
Citation: Elsebai, B.; Ghica, M.E.;

Abbas, M.N.; Brett, C.M.A. Novel

Amperometric Mercury-Selective

Sensor Based on Organic Chelator

Ionophore. Molecules 2023, 28, 2809.

https://doi.org/10.3390/

molecules28062809

Academic Editor: Carlos Alemán

Received: 16 February 2023

Revised: 14 March 2023

Accepted: 18 March 2023

Published: 20 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

molecules

Article

Novel Amperometric Mercury-Selective Sensor Based on
Organic Chelator Ionophore
Basant Elsebai 1,2, Mariana Emilia Ghica 2,3,* , Mohammed Nooredeen Abbas 4 and Christopher M. A. Brett 2,*

1 Water Pollution Research Department, Environmental and Climate Changes Research Institute, National
Research Centre, El-Buhouth St., Dokki, Giza 12622, Egypt

2 Department of Chemistry, CEMMPRE, ARISE, University of Coimbra, 3004-535 Coimbra, Portugal
3 Department of Chemical Engineering, CIEPQPF, University of Coimbra, 3030-790 Coimbra, Portugal
4 Applied Organic Chemistry Department, Chemical Industries Research Institute, National Research Centre,

El-Buhouth St., Dokki, Giza 12622, Egypt
* Correspondence: meghica@eq.uc.pt (M.E.G.); cbrett@ci.uc.pt (C.M.A.B.)

Abstract: A novel amperometric sensor for the direct determination of toxic mercury ions, Hg2+, based
on the organic chelator ionophore N, N di (2-hydroxy-5-[(4-nitrophenyl)diazenyl]benzaldehyde)
benzene-1,2-diamine (NDBD), and multiwalled carbon nanotubes (MWCNT) immobilized on a glassy
carbon electrode surface was developed. The parameters influencing sensor performance including
the ionophore concentration, the applied potential, and electrolyte pH were optimized. The sensor
response to Hg2+ was linear between 1–25 µM with a limit of detection of 60 nM. Interferences from
other heavy metal ions were evaluated and the sensor showed excellent selectivity towards Hg2+. The
method was successfully applied to the determination of mercury ions in milk and water samples.

Keywords: amperometric sensor; ionophore; N, N di (2-hydroxy-5-[(4-nitrophenyl)diazenyl]benzald-
ehyde) benzene-1,2-diamine; mercury; carbon nanotubes

1. Introduction

Mercury is one of the widely found toxic elements in the environment, because it is
highly reactive, extremely volatile, and relatively soluble in water and living tissues [1,2].
The threshold limits of mercury as a poisonous heavy metal in drinking water as defined by
the United States Environmental Protection Agency (EPA) and the World Health Organiza-
tion (WHO) are 10 and 5 nM, respectively [3]. High exposure to mercury can cause serious
health problems such as kidney and respiratory failure, damage to the gastrointestinal
tract and nervous system, failure of speech and hearing, reproductive toxicity, and even
death [2,4]. Therefore, determination of this ion is very important.

Analytical methods reported for mercury ion determination in environmental and
biological samples include [5–7]: cold vapour (CV) atomic fluorescence, CV coupled with
atomic absorption or with an integrated quartz crystal microbalance, gas chromatography
(GC) coupled with mass spectrometry, neutron activation analysis, inductively coupled
plasma mass spectrometry, and colorimetry. These techniques require sample pre-treatment,
expensive instrumentation, complicated devices, and skilled operators; thence, they are
not suitable for on-site testing and monitoring. A simple new technology is needed
with appropriate high capability to monitor mercury with a fast response, while being
inexpensive and making on-site monitoring possible.

Carbon nanotubes (CNT) have become attractive for use in sensors since their first
fabrication in 1991 [8]; they possess useful characteristic properties such as good electrical
conductivity, high electrocatalytic effect, strong adsorptive ability, and excellent biocompat-
ibility [9,10]. They are able to promote fast electron transfer, resulting in wide application
in electrochemistry [11,12], among them sensors based on CNT-modified electrodes for
mercury (II) determination [13,14]. Beside CNT, various modified electrodes have received

Molecules 2023, 28, 2809. https://doi.org/10.3390/molecules28062809 https://www.mdpi.com/journal/molecules

https://doi.org/10.3390/molecules28062809
https://doi.org/10.3390/molecules28062809
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0002-1590-0816
https://orcid.org/0000-0002-1972-4434
https://doi.org/10.3390/molecules28062809
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules28062809?type=check_update&version=2


Molecules 2023, 28, 2809 2 of 13

increasing attention for enhancing the selectivity and sensitivity of mercury electrochemical
measurements; a summary of these studies is given in [3,15]. The most used modifiers in-
clude metal nanoparticles and films [16,17], polymers [18,19], ion-imprinted polymers [20],
and organic chelators/ionophores [21–23], such as what is proposed here. Several studies
included a combination of these modifiers with carbon nanotubes [9,24–26]; however, in the
case of chelators/ionophores, these nanocomposites were mostly used in potentiometric
and ion-selective electrodes (ISE) [13,27,28]. As far as the literature survey could reveal,
only one sensor with this combination was used in voltammetric detection of Hg [21], and
there is no study using electrodes modified with CNT and organic chelator/ionophore as
amperometric sensors.

The aim of the present work was to investigate the amperometric determination of
Hg (II) by using glassy carbon electrodes modified with the novel ionophore [N, N di
(2-hydroxy-5-[(4-nitrophenyl)diazenyl]benzaldehyde) benzene-1,2-diamine)], NDBD. The
study focuses on the development of a relatively inexpensive and simple procedure to
selectively determine mercury ions with a low detection limit, using this organic chelator,
which has not been previously employed in electrochemical detection. The possibility of
including multiwalled carbon nanotubes (MWCNT) together with NDBD in the sensor
platform was also evaluated and the performance compared with NDBD modifier by itself.
Optimization of different experimental conditions, determination of figures of merit, and
comparison with the literature is carried out and discussed. Practical application to milk
and water samples is described.

2. Results and Discussion
2.1. Structural, Morphological, and Chemical Characterization of Nanostructures

The morphological structure of the materials was investigated by transmission electron
microscopy (TEM). The nature of the chemical bonds in the matrix was evaluated by
Fourier-transform infrared (FTIR) spectroscopy and the crystallinity was studied by X-ray
diffraction (XRD).

TEM images of NDBD/MWCNT were recorded and compared with pure MWCNT,
Figure 1. In Figure 1A, it is possible to observe MWCNT bundles with hollow internal chan-
nels (Figure 1B) as previously reported [29], having different lengths and with diameters
around 30 nm, as specified by the supplier. After modification by NDBD (Figure 1C), the
morphology was maintained; however, it is clearly observed that the tubes are thicker, and
several structures are visible around the tubes (indicated by the red arrows), which may
possibly be attributed to the presence of ionophore moieties, and in agreement with other
studies, which attributed similar observations to the presence of an organic compound,
such as a polymer [30].

Figure 1. TEM micrographs of (A,B) MWCNT and (C) NDBD/MWCNT, the red arrows indicate the
presence of structures, which may be attributed to ionophore.

Figure 2A depicts the XRD patterns of the MWCNT, ionophore, and MWCNT modified
with the ionophore. Although MWCNT is considered a non-crystalline material, XRD has
been successfully used to obtain information about its structural features [29,31]. In our
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study, it was possible to observe two characteristic diffraction peaks of carbon nanotubes,
attributed to the plane reflection (002) and (100) of carbon. They appear at 2θ = ~25.9◦,
and at 2θ = ~42.7◦, as reported also in [29,31], and correspond to the periodicity between
the graphene layers and within the graphene layers. Regarding the ionophore, the XRD
pattern also exhibits a wide peak around 2θ = ~26◦, corresponding to plane reflection (002)
of carbon, as well as two other peaks at ~15◦ and 17◦, which may be attributed to the
nitroaniline and the phenylenediamine moieties forming the ionophore’s structure [32,33].
These last two peaks are smaller in intensity in the case of NDBD/MWCNT, probably
because the nanotubes partially cover the NDBD. No shift in the peak positions was
observed, indicating a physical, rather than chemical, interaction.

Figure 2. (A) XRD patterns and (B) FTIR spectra of MWCNT, NDBD, and NDBD/MWCNT.

FTIR spectra of the MWCNT, ionophore, and MWCNT modified with ionophore
are shown in Figure 2B. Regarding the MWCNT spectra, the main bands observed may
be attributed as follows: at 3307 cm−1 is the O-H stretch from carboxyl groups; at 2925
and 2855 cm−1 is the asymmetric/symmetric stretching vibration of H-H bonds from
long alkyl chains; at 1589 cm−1 the carboxylate anion stretch; and at 1655 cm−1, the C=C
stretch [34]. The spectrum of the ionophore shows the following bands characteristic of
the main groups present on the organic backbone: between 3543–3211 cm−1, the typical
broad stretching vibration band of O-H from the phenol; at 1620 cm−1, the stretching of the
imine group (C=N); at 1580 cm−1, the stretching vibration of the azo group (N=N); at 1508
and 1340 cm−1, the asymmetric and symmetric stretching of (N-O) in nitro (NO2) group,
attached to the aromatic ring. Between 1500 and 400 cm−1, a complex set of overlapping
vibration bands is observed, considered the fingerprint region of phenol, in particular
the characteristic stretching vibration of C-O in phenol at 1289 cm−1. These results are in
agreement with those observed in [35–37] for other azo–azomethine compounds. Most of
these bands disappear for NDBD/MWCNT, as well as a slight shift by ~15 cm−1 in the
C=C band. This might be attributed to a possible π–π interaction between ionophore and
MWCNT, in addition to physical linking. An increase in the -OH stretching band is also
observed, due to the presence of carboxylic groups in oxidized nanotubes.

2.2. Electrochemical Characterisation of the Modified Electrodes in the Presence of Hg2+

The cyclic voltammetry of different electrodes (GCE, NDBD/GCE, MWCNT/GCE,
NDBD/MWCNT/GCE) in the presence of 2.4 mM Hg2+ in 0.1 M acetate buffer, pH
4.0 is illustrated in Figure 3A. As can be observed, in all cases, a redox couple appears
around +0.33 V for oxidation and +0.13 V for reduction, ascribed to the quasi-reversible
Hg electrochemical process with the transfer of two electrons [37,38], corresponding to
Hg0 − 2e− ↔ Hg2+ . A large increase in current peak with each modification step is vis-
ible, NDBD/MWCNT/GCE exhibiting the highest current. In all cases, an increase in
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peak potential separation is verified on increasing the scan rate, as shown in Figure 3B for
NDBD/MWCNT/GCE.

Figure 3. Cyclic voltammograms in the presence of 2.4 mM Hg2+ in 0.1 M acetate buffer, pH 4.0 at:
(A) GCE (green), NDBD/GCE (red), MWCNT/GCE (black), and NDBD/MWCNT/GCE (blue) at
scan rate 100 mV s−1 and (B) NDBD/MWCNT/GCE at different scan rates.

2.3. Optimization of Fixed-Potential Amperometry Experimental Conditions

Amperometric measurements at the modified electrode were performed by succes-
sive injections of mercury (II) cations into stirred acetate buffer solution. Experimental
parameters that can influence the performance, namely, the applied potential, the pH of the
supporting electrolyte, and the ionophore concentration, were studied in order to optimize
the response to mercury ions.

2.3.1. Influence of the Applied Potential

The influence of the applied potential in the range of −0.3 V to +0.4 V vs. Ag/AgCl
was investigated by comparing the sensor response to the same Hg2+ concentration, and
the results are illustrated in Figure 4. The current response to Hg2+ slightly decreases
from −0.3 to 0.0 V, then begins to increase at positive values, up to +0.2 V, where the
maximum is obtained, and finally a large decrease in the response occurs at +0.3 and +0.4 V.
This behavior can be explained considering the electrochemical processes occurring at the
modified electrode in the presence of mercury ions (see Figure 3) as discussed above. The
decrease in current response by amperometry occurs at a slightly lower potential than the
peak observed by cyclic voltammetry. This is not unexpected, since CV is dynamic so that
the fixed potential amperometry peak will correspond to a CV obtained at low scan rate. As
observed in Figure 3B, when the scan rate is increased, the CV peak potentials shift more
apart. The response is the highest at +0.2 V, an increase in current of 30% occurring from
0.0 V to +0.1 V; from +0.1 V to +0.2 V, the current increases by a further 10%, which can be
correlated with the ionophore attracting Hg2+ and making a stable complex. A possible
explanation of the decrease at higher potentials from +0.3 V onwards may be that the
ionophore complex is less stable. It was decided to choose +0.1 V as the applied potential
in fixed potential amperometry as being sufficient to obtain a well-defined response. The
reason for choosing this potential that is closer to 0 V is to reduce the effect of possible
interferences from other ions, which undergo reaction around +0.2–0.3 V, e.g., Cu(II) [39].



Molecules 2023, 28, 2809 5 of 13

Figure 4. Influence of the applied potential on the response of Hg2+ in 0.1 M acetate buffer, pH 4.0 at
NDBD/GCE by fixed potential amperometry.

2.3.2. Influence of pH

The sensitivity of the modified electrode can depend significantly on the pH of
the medium. The influence of the pH of the supporting electrolyte on the response at
NDBD/GCE at pH values between 3.0 and 5.0 was investigated, as shown in Figure 5. An
increase in the response to mercury ions from pH 3.0 to pH 4.0 is observed, then, at pH 5.0,
the response decreases. The decrease above pH 4.0 may be attributed to the formation of
hydroxy complexes of Hg (II), as also observed in other studies, although the pH at which
this occurs varies according to the modifier used. For example, in [1] this decrease was
observed at pH higher than 4.0, in [25] it happened above pH 3.0, while in [18] it was only
seen at pH values higher than 7.0. On the other hand, lower pH values lead to competi-
tion between mercury ions and protons [1]. Since in this work the highest response was
achieved at pH 4.0, this was selected for further mercury ion amperometric measurements.

Figure 5. Calibration curves for Hg2+ at NDBD/GCE, at +0.1 V vs. Ag/AgCl in 0.1 M acetate buffer
at different pH values (a) pH 3.0, (b) pH 4.0, and (c) pH 5.0.

2.3.3. Influence of the Ionophore Concentration

The amount of immobilised ionophore was varied in order to evaluate how much
led to the best response towards mercury cations. Different concentrations, namely, 3, 5,
7, and 9 mg mL−1 of ionophore solution (0.3, 0.5, 0.7, and 0.9%) were used to modify the
electrode surface and the calibration curves for Hg2+, see Figure 6, were all constructed
under the same conditions. The response towards mercury cations increases when the
ionophore loading is increased from 3 to 5 mg mL−1, then is lower for 7 and 9 mg mL−1;
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see Table 1. This can be explained by higher loadings of ionophore leading to thicker
covering membranes, which limits the diffusion of Hg2+ through the modifier layer, hence,
decreasing the sensitivity. At 5 mg mL−1 NDBD, the highest sensitivity and the lowest
detection limit are achieved. Thus, a concentration of 0.5% ionophore was selected.

Figure 6. Calibration curves for Hg2+ at NDBD/GCE at +0.1 V vs. Ag/AgCl in 0.1 M acetate buffer
pH 4 for different concentrations of ionophore: (a) 3, (b) 5, (c) 7, and (d) 9 mg mL−1.

Table 1. Data obtained from the calibration curves for Hg2+ at NDBD/GCE in 0.1 M acetate buffer
pH 4.0 at +0.1 V vs. Ag/AgCl for different ionophore concentrations.

Ionophore conc.
/%

L.R.
/µM

Slope
/µA cm−2 µM−1

LOD
/µM

LOQ
/µM R2

0.3 150–1250 38.1 28.6 94.4 0.9995
0.5 150–1250 55.0 11.6 38.3 0.9999
0.7 150–1250 29.0 32.3 106.6 0.9993
0.9 150–1250 29.1 29.8 98.3 0.9994

As seen from Table 1, in 0.1 M acetate buffer, pH 4.0, applied potential +0.1 V vs.
Ag/AgCl and the best ionophore concentration of 0.5%, mercury can be determined at
NDBD/GCE with a linear range from 150 to 1250 µM, a sensitivity of 55.0 µA cm−2 µM−1,
and a detection limit (3X standard deviation of the regression line/slope) [40] of 11.6 µM.

2.4. Determination of Mercury Cations at Ionophore Modified Electrodes—Influence of MWCNT

Nanomaterials can increase the active surface area of modified electrodes and may
exhibit electrocatalytic effects in the determination of various analytes. Carbon nanoma-
terials are good alternatives to conventional adsorbents for heavy metals owing to their
high surface area [41]. However, carbon nanomaterials do not show a high affinity for mer-
cury [42], so their combination with other materials with complexing capabilities is needed.
Thus, the effect of modification of GCE with MWCNT before covering with ionophore was
evaluated, using the better concentration of NDBD tested, i.e., 5 mg mL−1. Two different
concentrations of MWCNT were tested: 0.2 and 0.5% w/v, Figure 7.
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Figure 7. Calibration curves for Hg2+ at NDBD/MWCNT/GCE at +0.1 V vs. Ag/AgCl in 0.1 M
acetate buffer pH 4.0 with different CNT concentrations (a) 0.2% and (b) 0.5% w/v.

With 0.2% MWCNT, no increase in sensitivity for Hg2+ is obtained, but there is a
decrease in the detection limit by a factor of 7 to 1.7 µM. For 0.5% MWCNT, a large increase
in sensitivity, by almost 10 times, is achieved and the detection limit is sub micromolar,
0.06 µM. For both MWCNT loadings tested, a decrease in the upper limit of the linear range
for the detection of mercury ions at NDBD/MWCNT/GCE (Table 2) is observed compared
with that at NDBD/GCE (Table 1); however, this does not represent a problem for real
sample measurements.

Table 2. Data obtained from the calibration curve for Hg2+ at NDBD/MWCNT/GCE in 0.1 M acetate
buffer pH 4.0 at +0.1 V vs. Ag/AgCl for 0.5% ionophore concentration and different MWCNT
concentrations.

MWCNT conc.
/%

L.R.
/µM

Slope
/µA cm−2 µM−1

LOD
/µM

LOQ
/µM R2

0.2 1–25 43.1 1.7 3.9 0.99605
0.5 1–25 514.6 0.06 0.20 0.99898

In Table 3, a comparison of the analytical performance of mercury detection of the sen-
sor developed here with those in the literature is presented. The purpose was to compare
with similar architectures (carbon nanotubes + other modifier, preferentially ionophore), in-
dependently of the electrochemical detection method. However, it is difficult to make a fair
comparison with the literature, since the sensors containing both MWCNT and ionophore
were potentiometric. Most of the voltammetric sensors use anodic stripping voltammetry,
which allows detection at lower concentrations owing to the pre-concentration; thus, the de-
tection limit obtained in this work is not as low. Nevertheless, the detection limit achieved
here was much lower than that in [43,44], which also used preconcentration. Furthermore,
the sensor developed by us has the advantage of a simpler platform than in [9,27,44]. On
the other hand, only two sensors used fixed potential techniques for mercury measurement
and their architecture does not include carbon nanotubes or ionophores. In [17], where
chronoamperometry was used for detection, a much higher fixed potential than here was
applied, +0.65 V vs. SCE, and is based on the formation of a redox inactive complex
with thiols, L-cysteine and 1,4-butanedithiol, and is, thus, an indirect method for mercury
detection; the detection limit is higher than here. In [23], a very high potential was applied,
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+0.9 V vs. SCE; the detection limit was not mentioned, but mercury was measured in a
similar linear range as here.

Table 3. Comparison of electroanalytical parameters of the proposed sensor with other reported
mercury sensors.

Electrode Composition Method L.R
/µM

LOD
/µM Ref

TiO2/MWCNT/DHAHPTMA/GCE LSASV 0.1–100 0.025 [9]
Cu–CoHCF/GCE (+CySH in
sol.) CA 0.25–5.0 0.080 [17]

MnPc/Nafion/GCE DPSCA 2.0–12.0 NS [23]
MWCNT-BHOB-SiNP/CPE POT 0.018–100,000 0.018 [27]
Crown ether/MWCNT/CPE LSASV 25–548 1.2 [43]
MB/AuNP/MWCNT/PANI/ITO DPASV 0.05–50 0.40 [44]
MWCNT-CQD/GCE DPV 0.001–0.012 0.0005 [45]
MWCNT-POCF/PIGE DPASV 0.025–0.41 0.0082 [46]
NDBD/MWCNT/GCE CA 1.0–25.0 0.060 This work

TiO2: titanium dioxide, DHAHPTMA: 3-de-hydroabietylamine-2-hydroxypropyl trimethylammonium chloride,
MWCNT: multiwalled carbon nanotubes, GCE: glassy carbon electrode, LSASV: linear sweep anodic stripping
voltammetry, Cu–CoHCF: copper cobalt hexacyanoferrate, CySH: cysteine, CA: chronoamperometry, MnPc:
manganese phthalocyanine, DPSCA: double potential step chronoamperometry, NS: not specified, BHOB: 1,4-
bis(6-bromohexyloxy)benzene, SiNP: silica nanoparticles, CPE: carbon paste electrode, POT: potentiometry, CQD:
carbon quantum dots, DPV: differential pulse voltammetry, MB: methylene blue, AuNP: gold nanoparticles,
PANI: polyaniline, ITO: indium tin oxide, POCF: poly O-cresophthalein complexone, PIGE-paraffin impregnated
graphite electrode, DPASV-differential pulse anodic stripping voltammetry, NDBD: N, N di (2-hydroxy-5-[(4-
nitrophenyl)diazenyl]benzaldehyde) benzene-1,2-diamine).

2.5. Repeatability, Reproducibility, and Stability

The repeatability of the NDBD/MWCNT/GCE was investigated by recording four
consecutive calibration curves for Hg2+ and comparing the sensitivities; the relative stan-
dard deviation, RSD, was 1.6%. The reproducibility with three different electrodes was
3.0%. The storage stability was assessed by keeping the modified electrode dry at room
temperature and performing a calibration curve once a week; after 4 weeks, a decrease of
10% was observed. This is better than that of MB/AuNP/MWCNT/PANI/ITO in [44],
which lost half of the activity after 3 weeks. Other sensors lost 5.5% of the response after
one week with daily use [26], and “no major change” after one month storage was observed
for MWCNT-CQD/GCE [45].

2.6. Selectivity

Selectivity with respect to different interferents, including the cations Pb2+, Cd2+, Cu2+,
Co2+, Ni2+, Mn2+, and Cr3+ and the anions PO4

3− and Cl− was studied (Figure 8), in a ratio
of 1:2 of mercury to interferent (3 µM Hg2+ and 6 µM interferent ions). Most of these species
did not lead to any change in the response of the electrode. Only copper and manganese
ions exhibit a small interference, 3.7% Cu2+ and 6.3% Mn2+ (Figure 8B), thus, demonstrating
excellent selectivity of the novel developed electrode for the determination of mercury
ions in natural samples. Interference by Cu2+ was also observed in [17]. The selectivity
depends on the strength of the ion–ionophore interaction, which occurs through binding
with nitrogen and oxygen [28]. Excellent selectivity for mercury was also observed in other
studies based on ionophores [27,28] and may be explained considering the extraordinary
stability of N–HgII–N bonding [47].
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Figure 8. (A) The amperometric response of different ions at NDBD/MWCNT/GCE in 0.1 M acetate
buffer pH 4.0 at +0.1 V vs. Ag/AgCl. (B) Effect of different ions on the analytical response of Hg2+

using NDBD/MWCNT/GCE, mercury concentration 3 µM, interferent ions concentration: 6 µM.

2.7. Application

To demonstrate the feasibility of the modified electrode for food and environmental
use, application to the determination of Hg2+ in spiked milk and spiked tap water by
the standard addition method was carried out. Each measurement was performed in
triplicate and consisted of four additions: the first was the spiked water/milk sample and
this was followed by three additions of 5 µM standard mercury ion solution. Taking into
consideration the linear range of the sensor, the spiking of the samples was performed
with three different concentrations of mercury (2, 5, and 10 µM), each used in separate
measurement sequences. The recoveries were in the range of 93.5 to 98.1% (Table 4),
indicating high efficacy of the electrode for practical analysis.

Table 4. Mercury determination in tap water and milk samples with NDBD/MWCNT/GCE in 0.1 M
acetate buffer pH 4.0 at +0.1 V vs. Ag/AgCl.

Sample Added
/µM

Found
/µM

Recovery
/%

2.0 1.92 ± 0.07 96.0
Tap water 5.0 4.87 ± 0.10 97.4

10.0 9.81 ± 0.18 98.1

Milk
2.0
5.0

10.0

1.87 ± 0.05
4.81 ± 0.10
9.75 ± 0.21

93.5
96.2
97.5

3. Materials and Methods
3.1. Reagents

All reagents were of analytical grade and were used without further purification.
Multiwalled carbon nanotubes (MWCNT) with ~95% purity, 30 ± 10 nm diameter, and
1–5 µm length were from NanoLab, Waltham, MA, USA. 4-nitroaniline, salicylaldehyde, o-
phenylenediamine, chitosan (Chit) of low molecular weight with a degree of deacetylation
of 80%, ethanol, toluene, diethyl ether, and acetic acid were acquired from Sigma-Aldrich.
Sodium nitrite, sodium acetate, and trisodium citrate were obtained from Merck. Acetate
buffer solutions of various pH values were prepared by mixing standard stock solutions of
0.1 M sodium acetate and 0.1 M acetic acid and adjusting the pH with HCl or NaOH, both
from Riedel De Haën, Germany. For the measurement of Hg (II), the appropriate amount
of Hg(NO3)2 (Fisher Scientific, Waltham, MA, USA) was dissolved in water.
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All solutions were prepared with Millipore MilliQ ultrapure water (resistivity > 18 MΩ cm)
and experiments were performed at room temperature (25 ± 1 ◦C).

3.2. Instrumentation

Amperometric and voltammetric experiments were performed with an Ivium Com-
pactStat potentiostat (Ivium Technologies B.V., Eindhoven, Netherlands). All electrochemi-
cal measurements were carried out at room temperature in a conventional three-electrode
cell containing a bare or modified glassy carbon electrode (GCE) (EDAQ, ET074-3 Glassy
Carbon Disk Electrode), with a diameter of 1 mm, as working electrode, a platinum wire as
auxiliary electrode, and a Ag/AgCl (3 M KCl) electrode (Metrohm-Autolab) as reference.

The functional groups present in the ionophore were identified by Fourier-transform
infrared spectroscopy using a Jasco (FT/IR 6100), USA.

The morphology of the modified electrode surface was examined using a JEOL JEM-
1230 transmission electron microscope (TEM) with an acceleration voltage of 10 kV.

The crystalline structure of the NDBD ionophore, MWCNT, and NDBD/MWCNT
was analyzed with powder X-ray diffraction (XRD), using a Bruker diffractometer, Bruker
D 8 advance target. The radiation source of the diffractometer was CuKα with a second
monochromator of a wavelength equal to 1.5405 Ǻ.

3.3. Preparation of [N, N Di (2-hydroxy-5-[(4-nitrophenyl)diazenyl]benzaldehyde)
benzene-1,2-diamine) (NDBD)

First, 4-nitroaniline (30 mmol L−1) was dissolved in 18% hydrochloride solution
(15 mL) at 0–5 ◦C. The reaction flask was immersed in an ice-bath for temperature control.
Sodium nitrite (31 mmol L−1) was dissolved in 15 mL cold water and added dropwise to
the reaction mixture during 30 min of stirring. Diazonium salt was obtained and used for
coupling to salicylaldehyde, as reported in [35].

Salicylaldehyde (30 mmol L−1) was added to the cold 10% NaOH solution (15 mL) in
a three-necked flask immersed in an ice-bath. Freshly prepared diazonium salt (0–5 ◦C)
was added dropwise for 1 h to the reaction mixture under constant mechanical stirring. An
orange precipitate was formed. Diluted acetic acid (0.1 M) was then added to the reaction
mixture. The precipitate was filtered off, washed with water and ethanol, and recrystallized
from ethanol/toluene. The yield of 1-(3-formyl-4-hydroxyphenyl azo)-4-nitrobenzene
is 85%.

A solution of o-phenylenediamine (2 mmol L−1) in absolute ethanol (10 mL) was
added to a solution of 1-(3-formyl-4-hydroxyphenyl azo)-4-nitrobenzene (4 mmoL−1) in
absolute ethanol with stirring over 30 min at 50 ◦C. The mixture was heated in a water
bath for 2 h at 80 ◦C with stirring, then cooled and left to stand at room temperature. The
product was collected by filtration and washed with diethyl ether, then dried in air.

The melting point of the sample was measured using an Electro-thermal IA 9100 appa-
ratus (Shimadzu, Japan) in open capillary tubes. The temperature at which the first drop of
liquid was observed was 276 ◦C, as reported in [35].

3.4. Electrode Modification

Different concentrations of ionophore (0.3%, 0.5%, 0.7%, and 0.9% w/v) were prepared
by weighing the appropriate amount (3, 5, 7, and 9 mg), dissolved in 1.0 mL ethanol and
sonicated for 30 min. The GCE was modified with ionophore by dropping 1.0 µL of the
NDBD solution on its surface and leaving to dry for 4 h at room temperature.

For the MWCNT/NDBD-modified electrodes, MWCNT (functionalized with carboxy-
late groups by concentrated nitric acid treatment using a previously described method [48])
were used with different concentrations (0.2% and 0.5% w/v) by weighing the appropriate
amount (2 and 5 mg) and dissolving in 1.0 mL chitosan solution, this previously dissolved
in a 1% acetic acid aqueous solution, and then sonicated for 2 h to ensure a completely
homogeneous mixture. The GCE was modified by dropping 1.0 µL MWCNT and, after-
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wards, NDBD was drop-cast on top by the same procedure as for just NDBD, to give
NDBD/MWCNT/GCE.

3.5. Mercury Response Measurement

The measurement of mercury ions was carried out by fixed potential amperometry.
The modified electrodes were immersed into the electrochemical cell containing acetate
buffer solution pH 4.0 and a fixed potential of +0.1 V vs. Ag/AgCl was applied under
continuous stirring. After the steady-state current was reached, successive additions of
different concentrations of Hg (II) were made, and the current response was measured as
the average value registered at interval times of 0.2 s. The detection of mercury ions is
based on their capture by the ionophore, schematically represented in Scheme 1.

Scheme 1. Representation of Hg2+ capture by NDBD ionophore.

4. Conclusions

A new sensor for Hg2+ detection based on amperometric measurements, in which the
ionophore NDBD was immobilized with multiwalled carbon nanotubes on a glassy carbon
electrode, was developed. The NDBD/MWCNT/GCE sensor described here represents
an inexpensive, fast, and simple method for the analysis of mercury ions at a low applied
fixed potential. It allows the sensitive and selective amperometric determination of Hg2+,
thus, representing a promising device for application in environmental analysis since it can
be made portable and used in field measurements.
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6. Viererbl, L.; Vinš, M.; Lahodová, Z.; Fuksa, A.; Kučera, J.; Koleška, M.; Voljanski, A. Mercury mass measurement in fluorescent
lamps via neutron activation analysis. Radiat. Phys. Chem. 2015, 116, 56–59. [CrossRef]

7. Ma, S.; He, M.; Chen, B.; Deng, W.; Zheng, Q.; Hu, B. Magnetic solid phase extraction coupled with inductively coupled plasma
mass spectrometry for the speciation of mercury in environmental water and human hair samples. Talanta 2016, 146, 93–99.
[CrossRef]

8. Iijima, S. Helical microtubules of graphitic carbon. Nature 1991, 354, 56–58. [CrossRef]
9. Mao, A.; Li, H.; Cai, Z.; Hu, X. Determination of mercury using a glassy carbon electrode modified with nano TiO2 and

multi-walled carbon nanotubes composites dispersed in a novel cationic surfactant. J. Electroanal. Chem. 2015, 751, 23–29.
[CrossRef]

10. Anzar, N.; Hasan, R.; Tyagi, M.; Yadav, N.; Narang, J. Carbon nanotube—A review on synthesis, properties and plethora of
applications in the field of biomedical science. Sens. Int. 2020, 1, 100003. [CrossRef]

11. Ferrier, D.C.; Honeychurch, K.C. Carbon nanotube (CNT)-based biosensors. Biosensors 2021, 11, 486. [CrossRef] [PubMed]
12. Song, H.; Huo, M.; Zhou, M.; Chang, H.; Li, J.; Zhang, Q.; Fang, Y.; Wang, H.; Zhang, D. Carbon nanomaterials-based

electrochemical sensors for heavy metal detection. Crit. Rev. Anal. Chem. 2022, in press. [CrossRef] [PubMed]
13. Pokhrel, L.R.; Ettore, N.; Jacobs, Z.L.; Zarr, A.; Weir, M.H.; Scheuerman, P.R.; Kanel, S.R.; Dubey, B. Novel carbon nanotube

(CNT)-based ultrasensitive sensors for trace mercury (II) detection in water: A review. Sci. Total Environ. 2017, 574, 1379–1388.
[CrossRef] [PubMed]

14. Bohari, N.A.; Siddiquee, S.; Saallah, S.; Misson, M.; Arshad, S.E. Optimization and analytical behavior of electrochemical sensors
based on the modification of indium tin oxide (ITO) using PANI/MWCNTs/AuNPs for mercury detection. Sensors 2020, 20, 6502.
[CrossRef] [PubMed]

15. Lim, J.W.; Kim, T.-Y.; Woo, M.-A. Trends in sensor development towards next-generation point-of-care testing for mercury. Biosens.
Bioelectron. 2021, 183, 113228. [CrossRef]

16. Eksin, E.; Erdem, A.; Fafal, T.; KivçaK, B. Eco-friendly sensors developed by herbal based silver nanoparticles for electrochemical
detection of mercury (II) ion. Electroanalysis 2019, 31, 1075–1082. [CrossRef]

17. Sharma, V.V.; Tonelli, D.; Guadagnini, L.; Gazzano, M. Copper-cobalt hexacyanoferrate modified glassy carbon electrode for an
indirect electrochemical determination of mercury. Sens. Actuator B—Chem. 2017, 238, 9–15. [CrossRef]

18. Karthika, A.; Ramasamy Raja, V.; Karuppasamy, P.; Suganthi, A.; Rajarajan, M. Electrochemical behaviour and voltammetric
determination of mercury(II) ion in cupric oxide/poly vinyl alcohol nanocomposite modified glassy carbon electrode. Microhem.
J. 2019, 145, 737–744. [CrossRef]

19. Bao, Q.; Li, G.; Yang, Z.; Pan, P.; Liu, J.; Chang, J. Electrochemical performance of a three-layer electrode based on Bi nanoparticles,
multi-walled carbon nanotube composites for simultaneous Hg(II) and Cu(II) detection. Chin. Chem. Lett. 2020, 31, 2752–2756.
[CrossRef]

20. Shirzadmehr, A.; Afkhami, A.; Madrakian, T. A new nano-composite potentiometric sensor containing an Hg2+-ion imprinted
polymer for the trace determination of mercury ions in different matrices. J. Mol. Liq. 2015, 204, 227–235. [CrossRef]

21. Mondal, S.; Subramaniam, C. Scalable approach towards specific and ultrasensitive cation sensing under harsh environmental
conditions by engineering the analyte-transducer interface. Nanoscale Adv. 2021, 3, 3752–3761. [CrossRef] [PubMed]

22. Moutcine, A.; Chtaini, A. Electrochemical determination of trace mercury in water sample using EDTA-CPE modified electrode.
Sens. Biosens. Res. 2018, 17, 30–35. [CrossRef]

23. Ceken, B.; Kandaz, M.; Koca, A. Electrochemical metal-ion sensors based on novel manganese phtalocyanine complex. Synth.
Met. 2012, 162, 1524–1530. [CrossRef]

24. Wu, W.; Jia, M.; Zhang, Z.; Chen, X.; Zhang, Q.; Zhang, W.; Li, P.; Chen, L. Sensitive, selective and simultaneous electrochemical
detection of multiple heavy metals in environment and food using a lowcost Fe3O4 nanoparticles/fluorinated multi-walled
carbon nanotubes sensor. Ecotoxicol. Environ. Saf. 2019, 175, 243–250. [CrossRef]

25. Matlou, G.G.; Nkosi, D.; Pillay, K.; Arotiba, O. Electrochemical detection of Hg (II) in water using self-assembled single walled
carbon nanotube-poly (m-amino benzene sulfonic acid) on gold electrode. Sens. Biosensing Res. 2016, 10, 27–33. [CrossRef]

http://doi.org/10.1016/j.molliq.2015.02.006
http://doi.org/10.1016/j.carbpol.2018.12.022
http://www.ncbi.nlm.nih.gov/pubmed/30600061
http://doi.org/10.1016/j.aca.2017.07.069
http://www.ncbi.nlm.nih.gov/pubmed/29029733
http://doi.org/10.1016/j.molliq.2020.112593
http://doi.org/10.1016/j.trac.2020.116016
http://doi.org/10.1016/j.radphyschem.2015.03.041
http://doi.org/10.1016/j.talanta.2015.08.036
http://doi.org/10.1038/354056a0
http://doi.org/10.1016/j.jelechem.2015.04.034
http://doi.org/10.1016/j.sintl.2020.100003
http://doi.org/10.3390/bios11120486
http://www.ncbi.nlm.nih.gov/pubmed/34940243
http://doi.org/10.1080/10408347.2022.2151832
http://www.ncbi.nlm.nih.gov/pubmed/36463557
http://doi.org/10.1016/j.scitotenv.2016.08.055
http://www.ncbi.nlm.nih.gov/pubmed/27539821
http://doi.org/10.3390/s20226502
http://www.ncbi.nlm.nih.gov/pubmed/33202533
http://doi.org/10.1016/j.bios.2021.113228
http://doi.org/10.1002/elan.201800776
http://doi.org/10.1016/j.snb.2016.07.005
http://doi.org/10.1016/j.microc.2018.11.030
http://doi.org/10.1016/j.cclet.2020.06.021
http://doi.org/10.1016/j.molliq.2015.01.014
http://doi.org/10.1039/D0NA01042A
http://www.ncbi.nlm.nih.gov/pubmed/36133005
http://doi.org/10.1016/j.sbsr.2018.01.002
http://doi.org/10.1016/j.synthmet.2012.07.019
http://doi.org/10.1016/j.ecoenv.2019.03.037
http://doi.org/10.1016/j.sbsr.2016.08.003


Molecules 2023, 28, 2809 13 of 13

26. Jeromiyas, N.; Elayiappillai, E.; Kumar, A.S.; Huang, S.-T.; Mani, V. Bismuth nanoparticles decorated graphenated carbon
nanotubes modified screen-printed electrode for mercury detection. J. Taiwan. Inst. Chem. Eng. 2019, 95, 466–474. [CrossRef]

27. Ali, T.A.; Mohamed, G.G. Multi-walled carbon nanotube and nanosilica chemically modified carbon paste electrodes for
determination of mercury (II) ion in polluted water samples. Anal. Methods 2015, 7, 6280–6289. [CrossRef]

28. Abbaspour, A.; Akhond, M.; Shahriyari, M.R.; Ahmadpour, S.; Mirahmadi, E.; Ebrahimi, E.; Jarrahpour, A.A. Carbon nanotube
composite coated stainless steel disk electrode with polypyrolle film as ion-to-electron transducer for the determination of Hg (II).
Anal. Bioanal. Electrochem. 2017, 9, 614–629.

29. Hon, T.W.; Ling, L.S.; Tung, C.C. TEM and XRD analysis of carbon nanotubes synthesised from flame. Key Eng. Mater. 2017,
723, 470–475. [CrossRef]

30. Zhang, Y.; Li, Q.; Wang, W.; Guo, A.; Li, J.; Li, H. Efficient and robust reactions for polyethylene covalently grafted carbon
nanotubes. Macromol. Chem. Phys. 2017, 218, 1600449. [CrossRef]

31. Das, R.; Abd Hamid, S.B.; Ali, M.E.; Ramakrishna, S.; Yongzhi, W. Carbon nanotubes characterization by X-ray powder
diffraction—A review. Curr. Nanosci. 2015, 11, 23–35. [CrossRef]

32. Li, X.; Cong, Y.; Zhao, H. Solid–liquid equilibrium for the ternary system 2-methyl-4-nitroaniline+ 2-methyl-6-nitroaniline+ ethyl
acetate: Determination and modelling. J. Solut. Chem. 2018, 47, 231–245. [CrossRef]

33. Paulraj, P.; Manikandan, A.; Manikandan, E.; Pandian, K.; Moodley, M.K.; Roro, K.; Murugan, K. Solid-state synthesis of
POPD@AgNPs nanocomposites for electrochemical sensors. J. Nanosci. Nanotechnol. 2018, 18, 3991–3999. [CrossRef] [PubMed]

34. Tucureanu, V.; Matei, A.; Avram, A.M. FTIR spectroscopy for carbon family study. Crit. Rev. Anal. Chem. 2016, 46, 502–520.
[CrossRef] [PubMed]

35. Hamidian, K.; Irandoust, M.; Rafiee, E.; Joshaghani, M. Synthesis, characterization, and tautomeric properties of some azo-
azomethine compounds. Z. Nat. 2012, 67b, 159–164. [CrossRef]

36. Eskikanbur, S.; Sayin, K.; Köse, M.; Zengin, H.; McKee, V.; Kurtoglu, M. Synthesis of two new azo-azomethines; spectral
characterization, crystal structures, computational and fluorescence studies. J. Mol. Struct. 2015, 1094, 183–194. [CrossRef]

37. Younis, A.M.; El-Gamil, M.M.; Rakha, T.H.; Abu El-Reash, G.M. Iron(II), copper(II), cadmium(II), and mercury(II) complexes of
isatin carbohydrazone Schiff base ligand (H3L): Synthesis, characterization, X-ray diffraction, cyclic voltammetry, fluorescence,
density functional theory, biological activity, and molecular docking studies. Appl. Organomet. Chem. 2021, 35, e6250. [CrossRef]

38. Shtepliuk, I.; Vagin, M.; Yakimova, R. Insights into the electrochemical behavior of mercury on graphene/SiC electrode. C-J.
Carbon Res. 2019, 5, 51. [CrossRef]

39. Dang, V.H.; Yen, P.T.H.; Giao, N.Q.; Phong, P.H.; Ha, V.T.T.; Duy, P.K.; Hoeil, C. A versatile carbon fibre cloth-supported Au
nanodendrite sensor for simultaneous determination of Cu(II), Pb(II), and Hg(II). Electroanalysis 2018, 30, 2222–2227. [CrossRef]

40. Deshmukh, M.A.; Celiesiute, R.; Ramanaviciene, A.; Shirsat, M.D.; Ramanavicius, A. EDTA_PANI/SWCNTs nanocomposite
modified electrode for electrochemical determination of copper (II), lead (II), and mercury (II) ions. Electrochim. Acta 2018,
259, 930–938. [CrossRef]

41. Zhang, Y.; Niu, Q.; Gu, X.; Yang, N.; Zhao, G. Recent progress on carbon nanomaterials for the electrochemical detection and
removal of environmental pollutants. Nanoscale 2019, 11, 11992. [CrossRef] [PubMed]

42. Martín-Yerga, D.; Costa-García, A. Recent advances in the electrochemical detection of mercury. Curr. Oppin. Electrochem. 2017,
3, 91–96. [CrossRef]

43. Hassan, R.Y.A.; Kamel, M.S.; Hassan, H.N.A.; Khaled, E. Voltammetric determination of mercury in biological samples using
crown ether/multiwalled carbon nanotube-based sensor. J. Electroanal. Chem. 2015, 759, 101–106. [CrossRef]

44. Bohari, N.A.; Siddiquee, S.; Saallah, S.; Mission, M.; Arshad, S.E. Electrochemical behaviour of real-time sensor for determination
mercury in cosmetic products based on PANI/MWCNTs/AuNPs/ITO. Cosmetics 2021, 8, 17. [CrossRef]

45. RasulKhan, B.; Periakaruppan, P.; Ponnaiah, S.K.; Venkatachalam, G.; Jeyaprabha, B. A new nanocomposite electrode of carbon
quantum dots doped functionalized multi-walled carbon nanotubes for lethal mercury sensing. J. Clust. Sci. 2021, 32, 135–144.
[CrossRef]

46. Jayadevimanoranjitham, J.; Narayanan, S.S. Poly O-Cresophthalein complexone film coated multi-walled carbon nanotubes
(MWCNTs-POCF) modified electrode for determination of mercury. AIP Conf. Proc. 2020, 2265, 030325. [CrossRef]

47. Dairaku, T.; Furuita, K.; Sato, H.; Sebera, J.; Yamanaka, D.; Otaki, H.; Kikkawa, S.; Kondo, Y.; Katahira, R.; Bickelhaupt, F.M.;
et al. Direct detection of the mercury-nitrogen bond in the thymine-HgII-thymine base-pair with 199Hg NMR spectroscopy. Chem.
Comm. 2015, 51, 8488. [CrossRef]

48. Da Silva, W.; Ghica, M.E.; Brett, C.M.A. Novel nanocomposite film modified electrode based on poly(brilliant cresyl blue)-deep
eutectic solvent/carbon nanotubes and its biosensing applications. Electrochim. Acta 2019, 317, 766–777. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.jtice.2018.08.030
http://doi.org/10.1039/C5AY01086A
http://doi.org/10.4028/www.scientific.net/KEM.723.470
http://doi.org/10.1002/macp.201600449
http://doi.org/10.2174/1573413710666140818210043
http://doi.org/10.1007/s10953-017-0707-7
http://doi.org/10.1166/jnn.2018.15219
http://www.ncbi.nlm.nih.gov/pubmed/29442735
http://doi.org/10.1080/10408347.2016.1157013
http://www.ncbi.nlm.nih.gov/pubmed/26941009
http://doi.org/10.5560/ZNB.2012.67b0159
http://doi.org/10.1016/j.molstruc.2015.03.043
http://doi.org/10.1002/aoc.6250
http://doi.org/10.3390/c5030051
http://doi.org/10.1002/elan.201800332
http://doi.org/10.1016/j.electacta.2017.10.131
http://doi.org/10.1039/C9NR02935D
http://www.ncbi.nlm.nih.gov/pubmed/31140537
http://doi.org/10.1016/j.coelec.2017.06.012
http://doi.org/10.1016/j.jelechem.2015.10.039
http://doi.org/10.3390/cosmetics8010017
http://doi.org/10.1007/s10876-020-01770-2
http://doi.org/10.1063/5.0016765
http://doi.org/10.1039/C5CC02423D
http://doi.org/10.1016/j.electacta.2019.06.003

	Introduction 
	Results and Discussion 
	Structural, Morphological, and Chemical Characterization of Nanostructures 
	Electrochemical Characterisation of the Modified Electrodes in the Presence of Hg2+ 
	Optimization of Fixed-Potential Amperometry Experimental Conditions 
	Influence of the Applied Potential 
	Influence of pH 
	Influence of the Ionophore Concentration 

	Determination of Mercury Cations at Ionophore Modified Electrodes—Influence of MWCNT 
	Repeatability, Reproducibility, and Stability 
	Selectivity 
	Application 

	Materials and Methods 
	Reagents 
	Instrumentation 
	Preparation of [N, N Di (2-hydroxy-5-[(4-nitrophenyl)diazenyl]benzaldehyde) benzene-1,2-diamine) (NDBD) 
	Electrode Modification 
	Mercury Response Measurement 

	Conclusions 
	References

