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Abstract
Mercury as the 3rd most toxic, non-biodegradable, and carcinogenic pollutant can adversely affect the ecosystem and health
of living species through its bioaccumulation within the nature that can affect the top consumer in the food chain; therefore,
it is vital to sense/remove Hg2+ within/from aqueous media using practical approaches. To address this matter, we modified
the glassy carbon electrode (GCE) with ultra-sensitive, interconnected, sulfurized, and porous nanostructure consisted of
polyaniline-Fe3O4-silver diethyldithiocarbamate (PANi-F-S) to enhance the sensitivity, selectivity, and limit of detection
(LOD) of the sensor. Obtained results showed that at optimum conditions (i.e., pH value of 7, deposition potential of −
0.8 V, and accumulation time of 120 s), for Hg2+ concentration ranging from 0.4 to 60 nM, the modified electrode showing
linear relative coefficient of 0.9983, LOD of 0.051 nM, LOQ of 0.14 nM, and sensitivity of 1618.86 μA μM−1 cm−2

highlights superior sensitivity of the developed platform until picomolar level. Additionally, the modified electrode showed
ideal repeatability, stability, reproducibility, and selectivity (by considering Zn2+, Cd2+ Pb2+, Cu2+, Ni2+, and Co2+ as metal
interferences) and recovered more than 99% of the Hg2+ ions within non-biological (mineral, tap, and industrial waters) and
biological (blood plasma sample) fluids.
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Introduction

Superior toxicity of heavy metals has caused increasing con-
cerns in the case of health, nutritional, genetic, and ecological

matters [1]. Among these heavy metals, mercury ion (i.e.,
Hg2+) is known as one of the most toxic heavy metals within
the ecosystem which is non-biodegradable, highly carcino-
genic, and highly toxic for the nervous system which can
adversely affect the physiological performance of the human
body, where the USAgency for Toxic Substances and Disease
Registry (ATSDR) marked mercury as the 3rd most toxic
element for public health [2–5]. Mercury can easily accumu-
late within the aquatic ecosystem and via its bioaccumulation
process, it transfers its severe toxicity from the aqueous media
to the top consumer in the food chain [6]. Exposure to diverse
dosages of mercury can lead to severe adverse effects on the
human body including cognitive disorder, brain damage,
motion/neuro disorder, cancer, kidney failure, liver dysfunc-
tion, and distribution within the endocrine system [7].
According to the Environmental Protection Agency’s state-
ment, the highest allowed dosage of mercury within drinking
water must not exceed 10 nM; therefore, it is vital to develop
state-of-the-art detection platforms capable of detecting
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mercury at very low concentrations [8]. In Table 1, a list of the
five most toxic heavy metals is presented, in which severe
toxicity of these hazardous pollutants and their resulting ill-
nesses are highlighted.

So far, diverse methods have been developed toward the
accurate detection of mercury within aqueous media including
electrochemistry [22–24], fluorescent [25], and colorimetry
[26] methods, where despite their high selectivity and accura-
cy, most of these methods cannot be adapted for rapid and
real-time detection of mercury within the aqueous media ow-
ing to their time-consuming and expensive approaches [27].
Among these methods, electrochemical approaches are con-
sidered the most promising detection method due to their low-
cost, sensitive, dividable, easy-to-operate, and portable fea-
tures [28]. In this matter, an unmodified electrode cannot
show the desirable sensitivity and selectivity expected by
drinking water standards; therefore, it is bare bone essential
to develop practical nanostructures for improving the
selectivity/sensitivity of the electrode [29].

This matter can be addressed through modification of elec-
trodes with highly sensitive, selectable, and electroactive
nanomaterials. Modified electrodes with advanced
nanomaterials have been identified as most promising alterna-
tives for accurate detection of mercury due to their large active
surface area compared with their volume ratio, enhanced

electrocatalytic performance, ideal surface properties, and su-
perior absorption rate [30, 31]. In this case, diverse kinds of
nanomaterials were developed and used for detection of mer-
curywithin aqueous media using diverse methods, where a list
of recently developed electrodes and their limit of detection
(LOD) is tabulated in Table 2.

In addition, in our recent research [45], we have modified
polyaniline (PANi) with magnetite nanoparticles and silver
diethyldithiocarbamate toward development of an intercon-
nected, highly porous, and sulfur-rich nanostructure that can
efficiently remove the three most toxic elements, i.e., arsenic,
lead, and mercury, from aqueous media, where the outcome of
Langmuir isotherm showed a new mile stone of about 222.2
and 175.4 mg g−1 for absorption of mercury and arsenic from
aqueous media, respectively, for concentrations within the
range of nanogram. In fact, outcome of this research revealed
the superior sensitivity/activity of the developed platform
against targeted pollutants which shows its potential for pre-
cise detection of these toxic elements within the aqueous eco-
system. In our previous study, we mainly focused on capabil-
ities of developed nanostructures in particular of Hg, As, and
Pb absorption, while in the current research, we highlighted/
evaluated the potential of this superior absorber toward elec-
trochemical detection of Hg within aquatic biological/non-
biological media based on our recent achievements.

Table 1 Disease resulting from
exposure to toxic heavy metals Element Symbol ATSDR

rank
Resulting disease Ref.

Arsenic As 1 Can cause peracute toxicity that leads to rapid death in few
minutes/hours upon exposure to high dosage; direct ex-
posure can lead to bladder, lung, skin, and kidney cancer.
Also, it can severely change the color of the skin and leads
to blackfoot disease.

[9, 10]

Lead Pb 2 Inhabitation of enzyme function, changing the metabolism
of vitamin D, deterioration of brain function, and known
as a serious neurotoxicant. It can also lead to stroke,
cancer, and heart disease.

[11–13]

Mercury Hg 3 Adversely affect the performance of nervous,
cardiovascular, renal, gastrointestinal, and hematopoietic
systems. Mercury can cause genotoxicity,
carcinogenicity, immunotoxicity, and endocrine along
with severe developmental and reproductive toxicity.

[14–17]

Cadmium Cd 7 Headache, sleep distribution, vertigo, tremor, sensory
disturbance, and sweating are among the problems that
associated via exposure with cadmium. Poisoning with
cadmium can lead to itai-itai disease, softness of bones,
kidney failure, and cancer (especially lung, prostate,
breast, and kidney cancer).

[18–20]

Chromium,
hexavale-
nt

Cr(VI) 17 This chemical compound is highly genotoxic and
carcinogenic and can lead to lung carcinogenesis. It can
also lead to lung malignancies and its distribution in
drinking water can lead to severe cancer within the small
intestine and oral cavity. This chemical compound can
cause ulcers and irritation in the intestines and stomach. It
is also highly toxic for liver. Dyed textiles/leathers with
this compound can cause serious skin allergy/sensitivity.

[21]
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Herein, by considering the superior sensitivity and reactiv-
ity of PANi and dithiocarbamate-based materials as potential
sensors for detection of heavy metals, e.g., Cu, Sb, Bi, Pb, As,
and Hg [46–53], we developed the integrated platform of
polyaniline-Fe3O4-silver diethyldithiocarbamate (PANi-F-S)
as a modifying agent for enhancing the glassy carbon elec-
trode (GCE). The modified electrode was used for real-time,
selective, sensitive, accurate, repeatable, and picomolar-level
detection of Hg2+ ions within aqueous and biological (e.g.,
human blood plasma) matters which is vital to reaching the
expectation level of drinking water standard (LOD ˂ 10 nM).

Materials and methods

Materials

In the current study, all of the utilized chemical compounds
including NH3, (NH4)2S2O8, HCl, C6H5NH2 (i.e., aniline

monomer), NH4OH, FeCl3·6H2O, FeSO4·7H2O, and acetone
were provided by Merck & Co. Silver diethyldithiocarbamate
(i.e., (C2H5)2NCSSAg) was used as the main part of the
absorber/sensor toward detection of mercury within aquatic
media which was supplied by Fisher Scientific International,
Inc. All of the reagents used were selected from high-purity
analytical grade and used without further purification expect
for aniline monomer that was vacuum-distilled before used.
Other utilized materials for experimental evaluations includ-
ing NaOH, HNO3, and HgCl2 were supplied by Merck & Co.

Preparation of nanomaterials

Fabrication of magnetite nanoparticles

Fabrication procedure of magnetite nanoparticles (i.e., Fe3O4)
was conducted based on our previous procedures [45, 54–56].
Briefly, 4.55 g FeCl3·6H2O and 3.89 g FeSO4·7H2O were
added to 320 mL deionized (DI) water and stirred at 80 °C

Table 2 A list of recently
developed electrodes with
advanced nanostructures toward
accurate detection of mercury
within aquatic media

Modified electrode Method Target pollutant LOD (nM) Ref.

HC/PCE DPV Hg2+ 8.0 [22]

GCE/Cu-Co HCF/L-Cysteine DPV Hg2+ 80.0 [32]

GCE/Pd/PAC DPV Hg2+ 54 [33]

SPE/Bi NPs/G-CNT DPV Hg2+ 0.2 [28]

GCE/Pt/MZ DPV Hg2+ 3.4 [34]

GCE/PEE DPV Hg2+ 0.1 [35]

GCE/IIPN/MWCNT DPASV Hg2+ 5.0 [36]

PCE/IL/mesoporous silica DPASV Hg2+ 10.0 [37]

2,4,6-TMT/Au NPs DPASV Hg2+ 5.3 [38]

TiO2-coupled Au DPASV Hg2+ 1.0 [39]

GCE/N-doped G DPASV Hg2+ 50 [40]

Au UMEA LSV Hg2+ 16 [41]

CNF or rGO/Au NPs LSV Hg2+ 30 [42]

Au film electrode SC Hg2+ 0.04 [43]

GCE/glycine SWASV Hg2+ 0.23 [44]

Au NP–decorated COF CD Hg2+ 0.75 [26]

ZnO NPs Fluorescent Hg2+ 20 [25]

ZnO ND Fluorescent Hg2+ 18 [25]

ZnO NR Fluorescent Hg2+ 35 [25]

ZnO NW Fluorescent Hg2+ 10 [25]

PANi-F-S DPASV Hg2+ 0.051 Current work

Abbreviations (modified electrode’s section): HC, humic acid; PCE, paste carbon electrode; GCE, glassy carbon
electrode; PAC, porous activated carbon; SPE, screen-printed electrode;G-CNT, graphene-carbon nanotube;MZ,
mordenite zeolite; PPE, 1-phenyl-N-(pyridine-2-ylmethyl)ethanamine; IIPN, ion-imprinted polymeric
nanobeads; MWCNT, multi-walled carbon nanotube; IL, ionic liquid; 2,4,6-TMT, 2,4,6-trimercaptotriazine;
NPs, nanoparticles; N-doped G, N-doped graphene; UMEA, ultra-microelectrode arrays; CNF, carbon nanofiber;
rGO, reduced graphene oxide; COF, covalent organic framework; ND, nanodumbbell; NR, nanorod; NW,
nanowire

Method’s section: DPV, differential pulse voltammetry; DPASV, differential pulse anodic stripping voltammetry;
LSV, linear sweep voltammetry; SC, stripping chronopotentiometry; SWASV, square wave anodic stripping
voltammetry; CD, colorimetric detection
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for 1 h until obtaining a fully homogeneous suspension. Next,
40 mL ammonia was dropwise added to the suspension and
stirred for further 2 h. The synthesized supermagnetic nano-
particles were separated via a strong magnet and washed sev-
eral times with DI water. The obtained powder was dried in an
oven at 100 °C for 2 h and kept in a desiccator until further
use.

Synthesis of polyaniline-based structures

Fabrication of PANi was conducted the same as in our previ-
ous study [45]; in this matter, first, 9.1 g ammonium persulfate
and 3.72 g aniline monomer were separately added to 50 mL
1MHCl and stirred at room temperature (RT) until becoming
fully uniform. Then, aniline solvent was poured in a vessel
and cooled down to less than 5 °C using ice bath. Afterward,
suspension of ammonium persulfate was dropwise added to
the aniline solvent and stirred for 24 h until full polymeriza-
tion of monomer. The obtained blackish green powder was
vacuum-filtrated and thence washed with DI water, 0.2 M
HCl, acetone, and DI water, respectively. Finally, the obtained
powder was fully dried in an oven at 60 °C for 12 h.

For fabrication of modified polyaniline with silver
diethyldithiocarbamate and Fe3O4 nanoparticles, 5 wt% silver
diethyldithiocarbamate and 5 wt% Fe3O4 (with respect to the
weight of aniline monomer) were added to 50 mL HCl and
ultrasonicated for 30 min at 600 W. Thereafter, the aniline
monomer was added to this suspension and the rest of the
process was performed according to the aforementioned
procedure.

Materials and apparatus for electrochemical
evaluations

Ultrapure water was used during the experiment to prepare
required solutions. Solution of phosphate buffer (10 mM
PBS) as the supporting electrolyte was prepared using mixed
stock solutions of K2HPO4 and KH2PO4 and employed for
electrochemical analysis of mercury ions. Standard solutions
of Hg2+ (i.e., 100.0 mg L−1) were prepared via dissolving
sufficient amounts of mercury(II) chloride (HgCl2) in ultra-
pure water. Various concentrations of mercury ions were ob-
tained by diluting the highly concentrated standard stock
solution.

Besides, all of the electrochemical measurements were re-
corded with GCE (with 5-mm diameter) as the working elec-
trode, platinum wire (Pt, 0.5-mm diameter) as the auxiliary
electrode, and commercial Ag/AgCl (saturated with 3 M
KCl) as the reference electrode, assembled in a 20-mL three-
electrode cell system. An electrochemical setup (Metrohm,
Autolab model PGSTAT 302N) was used for analyzing the
electrochemical data. The electrochemical impedance spec-
troscopy (EIS) analysis was conducted through applying 10-

mV amplitude AC potential over 220 mV of DC potential
from 100-kHz to 1-Hz frequencies within the KCl solution
(0.01 M) containing [Fe(CN)6]

3−/4− redox couple.
The Nyquist plots in EIS provide information regarding the

nature of impedance data. The Rct value as charge transfer
resistance was acquired using Zview simulation software.
Cyclic voltammograms (CVs) were gathered in the range of
− 1.0 and 1.0 V and scan rate of 100 mV s−1 in PBSwith pH 7.
Differential pulse anodic stripping voltammetry (DPASV)
tests were carried out by applying potential ranging from −
0.8 to 0.6 V using 0.01 M PBS (pH 7.0) with 25-mV ampli-
tude, 5-mV step potential, and 120-s deposition time at −
0.8 V.

Fabrication of biosensor

During each test and modification process, the main GCE was
well cleaned using alumina slurry with diverse dimensions
(i.e., 0.3 and 0.05 μm) and then ultrasonically rinsed with
aqueous ethanol for 5.0 min. Thereafter, the GCE was cleaned
electrochemically via sweeping CV from − 0.2 to + 1.2 V (vs.
Ag/AgCl) at 100 mV s−1 in H2SO4 solution (0.5 M) to reach
the optimum condition. Afterward, the pre-treated electrode
was rinsed thoroughly with deionized (DI) water and dried at
RT (25.0 ± 0.1 °C). The modified electrodes were obtained by
a drop casting method. In this case, the developed nanostruc-
tures were dispersed within the ultrapure water (2 mg mL−1)
through ultrasonicating for about 30 min to get a homoge-
neous and stable suspension. Typically, 10 μL of the prepared
suspension was dropped onto the prepared surface of the
working electrode and allowed to dry in air at RT.

Electrochemical measurements

The analysis of Hg2+ ions was performed using DPASV in
PBS (pH 7.0) as follows: the pre-concentration step was per-
formed at − 0.8 V vs. Ag/AgCl in the period of 120 s; thence,
the differential pulse voltammograms were achieved within
the range of − 0.8 V to 0.6 V vs. Ag/AgCl at RT. The calibra-
tion plots were prepared via plotting the oxidation peak cur-
rents vs. different concentrations of Hg2+, whereas the LOD
and LOQ (3 and 10 s/slope ratios, respectively) were calculat-
ed by considering the σ as the standard deviation in the mean
value which corresponds to 10 replicates of current response
on reagent blanks [57]. In addition, the sensor performance for
the selectivity of the PANi-F-S-GCE toward detection of Hg2+

was surveyed against buffer solution containing different cat-
ions as interfering contents (e.g., Cu2+, Pb2+, Zn2+, Co2+,
Cd2+, and Ni2+). The detection of Hg2+ was repeated 3 times,
and the measurements for various metal ions were performed
under the same conditions.
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Preparation of real samples

Water samples (Vata mineral water, tap water, and industrial
wastewater; appropriate permissions were taken from respon-
sible authorities for collecting industrial wastewater toward
evaluating the performance of modified electrode) and biolog-
ical samples (human blood plasma) have been utilized for
evaluating the applicability of the developed sensor for tracing
mercury ion quantity in real aqua samples. The water samples
were placed within a 20-mL tube and passed through a stan-
dard filter paper (Whatman No. 40). Human blood plasma as a
biological real sample was obtained from Fars Blood
Transfusion Center (Shiraz, Fars, Iran) from healthy volun-
teers. In this case, 1.0 mL of plasma samples was poured into
the centrifuge tube thoroughly mixed with H2SO4 (0.5 M)
followed by centrifugation at 3500 rpm for 15 min to separate
unwanted proteins. Afterward, the supernatant solution was 5
times diluted with ultrapure water and adjusted to pH 7.0. The
reliability of the described methodwas verified by the analysis
of water and human plasma samples spiked with known
amounts of Hg2+ and estimation was carried out by consider-
ing the recovery rate as the criterion.

Results and discussions

Characterization of developed nanomaterials

In this section, developed nanomaterials were subjected to
diverse analyses in order to validate their successful fabrica-
tion. In Fig. 1a, the FTIR spectrum of Fe3O4 nanoparticles
(NPs) can be seen. In this regard, each appearing peak corre-
sponds to stretching vibration of Fe–O (579 cm−1), C–H
(929 cm−1), FeOO− (1622 cm−1), C–H (2921 cm−1), and –
OH (3430 cm−1) functional groups. Appearance of these
peaks along with existence of Fe3O4 fingerprint at 579 and
1622 cm−1 clearly confirmed the successful fabrication of
Fe3O4 nanoparticles [45]. In Fig. 1b, the X-ray diffractogram
of Fe3O4 NPs can be seen. As shown in this figure, each
appearing diffraction peak corresponds to (peak 2 /plane)
18.5/(111), 30.18/(220), 35.75/(311), 43.30/(400), 53.88/
(422), 57.19/(511), 62.65/(440), and 74.11/(533) which is in
accord with pure spinal magnetite nanoparticles with card
number 89-3854 [54, 58, 59].

In Fig. 1c, outcome of vibrating-sample magnetometer
(VSM) analysis for the developed magnetite nanoparticles
can be seen. As shown, the developed supermagnetic nano-
particles exhibiting an S-like curve with superior magnetiza-
tion (Ms) of about 69.2 emu g−1 demonstrated excellent mag-
netic properties of the developed nanomaterials.What is more,
in Fig. 1d, e, TEM image and size distribution range of the
developed nanomaterials can be seen. As depicted in these
images, Fe3O4 NPs were synthesized with well-defined

spherical morphology with size distribution ranging from 7.6
to 22.5 nm, while most of the nanoparticles exhibited size
within ranges 10–11.4 nm and 13.1–15 nm. These data along
with obtained data from FTIR, XRD, and VSM analyses
clearly confirmed the successful fabrication of magnetite
nanoparticles with ideal specifications.

In addition, Fig. 2 depicts the FTIR and XRD spectra of
polyaniline (PANi) and modified polyaniline with Fe3O4

nanoparticles and silver diethyldithiocarbamate (PANi-F-S).
As illustrated within part (a), both PANi and PANi-F-S pres-
ent similar FTIR spectra with some shifts that are due to the
interaction of added materials together. In this matter, peaks
around wavelength of 785 cm−1 are attributed to the vibration
of C–H groups within the benzene ring [60]. Appearing peaks
within ranges 868–1059 cm−1 and 1112–1158 cm−1 are attrib-
uted to the –NH and vibration of C–H group related to
N=quinoid ring (Q)=N, and B–N+H–B bonds that reveal the
presence of charge carriers in the polymeric structure of PANi
owing to the superior protonation process. These charge car-
riers lead to generation of delocalized electrons which im-
prove the electrical conductivity of polyaniline [61, 62].
Additionally, peaks within ranges 1220–1222 cm−1 and
1282–1283 cm−1 correspond to the C–N+ and C–N functional
groups related to the polaronic structure and stretch of the
secondary aromatic amine groups within the structure of
polyaniline, respectively.

Furthermore, appearing peaks within ranges 1431–
1487 cm−1 and 1550–1578 cm−1 correspond to the stretching
vibration of NH–benzenoid ring (B)–NH and N=quinoid ring
(Q)=N, respectively [63, 64]. More importantly, shift of FTIR
peaks within FTIR spectrum of PANi-F-S, especially for
peaks around 1112 and 1158 cm−1, shows higher degree of
protonation in PANi-F-S than pristine PANi. Other peaks be-
tween ranges 1900–1903 cm−1 and 2091–2093 cm−1 are at-
tributed to the C=C double bond carbon atoms [65] and azide
functional groups (i.e., N− ≡ N+ = N−) [66], respectively.
Large shoulder in the FTIR spectrum of PANi-F-S of about
3212 cm−1 corresponds to hydroxyl functional groups (i.e., –
OH) [67].

In Fig. 2b, the XRD spectrum of PANi can be seen. As
illustrated, 2 peaks at 14.9, 20.7, and 25.2 are attributed to the
(112), (020), and (200) crystal planes of polyaniline, respec-
tively. These data along with obtained data from FTIR analy-
ses clearly confirmed the successful fabrication of our PANi
of primary monomer [67–69]. On the other hand, PANi-F-S
showed a highly crystalline structure upon its interaction with
Fe3O4 NPs and silver diethyldithiocarbamate (Fig. 3c). In this
matter, PANi-F-S showed 98 well-defined diffraction peaks
that correspond to the presence of highly interconnected com-
pounds of Ag8S4, Ag2S, Ag2O3, Ag3O4, Ag4O4, AgO,
Fe24O32, Fe28S32, Fe16O20, Fe24O24, Fe12C4, H4, C4,
C4H16N24, C20H24N8O16, C18H20N4O8, C16H24N8O8,
C4H20N4O8, C24H24, and N2S2 [45].
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Fig. 2 a FTIR spectrum of PANi
and PANi-F-S. b XRD spectrum
of PANi. c XRD spectrum PANi-
F-S

Fig. 1 a FTIR spectrum, b X-ray diffractogram, c VSM analysis, d TEM image, and e size distribution report (i.e., PSA) of Fe3O4 nanoparticles
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In Fig. 3, FESEM images of PANi and PANi-F-S can be
seen at different scale bars (i.e., 10 μm, 2 μm, and 200 nm).
As illustrated within Fig. 3a–c, PANi exhibited a tube-shaped
structure with nearly uniform size distribution. Addition of
silver diethyldithiocarbamate along with magnetite nanoparti-
cles significantly changed the morphology of PANi from
tube-shaped to nearly cubic structure with a variable size. In
Fig. 3d–f, a view of these images at different scale bars can be
seen.

Electrochemical evaluation of the developed sensor

The cyclic voltammograms were recorded at unmodifiedGCE
and modified electrode with a developed nanocomposite (i.e.,
PANi-F-S) within a solution containing 0.1 M KCl and
1.0 mM of [Fe(CN)6]

3−/4− redox to compare the performance
of the developed electrodes (Fig. 4a). The modified GCE has
notably higher ipa value compared with the unmodified GCE,
representing faster electron transfer rate and enhanced electro-
catalytic behavior for the modified electrode upon its surface
modification with PANi-F-S. The concentration of the PANi-
F-S on the surface of the electrode can be estimated based on
the Brown-Anson model which is as follows [70]:

IP ¼ n2F2I*AV=4RT ð1Þ
where F and n are the Faraday constant (96,485 C mol−1) and
number of transferred electrons, respectively, while I*

represents the concentration on the surface of the electrode
(mol cm−2). Additionally, parameters A, R, V, and T are attrib-
uted to the surface area of GCE (0.5 cm2), scan rate
(100 mV s−1), gas constant (8.314 J mol−1 K−1), and temper-
ature (298 K). The value of the surface concentration of the
modified GCE measured to be 2.93 × 10−9 mol cm−2.

In addition, the characterization of the fabricated electro-
chemical sensor/biosensor was traced through the EIS method
(see Electronic Supplementary Material (ESM) Fig. S1 (a)).
The charge transfer process of the modified GCE was verified
by calculating the Rct value as the charge transfer resistance at
the interface of the electrode and electrolyte. The Nyquist
graphs consisted of linear portion at lower frequency and a
semicircle part at higher frequency range indicating a diffu-
sion and limited electron transfer process, respectively.
Additionally, the impedance data are in good accordance with
the obtained results from CV scans and clearly confirmed the
superior role of PANi-F-S for enhancing the electron transfer
rate at the surface of the enhanced electrode. Related curves of
modified GCEwith PANi-F-S exhibited obviously smaller Rct
values compared with unmodified GCE, showing that the
presence of the PANi-F-S nanocomposite on the surface of
the enhanced electrode can significantly improve the electron
transfer process.

To further highlight the effect of deposited nanocomposites
on the GCE surface toward sensing Hg ions within the aqua
solution, the electrochemical measurements of PANi-F-S-
modified electrodes were carried out by EIS and CV.

Fig. 3 FESEM images of PANi (a–c) and PANi-F-S (d–f) at 10-μm, 2-μm, and 200-nm scale bars
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Figure 4b shows the cyclic voltammetric behavior of mercury
(Hg2+) added to PBS (0.01 M, pH 7.0) containing 0.04 μM
HgCl2 solution at the bare GCE and modified GCE with the
scan rate of 100 mV s−1. As depicted in Fig. 4b, no significant
electrochemical responses are recorded at unmodified GCE.
Moreover, owing to the ability of the forming complex be-
tween Hg2+ and S on the electrode surface, a well-defined
oxidative current appeared at about 0.17 V vs. Ag/AgCl for
Hg2+. This behavior on the modified electrode surface
corresponded to the electrochemical oxidation of metallic
mercury (Hg0 →Hg2+ + 2e−) and indicated that the exposed
surface of S can effectively sense Hg2+ ions within the aque-
ous media. The captured Hg2+ ions via the PANi-F-S-
modified electrode lead to the formation of specific S–Hg2+–
S bonds, where the electrochemical response (peak currents)
was detected at about 0.17 V. The EIS data are in well accord
with the CV results (ESM Fig. S1 (b)). The EIS data demon-
strated that the Rct (12 kΩ) values become higher by appear-
ance of Hg2+ ions’ oxidation peak.

In the case of declaring the mechanism for capturing/
sensing the Hg2+ ions on PANi-F-S-modified electrodes, the
obtained maximum response for Hg2+ can be expressed on the
basis of Pearson’s theory, which indicates that hard/hard acids
tend to coordinate with hard/soft bases [71]. Therefore, inter-
actions of Hg2+ ions within a solution with functional groups
on the surface of the developed nanocomposites are favored.
In addition, enhancement of the GCE with PANi-F-S nano-
composite improved the electrochemical currents of Hg2+ ions
owing to its conductive features. To obtain the optimum ex-
perimental conditions, effective parameters in the proposed
process including pH and type of supporting electrolyte as
well as deposition potential and deposition time for 0.04 μM
of Hg2+ were evaluated.

Mercury (Hg2+) ions show different electrochemical re-
sponses in diverse supporting electrolytes. Therefore, the ef-
fect of each electrolyte nature with variable pH values on the
peak current response of the developed GCEwas investigated.
In this case, the effect of electrolytes including 0.1 M HCl,
0.5 M H2SO4, 0.1 M KCl, and 0.01 M PBS on the oxidation

peak currents of Hg2+ showed that the Hg2+ ions exhibit the
best electrochemical responses with the lowest background in
the 0.01 M PBS as the supporting electrolyte.

The value of pH in buffer solution is a significant parameter
that highly affects the electrochemical responses of Hg2+ ions
and the sensitivity of the developed sensor/biosensor [72]. The
influence of pH on the oxidation peak current of Hg2+ at
PANi-F-S-modified electrode was investigated in 0.01 M
PBS containing 0.04 μM Hg2+ ions (Fig. 5a). As can be seen
in Fig. 5a, the peak current increased in the pH value ranging
from 3 to 7 and then decreased at pH value of 8. The reason for
this process could be attributed to the precipitation of Hg2+ at
higher pH values. Therefore, pH 7 is considered as the opti-
mum pH value for the subsequent electrochemical
experiments.

Deposition potential is another main parameter on the mer-
cury stripping peak currents which should be considered dur-
ing evaluations. In this regard, accumulation of 0.04 μM of
Hg2+ was verified on the surface of PANi-F-S-GCE from −
0.4 to − 1.0 V vs. Ag/AgCl with the deposition time of 120 s.
As illustrated in Fig. 5b, by further shifting the potential from
− 0.4 to − 1.0 V vs. Ag/AgCl, the stripping voltammetric sig-
nals considerably enhanced. As the accumulation potential
trends to more negative values, the current signals for Hg2+

were weakened due to the considerable effect of hydrogen
evolution in this media, while the deposited metals on the
surface of the electrode can be affected via hydrogen bubbles.
Therefore, − 0.8 V was chosen for the subsequent tests owing
to its ideal sensitivity and well-defined oxidation peaks.

The influence of the deposition time on the stripping cur-
rent signal was also investigated within the range of 30 to
180 s. Figure 5c illustrated that by prolonging the deposition
time, the stripping oxidation current of Hg2+ and its sensing
became far better. By further increasing the accumulation
time, current was leveled off and reached the constant situa-
tion. However, the saturation adsorption of active sites on the
electrode surface was achieved after 120 s preconcentration.
Thereafter, further prolonging the deposition time has no sig-
nificant effect on the signal enhancement rate. Thereby, the

Fig. 4 a CV for GCE and GCE-
PANi-F-S electrodes in 1.0 mM
of [Fe(CN)6]

3−/4−. b CV plots re-
corded by different electrodes
containing 0.05 μM Hg2+
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accumulation time of 120 s was chosen as the optimum con-
dition for the following experiments.

The kinetic of the modified GCE with PANi-F-S was in-
vestigated under different scan rates from 10 to 400 mV s−1

(Fig. 5d). In this matter, the electrochemical oxidation signal
has a linear relationship with the square root of the scan rate
which indicated that the nature of electrochemical process is
governed through the diffusion process.

DPV as one of the most sensitive electrochemical methods
is used for the detection of analytes owing to its high sensitiv-
ity and low detection limit. The DPV graphs for diverse con-
centrations of mercury ions are depicted in Fig. 5e. The mod-
ified GCE exhibited a sensitive response to various concen-
trations of Hg2+ and showed an increasing trend in the oxida-
tion signal upon addition of mercury ions. Furthermore, the
current signal of voltammograms increased proportionally up-
on increase in the concentration of Hg ions in the range of 0.4–
60 nM, while the calibration curve showed a linear current
increase by further increasing the overall amount of Hg2+ ions
(I (μA) = 809.43 C(μM) + 1.8174).

The linear relative coefficient, limit of detection, and limit
of quantification were calculated to be 0.9983, 0.051 nM, and
0.14 nM, respectively, demonstrating significantly high

sensitivity of the modified GCE until picomolar level which
is ideal for precise detection of Hg2+ within non-biological/
biological aqueous media. Moreover, the modified GCE with
PANi-F-S demonstrated a remarkably high sensitivity of
about 1618.86 μA μM−1 cm−2 by dividing the slope of the
calibration curve to the geometric surface area of the electrode
(0.5 cm2) [73]. This significantly high sensitivity could be due
to the strong affinity of Hg2+ and deposited nanocomposite on
the surface of electrode along with the electrochemical re-
sponse amplified by the conductive nature of polyaniline.
The obtained results clearly confirmed the superior sensitivity
of themodifiedGCE toward detection of Hg2+ within aqueous
media.

To further evaluate the reproducibility of the proposed
method, two different PANi-F-S-modified electrodes were
tested in completely identical conditions toward detection of
0.04μMHg2+ in 0.01M PBS. The DPV responses exhibited a
relative standard deviation (RSD) of 3.66% for mercury,
confirming that the sensor is reproducible. The intra-/inter-
day reliability was also estimated by performing 10 times
determination of the same sample containing 0.04 μM Hg2+

in 1 day and in 5 days, where the RSD value for repetitive
stripping voltammograms on the samemodified electrode was

Fig. 5 Effect of pH (a), accumulation potential (b), and deposition time
(c) on the current responses of 0.05 μM Hg2+ on GCE-PANi-F-S elec-
trode. Error bar indicates the standard deviation of three replicate mea-
surements, CV (d) recorded at different scan rates from 0.01 to 0.4 V s−1

in 0.01 mol L−1 PBS (pH 7.0), and DPV curves (e) of different

concentrations of Hg2+ captured by PANi-F-S-modified electrode at op-
timal conditions: pH 7.0, accumulation potential of − 0.8 V, deposition
time of 120 s, modulation amplitude of 25 mV, and step potential of
5 mV. Inset shows the obtained calibration curve for the modified
electrode
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found to be about 2.56% and 4.12%, respectively. In case of
evaluating the stability of modified GCE, the DPV currents
for 0.04 μMHg2+ in 0.01M PBS (pH 7.0) were recorded over
a period of 72 h. In this matter, based on our results, the
oxidation current was not significantly changed and has nearly
the same value with a RSD of 4.67% (Fig. 6a). These obtained
data clearly showed that the modification of GCE with PANi-
F-S can considerably improve the stability and reproducibility
of the modified electrode toward accurate determination of
Hg2+ ions within aqueous media.

The developed biosensor’s selectivity toward detection of
Hg2+ (0.05 μM) was verified in the presence of common
interfering heavy metal ions including Pb2+, Zn2+, Ni2+,
Co2+, Cd2+, and Cu2+ with tenfold concentration of Hg2+,
and metal interference was examined by investigating the in-
fluence of other metals on the stripping signal. The outcome of
electrochemical responses displayed that the value of themod-
ified electrode in the presence of Hg2+ is greater than that in
the presence of other metal ions (Fig. 6b). The stripping peak
current of Hg2+ changes slightly in the mixing sample, indi-
cating that these metal ions do not interfere with the determi-
nation of Hg2+. From these evaluations, it can be found that
the high selectivity of the sensing method is due to the specific
coordination between catalyst and Hg ions. The electrode has
strong affinity toward Hg2+ ions and bind selectively to S
deposited on the modified surface and form stable S-Hg2+-S
complexes.

To study the reusability of the PANi-F-S electrode, the
electrode was soaked in 500 mM EDTA solution for about
1 h after each measurement. As depicted in ESM Fig. S2, the
modified electrode with PANi-F-S showed a slight decrease in
the current signal (about 5%) compared with the primary scan.
Besides, further investigation showed that after about 10 cy-
cles of regeneration process, the recovered electrode could
retain about 89% of its optimum/primary current signal which
exhibits the potential of developed electrode to be reused for
subsequent detection of Hg2+ ions within aquatic media.

The applicability of the PANi-F-S-modified electrode was
assessed in different water and biological samples according

to Eq. 2. Three various concentrations of Hg2+ were spiked to
each of the real samples where the related outcomes can be
seen within Table 3. As tabulated in Table 3, the obtained
recovery percentages more than 92% confirmed that the de-
veloped PANi-F-S-GCE equipped with ideal features for pre-
cise determination of Hg2+ ions within non-biological/biolog-
ical aquatic environments (e.g., water samples and human
blood plasma sample) makes it an ideal multi-functional plat-
form for accurate detection of Hg2+ within diverse media.

Recovery %ð Þ ¼ Cfound−Creal

Cspiked
� 100 ð2Þ

Conclusions

Distribution of superiorly toxic heavy metals such as mercury
within the ecosystem can adversely affect the life of living
species and top consumers in the food chain via bioaccumu-
lation within food sources. Therefore, it is bare bone essential

Fig. 6 a Stability response of the
modified electrode with PANi-F-
S. b Current responses of
modified electrode with PANi-F-
S to different metal ions in PBS
pH (7.0). Error bars correspond to
the standard deviation of three
replicate tests

Table 3 Recoveries and RSD of spiked Hg2+ in different samples

Samples Spiked (μM) Found (μM) Recovery* (RSD) %

Mineral water 0.005 0.00506 101.2 ± 4.43

0.01 0.0092 92.0 ± 1.98

0.06 0.0596 99.33 ± 5.12

Tap water 0.005 0.0047 94.0 ± 5.06

0.01 0.0097 97.0 ± 4.12

0.06 0.0602 100.3 ± 2.48

Industrial
wastewater

0.005 0.0109 101.4 ± 3.23

0.01 0.0155 96.7 ± 2.05

0.06 0.0612 92.2 ± 3.87

Plasma 0.005 0.00503 100.6 ± 3.12

0.01 0.0104 104.0 ± 4.37

0.06 0.0595 99.16 ± 4.05
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to develop highly accurate sensors/biosensors for detection of
mercury in ranges less than 10 nM. In this matter, the modified
GCE with PANi-F-S electrode proved to be a highly sensitive
and accurate sensor for detection of Hg2+ ions within non-
biological and biological aqueous media. In this matter, ob-
tained data from electrochemical evaluations showed that the
modified GCE exhibiting LOD and sensitivity of 0.01 nM and
1618.86 mA mM−1 cm−2, respectively, at optimum sensing
conditions confirms the ideal capability of the developed elec-
trode for accurate detection of Hg2+ ions until picomolar level.
Moreover, the modified GCE also showed fantastic repeat-
ability, stability, reproducibility, and selectivity and exhibited
recovery ranges more than 99% for detection of Hg2+ ions
within non-biological and biological aqueous media.

Compliance with ethical standards The studies have been
performed in accordance with the ethical standards and approved through
following the protocols of the ethical committee. The human blood plas-
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