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Abstract: This work proposes a new strategy for the electrochemical quantification of Cu(II)
using glassy carbon electrodes (GCEs) modified with a nanohybrid of multiwall carbon
nanotubes (MWCNTs) non-covalently functionalized with a rationally designed Schiff base
containing different groups (SB-dBA). The principle of sensing was the complexation of
Cu(II) by the Schiff base that supports the MWCNTs at the open-circuit potential, followed
by a reduction step at —0.600 V and further linear sweep anodic stripping voltammetry
(LSASV) in a 0.200 M acetate buffer solution of pH 5.00. The linear range goes from 10 to
200 pg L1, with a sensitivity of (0.79 & 0.07) uA L ug~! (R? = 0.991), a detection limit of
3.3 ug L1, and a reproducibility of 8.0% for the same nanohybrid (nine electrodes) and
9.0% for four different nanohybrids. The proposed sensor was very selective for Cu(Il) even
in the presence of Pb(Il), Fe(Il), As(IlI), Cr(III), Cd(Il), and Hg(II), and it was successfully
used for the quantification of Cu(Il) in different water samples (tap, groundwater, and
river) without any pretreatment.

Keywords: copper; electrochemical sensor; multiwall carbon nanotubes; Schiff base; carbon
nanotube dispersion; non-covalent functionalization; complexation

1. Introduction

The incorporation of carbon nanotubes (CNTs) to different electrodes has been demon-
strated to be highly successful not only in improving the sensing performance but also
in facilitating the assembly of different (bio)sensor constituents [1-3]. The surface func-
tionalization of CNTs is a crucial aspect to ensure an efficient response of the resulting
sensors [4,5]. In this regard, the rational selection of the compound used to non-covalently
functionalize CNTs makes possible the successful disaggregation of the nanostructures and
confers them particular properties depending on the nature of the compound used as the
functionalizing agent [6-10].

Organic molecules of the Schiff base (SB) type have been widely used as ligands in
coordination chemistry. They are classified according to the number and type of donor
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atoms present in the chemical structure, the most common being nitrogen and oxygen,
and just in a few cases, phosphorus and sulfur. The design and synthesis of new chelating
platforms based on SBs allow the development of diverse multifunctional systems, which,
according to the nature of the ligands, have been used in different fields like sensors, catal-
ysis, energy, and medicine [11-14], among others. Recently, we have synthesized a new
SB, ((1E,1’E)-(naphthalene-2,3-diylbis(azaneylylidene))bis(methaneylylidenedene))bis(4-
hydroxy-3,1-phenylene))diboronic acid called SB-dBA [15], which presents various func-
tional groups in its chemical structure (Scheme 1): (i) a coordination center for metallic ions
of type N, Oy, (ii) boronic acid groups available for the interaction with glycobiomolecules,
and (iii) an aromatic organic skeleton to allow the non-covalent functionalization of CNTs
via -7 stacking interaction. In this sense, we have recently reported the non-covalent
functionalization of multiwall carbon nanotubes (MWCNTs) with this rationally designed
SB-dBA to obtain a MWCNT-SB-dBA nanohybrid with properties mimicking the specific
interaction of lectines with glycocompounds. The nanohybrid was used in two directions,
for the development of a hydrogen peroxide biosensor through the immobilization of
horseradish peroxidase (HRP) at glassy carbon electrodes (GCEs) modified with MWCNT-
SB-dBA [15], and for the preparation of a glucose biosensor after anchoring a mixture of
HRP and glucose oxidase (GOx) on nanohybrid-modified GCEs [16].

7

Non-covalent P
functionalization of CNTs

o7 HO Coordination center , oy
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OH HO .
/glycobiomolecules
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Scheme 1. Functional groups in the chemical structure of SB-dBA ligand. Inside the circles are the
boronic substituents and, in green color, the aromatic rings of the ligand.

A recent search in the CCDC crystallographic database (ConQuest version 2024.1.0) [17]
based on the Cu-N,O;-type fragment formed by aromatic rings and copper showed inter-
esting results. Among the 133 reported crystalline structures, 115 display a coordination
sphere around the Cu(Il) ion as square planar, and only in a few cases, Cu(ll) is penta-
or hexa-coordinated since the metallic center completes its first coordination sphere with
solvent molecules or with the counter-ion of the metallic salts (Scheme 1). Based on this
information, we took advantage of the coordination ability of the N,O, center to design a
new strategy for the preparation of an electrochemical Cu(Il) sensor. The novelty of the
work proposed here is the use of the nanohybrid resulting from the non-covalent function-
alization of MWCNTs with the rationally designed SB-dBA deposited at GCEs as a platform
to selectively preconcentrate Cu(Il) by complex formation at the open-circuit potential,
in order to improve in an easy way the sensitivity of Cu(Il) quantification. Cu(Il) is an
essential heavy metal present in numerous and important enzymes that play a key role in
life [18] but, at the same time, it is a prevalent pollutant in the environment that at high con-
centrations can cause hazardous effects on plants, animals, and humans, and affect drinking
water standards (World Health Organization WHO guideline = 2.0 mg L~1) [19,20]. The
excessive intake of Cu(II) can be responsible for several health problems such as cirrhosis,
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kidney failure, and Alzheimer’s disease, among others [21]. Therefore, it is highly necessary
to develop new, simple, sensitive, selective, and user-friendly sensing methodologies for
Cu(Il), capable of being used even in underdeveloped countries where it is difficult to
obtain very sophisticated equipment.

The preconcentration of Cu(Il) on electrode surfaces has been demonstrated to be a
very important analytical tool to enhance the performance of the resulting sensors. In this
sense, diverse strategies have been proposed like the use of chelating agents, metal-organic
frameworks (MOF), ion-imprinted polymers, and compounds that facilitate electrostatic
interaction, among others. Different chelating agents immobilized on electrode surfaces
have been successfully used to improve Cu(ll) quantification, such as dopamine (DA)
adsorbed on a carbon ceramic electrode (CCE) [22], 2-mercaptobenzothiazole (MBT) in-
corporated within a carbon paste electrode (CPE) [23], dimercaptosuccinic acid (DMSA)
immobilized on magnetic polydopamine (Fe;O,@PDA) [24], bathocuproinedisulfonic acid
(BCS) used as an exfoliating agent of MWCNTs [25], bis(3-((5-mercapto-1,3,4-thiadiazol-
2-yl)carbamoyl)phenyl)terephthalate (BMTCPT) as a chelating dithiol self-assembled on
a gold electrode (AuE) or incorporated within CPE previous immobilization on gold
nanoparticles (AuNPs) [26], and aluminon (aurintricarboxylic acid ammonium salt, ATA)
as a chelating ionophore electrodeposited on a magnetic bead (MB)-modified GCE [27].

Regarding the use of MOFs, suspensions of Bi-MOF [28], UiO-66-NH;—ZnO nanocom-
posite [29], and Zn/Ni-ZIF-8-XC72-Nafion hybrid [30] have also been reported for the suc-
cessful electrochemical determination of Cu(ll). The application of ion-imprinted polymers
obtained from the electropolymerization of p-phenylenediamine (PPD) as a template [31],
the precipitation polymerization of methacrylamido-L-histidine (MAH) as a functional
monomer using ethylene glycol dimethacrylate (EGDMA) as crosslinker [32], or the use of a
L-cysteine-grafted chitosan (Cys-CTS) dropped on nitrogen-doped reduced graphene oxide
(N-rGO) as the functional monomer [33] have also been reported for the preconcentration
and effective quantification of Cu(Il). A composite of sodium carboxymethyl cellulose
(CMC) and Nafion [34] and activated biochar (aBC) prepared from sugarcane bagasse [35]
were reported as other alternatives for Cu(ll) accumulation via electrostatic interaction.

Bakhsh et al. [36] reported an amperometric sensor based on a core-shell nanomaterial
of ZnSe-CdSe nanoparticles coated with 5iO,. Noroozi et al. [37] proposed a CPE-MWCNT
modified with amine-functionalized mesoporous Fe3O4 nanoparticles (NHy-meso-Fe3O4)
using indigo carmine (IC) as an electrochemical mediator. Moreover, a ion-selective elec-
trode for Cu(Il) detection was proposed by Gupta et al. using CuS particles trapped in a
polyvinyl chloride (PVC) matrix [38].

In the following sections, we discuss the optimization of the experimental conditions
to prepare the voltammetric Cu(Il) sensor as well as the analytical performance and the
practical applications of the resulting sensor.

2. Materials and Methods
2.1. Reagents

Multiwall carbon nanotubes (MWCNTs, diameter (30 & 15) nm, length 1-5 um) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Acetic acid and sodium acetate were
purchased from J.T.Baker (Center Valley, PA, USA). Copper(ll) sulfate pentahydrate, ar-
senic(Ill) oxide, and mercury(II) nitrate monohydrate were acquired from Biopack (Zarate,
Buenos Aires, Argentina). Lead(Il) nitrate, iron(Il) sulfate heptahydrate, and cadmium
sulfate octahydrate were purchased from Anhedra (Troncos del Talar, Buenos Aires, Ar-
gentina). Chromium(III) nitrate nonahydrate was provided by Merck KGaA (Darmstadt,
Germany). Other chemicals were reagent-grade and used without further purification.
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Ultrapure water (resistivity = 18.2 M()-cm) from a Millipore-MilliQ system (Molsheim,
France) was used to prepare all aqueous solutions.

2.2. Apparatus

Electrochemical experiments were carried out with a TEQ_4 potentiostat (nanoTeq,
Buenos Aires, Argentina) using the typical three-electrode system. A platinum wire was
used as the auxiliary electrode, while a Ag/AgCl (3 M NaCl) (BASi, West Lafayette, IN,
USA) was the reference electrode, and a glassy carbon electrode (GCE) modified with the
MWCNT-SB-dBA nanohybrid was the working electrode (electroactive area of 73 mm?).
The potentials are referenced to Ag/AgCl (3 M NaCl). Linear sweep voltammetry (LSV)
experiments were carried out in a 0.200 M acetate buffer solution of pH 5.00 at 0.100 V s~ 1.
All measurements were performed at room temperature. The convective transport during
the complexation step was provided by a magnetic stirrer (C-3 Cell Stand, BASi, West
Lafayette, IN, USA) at 800 rpm.

An ultrasonic cleaner (TB04TA, Testlab, Bernal, Argentina) of 40 kHz frequency and
160 W of ultrasonic power was used for performing the sonication treatments.

Scanning Electron Microscopy (SEM) images were obtained using a FE-SE Xigma-
ZEISS microscope (Cambridge, UK) with secondary and back-scattered electron detectors
and equipped with an energy dispersive X-ray spectroscopy (EDX) analysis system. The
samples were prepared by reduction of previously accumulated Cu(lIl) at glassy carbon
disks (GCDs) modified with MWCNT-SB-dBA.

2.3. Preparation of GCE Modified with MWCNT-SB-dBA Nanohybrid

MWCNT-5B-dBA nanohybrid was prepared according to Tamborelli at al. [15]. Briefly,
2.00 mg of MWCNTs were first mixed with 0.50 mg SB-dBA ligand (dissolved in 1.00 mL
of N,N-dimethylformamide (DMF)), and the resulting mixture was sonicated with an
ultrasonic bath for 30 min (Scheme 2a).

a N

(a) Preparation of MWCNT-SB-dBA nanohybrid

> »)
MWCNTs SB-dBA 30 min
2.00 mg mL™ 0.50 mg mL?

(b) Preparation of working electrode

A
(o8
MWCNT-SB-dBA
20t GCE

Scheme 2. Representation of the construction of the electrochemical sensor for Cu(Il) based on the
use of the MWCNT-SB-dBA nanohybrid immobilized at GCE.
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The GCEs modified with the nanohybrid (GCE/MWCNT-5B-dBA) were prepared by

deposition of 20 pL of the nanohybrid at the GCE surface, which was previously polished
(with alumina slurries of 1.0, 0.3, and 0.05 um) and water-sonicated. Once the solvent
(DMF) was evaporated at room temperature, the electrode was ready to use (Scheme 2b).

2.4. Procedure

The Cu(Il) quantification consisted of the following steps (Scheme 3):

Preconcentration at OCP

Current

Potential

Reduction at-0.600 V LSASV

Scheme 3. Representation of the different steps for the electrochemical sensing of Cu(II). The first
step (orange arrow) is the coordination of Cu(II), the second step (green arrow) is the reduction of the
accumulated Cu(II), and the third step is the reoxidation of copper.

(i)

(ii)

(iii)

Preconcentration of Cu(Il): accomplished by dipping GCE/MWCNT-SB-dBA in a
stirred Cu(Il) solution (prepared in a 0.200 M acetate buffer solution of pH 5.00) for a
given time at open-circuit potential (ocp) to preconcentrate it by complex formation.
Once the Cu(II) was complexed at the electrode surface, it was washed with the acetate
buffer solution.

Reduction of the complexed Cu(Il): after preconcentrating the Cu(Il) by complex
formation, the electrode was transferred to a fresh acetate buffer solution, and the
complexed Cu(Il) was reduced by applying —0.600 V for 5 min.

Electrochemical analysis: carried out in acetate buffer solution by linear sweep anodic
stripping voltammetry (LSASV) between —0.300 V and 0.300 V at 0.100 V s~ 1.

Tap water samples were obtained from the laboratory, groundwater samples were

extracted using a windmill, and river water samples were collected from the Suquia river
(Cérdoba city, Argentina). The samples were used without pretreatment and enriched with
different volumes of the Cu(Il) stock solution.
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3. Results and Discussion
3.1. Electrochemical Behavior of Cu(1l) Accumulated at Different Electrodes

Figure 1 shows linear sweep voltammograms obtained at GCE/MWCNT-5B-dBA (a),
GCE/MWCNTs (b) and bare GCE (c) in a 0.200 M acetate buffer solution of pH 5.00 after 20
min interaction with 50 pg L~ Cu(Il) at ocp followed by 5 min of reduction at —0.600 V in a
fresh acetate buffer solution. A clearly defined oxidation peak is obtained at GCE/MWCNT-
SB-dBA due to the complexation of Cu(Il) with the SB-dBA that supports the MWCNTs
(peak potential (Ep) = —0.107 V, peak current (ip) = 47 nA). A considerably smaller response
was obtained at the GCE/MWCNTs (E, = —0.105 V, ip, = 6 nA), demonstrating the key role
of the ligand to preconcentrate Cu(Il). A negligible response at more elevated potentials
(Ep =0.041 V; ip = 0.7 nA) is obtained at bare GCE due to the poor accumulation of Cu(II).

60
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« 061
oy
< a E 0.4
3. 40 - 3 02/
~
—
5 D;g.ﬁm -0.150 0.000 0.150 0300
b Potential / V
=
O 204
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-0.300 -0.200 -0.100 0.000 0.100 0.200
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Figure 1. Linear sweep anodic stripping voltammograms for 50 ug L' Cu(ll) obtained at
GCE/MWCNT-SB-dBA (a, blue line), GCE/MWCNTs (b, red line), and GCE (c, black line). The inset
shows a zoom of the LSASV at bare GCE. Accumulation time: 20 min. Reduction potential: —0.600 V.
Reduction time: 5 min. Scan rate: 0.100 V s71. Supporting electrolyte: 0.200 M acetate buffer solution,
pH 5.00.

3.2. Optimization of Cu(II) Preconcentration and Reduction at GCE/MWCNT-SB-dBA

The interaction time of Cu(Il) with GCE/MWCNT-SB-dBA is a critical parameter for
the preconcentration of the cation. Figure 2A displays the effect of the interaction time of
50 ug L' Cu(Il) on the oxidation peak current of the preconcentrated and reduced copper.
As the interaction time increases from 5 to 20 min, the oxidation peak currents show an
important increment. For longer times, this increment is lower due to the saturation of the
available N;O,-type centers for complexation. Therefore, the selected time was 20 min.

The conditions for the reduction of the preconcentrated Cu(Il) are also important to
ensure a sensitive response. Different potentials were applied to reduce the complexed
Cu(Il) at MWCNT-SB-dBA between —0.400 V and —0.900 V. High negative potentials
generate bubbles due to the hydrogen evolution producing non-reproducible analytical
signals. A potential of —0.600 V was selected as the optimum since it allowed both the
complete reduction of the accumulated copper and a reproducible and sensitive analytical
signal. Figure 2B depicts the effect of the time for the reduction of the complexed Cu(II) at
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—0.600 V on the analytical performance of the sensor. As this reduction time increases, the
oxidation peak current also increases due to the efficient reduction of complexed Cu(ll),
with 5 min providing the best compromise between sensitivity and reproducibility.

80 80
04 A o{ B
60 1 60 -
< <
3. 50 350
~ ]
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S 404 5 40
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3 30+ B 30
@) o
204 20 4
10 10 4
0- 0-
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Figure 2. Influence of the accumulation time (A) and the reduction time (B) on the LSASV response
of 50 pug L=! Cu(Il) at GCE/MWCNT-SB-dBA. Other experimental conditions as in Figure 1.

3.3. SEM-EDX Characterization of Cu(II) Complexed and Reduced at GCE/MWCNT-SB-dBA

Figure 3A displays a representative SEM image of glassy carbon disks (GCDs)
modified with MWCNT-SB-dBA after reduction for 5 min at —0.600 V of Cu(Il) com-
plexed /accumulated for 20 min at ocp from a 250 pg L~! Cu(Il) solution prepared in
acetate buffer solution. Based on this image, the distribution of the exfoliated MWCNTs fol-
lows the typical pattern of glassy carbon surfaces modified with nanohybrids obtained by
the non-covalent functionalization of MWCNTs, covering the whole surface and showing
areas with a higher density of carbon nanostructures.

In order to confirm the presence of copper, EDX measurements were performed, with
the results displayed in Figure 3B,C. The EDX map for Cu shows a clear distribution of
this element on the entire surface of GCD/MWCNT-SB-dBA (Figure 3B), in agreement
with the EDX spectrum where a Cu peak (K line) appears at 8.05 KeV (Figure 3C), clearly

demonstrating the presence of Cu after complexation with the SB-dBA ligand that supports
the CNTs and its reduction on the GCD surface.

750

c|

Intensity / a.u.

150 M
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0 2 i 6 8 10
Energy / KeV

250pm ;

Figure 3. (A) SEM image of a glassy carbon disk (GCD) modified with MWCNT-SB-dBA after the
reduction of previously accumulated Cu(II) from a 250 pg L~ Cu(II) solution in 0.200 M acetate buffer
solution, pH 5.00 (accumulation time: 20 min; accumulation potential: ocp; reduction time: 5 min;
reduction potential: —0.600 V). (B) EDX map for Cu after Cu(Il) reduction on GCD/MWCNT-SB-dBA.
(C) EDX spectrum showing the presence of Cu (K line) at 8.05 KeV on GCD/MWCNT-SB-dBA.
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3.4. Analytical Application of GCE/MWCNT-SB-dBA for Cu(Il) Sensing

Figure 4 displays the LSASV response for different concentrations of Cu(II) between 10
and 250 pug L~!, with well-defined signals for all the Cu(II) concentrations evaluated. The
inset depicts the corresponding calibration plot, which shows a linear dependence between
the oxidation peak current at around —0.100 V and Cu(Il) concentration between 10 and
200 pug L1, with a sensitivity of (0.79 & 0.07) A L ug~! (R? = 0.991), a reproducibility of
8.0% for the same nanohybrid (nine electrodes), and 9.0% for four different nanohybrids.
The detection limit was of 3.3 ng L~! (taken as 3.3 x 0/S, where o is the standard deviation
of the blank signal and S, the sensitivity) and the quantification limit was 10 pug L~! (taken
as 10 x o/S). It is important to mention that the maximum Cu(Il) level allowed in drinking
water by the WHO, which is 2.0 mg L~! [19,20]), is considerably higher than the values
detected with our GCE/MWCNT-5SB-dBA sensor.

200.0
i 1
3 | h
150.04 &~ b :
G =
= | f
~ 0.0 C;I;;) cuﬁ:‘lnh‘l:tioon 1;0 ;; ]'_'1-:00
& 100.0 4
(«F]
b
St
5‘ |
50.0 4
b
a
0.0 , - | ; . ,
-0.300 -0.200 -0.100 0.000 0.100

Potential / V

Figure 4. LSASV recordings at GCE/MWCNT-SB-dBA for increasing concentrations of Cu(II) from
10 to 250 g L~1. The inset shows the corresponding calibration plot. Experimental conditions as in
Figure 1.

The selectivity of the sensor was evaluated by mixing Cu(II) with different cations
at concentrations in high excess compared to the maximum levels allowed in drinking
water [39,40]. Figure 5A displays linear scan voltammograms obtained in acetate buffer
solution at the GCE/MWCNT-5SB-dBA of the previous accumulation under the optimum
conditions of 50 pg L~1 Cu(Il) in the presence of 5.0 ug L~! of Pb(II), Fe(II), As(III), Cr(III),
Cd(I), or Hg(II). Figure 5B shows a bar plot for the oxidation peak currents obtained from
the voltammograms presented in Figure 5A for Cu(Il) alone and Cu(Il) with 5.0 ug L~ of
these cations. The percentage values of the currents obtained for Cu(Il) in the presence of
the different cations compared to those obtained for Cu(II) alone were 110.2, 95.9, 91.8, 92.0,
110.0, and 96.0 for Cu(Il) with Pb(II), Fe(Il), As(IlI), Cr(III), Cd(II), or Hg(II), respectively,
indicating that the proposed electrochemical sensor is also very selective.
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Figure 5. (A) LSASV response for 50 pg L~1 Cu(Il) alone and in the presence of different cations
Gug L~1)and (B) the corresponding bar plot for the peak currents of the LSASVs shown in Figure 5A.
Experimental conditions as in Figure 1.

To evaluate the practical usefulness of the sensor, we quantified Cu(Il) in enriched
samples of tap water, groundwater, and river water. Table 1 displays the recovery percent-
ages obtained for samples enriched with 10, 50, and 100 ug L~! CudI) (in triplicate). In
tap water, the recovery percentages range between 96 and 104%; in groundwater, between
98 and 102%; in river water, these recovery values are between 97 and 107%. There-
fore, GCE/MWCNT-5B-dBA could be successfully used for Cu(Il) quantification in water
samples in a simple, fast, sensitive, and selective way, opening the doors to future determi-
nations of Cu(Il) in different samples of environmental relevance.

Table 1. Recovery assay for Cu(Il) from spiked tap water, groundwater, and river water samples
using GCE/MWCNT-SB-dBA.

Spiked Cu(II)
Real Sample
10 pg L1 50 ug L1 100 pg L1
Tap water (96 £ 3)% (104 + 4)% (98 £ 2)%
Groundwater (102 £ 2)% (98 + 3)% (99 +£ 1)%
River water (104 + 2)% (107 + 5)% (97 £+ 2)%

Table 2 summarizes the analytical parameters of the most relevant electrochemical Cu(II)
sensors reported in recent years. The GCE/MWCNT-SB-dBA presents a better detection
limit than most of the sensors included in the table [23,25,27,28,30,32,33,35-38]. The sensing
platforms based on CCE and DA [22], GCE modified with Fe;0,@PDA and DMSA [24], AuE
modified with BMTCPT or CPE containing BMTCPT and AulNPs [26], GCE modified with
a composite of ZnO and amino-functionalized Zr-based MOF [29], screen-printed platinum
electrode (SPPtE) containing a electrosynthesized ion-imprinted polymer of PPD [31], and
GCE modified with CMC and Nafion [34] presented lower detection limits than the electro-
chemical sensor proposed here. With the exception of [34], the preparation of other sensors
requires long times and/or involves the synthesis of several compounds. For instance, the
preparation of the ceramic electrode requires a long time [22]; the sensor reported in [24]
involves several steps (synthesis of magnetite, further functionalization with DA and DMSA,
and DA polymerization); the sensors proposed in [26] require, in one case, working with
AuEs that need tedious pretreatments to ensure an efficient self-assembly of BMTCPT, which
takes 24 h, while in the other, involves the modification of a CPE with AuNPs previously
synthesized and further functionalized with the chelating dithiol; the sensor based on a GCE
modified with an amino-functionalized Zr-based MOF involves the synthesis of the MOF
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and ZnO [29]; while in the case of [31], it is necessary to use expensive SPPtEs as a platform
to grow the ion-imprinted polymer. Therefore, our sensor represents a very competitive
alternative for the electrochemical sensing of Cu(Il), through the efficient preconcentration on
GCE/MWCNT-SB-dBA at ocp by exploiting the advantages of the Cu(Il) "N, O, interaction
that takes place in the SB-dBA support of MWCNTs.

Table 2. Comparison of the analytical performance of GCE/MWCNT-SB-dBA with other previously
reported electrochemical sensors for Cu(II).

Platform Technique Linear Range Detection Limit Real Sample Ref.
1 1 well water,
CCE/DA DPASV 0.1-250 ug L 0.03 ug L tap water [22]
0.5-1.5mgL~! 0.71mgL! tap water, drinking
CPE/MBT SWASV (500-1500 g L) (710 g L) water 23]
MGCE/Fe;0s@PDA-DMSA Drv 0.5-50 pg L1 02 pgL! lake water [24]
50 x 107-6.0 x 107 M 0.15 uM
GCE/MWCNT-BCS DPASV (32-381 pg L1 ©5 ugL) tap water [25]
1.0 x 10712-1.0 x 10° M 9.7 x 1073 M
AuE/BMTCPT EIS (6.35 x 1075-635 ug L) (62 x 1075 ug LY
10 x 10°-1.0 x 10 M 891 x 100 M groundwater 26l
CPE-BMTCPT-AuNPs POT (6.35 x 1072-6350 ug L) (0.057 ug L)
1x107°1x10*M 1.7 x 1077 M marsh water,
GCE/MBs/eATA swv (63.5-6350 pg L 1) (108 pg L") sea water (271
. 1x107°-1x107'M 1x107°M
GCE/Bi-MOF DPV (635-6.35 x 10° pg L) (635 ug L) tap water [28]
I 0.2-09 uM 0.01435 uM
GCE/UiO-66-NH,-ZnO DPASV (1357 ug L) (091 pg L) tap water [29]
s g . 0.397-19.9 ppm 0.0096 ppm lake water,
GCE/Zn/Ni-ZIF-8-XC72-Nf DPV (397-19,900 1g L 1) ©6 gt D) honey [30]
0.95-244 nM 2.7 nM -
SPPtE/ellIP based on PPD DPV (0.06-155 ug L1 (017 pg L1 drinking water [31]
CPE-IIP based on 1.6-4.8 uM 14 x 1077 M .
MAH,/EGDMA DPASV (102-305 g ) (89 g L) mineral water, sea water [32]
GCE/N-rGO/IIP based on DPASY 0.25-140 uM 0.1 uM tap water, bottled water, 3]
Cys-CTS (16-8890 pg L) 6.3 pgL™) river water o
1.0-50.0 nM 0.6 nM tap water, )
GCE/CMC-Nf swv (0.064-3.2 ug L) (0.038 ug L1) Jake water [34]
1.0-15.0 uM 036 UM
CPE-aBC DPASV (63.5-952.5 pg L) (229 pg L) tap water [35]
GCE/ZnSe-CdSe@SiO,-Nf AMP 100-900 pg L1 50 pg L1 - [36]
CPE-MWCNT/NH,-meso- DPV 1.0-70.0 uM 0.6 M 7]
Fe;04 (63.5-4445 pg L1 (381 pgL™) .
ISE based on CuS-PVC 1x107°-1 x 107 M .
membrane POT (635-6.35 x 10° pg L) 64 ugl (58]
GCE/MWCNT-SB-dBA LSASV 10-200 g L~ 33 ugL! tap water, groundwater, This work

river water

Abbreviations: CCE: carbon ceramic electrode; DA: dopamine; DPASV: differential pulse anodic stripping voltam-
metry; CPE: carbon paste electrode; MBT: 2-mercaptobenzothiazole; SWASV: square wave anodic stripping
voltammetry; MGCE: magnetic glassy carbon electrode; Fe3O,@PDA: magnetic polydopamine; DMSA: dimer-
captosuccinic acid; DPV: differential pulse voltammetry; GCE: glassy carbon electrode; MWCNT: multiwall
carbon nanotubes; BCS: bathocuproinedisulfonic acid; AuE: gold electrode; BMTCPT: bis(3-((5-mercapto-1,3,4-
thiadiazol-2-yl)carbamoyl)phenyl)terephthalate; EIS: electrochemical impedance spectroscopy; CPE: carbon paste
electrode; AuNPs: gold nanoparticles; POT: potentiometry; GCE: glassy carbon electrode; MBs: magnetic beads;
eATA: ammonium salt of aurintricarboxylic acid electrodeposited; SWV: square wave voltammetry; MOF: metal—-
organic framework; Bi-MOF: bismuth-containing MOF; UiO-66-NH,: amino-functionalized zirconium-based
MOF; ZIF-8: zinc-based zeolite imidazole framework; Zn/Ni-ZIF-8: nickel-substituted ZIF-8; XC72: VULCAN®
XC72 carbon black; Nf: Nafion; SPPtE: screen-printed platinum electrode; IIP: ion-imprinted polymer; elIP:
IIP electrosynthezised; PPD: p-phenylenediamine; MAH: methacrylamido-L-histidine; EGDMA: ethylene gly-
col dimethacrylate; N-rGO: nitrogen-doped reduced graphene oxide; Cys-CTS: L-cysteine-grafted chitosan;
CMC: sodium carboxymethyl cellulose; aBC: activated biochar; AMP: amperometry; NH;-meso-Fe3Oy4: amine-
functionalized mesoporous Fe3O4 nanoparticles; ISE: ion-selective electrode; PVC: polyvinyl chloride; LSASV:
linear sweep anodic stripping voltammetry.
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4. Conclusions

We reported a sensitive and selective electrochemical sensor for Cu(Il) based on
the advantageous combination of the catalytic properties of MWCNTs with the unique
properties of the Schiff base (SB-dBA) rationally designed to efficiently exfoliate the carbon
nanostructures and to work as a novel chelating agent for the preconcentration of Cu(II)
through the complex formation at ocp. The huge increase in the electroactive area (due
to the presence of the MWCNTs), the preconcentration of Cu(Il) at the electrode surface
(due to the presence of the N,O, residues from the SB-dBA that supports the MWCNTs),
and the improvement of the charge transfer (due to the presence of MWCNTs and the
proximity of Cu(Il) --SB-dBA complex to them) ensure the sensitive detection of Cu(II)
(ug L1 levels) in a very simple and fast way. This new approach provides a rationally
designed sensing platform for Cu(Il) quantification at very competitive levels, offering
interesting possibilities for environmental monitoring applications without the need for
sample pretreatment, complicated protocols, and expensive instrumentation.
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