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Abstract

Cost-effective simultaneous determination of mercury, copper and cadmium ions was performed by differential pulse anodic
stripping voltammetry (DPASV) using a pencil graphite electrode (PGE) modified with poly-L-cysteine (P-L-Cys) and Fe;0,
nanoparticles. Electropolymerization of L-cysteine was performed by cyclic voltammetry (CV) through applying different
cycles. Also, Fe;0, was deposited in a single step by applying a constant potential on the electrode surface in the presence
of ferric nitrate. To enhance the sensitivity of measurement, several parameters such as monomer concentration, scan rate,
number of cycles in electropolymerization, ferric nitrate concentration, Fe;O, electrodeposition potential and time, and pH
of the sample solution were optimized. The surface morphology of the modified electrode was examined by SEM and FTIR.
Electrochemical impedance spectroscopy was conducted to investigate the impedance of the electrode surface. The linear
ranges for cadmium, copper and mercury were 0.001—2500, 0.0002—3600 and 0.0001—2500 nM with detection limits of
6.4x 1073, 1.0x 10713 and 9.0 x 107'* M, respectively. The stability and reproducibility of the electrode were investigated.
Finally, the modified electrode was applied to determine mercury, copper and cadmium in real samples such as the ground-

water, Caspian Sea and Tajan River water.
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Introduction

Exposure of humans to heavy metals (HMs) has significantly
increased [1] because of environmental pollution due to the
human activities in mining, smelting industries, home usages
and agriculture [2—4]. Pollution by HMs can also occur
through the metal corrosion, metal ion erosion, leaching of
HMs from the soil, sediment reduction, and volcanic erup-
tion [5]. Heavy metals react with cellular components and
cause DNA structural changes that lead to carcinogenesis
or apoptosis [6—8]. Several reports have shown that metals
such as cadmium [9] and mercury [10] with high toxicity are
extremely susceptible reactive oxygen species (ROS), which
can eventually lead to cancer [11]. Simultaneous exposure to
heavy metals may produce a toxic effect that is more severe
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and has synergistic destructive effects [11, 12]. Thus, simul-
taneous measurement of heavy metals with high accuracy,
speed and ease plays a significant role in analyzing toxic and
hazardous materials.

Various methods for simultaneous measurement of cad-
mium, copper and mercury have been reported, including
electrothermal atomic absorption spectrometry (ETAAS)
[13], inductively coupled plasma optical emission spec-
trometry (ICP-OES) [14-17], inductively coupled plasma-
mass spectrometry (ICP-MS) [18-20], atomic absorption
spectroscopy [21] and electrochemical methods [22-27].
The electrochemical methods are easy, fast, efficient and
low cost [28]. By choosing a working electrode such as
pencil graphite, significant advantages including availabil-
ity, cheapness, high mechanical stability, low residual cur-
rent, wide potential window, ease of modification and high
conductivity can be achieved [29, 30]. The electrochemical
methods can be used by portable and on-site measuring
devices as inexpensive instruments. In addition to these
advantages, the electrochemical sensors are capable to do
several measurements simultaneously with one electrode
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and cover a wide range of determinations, especially at low
concentrations (picomolar to micromolar) [31, 32]. These
unique advantages may not be present in other analytical
techniques at the same time.

One of the efficient ways to modify the electrode surface
is the use of conductive polymers along with nanoparticles
[33, 34]. Poly-L-cysteine is one of the conductive polymers
that has been used for the modification of electrode surface
in various electrochemical configurations for the detection
of ions [35-38] and biological compounds [39-47]. P-L-
Cys layer coated on the electrode surface increases the
target peak current compared to the bare electrode, which
has usually been attributed to the microstructure of P-L-
Cys [41-44]. A higher increase in signal intensity has been
achieved by the combining of metal nanoparticles and P-L-
Cys film [33]. Metal nanoparticles such as gold and silver
can be easily deposited by covalent bonding to P-L-Cys
layers [33, 34]. Carbon-based electrodes are very suitable
for electropolymerization by immersing the electrode in
a solution of L-cysteine monomer and applying repeated
cycles. L-cysteine is oxidized, and cationic amine radicals
are produced that react with aromatic carbon on the surface
of the electrode and form a carbon-nitrogen bond [42].
The hypersensitivity in electrodes modified with P-L-Cys
is unique because it contains an active thiol group that
can generate thiol radicals like amino radicals and form
bonds with aromatic groups [43]. Since the electron-rich
amino group is electroactive at lower potentials than the
thiol group, the electrical oxidation deposition of thiols
usually requires the presence of strong proton depletion
agents [43]. Thus, P-L-Cys can act as a metal chelating
agent through the interaction with the thiol groups by
applying the appropriate potential [48]. As a family of
Lewis soft bases, sulfur-containing species have a highly
polarizable donor center that can react strongly with the
orbitals of soft Lewis acids such as heavy metal ions [49].
Such chelation between mercury and P-L-Cys has been
studied that indicates the high capacity of mercury to form
a P-L-Cys-mercury bond. It was shown that the bond for-
mation of mercury is higher than the other metals ions
such as Pb(II), Zn(IT) and Co(II) [49, 50]. Another study
showed that the cadmium and copper binding capacity was
higher than the other heavy metals with the sequence of
Cu®* >Cd** >Ni** >Pb’* >Co”* [48]. Thus, it can be
concluded that P-L-Cys has a great tendency to form bonds
with heavy metals, and among heavy metals, the binding
capacity and priority for copper, cadmium and mercury
metals are higher [48-50].

In the electrode modification processes, an iron oxide
film as an outer layer of the electrode modified with a poly-
mer can also be used owing to its catalytic properties, cost-
effectiveness, good electrical and magnetic properties, and
being environmentally friendly [44, 45]. Based on these
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advantages, magnetite (Fe;O,) has been used in various
fields such as batteries, sensors, targeted drugs, catalysts,
data storage and removal of metal ions from effluents due
to its distinctive properties [46, 47]. Various methods have
been reported for the fabrication of Fe;0, thin films includ-
ing pulsed laser deposition (PLD), molecular beam epitaxy
(MBE), chemical vapor deposition (CVD) and dispersion
techniques, which usually require expensive equipment and
relatively alarming test conditions such as high temperature
and vacuum control. However, the electrodeposition method
is more interested in specific features such as low cost, low
temperature and obtaining high-quality Fe;O, thin films
[51, 52]. The porous structure of the carbon-base electrode
facilitates the diffusion of liquids into the electrode sub-
strate. So, the advantages of mechanical flexibility and high
electrical conductivity of the electrode can be accessed,
which significantly improve the properties of modification
film [53].

In this paper, the voltammetry technique was used to
measure cadmium, copper and mercury heavy metals simul-
taneously. Pencil graphite electrode, an inexpensive carbon-
base electrode with a quick and easy modification process,
was used as a working electrode. P-L-Cys and Fe;O, were
used to modify the electrode by an easy, fast, single-step
and in situ electrochemical method. The obtained detection
limits revealed that the modified PGE has a very low detec-
tion limit and high selectivity, which allow trace analysis of
the ions simultaneously in real samples such as the ground-
water, Caspian Sea and Tajan River water. The lower detec-
tion limit compared to the other electrochemical reports for
simultaneous analysis of these three metals, high selectiv-
ity, application of cheap PGE as working electrode, ease of
modification and ability for precise analysis of the ions in
real samples were considered the novelty of the represented
electrochemical sensor.

Experimental
Materials and reagents

All materials were provided as analytical grade and used
without re-purification. Pencil graphite leads were sup-
plied from a supermarket. Deionized water was utilized
for the preparation of all solutions. All chemical salts
and solvents were purchased from Merck. Stock solu-
tions of 0.1 M of each three heavy metal ions (Cd(NOs;),,
Cu(NO;), and HgCl,) were provided by the dissolution
of appropriate amounts of corresponding salts in 10 mL
deionized water. Phosphate buffer solution (PBS, 0.1 M
and pH=7.0) was prepared by the mixing appropriate
concentrations of potassium dihydrogen phosphate and
phosphoric acid.
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Apparatus

Electrochemical analysis was performed by a Potentio-
stat—Galvanostat Autolab PGSTAT 30 equipped with a three-
electrode system using Nova 2.1 software. A 0.9-mm-diam-
eter rotating (Rotring Co. Ltd, Germany, R505210N) pencil
lead (type H) with a geometric area of 0.23 cm” was applied
as a working electrode. A platinum rod and a Metrohm Ag/
AgCl (KCI, sat,d) were used as auxiliary and reference elec-
trodes, respectively. Perkin-Elmer RXI FT-IR spectrometer
was used for IR spectra. X-ray diffraction (XRD) spectra
were obtained with a D8 Advance Bruker diffractometer
using CuKa radiation (A=0.1540 nm). A Metrohm 827 pH
meter was used to adjust the pH of the solutions. SEM spec-
tra were taken by a Leo 1450VP microscope.

Electrode modification with P-L-Cys

P-L-Cys was polymerized by cyclic voltammetry on the sur-
face of the PGE [34]. One end of the PGE was connected
to the potentiostat with a copper wire as the working elec-
trode. The other end of the PGE was vertically inserted in a
phosphate buffer solution (0.1 M and pH =7.0) containing
L-Cys monomer (5 mM). The cyclic voltammograms were
obtained at the PGE surface in the potential range of -1.0
to 2.0 V with a scan rate of 100 mVs~! during five cycles.
Finally, a thin layer of P-L-Cys was deposited on the elec-
trode surface during the recording of cyclic voltammograms
and then dried slowly at room temperature.

Modification of the electrode with Fe;0,

To prepare the iron oxide thin layer, a mixture of 0.8 mM
Fe(NO;);.9H,0 in DMSO was sonicated for 10 min. The
PGE modified with P-L-Cys (P-L-Cys/PGE) was inserted
into the mixture, and then a constant potential of —1.7 V
was applied to the electrode for 300 s, which finally led to
the construction of Fe;0,/P-L-Cys/PGE-modified electrode.

Electrochemical experimental design

A solution containing PBS and analytes of Cd**, Cu®* and
Hg?* was added to the electrochemical cell. The modified
PGE was applied as the working electrode. The desired vol-
tammograms were recorded using the DPASV technique by
the scanning potential between —0.85 to 0.5 V with adsorp-
tion potential of —1.0 V for 15 s. All of the reported results
were the average of three repetitive measurements.

Determination of metals ions in real samples

To measure Cd**, Cu®* and Hg?" in real samples, water of
the southern shores of the Caspian Sea (pH=28.3, EC=18.5

mS/cm) and Tajan River (pH=7.4, EC=415 pS/cm), Sari,
Iran was used. Sampling was done from two different places
of the river and also seawater inside a one-liter container.
After mixing the samples, the filtration was done using
Whatman filter paper grade 42. To a 10-mL volumetric flask
containing 2 mL of real sample, 4 mL PBS (0.2 M, pH=3.5)
and unknown concentration of Cd>*, Cu?* and Hg**analytes,
different volume of 0.5 pM analytes standard solution (0.1,
0.2, 0.4, 0.7 and 1 mL) were added and filled to the mark
with deionized water. The flask content was transferred to
the electrochemical cell, and the modified PGE was applied
as the working electrode. The desired DPASV voltam-
mograms were recorded after each addition by applying a
-1.00 V adsorption potential for 50 s in the potential scan
range between -0.85 and 0.40 V (vs. Ag/AgCl) with a scan
rate of 33 mV/s, step potential of 5 mV. The peak currents
were estimated at -0.75, -0.1 and 0.27 V (vs. Ag/AgCl) for
Cd**, Cu®* and Hg?", respectively. Finally, the unknown
concentrations of the analytes in the real sample were deter-
mined by the standard addition method. This process was
repeated three times for each unknown concentration, and
the calculated mean value was reported.

Results and discussion
Morphology of the modified electrode surface

The bare PGE was modified by two layers of P-L-Cys and
Fe;0, to increase the sensitivity and detection performance
of the analytes. These layers improve the effective surface,
which increases the determination quality of the analytes.
SEM imaging and FTIR spectroscopy were used to investigate
the surface modifications. Figure 1 shows the SEM images
of the bare and modified electrodes. Figure 1a displays the
bare surface of the PGE, which is almost flat. Figure 1b and
Ic indicates the surface of the PGE after covering by P-L-
Cys. As expected, a layer of polymer without pores uniformly
distributed on the surface of the electrode [54], indicating the
electropolymerization of L-Cys is performed correctly on the
surface of the bare electrode. In Fig. 1d, Fe;0, in the form of
fine spherical grains disperses on the surface of the electrode
modified with P-L-Cys. Observation of the image quietly con-
firms the existence of different layers on the electrode in vari-
ous steps of the electrode modification. The presence of such
modifier layers increases the effective surface of the modified
electrode.

FT-IR analysis was applied to evaluate the iron oxide
layer further. According to the corresponding spectrum
in Fig. 2a, the observed band in the region of 595 cm™!
belongs to the stretching vibrational mode of oxygen-metal
bonds [55, 56], which is attributed to the Fe—O bond in the
Fe;0, crystal lattice. Also, the presence of two bands at
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Fig. 1 SEM imaging of the (a)
bare PGE, (b) and (c) P-L-Cys/
PGE (different magnifications),
and (d) Fe;0,/P-L-Cys/PGE

500 nm

Fig.2 The FT-IR (a) and XRD 1.2
(b) spectra of the electrochemi- a b
cally deposited iron oxide on
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1640 and 3435 cm™! is related to the presence of hydroxyl
groups and attributed to the OH bending and stretching
vibrational modes, respectively [57]. X-ray diffraction
spectroscopy was also used to investigate the formation
of the nanoparticles on the electrode surface (Fig. 2b). The
peaks marked in this spectrum correspond to the compo-
sition of Fe;0, [58]. According to the spectrum of the
nanoparticles and comparison with the other iron oxide
compounds [58], it is confirmed that Fe;O, is the domi-
nant compound formed on the electrode surface during the
electrochemical deposition. The electrochemical deposi-
tion of iron oxide layer can be represented according to the
following equation reported by Serrano et al. [59].
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3Fe’* + 2NOj + 2H,0 + 9~ — Fe;0, + 2NO; + 2H,

Electrochemical characterization of the modified
electrode

Electrochemical impedance spectroscopy (EIS) can inter-
pret the changes made on the electrode surface during
the electrode modification processes. Figure 3A shows
the Nyquist diagram for the bare PGE, P-L-Cys/PGE and
Fe;0,/P-L-Cys/PGE in the solution containing 0.5 mM
Fe(CN )6‘3/ ~+and 0.1 M KCI. According to curve a, for the
bare PGE, the highest value of charge transfer resistance
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Fig.3 (A) Nyquist diagrams 1000 200
of (a) bare PGE (b) P-L-Cys/ A
PGE, (c) Fe;0,/PGE and
(d) Fe;0,/P-L-Cys /PGE in 750 - 0.0 100
Fe(CN)¢¥~*5.0 mM and 0.1 M o 0.
KCl, and (B) cyclic voltam- o-g ) oa %
~ § °
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is observed (R, =1200 ). Curves b and ¢ show the elec-
trodes modified with P-L-Cys and Fe;O,. It can be figured
out that the R, has significantly decreased to 243 and 146 Q
by modifying the electrode with P-L-Cys and Fe;O,, respec-
tively. Finally, curve d corresponds to the electrode modified
by Fe;O,/P-L-Cys, with the lowest R, (78 Q). These results
clearly confirm the correct process of electrode modification
with different layers, which can be due to the appropriate
improvement of the electrical properties of the electrode by
the deposited P-L-Cys and Fe;0, layers on the electrode sur-
face, as well as the increase of effective surface area and also
the electroactive sites. Since both iron oxide and P-L-Cys
are conductive materials, their deposition on the electrode
surface improves the electrical properties of the electrode
and reduces the charge transfer resistance. Cyclic voltam-
metry technique was also used to support the data obtained
by EIS. Figure 3B shows the cyclic voltammograms of K;Fe
(CN)¢ 1.0 mM in the presence of KNO; 0.1 M on the bare
and modified PGE electrodes based on the current density.
Increasing the current density on the modified electrodes
relative to the bare electrode can be a good complement for
the impedance results.

To evaluate the effective surface area (A ;) of the bare
and modified electrodes, the cyclic voltammograms of
1.0 mM K;Fe(CN)g¢ solution containing 0.1 M KNO; on
the bare and modified electrodes at different scan rates were
obtained. Then, the Randles—Sevcik equation at 25 °C was
used to calculate the A 4 [29].

I, =2.69x 10°AD'/?n*/?)!/2C

where the unit of L (peak current value), C (concentration),
A (the electrode surface), D (diffusion coefficient, 5.5x 107%)
and v (scan rate) is Ampere, mol/cmS, cmz, cm?/s and v/s,
respectively, and n is the number of electrons exchanged
in the redox reaction (n=1). Figure 4 shows the voltam-
mograms for the modified electrode. Using the obtained
results and according to the Randles—Sevcik equation, A

200
210 y = 8.0304x + 0.8826..8
R2=0.9973 .
Z 140 B
2 =’
100 .5 70 -
2o
—
-100
-200 T r r
-0.35 -0.05 0.25 0.55 0.85

Fig.4 Cyclic voltammogram of the Fe;O,/P-L-Cys /PGE-modified
electrode in the solution containing K;Fe (CN)s 1.0 mM and KNO;
0.1 M at the scan rates of 10, 30, 50, 100, 150, 300 and 600 mV s~
Inset: plot of peak current vs. square root of the scan rate

for the bare and final modified electrode (Fe;O,/P-L-Cys/
PGE) was obtained 0.12 cm? and is 0.47 cm?, respectively,
which indicates an increase in the effective surface of the
modified electrode. In general, with the information obtained
in this section, it can be concluded that the simultaneous
increase in conductivity and effective surface have increased
the peak currents for measuring the analytes in the modified
electrodes.

Electrochemical responses of the modified electrode
to heavy metal ions

The response of bare and the modified PGE in a solution
containing three heavy metal ions Cu*", Hg?" and Cd** were
studied to investigate the suitability of the corresponding
modified electrode for their determination. Figure 5 shows
the DPASV voltammograms of 0.1 nM concentration of
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Fig.5 DPASV voltammo- 60
grams of Cd** (0.8 nM), Cu?*
(0.1 nM) and Hg?* (0.1 nM)
in PBS (pH=7.0) for (a) bare 50
PGE, (b) P-L-Cys/PGE, (c)
Fe,0,/PGE and (d) P-L-Cys/
Fe;0,/PGE 40
E
8
é 30
<
- 2+
20 Cd
10
a
0
0.9 0.7

Cu?*, Hg?* and 0.8 nM Cd** in PBS (0.04 M, pH=7.0).
The peaks observed in the potential range of —0.7, —0.1
and 0.3 V are related to Cd**, Cu** and Hg?", respectively.
Among the identified voltammograms, the lowest peak
current intensity is related to the bare PGE (a). Voltammo-
gram b is related to the PGE modified with P-L-Cys, and
voltammogram c is related to the electrode modification
with Fe;0,. According to the observed voltammograms,
both modifications by P-L-Cys and Fe;O, have increased
the peak intensity for all three metal ions. However, the
highest peak intensity for the three analytes is related to the
electrode modified with two layers of P-L-Cys and Fe;0,,
which can be related to improving the electrical property of
the electrode surface and increasing the effective surface of
the electrode by these layers. This confirms the electrode
modification has been considerably performed by these two
modifier layers.

Optimization of performance factors

The effect of various factors such as monomer concentra-
tion, electropolymerization scan rate, number of cycles in
the electropolymerization, the iron(IIl) nitrate concentration,
the potential of Fe;O, electrodeposition, applied potential
duration time, electrolyte concentration and pH, adsorption
potential and its duration time were investigated to obtain
the optimal conditions for determination process. Each
measurement was repeated three times, and the mean values
along with the corresponding error bars were represented as
graphs for the concentrations of 0.2 nM of Cu>* and Hg>*
and 0.8 nM of Cd** (Fig. S1). First, the effects of electropo-
lymerization conditions (monomer concentration, electropo-
lymerization scan rate, number of cycles) were investigated.
The monomer concentrations of 0.001 to 0.04 M, the sweep
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rate of 10 to 200 mV/s, and the number of cycles from 1 to
15 in electropolymerization were tested. Their effects on the
voltammograms peak current of the analytes are shown in
Fig. Slato Slc. It was concluded that 0.01 M concentration
of L-cysteine monomer and five cycles electropolymeriza-
tion with a scan rate of 100 mV s~! represented the highest
electrode response. Next, the conditions corresponding to
the Fe;O, electrodeposition on the electrode surface were
investigated. Therefore, the concentration of iron(IIl) nitrate
for Fe;0, electrodeposition in the range of 0.1 to 1.2 mM,
Fe;0, electrodeposition potential between -0.8 to—1.7 V
and potential application time of 10 to 600 s were exam-
ined. The results are displayed in Fig. S1d to f. Iron nitrate
0.4 mM with an applied potential of -1.5 V for 200 s was
obtained the optimum conditions. Then, the supporting elec-
trolyte (PBS) conditions were investigated, and pH of 3.5
with a concentration of 0.08 M was chosen as the best values
(Figs S1g and S1h). Finally, the adsorption potential and
its duration time were evaluated. The optimum adsorption
potential and time of -1.0 V and 50 s (Figs S1i and S1j) were
obtained as the most appropriate values, respectively. Thus,
under these definite conditions, the thickness of modifier lay-
ers was maintained constant in all subsequent experiments.

Calibration curve and analytical performances

The modified electrode represented well-defined, sharp and
separated peaks for the three ions Cd**, Cu?* and Hg?**
which enable simultaneous determination of these ions. The
analytical features were determined through the resulting
calibration curve for different concentrations of the ana-
lytes using the modified electrode under optimal conditions.
Figure 6 shows the voltammograms and corresponding cali-
bration curves for different concentrations of Cd**, Cu*
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Fig.6 (a) DPASV vol- 140
tammograms for Cd>* a
(0.001—2500 nM), Cu** 120
(0.002—3600 nM) and Hg**
(0.0001-2500 nM) in PBS
(pH=3.5) on the modified 100 +
electrode by applying a -1.00 V
adsorption potential for 50 s in 80 1
the potential scan range of -0.85 <
and 0.40 V (vs. Ag/AgCl) with =
a scan rate of 33 mV/s and step 60
potential of 5 mV. Calibration
curves obtained from Ips vs. 40 +
analyte concentrations for (b)
Cd**, (¢) Cu®* and (d) Hg** 20 |
0 - T T
-0.85 -0.65 -0.45
36 140 140
b c d
27 | y=5.01x+15.34 105 y =17.16x + 62.59 y =15.38x + 62.56
R2=0.9991 R2=0.9990 105 1 R2=0.9994
28 ER0 2
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and Hg?*. According to the obtained calibration curves,  slope of calibration graph of each analyte, were obtained

the linear ranges of 0.001 to 2500, 0.0002 to 3600 and ~ 6.4x107'%, 1.0x 1073 and 9.0 x 107'* M for Cd**, Cu* and
0.0001 to 2500 nM were obtained for Cd>*, Cu?* and Hg?*,  Hg>*, respectively.

respectively. The detection limit based on the equation of The reproducibility, repeatability and stability of the
3Sy/m, where Sy was the blank current standard deviation modified electrode were also evaluated. For this purpose,
at E for 5 replicate blank measurements and m was the  nine electrodes were simultaneously prepared. Using five
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electrodes, the reproducibility of the modified electrode + . o o o <
for 10 nM concentration of the analytes was investigated. 2l 22 2% .3z
. . <
According to the Ips obtained for Cd**, Cu®** and Hg>*, the S |+ - - -
RSDs were 3.61%, 3.96% and 3.27%, respectively. Repeat- g2 228
ability was also assessed by five replicative measurements li 4 < o o o o
of the analytes (10 nM) using one modified electrode. After 182 22 2E
each measurement, the surface of the electrode was washed N
with an acidic solution and deionized water. The obtained 2RI ITIFI ST
RSDs for Cd**, Cu?* and Hg?* peak currents were 3.97%, N
4.24% and 4.81%, respectively. With the other three elec- SlSeadIaqss
trodes, the stability of the modified electrode was evaluated 9} (J% x-S azngx
for 15 days. Therefore, three electrodes were used to obtain IO | F 0 n & < <
the voltammograms of Cd**, Cu** and Hg?* (10 nM) on the . N R -
first, seventh and fifteenth days. Using the obtained peak = ENEEN Y § = 3
currents for Cd**, Cu®* and Hg>*, the RSDs of 3.86%, 3.43% sl . 2e . 2a . 29
and 3.27% were calculated. These results indicated that the 1B cge &z 33
designed modified electrode has good repeatability and sta- g N o o o o o
bility (valuable analytical factors) for detecting the analytes. é i g I~ § 5 25
. . . . v - =~ oo
Investigation of chemical interference and electrode S2228z52zZ5
selectivity P I R A A
LIBREEEEERE
. . . T | T =7 =7 —
The effect of chemical species on the signals of the analytes ° o -« © o <
was investigated to figure out the interference of foreign S Z88s2zZ82zZ¢3S
species which may be present in the analytical sample. The @ A e U A
. . . . . Q & AN AN W~ A O DO
basis of the interference is the maximum concentration of S R P VDG
the interfering species, which causes an error of less than 5% - - w6 6 O e o —
[60] of the recorded signal for 0.02 nM concentration of each = sssLzszsLcsse
analyte. The obtained responses of the analytes at the pres- =1 HHHHHAHHA
. . .. . T o Sl | a8 ¢ 8 v~ O~
ence of different interferent, ionic species such as Na™, Ca“™, S S| "8~ 8=
Mg2*, M, Ni2*, Ag*, Si2*, Zn*, K*, A", NH,", CI- = - B "
- - 3— 2- I T ’ E8ES885=ERKEBE=ER
F~, NO5;~, PO,7, SO, CO5;™7, Pb™, Ba™™" urea, sucrose, C eSS Sesaa
fructose, glucose and glycine up to a concentration ratio PR ISy Ul
of 500, and Fe**, Se™, Cr™ and As*? up to a concentra- NED RERETRv- B NG \E
tion of 100 times didn’t have any significant interference. 8 ® — o ~  a o _ E
The observed changes for the signal of the three analytes g 8 2zZs2z&2<2¢g P
. . . . = (=)
(0.02 nM) at the presence of various interfering species at 2138 A i .°§
. . . L. 81g & AN S S = O =
the tolerance concentration limit are displayed in Fig. 7. The S0 |3| " d2das =g E
amount of signal changes were in the range of 0.5%—4.9%, 5 ;: 4 o6 oA A o §
indicating the appropriate selectivity of the modified elec- = | = S S 3S3SS3S S 3 =S >
trode in different chemical environments. le . a0 e s o g
ZIE|5|TRERSEERE| ¢
- , | |4, |essss8s8s88s8| £
Application of the developed sensor to the analysis g Bl =8 sS =83 =43 b
of HMs e o 8
T |cle|888888888]| 7 &
o C|E|E|SSES255323] 53
To evaluate the ability of the sensor to measure Cd**, Cu** °z s °
and Hg?* in real samples, the water of the southern shores g :Qg> & = e § § 8 § § S § g b
of the Caspian Sea, the water of the Tajan River (Sari, Iran) £ <o - - - E 9
5 2
and groundwater (Damghan, Iran) were used. The standard g g g 2 g
.. . . e el Q =
addition method was applied to obtain each initial unknown = N ‘§ 8 _z E 3
. . . - — < —
concentration using five standard concentrations and three L E 5 & § £ E
repetitions for each determination. The obtained results are K & A 3 =2
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Table 2 Comparison of

. . Modifier/electrode Analyte Linear range (M) Detection limit (M) Ref
designed sensor with the other
reported voltammetric sensors (L-MNPs-CPE)? cd _ 1.8%10°° [24]
for the determination of the Cu 3 14108
analytes
Hg - 5.0x107
(FGP/AuNC/GCE)P cd 3.5%10°%—53%x10° 8.0x107" [25]
Cu 63x107%-63x10°  29x107°
Hg 3.0x108-25%10°  4.9x10™"!
(AFO/GCE)* cd 1.0x10%-1.0x10°  4.0x107° [26]
Cu 1.0x10%-1.0x10°  5.0x107°
Hg 1.0x10%-1.0x10°  1.5x107°
Stainless steel electrode (Type 304) Cd 5.0x107-5.0x10°  23x107 [27]
Cu 7.5%10%-5.0x10°  7.3%x107°
Hg 1.0x107-5.0%x10°  2.8x10
(tGO/SnO2/PPy/GCE)* cd - 7.5%10713 [22]
Cu - 83x10713
Hg - 8.1x10713
(CISPE)® cd 6.0x107-3.0x10°  8.0x107® [23]
Cu 3.0x107-1.0x10*  6.0x107
Hg 8.0x10%-50x10°  1.0x103
(L-MSNPs/CPE)f cd 13x10%-89x10° 2.6x107° [61]
Cu 9.4x107-1.7x10°  1.5%x107
Hg 25%x107°-5.0x10°  25%x10710
P-L-Cys/Fe;0,/PGE cd 1.0x10712-25x10°  6.4x107 This work
Cu 5.0%x10713-3.6x10°  1.0x107"3
Hg 1.0x10-25%x10° 9.0x10™

 Ligand-coated magnetite nanoparticles carbon paste electrode

® Fluorinated graphene/gold nanocage/glassy carbon electrode

¢ Aluminum ferrite/glassy carbon electrode

4 Reduced graphene oxide/SnO2/polypyrrole/glassy carbon electrode

¢ Tonic liquid-functionalized ordered mesoporous silica SBA-15-modified carbon paste electrode

' Ligand-modified silica nanoparticles/carbon paste electrode

represented in Table 1. The achieved results from ICP-OES
are also displayed in Table 1. From the data in Table 1, it
is clear that the determination results of the sensor were
in satisfactory agreement with those obtained by ICP-OES.
Moreover, the results obtained for the recoveries and RSDs
indicated high ability of the modified electrode to determine
Cd?*, Cu** and Hg?* in the samples.

Comparison of the designed sensor with other
reported voltammetric sensors

The modified electrode was compared with the other
reported voltammetric sensors for the simultaneous
determination of Cd**, Cu** and Hg?*" (Table 2). Accord-
ing to the data in this table, it can be concluded that
the developed modified electrode is superior in terms of

diagnostic performances to those previously reported for
the simultaneous analysis of these three heavy metals.
Furthermore, it is important to note that the sensor was
designed using the cheapest electrode (pencil graphite)
with an easy and fast modification procedure. These fea-
tures along with the high selectivity make the sensor an
alternative tool for the facile and precise determination
of the three significant water pollutants, which is very
important for living things.

Conclusion
Simultaneous measurement of HMs containing cad-

mium, copper and mercury was performed by a modified
pencil graphite electrode. The electrode was modified

@ Springer
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by a double-layer of poly-L-cysteine and iron oxide,
deposited on the electrode surface in a quick and easy
electrochemical procedure. Electrode modification by
these two layers increased the effective surface area and
decreased the charge transfer resistance. As a result of
this modification, analytes measurement was performed
in a wide range with the lowest detection limit compared
to other reported simultaneous measurement methods.
The designed sensor was used to measure the metals in
real samples (groundwater, Caspian Sea and Tajan River
water), which displayed satisfactory results in terms of
recovery and accuracy. By comparing the developed sen-
sor with the other electrochemical sensors for the ana-
lytes, it was concluded that the sensor has superior linear
range and detection limit.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00604-022-05231-7.
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