, non-conductive,
leucoemeraldine (LE) or in half oxidized state as, non-conduc-
tive, emeraldine base. It can also exist as either a fully oxi-
dized, non-conductive, pernigraniline (PE) state or as a con-
ductive emerdaline salt (ES) state [42—44]. Doping and depro-
tonation are known to control the electric and optical proper-
ties of PANI [41]. It has been reported ecarlier by the
MacDiarmid group that the resulting PANI becomes non-
electroactive if the pH of the polymerization reaction is more
than 4 because the ES salt is not formed [45]. Past reports have
shown that the optical properties of the PANI are related to
their redox states where the most reduced LE form is in yellow
color, the half oxidized emerladine base is in blue color, the
fully oxidized pernigraniline appears purple in color, and the
emeraldine salt appears as green color [42, 44, 45]. The cor-
responding FT-IR spectra for the PB, NS-PANI, and PBNS-
PANI are shown in Fig. 1. In both FT-IR spectra for the NS-
PANI and PBNS-PANI, the absorption at 3200-3500 cm !is
assigned to the of the N-H stretching bond of the phenyl ring.
In addition, three important absorption peaks for N-H band of
primary amines, C-N stretching, and N-H wag of primary
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amines can be assigned from the absorption bands detected at
1619, 1277, and 764 cm™', respectively. FT-IR spectrum of
PBNS-PANI (Fig. 1a) showed a broad band at wavenumbers
higher than 2000 cm'; this was characteristic for complete
doping and conducting form. Moreover, the peak at
1574 ecm™" was ascribed to C=N stretching modes for the
quinoid, and the peak at 1486 cm ' was typical of C=C
stretching mode for the benzenoid rings. The peak at
1298 cm ! was due to stretching vibration of aromatic C—N,
which also indicated a 7-electron delocalization in system.
Finally, the two bands typical of the conducting emeraldine
salt were also observed at 1248 and 1134 cm ' [46-48]. As
shown in Fig. 1b, SEM image demonstrated that the PBNS-
PANI had an average size of 50 £+ 5.0 nm, which consisted of
several small nanoparticles that would increase the redox-
active surface area. As shown in TEM images in Fig. 1c and
d, the morphology of the obtained products revealed approx-
imately similar in size and had spherical/oval shapes.

X-ray photoelectron spectroscopy (XPS) measurements
were carried out to confirm the valence states of the elements
present in the binary PBNS-PANI nanocomposite. Fig. S1
(see Electronic Supplementary Material (ESM)) shows the
XPS survey spectra of PBNS-PANI and NS-PANI alone,
which revealed the presence of Fe, C, Cl, O, and N elements
in the nanocomposite. Higher resolution spectra (Fig. 2a—e)
for the constituent elements helped in further understanding of
the electronic states of the respective elements. The high-
resolution XPS spectra of N 1s of nitrogen showed three char-
acteristic strong peaks at 398.42 and weak peaks at 399.73,
and 401.18 eV for the NS-PANI and a strong peak at 397.93
and weak peaks at 399.66, and 401.08 eV for PBNS-PANL
For both NS-PANI and PBNS-PANI, the aforementioned
peaks were ascribed to the imine N, amine N, and positively
charged N, respectively [49, 50]. The presence of a weak peak
at~401 eV, characteristic of positively charged N, in both NS-
PANI and PBNS-PANI implied that the PANI was in its pro-
tonated state [49]. As reported earlier by Tang et al. [50] and
Wei et al. [51], the characteristic peak of imine at ~398 eV
belongs to the imine group from the emeraldine as shown in
Fig. 2(e). Moreover, the emergence of the peak at 397.93 eV
indicated the presence of the C=N from PB and the peak at
399.66 eV indicated the presence of aniline N in the hybrid of
PBNS-PANI, which is in good agreement as reported by
Muthusamy and Charles [52]. Furthermore, the increase in
the peak intensity of N at 396.69 eV in the PBNS-PANI nano-
composite compared to NS-PANI indicated that the degree of
protonation was greater in the nanocomposite [49]. The higher
resolution XPS spectra of Fe 2p in the PBNS-PANI nanocom-
posite showed two characteristic peaks at 712.87 and 725.
77 eV for Fe 2p;;, and Fe 2p,,,, respectively, which were
attributed to the presence of the ferric ion [52]. The peak
observed at 708.67 eV was attributed to the presence of
[Fe(CN)s]>"* from Fe 2ps/» [52, 53]. From the higher

resolution XPS spectra of C 1s from the PBNS-PANI nano-
composite, it was observed that there were three deconvoluted
peaks at 284.83, 286.15, and 287.37 eV, which were charac-
teristic of C—C, C-N, and C=0 bonding, respectively, and
were in good agreement with literature [52, 54]. Therefore,
the presence of PB was established in the proposed PBNS-
PANI nanocomposite. Finally, from the higher resolution XPS
spectra of Cl, it was observed that the chloride peak at
197.30 eV observed in NS-PANI was absent in the spectra of
PBNS-PANI nanocomposite, which indicated the removal of
chloride ions from the nanocomposite to enable the formation
of the cyanide bridge via the movement of chloride ions in the
NS-PANI matrix [49]. Overall, the results from XPS measure-
ments further indicated that the PB was present in the PBNS-
PANI nanocomposite.

Electrochemical characterization of PB/GPE,
NS-PANI/GPE, and PBNS-PANI/GPE electrodes

The cyclic voltammograms (CVs) of GPE and different mod-
ified (PB/GPE, NS-PANI/GPE, and PBNS-PANI/GPE) elec-
trodes carried out in 10 mM [Fe(CN)¢]> " in 0.1 M KCl
supporting electrolyte are shown in Fig. 3A. Based on Fig.
3A, the AE, for GPE, PB/GPE and NS-PANI/GPE, and
PBNS-PANI/GPE are 0.30, 0.29, 0.27, and 0.26 V, respective-
ly. The results showed a decrease in the AE;; in the following
order: GPE > PB/GPE > NS-PANI/GPE > PBNS-PANI/GPE.

Moreover, EIS technique was used as a supportive proof to
confirm the CV results and to study the electrode-electrolyte
interfacial features by determining the impedance or charge
transfer resistance (R,) values of electrodes in step-wise mod-
ification of GPE [55]. Furthermore, [Fe(CN)¢]> 7+ was used a
redox probe and the Nyquist plots for modified electrodes
with frequency ranging from 0.1 Hz to 10 kHz were obtained
(Fig. 3B). The fitting and the simulation of the obtained EIS
data was performed using NOVA™ software. The modified
Randles circuit shown as an inset in Fig. 3B was chosen as the
equivalent circuit and was used for the fitting and simulation
studies. As shown in Fig. 3B, the Nyquist plots of GPE, PB/
GPE, NS-PANI/GPE, and PBNS-PANI/GPE contained two
parts. The semicircle at higher frequencies, in which the di-
ameter displayed the Ry, which signaled the charge transfer
limitations, followed by a straight line, which was observed in
the lower frequencies due to the mass transfer limitations [19,
55]. The R, values for PBNS-PANI/GPE, NS-PANI/GPE,
PB/GPE, and GPE were 493.5, 994.5, 1530, and 1840 (),
respectively. The large semicircle diameter obtained for GPE
indicated a Ry, to the [Fe(CN)s]> '+ probe in the electrolyte
solution. The R, was decreased when the PB and NS-PANI
were used as modifier in GPE (PB-GPE and NS-PANI/GPE),
these are attributed to the conductive nature of PB and NS-
PANI. This result emphasizes the fact that PB and NS-PANI
can assist in electron transfer mechanism. Interestingly, after

@ Springer



1774

Patel B.R. et al.
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Fig. 2 Photoelectron analyses showing high-resolution spectra of NS-PANI (i) and PBNS-PANI (ii): a C 1s spectra, b O 1s spectra, ¢ Cl 2p spectra, d Fe

2p spectra, and e N 1s
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Fig. 3 (A) Cyclic A)
voltammograms of PBNS-PANI/
GPE, NS-PANI/GPE, PB/GPE,
and GPE in 10 mM [Fe(CN)g]®
~ containing 0.1 M KCl at a
scan rate of 100 mVs . (B)
Nyquist plots of (a) PBNS-PANI/
GPE, (b) NS-PANI/GPE, (c) PB/
GPE, and (d) GPE in 10 mM
[Fe(CN)6* ™ containing 0.1 M
KCI; (B inset) modified Randles
equivalent circuit. Rg: solution
resistance, R charge transfer
resistance, W: Warburg element,
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using both PB and NS-PANI as modifier in GPE (PBNS-
PANI/GPE), the R, decreased in comparison to other men-
tioned electrodes. It can be ascribed to the surrounding of the
PB particles by the formed NS-PANI polymer matrix which
increased the electron transfer. Therefore, this proved that the
PBNS-PANI can perform as an excellent electronic substrate
and can ameliorate the surface area and electron transfer
processes.

Moreover, the electrochemistry of PB-PANI nanocompos-
ite was characterized by performing CVs of NS-PANI/GPE,
PB/GPE, and PBNS-PANI/GPE in 0.1 M KCI solution at a
scan rate of 100 mV s '. The peak at 0.72 V depicts the
oxidation peak for PANI (emeraldine form) in NS-PANI/
GPE. The peak at 0.22 V depicts the oxidation peak for PB
in PBNS-PANI/GPE. For PBNS-PANI/GPE, a broad peak
was observed at around 0.27 V, which can be assigned to PB
present in the PBNS-PANI hybrid. The broad nature of the CV
peak is in good agreement with the literature [49], and it ap-
pears broad as the PANI matrix lowers the diffusion of K* ions
into PB, which otherwise is shown at 0.22 V for only PB as
shown in Fig. S2 (see ESM). Therefore, a PB network is
indicated to appear in the PANI matrix. Furthermore, in order
to obtain the effective area (A) of the modified electrodes,
electrochemical measurements of the PBNS-PANI/GPE, NS-
PANI/GPE, PB/GPE, and GPE were performed using the CV
method and the data was analyzed for the anodic peak current
(Ip4) obtained from the respective CVs in the presence of
10 mM of [Fe(CN)sJ** in 0.1 M KCl of supporting electro-
lyte (Fig. S3, see ESM). All assays were completed using CV
between potentials of — 0.3 to 0.8 Vas a probe at different scan
rates. For a reversible process, the following Randles—Sevcik
equation can be used [19, 56]:

i= (2.69x 10%)n’/2D'/>CAV'/? (1)

where I, refers to the anodic peak current, 7 is the electron
transfer number, A is the surface area of the electrode, D is the
diffusion coefficient, C is the concentration of [Fe(CN)s]H 4
and v 1s the scan rate. For [Fe(CN)s]H 47, n=1,and D=7.6 X

1000 1500 2000 2500 3000
7z ()

1.1 0 500

10%cm s ™!, the effective surface areas of the electrodes can be
calculated from the slope of the Ipa—vl/ 2 relation. For GPE, PB/
GPE, NS-PANI/GPE, and PBNS-PANI/GPE, the electrode
surface was found to be 0.010, 0.038, 0.069, and 0.084 cm?,
respectively. This indicated that the effective surface area of
PBNS-PANI/GPE was about 87, 54, and 18% more than GPE,
PB/GPE, and NS-PANI/GPE. Therefore, the voltammetric
and impedance results emphasized that the hybrid of PB to-
gether with NS-PANI, greatly improved the effective surface
area of the electrode and improved the conductivity of the
Sensor.

Electrochemical behavior of the benzenediol isomers

The electrochemical performance of the mixture of analytes
containing HQ, CC, and RS in 0.2 M phosphate electrolyte
solution at pH 4.0 was investigated at the surfaces of GPE,
PB/GPE, NS-PANI/GPE, and PBNS-PANI/GPE using DPV
as shown in Fig. 4. DPVs of GPE electrode in a 0.2 M phos-
phate electrolyte solution of pH 4.0 displayed a broad and

I 1pA —GPE
HQ

—PB/GPE
——NS-PANIGPE
——PBNS-PANI/GPE

RS

-0.1 0.1 0.3 0.5 0.7 0.9 1.1
E/V

Fig. 4 Differential pulse voltammograms of unmodified and modified

GPE in 0.2 M phosphate electrolyte solution (pH 4.0) containing HQ
(40 uM), CC (40 uM), and RS (40 pM)
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weak oxidation peak for HQ, CC, and RS at 0.20, 0.34 V, and
0.76 V, respectively, whereas for NS-PANI/GPE, the oxida-
tion peaks for HQ, CC, and RS were observed at 0.19, 0.30,
and 0.74 V. The peak currents at NS-PANI/GPE increased for
HQ, while the peak currents for CC and RS were changed
negligibly when compared to GPE. For PB/GPE, broad and
weak oxidation peaks for HQ, CC, and RS were visible at
0.21, 0.34, and 0.78 V. In contrast, for the same mixture and
conditions, DPV of PBNS-PANI/GPE showed a significant
increase in the anodic peak current at 0.20 V, 0.31 V, and
0.76 V for HQ, CC, and RS, respectively, and the peaks be-
came sharper and narrower in comparison to other electrodes.

The results also showed that the PBNS-PANI/GPE im-
proved the sensitivity of three well-separated oxidation peak
currents at distinct potentials for the target analytes, which
made it suitable for simultaneous detection of three BDIs.
The increase in the peak current at PBNS-PANI-PB/GPE
was observed to be several times larger than the unmodified
GPE, NS-PANI/GPE, and PB/GPE indicating a better transfer
of electrons in a mixture of 40 uM of each, BDIs due to good
electrical conductivity and enhanced synergistic electrocata-
lytic activity of PBNS-PANI, which increased the electron
transfer kinetics for electrochemical oxidation of HQ, CC,
and RS.

Effect of pH and mechanistic insights
on the electrooxidation of benzenediol isomers

Since the protons participate in the electrode reaction, the
electrooxidation of CC, HQ, and RS can be significantly af-
fected by the acidity of the electrolyte. The effect of pH on the
PBNS-PANI/GPE signal showing the electrochemical behav-
ior of the BDI in the pH range of 2.0-8.0 was investigated
using DPV as shown in Fig. 5.

The results indicated that as the pH of the solution in-
creased, the anodic peak potentials (£,) for HQ, CC, and RS
displayed a negative shift, emphasizing the involvement of
protons during the electrode reaction. The anodic peak poten-
tial shift with increasing pH for HQ, CC, and RS followed a
linear trend as shown in the following equations:

Fig. 5 a Differential pulse a
voltammograms of PBNS-PANI/
GPE showing the effect of pH on
the peak separation and peak
current for the oxidation of
hydroquinone (HQ), catechol
(CC), and resorcinol (RS) in

0.2 M phosphate electrolyte solu-
tion at various pH (2-8). b Plot of
anodic peak current versus pH for
the three analytes. [HQ], [CC],
and [RS]=40 uM . ) ) )

Patel B.R. et al.
E,(HQ) = —0.0529 pH + 0.42 (R* = 0.9931) (2)
E,(CC) = —0.0536 pH + 0.5336 (R* = 0.9924) (3)
E,(RS) = —0.0643 pH + 1.0114 (R* = 0.9958) (4)

The anodic peak potentials for the benzenediol isomers at
specific pH were calculated using the following equation [57]:
dE, /dpH = 772'30’13;’” pH (5)
where m and n are the number of protons and electrons in-
volved in the reaction, respectively, and the corresponding
Nernstian slope (— %) value is known to be 0.059 (%)
V/pH. Based on Egs. 24, the experimental slopes obtained
from the plots of peak potential values versus the pH for HQ,
CC, and RS were 0.053, 0.054, and 0.065 V/pH, respectively,
which were close to the theoretical Nernstian slope value.
These results emphasized that the electrochemical reaction
for HQ, CC, and RS should involve equal number of protons
and electrons in the electrode reactions. Therefore, using the
information obtained from the effect of pH, mechanistic in-
sights into the redox reactions occurring on the surface of
PBNS-PANI/GPE for HQ, CC, and RS were suggested in
Egs. 6-8. The illustrations presented in Eqs. 6 and 7 were
concluded based on the known two-electron and two-proton
exchange occurring during the electrochemical redox reac-
tions between HQ and CC [19, 31].

OH (@]
o —
HO (8]
OH O
Q + 28 +2e¢  (7)
OH O

However, for RS, the resonance between the hydroxyl
group and the 7t electrons was compromised due to its meta-
structure, which would impede its oxidation and usually re-
quire over-potential to undergo oxidation. RS also undergoes
keto-enol tautomerism reaction mechanism that involves the

H 2 b

— .
——pH 3 1r HQ
— pH4 )
—pH5 S, * RS
—pH6 Ta

—pH7 e,

—pH8 S

+ 2H +2¢  (6)
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hydroxyl groups of the RS. The reaction mechanism illustrat-
ed in Eq. 8 indicates that initially, one electron and one proton
are exchanged in the electrochemical redox reaction and this
results in formation of three RS radicals which would further
react with another RS to form three types (ether, carbon, or
peroxide) of dimers [19]. Past research has shown that these
three dimers were oxidized more easily compared to the RS
monomers [31, 58]. The carbon or ether linked dimers are
known to be more predominant as the peroxide linked dimers
are not stable and break shortly once they formed [59]. Based
on the previous studies, for the phenol containing polymer
compounds, carbon linkage was predominantly observed,
while for the highly substituted phenol containing polymers,
it is the ether linkage which was predominant [19, 60]. It
should be noted that additional experiments with sodium ace-
tate buffer, pH 4, were also performed to check the detection

HO OH O OH le) OH
_e_
T | O —0"—
L

HO OH
HO OH

—_——

\ OH

OH
o or HO OH or 8
& w’ (Y

of capability of the PBNS-PANI/GPE modified electrode in
simultaneously detecting the BDIs. It was observed that the
peak potentials for the BDIs shifted to higher potentials and
the oxidation peak current for CC was significantly lower for
the sodium acetate buffer at pH 4.0, when compared to the
peak potentials and the oxidation peak current obtained while
using 0.2 M H;POy, solution at pH 4.0 (Fig. S4, see ESM).
This indicated that the buffer ions from acetate buffer would
hinder the electrochemical redox conversion. Therefore, all
the experimental work in this study was performed using
0.2 M H3PO, electrolyte solution at pH 4.0.

In addition, 0.2 M phosphate electrolyte solution at pH 4.0
was chosen as optimum pH due to the stability of the PBNS-
PANI in acidic conditions [39, 40] and for attaining good
sensitivity along with maximum linear range during DPV
measurements, when compared to Fig. 6.

o* OH

IS
OH / (8)

~

oxidation
olymer

OH
o OOl
HO

polymer

Standard heterogeneous rate constant (k)
for the electrochemical reactions

Past studies have determined the standard rate constants, &,
values for different analytes using the Nicholson and Shain
theory [61-63]. The effect of different scan rates from 100 to
1500 mV on the anodic and cathodic peak current and poten-
tial for the HQ and CC, and from 10 to 1500 mV on anodic
peak current and potential for RS was investigated using the
PBNS-PANI/GPE. For both HQ and CC, the oxidation peak
potential shifted positively, and the reduction peak potential
shifted negatively with increasing scan rate. The results for

HQ, CC, and RS were shown in Fig. S5 (see ESM). These
results indicated that the oxidation process for HQ and CC
was a quasi-reversible electrode process but for RS only, the
oxidation peak was observed, which also shifted positively
with increasing scan rate. This indicated that for RS, the oxi-
dation process was irreversible at the electrode surface.

For a diffusion-controlled electrochemical process, the
standard heterogeneous rate constant (k,) and charge transfer
coefficient («) for analytes can be calculated by Nicholson-
Shain’s equation [61]:

1, = 0.227TnFAC ksexp | (—anF |RT) (E,~E°) | 9)
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Fig. 6 Differential pulse

voltammograms of PBNS-PANI/ 4r
GPE in 0.2 M phosphate
electrolyte solution (pH 4.0) for 3 L y =0.0058x +0.8828
the simultaneous detection of HQ, R?=0.9913 ’_,x"&
CC, and RS at varying g_ et
concentrations. Insets (B-D) -~ 2 F =z -
display the plots for the 2 s *
concentration dependence of . Hﬁ
increasing anodic peak current I _
signals for HQ, CC, and RS with }{ y= 0.03ilx +0.3735
. . R2=10.9948
the linear range marked in blue L . . . ) 0 | . . )
and orange 0 0.25 05 0.75 1 0 100 200 300 400
ENV HQ] / pM
C 6. d 4
y =0.0129x +0.8425 .
R2=009915 a.
= 3 y=0.0077x +0.3354 3%
4r o < R2=0991 _.-~
g :
= - 2 .
< < "
2 - _F
+x= 1 ’5~
"y =0.0702x +0.1486 ‘,.-.;:"'6 y =0.021x - 0.0456
R2=0.9936 i R2=10.9921
0 n J 0 1 ]
0 200 400 0 200 400
[CC]/ M [RS]/ nM

where R is the gas constant, 7 is the temperature, F' is the
Faraday’s constant, n is the number of electrons taking part
in the reaction, C,, is the concentration of the analyte, E), is the
peak potential, and £° is the formal potential.

Based on this equation, the relationship between the peak
current and the difference between the peak potential (£),) and
formal potential (£°) at different scan rates from the graph of
Inl,=fE,— E°) will give a linear regression (Fig. S5, see
ESM). The slope of the straight line will equal to anF/RT,
and the intercept of the plot will equal to 0.227nFAC,kg; there-
fore, the value of charge transfer coefficient, &, and the stan-
dard heterogeneous rate constants, k;, can be determined from
the slopes and the intercept of the straight line [61-63]. It was
determined in the earlier experiments that the number of elec-
trons taking part in the reaction of HQ and CC are 2; therefore,
o was determined to be 0.48, 0.45, and 0.66 for HQ, CC, and
RS respectively. Moreover, the k, values are determined to be
9.49x102347x10 ", and4.76 x 10 cm s' for HQ, CC,
and RS, respectively. The k; value obtained for HQ using
PBNS-PANI/GPE is higher than that observed at CPE
(4.35%x 107 cm s7') [64], ionic liquid (IL)/CPE (2.38 x
107 cm s ') [64], chemically reduced graphene oxide
(CRGO)/GCE (2.12x 102 cm s 1) [65], thermally reduced
graphene oxide (TRGO)/GCE (1.46 % 102cms ) [65], and
graphene-chitosan/GCE (1.47 x 102 cms ') [66]. Moreover,
the &, value obtained for CC using PBNS-PANI/GPE is higher
than that observed at nitrogen-doped hollow carbon spheres
(NC)/SPE (2.31x10 2 cm s 1) [67], silver nanoparticles-

@ Springer

polydopamine-graphene nanocomposite (AgNPs-Pdop @Gr)/
GCE (2.5x102 cm s ") [68], and graphene-chitosan/GCE
(2.1x1072 cm s ") [66]. These results emphasize that the
electron transfer is effectively promoted with the PB-PANI
nanocomposite.

Chronoamperometric studies

The working electrode potentials were set at 0.23, 0.34,
and 0.74 V vs Ag/AgCl for different concentrations of
HQ, CC, and RS respectively, at PBNS-PANI/GPE in

Table 1 Comparison of the calculated diffusion coefficients for
hydroquinone (HQ), catechol (CC), and resorcinol (RS) obtained using
a modified graphite paste electrode with Prussian blue-polyaniline nano-
composite (PBNS-PANI/GPE) with the ones reported in the literature

(D/em? s Reference
HQ cc RS

347x107° 7.19x107° 8.61x107° [31]

- 1.17x10°¢ - [69]
5.05%x107* - - [70]
1.85x107° 1.84%x107° - [71]
277x107° - - [72]
1.121x10°7° 9.170x 10°° - [73]
244x107° 1.44x107° 4.14x107° This work
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0.2 M phosphate electrolyte solution (pH 4.0) and the
chronoamperometric studies were performed to determine
the diffusion coefficients of the BDI. The typical
chronoamperograms and the Cottrell plots for the BDI
are shown in Figs. S6-S8 (see ESM). The diffusion coef-
ficients for the electroactive analytes were calculated
using the Cottrell equation [55]:

[ = nFAD"*Cyr ' 212 (10)
where n is the number of electrons transferred, F is
Faraday’s constant (96,485 C molfl), A is the effective
surface area of the electrode, D is the apparent analyte
diffusion coefficient, Cp, is the bulk concentration
(mol cm ), and 7 is the time. The Cottrell plot illustrated
by the graph of I versus t'? showed the variation of
current with time that linear due to the diffusion control
for the electrochemical reaction under mass transport lim-
ited conditions. Furthermore, the slope of the linear region
(nFADowr 71/2) was used to calculate the value of D for
the BDI, which were found to be 2.44 x 107>, 1.44 x 1072,
and 4.14 x 107> cm? s~! for HQ, CC, and RS, respective-
ly. A few studies in the literature have reported D values
of HQ, CC, and RS. A comparison of the literature report-
ed values is displayed in Table 1. According to Table 1,
the calculated D values from this report are within

acceptable range of the ones reported in the literature.

Calibration curves, detection limits, and simultaneous
determination of benzenediol isomers

Under the optimum conditions, the relationship between the
oxidation peak currents and the concentration of three
benzenediol isomers was studied using the DPV because of
its better sensitivity. The voltammograms from the DPV anal-
yses showed the appearance of three well-distinguished oxi-
dation peaks for HQ, CC, and RS (Fig. 6). The plot for the
electrocatalytic oxidation peak current of HQ, CC, and RS at
the surface of PBNS-PANI/GPE was linearly dependent on
the increasing analyte concentrations in two linear segments
with two different slopes associated with two different ranges
of analyte concentration (Table 2).

Two linear ranges for detection of the BDIs are widely
reported [19, 31, 74-76]. Past studies [19, 31] having
diffusion-controlled process at their electrode surface has
shown two slopes in their calibration curves while simulta-
neous detection of BDIs. We hypothesized that at low and
high concentrations of the analytes, the surface activity of
the PBNS-PANI/GPE modified electrode was different, which
was responsible for the observed difference in the slopes of
two linear segments. A high number of active sites were avail-
able on the electrode surface at lower concentrations of the

Table 2  Performance comparison of the modified electrode for HQ, CC, and RS detection with other reported electrochemical systems in literature

Electrode Linear range/uM LOD/uM Ref.
HQ CcC RS HQ CcC RS
Graphene-chitosan/GCE 1-300 1-400 1-550 0.75 0.75 0.75 [66]
GC/CNT-RR-NF 1.3-433.3 1.3-4333 - 0.21 0.18 - [78]
NRCu-rGO 0.13-131.5 0.13-131.5 0.13-131.5 0.049 0.052 0.060 [31]
Co304@carbon 0.8-127.1 0.6-116.4 - 0.03 0.03 - [89]
1D PEDOT-Gr/Ta 1-250 4-300 2-300 0.06 0.08 0.16 [30]
RGO-MWNTs 8-391 5.5-540 - 2.6 1.8 - [29]
MWCNT@rGONR 15-921 15-1101 15-1301 3.89 1.73 577 [77]
Au-Pd NF/rGO/GCE 1.6-100 2.5-100 2.0-100 0.5 0.80 0.70 [79]
GCE/Pd/CuNWs-CNTs 1-99, 99-228 1-280 1-33, 33-228 0.40 0.60 0.80 [80]
GPE/PQ-BNWs 0.76-324.7 0.74-322 4.99-970.7 0.12 0.20 0.82 [19]
NMC-G/GCE 0.5-400 1-300 3-200 0.15 0.3 1.0 [81]
Cu-MOF-GN 1-100 1-100 - 0.59 0.33 - [82]
Ag/MWCNT/GCE 2.5-260 20-260 - 0.16 0.2 - [83]
PGCE 10-300 10-300 - 3.57 3.99 - [84]
Pd/CuNWs-CNTs 1-99, 99-228 1-280 1-33,33-228 0.40 0.60 0.80 [80]
ZnO-carbon cloth 2-30 2-45 2-385 0.57 0.81 7.20 [85]
AuNPs/CNTs/graphene hybrids 0-80 0-80 0-80 0.80 0.95 0.10 [86]
P-rGO 5-90 5-120 5-90 0.08 0.18 2.62 [87]
AuNPs/Fe;04-APTES-GO/GCE 3-137 2-145 - 1.1 0.8 - [88]
PBNS-PANI/GPE 1-12.5, 12.5-350.5 1-10, 10-350.5 2-12.5, 12.5-350.5 0.179 0.010 0.02 This work
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analytes. However, the number of active sites decreased at
higher concentrations of the analytes. The detection limit
was derived using the equation Y1 op = 3Sp/m, where Y op
is the signal for limit of detection, Sy is the standard deviation
of the blank signal, and m is the slope of the calibration curve
for the corresponding analyte. The theoretical limit of detec-
tion (LOD) for HQ, CC, and RS was calculated to be 0.18,
0.01, and 0.02 uM, respectively. The electrocatalytic proper-
ties, unique redox properties, and the high electron transfer
kinetics due to the increased surface area of the electroactive
polymer obtained from the PBNS-PANI nanocomposite
allowed for the significant electrochemical performance of
the modified electrode to achieve good detection limits.

Furthermore, stability of the PBNS-PANI/GPE modified
electrodes was investigated by using them to measure DPV
signals for simultaneous detection of HQ, CC, and RS for a
period of 1 month in 0.2 M phosphate electrolyte solution
(pH 4.0). DPV signals were recorded using the same concen-
tration of the benzenediol isomers. The excellent stability of
the PBNS-PANI/GPEs was emphasized by the retained peak
potential and the peak current (AlL,,) values for HQ, CC, and
RS at 94.29%, 95.63%, and 97.88%, respectively. In addition,
the repeatability of the PBNS-PANI/GPE was studied using
the DPV technique for 9 successive trials by simultaneously
detecting HQ, CC, and RS. The results shown in Fig. S9 (see
ESM) emphasize that the relative standard deviations of the
results were 3.26, 1.64, and 3.27% for HQ, CC, and RS, re-
spectively. These results confirm the excellent stability and
repeatability for the PBNS-PANI/GPE in simultaneous deter-
mination of HQ, CC, and RS.

The performance of PBNS-PANI/GPE electrode for simul-
taneous determination of HQ, CC, and RS was also compared
to the recently published work in literature showing simulta-
neous determination of benzenediol isomers (Table 2). As
shown in Table 2, the merits of our proposed sensor in terms
of LOD are comparable or better than some of the recently
reported sensors in the literature, especially for RS. Moreover,

Table 3  Simultaneous determination of HQ, CC, and RS in creek
water, commercial hair dye, and commercial whitening cream samples
(n=3). “Detected” is the quantity of analyte(s) already existing in the

the mechano-synthesis method used in preparation of PBNS-
PANI/GPE is advantageous as it was a robust, easily repro-
ducible, simple, and cost-effective process. The linear range
for PBNS-PANI/GPE when compared to the work reported by
Yang et al. [77] and by Hu et al. [29] is low, but it can detect at
much lower concentrations than both the studies. In addition,
PBNS-PANI/GPE exhibited better LOD to the one reported
by both Yang et al. [77] and Hu et al. [29]. However, as shown
in Table 2, PBNS-PANI/GPE was also significantly better in
both LOD and linear range than the other modifiers reported
recently in literature. This, along with the other discrepancies
in performance comparison of different electrode modifiers in
Table 2, further shows that it is still essential to investigate and
find novel electrode materials for simultaneous determination
of trace level of BDIs.

Interference studies

As BDI, HQ, CC, and RS generally co-exist in environmental
samples, it was imperative to perform the interference studies
for the selective determination of one of the isomers from an
interfering matrix of other electroactive compounds that were
oxidized under the same or near identical conditions. In each
of experiment, the concentration of one of the isomers was
varied, while the concentrations of the other two isomers were
held constant (Fig. S10, see ESM). For example, in ESM Fig.
S10(A), the oxidation peak current for HQ was increased with
increasing concentrations of HQ, while the concentration of
CC and RS was held constant. Moreover, the peak current for
CC and RS did not show any enhancement as observed with
HQ. Similarly, when the respective experiments were per-
formed with CC (ESM Fig. S10(B), and RS (ESM Fig.
S10(C), the peak currents for the respective species increased
with increasing concentrations, while the peak current for the
other two species were constant at their respective constant
concentrations. Therefore, we conclude that the oxidation of

sample, “spiked” is the total standard solution of the analyte that was
added to the sample, and “found” is the quantity of spiked analyte
concentration that was calculated from the solution which was spiked

Sample Analyte Detected (uM) Spiked (M) Found (uM) Recovery (%)
Creek water HQ - 160 155.80 £+ 0.05 97.42 £ 0.05
CcC - 60 58.57 £ 0.04 97.62 + 0.04
RS — 160 154.22 £0.03 96.39 + 0.03
1% (w/v) commercial HQ - 15 1478 £ 0.13 98.51 £ 0.13
hair dye cc - 5 450 +0.05 90.01 + 0.05
RS 12.02+0.32 5 5.02 £0.03 100.50 £+ 0.03
1% (w/v) commercial HQ — 35 32.92 £ 0.08 94.07 = 0.08
whitening cream cc - 20 21.19 + 0.02 105.97 + 0.02
RS — 20 19.32 £ 0.13 96.58 + 0.13
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HQ, CC, and RS at PBNS-PANI/GPE was independent of
each other and did not cause significant interference.

Real samples

The practicality and the potential of the proposed electro-
chemical sensor based on PBNS-PANI/GPE modified
electrode was investigated for simultaneous determination
of HQ, CC, and RS in commercial hair dyes, skin whit-
ening cream, and creek water. As indicated in Table 3,
DPV responses from the respective samples of known
concentrations diluted in 0.2 M phosphate electrolyte so-
lution were used for simultaneous determination of HQ,
CC, and RS using the spike and recovery method. As
shown in Table 3, the acceptable recovery values obtained
from different matrices implied the potential applicability
of the described sensor in the determination of BDI for
on-filed applications using real samples.

Conclusions

Herein, we developed a novel PBNS-PANI/GPE using
mechano-synthesis method directly from aniline and
iron(IIT) chloride salt for the first time, to the best of
our knowledge. As a proof-of-concept study, the PBNS-
PANI/GPE was used for speciation of HQ, CC, and RS.
The PBNS-PANI nanocomposite was instrumental in
obtaining a wide linear range with high selectivity of
HQ, CC, and RS. The results indicated that PBNS-
PANI/GPE not only had the most effective surface area,
which allowed for enhanced peak current signals and
the kinetics for oxidation of the BDI, but also produced
well-defined peak separations during the speciation of
HQ, CC, and RS. Finally, PBNS-PANI/GPE was suc-
cessfully applied for simultaneous determination of the
HQ, CC, and RS in real samples with excellent recov-
ery results. Overall, we conclude that PBNS-PANI/GPE
can provide a promising platform for electrochemical
sensor applications.
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