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1 Introduction

Development of a new electrochemical method for
the determination of copper(i) at trace levels in
environmental and food samples

Endale Tesfaye, Bhagwan Singh Chandravanshi, © * Negussie Negash
and Merid Tessema

This paper presents the fabrication of a new modified carbon paste electrode (CPE) with Nl—hydroxy—Nl,NZ—
diphenylbenzamidine (HDPBA) and functionalized multi-walled carbon nanotubes (MWCNTs) (HDPBA-
MWCNTSs/CPE) for highly sensitive and selective determination of Cu(i) using the square wave anodic
stripping voltammetry (SWASV) technique. The fabricated electrode was characterized using various
spectroscopic techniques to study its morphological, structural, and electrochemical properties. The
accumulation of Cu(i) on the surface of HDPBA-MWCNTs/CPE was done in 0.1 M ammonium chloride
(NH4CL, pH 5) solution at an applied potential of —0.70 V versus Ag/AgCl for 180 s, followed by
electrochemical stripping in the positive scan of the voltammetry after a resting time of 10 s. The
developed HDPBA-MWCNTs/CPE was found to be highly selective, sensitive and reproducible. At
optimal conditions of the experiment, the proposed method exhibited a very low limit of detection
(0.0048 nM Cuf(i)), a wide linear dynamic range (0.00007-1.5000 pM Cu(i)), and good reproducibility
with relative standard deviation (RSD) value of 3.7%. The effect of various foreign ions on the
voltammetric response of Cu(i) was investigated and the electrode was found to be highly selective to
Cu(n). The practical applicability of the proposed HDPBA-MWCNTs/CPE was studied by applying the
electrode for the quantification of Cu(i) contents in environmental water (wastewater and tap water),
soft drink (Fanta and Sprite), and food supplement (commercially available multi-mineral/vitamin tablets)
samples. The present method was validated with atomic absorption spectrometry (AAS). The results
found from the two methods are in good agreement with a 95% confidence level.

such as domestic sewage and industrial effluents add heavy
metal ions to the environment. Combustion of fossil fuels and

Heavy metal ions are among the most common environmental
pollutants because of their persistence in the environment,
bioaccumulation and toxic nature. Sources of these metal ions
in the environment can be both natural and anthropogenic
activities. The natural sources include volcanic eruptions and
weathering of metal-containing rocks, while anthropogenic
sources include mining, industrial emissions, smelting, agri-
cultural activities, and combustion of fossil fuels." The rapid
development of industrialization, agricultural activities and
urbanization in the world have caused to an increase in the
anthropogenic share of heavy metal ions in the environment.>
These metal ions are released to the atmosphere during
smelting, mining, and other industrial activities return to the
land through wet and dry deposition. Wastewaters discharges
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application of chemical fertilizers also contribute to the
anthropogenic input of metal ions in the environment."* Once
released from both anthropogenic and natural sources, heavy
metals can pollute water bodies, soils and sediments. Finally,
due to their persistent nature in the environment, they will
contaminate the food chains, and lead different health risks to
living organisms.* Thus, it is essential to assess the degree of
heavy metal pollution in water sources and food samples by
determining their concentrations.?

Environmental pollution is the main cause of the contami-
nation of foods with toxic metal ions. For example, the
contamination of the water and the natural composition of raw
materials used in the beverage production (water, fruits, and
added sugar), packaging materials, and processing technologies
are the major factors for the contamination of soft drinks.® The
presence of heavy metals such as Cu, Zn, Fe, Pb, Ni, As, Cd, Mn,
etc. in soft drinks may be due to the environmental contami-
nation from water, food, and fruits utilized during production
have been reported.®” The determination of metals in food
supplements (such as multi-vitamin/multi-mineral tablets)
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have also been reported. Multi-mineral/vitamin tablets are
widely used in the world. They contain essential vitamins (such
as C and E) and some other minerals. These tablets are good
sources of minerals and vitamins, they have no side effects on
human health. Trace elements are used as a good supplement
for maintaining the human health, but in excess amount/dose
they become toxic. Pharmaceutical compounds like multi-
mineral/vitamin tablets have different electro-active functional
groups which can be detectable by electrochemical determina-
tions.*® The contamination of heavy metal ions through the
food chain can pose significant hazards to human health even
at trace levels due to their bioaccumulation and toxic nature.*

Heavy metals have some biological importance to the plant
and animals species. Some essential heavy metals induce
physiological and biochemical functions by offering several
proteins and enzymes to plants and animals, which have
a significant role in redox reactions of metabolism. Beside their
physiological and biochemical relevance, the heavy metals are
also being widely used in the industrial and domestic applica-
tions, and their excess concentrations in the environment has
caused to serious health risks.'"*>* With the rapid expansion of
various factories including paint, electroplating, paper and
wood industries; copper gets released and adsorbed in the
environments such as water and air which then inters into the
food chain.”® Among the natural resources water is very
important for all living beings, and water pollution by toxic
metal ions may lead severe risk to human health and hygiene if
they absorbed in the human body at higher concentration above
the permissible level. Therefore, qualitative and quantitative
determination of ions including Cu(u) is highly required in day-
to-day life.****

Copper is one of the essential trace elements required for the
human body to maintain a normal process. It is naturally
present in some foods and is used as a dietary supplement.
However, the excessive intake of copper may cause hepatitis;
jaundice, liver cirrhosis, and haemolytic crisis.'® On the other
hand, the deficiency of copper is manifested by impaired hae-
matopoiesis, bone metabolism, cardiovascular, and disorders
of the digestive and nervous systems.” Thus, in order to
maintain the human health, the Cu(u) content in various water
and food samples needed to be monitored to ensure their safety
and quality for human consumption.

Determination of heavy metal ions at trace levels is not an
easy work. In recent times, various advanced spectroscopic
techniques have been used for the determination of metal ions
including Cu(u) with satisfactory results. However, these
methods have known shortcomings and difficulties such as
time consuming, expensiveness, using heavy instruments and
unsuitability for the in situ analysis of metals. Moreover, these
techniques required several complex steps and skills. In
contrast, nowadays, the electrochemical techniques have been
applied as the most efficient techniques for the determination
of several metal ions due to their excellent sensitivity, easy
miniaturization, fast determinations, simple preparation,
portability, field-applicability, low-price maintenance, and
ability to detect very low concentrations with small sample
quantities."®?°
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In electrochemical methods, carbon paste electrodes (CPEs)
have been mostly used electrodes in the electrochemical
sensing of various species of metal ions because of their
popularity, including large potential windows, low ohmic
resistance, and ease of modification.*® However, the main
challenge in the bare CPEs is how to increase their selectivity
and sensitivity for the determination of a specific metal ion. In
order to achieve this requirement, modification of the unmod-
ified electrodes with the desired properties is very important
since modified electrodes can maintain more direct control over
their chemical behaviors.”” Modified carbon paste electrodes
(MCPESs) are versatile electrodes for the determination of heavy
metal ions that have been extensively developed in recent times
because of their regenerating ability, large surface area for
modification, simple preparation, high sensitivity and selec-
tivity of electrochemical techniques.?**

Among various types of modifiers, organic ligands have been
used for the modification of carbon paste electrodes in the
electrochemical determination of metal ions due to their
chelating capability with metal ions since they have electron
donor atoms such as O, N, S, and P on their chemical structures
which can form stable complexes with metals ions. N*-hydroxy-
N',N*>-diphenylbenzamidine (HDPBA) (Fig. S17) is a laboratory-
synthesized metal-chelating ligand used in the present study. It
can form stable complexes with target metal ions since it has
a lone pair electrons of donor groups including -OH and -N
functional groups on its chemical structure. The presence of
these donor atoms on the structure of HDPBA has provided the
ligand an excellent affinity to form stable metal complexes
which leads to good selectivity of HDPBA towards the metal
ions.*

Multi-walled carbon nanotubes (MWCNTs) have been widely
used for the fabrication of chemically modified electrodes due
to their novel properties such as high mechanical strength,
ordered structure with high aspect ratio, high thermal
conductivity, high electrical conductivity, high surface area and
metallic or semi-metallic behavior. The combination of these
special properties makes MWCNTs unique materials with
capability to promote electron transfer reaction and enhance
sensitivity in electrochemistry, and thus they are widely used in
the development electrochemical sensors.*

The incorporation of MWCNTs materials with specific
ligands can offer excellent sensing platforms for the determi-
nation of heavy metal ions because of the combination of the
large surface area, high conductivity, strong adsorptive capa-
bility of the nanomaterials, and the excellent complexing ability
of the ligands.** The selectivity in the determination of metal
ions can be improved by their chelation with the ligands.*
HDPBA modified carbon paste electrode has been successfully
employed for the electrochemical determination of Hg(u), Cd(u)
and Pb(u).>”**3** However, to the best of our knowledge, carbon
paste electrode modified with HDPBA with and without the
incorporation of MWCNTs has not been used for the voltam-
metric determination of copper(u). Therefore, the development
of carbon nanotubes/ligands modified CPE is very important for
the electrochemical determination of heavy metals with
magnificent sensing performance. Hence, this paper aims to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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develop a new highly sensitive and selective carbon paste elec-
trode modified with N'-hydroxy-N',N>-diphenylbenzamidine
(HDPBA) and multi-walled carbon nanotubes (MWCNTS)
composite for the determination of trace concentrations of
Cu(u) in environmental and food samples including waters, soft
drinks, and food supplement (commercial multi-mineral/
vitamin tablets) samples using square wave anodic stripping
voltammetry (SWASV).

2 Experimental
2.1 Apparatus and chemicals

Characterizations of surface morphologies of the developed
electrodes were studied by scanning electron microscope (Cx-
200 Coxem, Korea). The FTIR analyses were conducted using
FTIR spectrometer (PerkinElmer, spectrum 100, USA) by a KBr
pellet-making method. The recording of UV-Vis spectra was
conducted using UV/Vis spectrometer (Lambda 950, Perki-
nElmer, USA). All the electrochemical measurements were done
using an electrochemical analyzer (CHI 840C, USA) and it was
connected with IBM (130100DX4) personal computer for data
processing. A three-electrode system with a carbon paste
working electrode (unmodified or modified), a saturated Ag/
AgCl as a reference electrode, and Pt wire as an auxiliary elec-
trode was used in all the electrochemical measurements. Stop
clock, pH meter, and magnetic stirrer were used for time
measurement, pH measurements, and stirring of the solutions,
respectively. Atomic spectrometric measurements of Cu(u) were
performed using the atomic absorption spectrometer (AAS)
(Agilent 280Z AA Zeeman, GTA120).

All chemicals used in this study were of analytical grade or
higher purity. Unless otherwise described, distilled water was
used for the preparation of solutions. Multi-walled carbon
nanotube (MWCNT) was obtained from Sigma-Aldrich, USA
(with purity > 90% and a size of about 100 nm). Graphite powder
(BDH Laboratory Supplies Poole, England), and paraffin oil
(Uvasol Merck, Germany) were applied as received for the
preparation of carbon paste. A standard solution of Cu(n)
(1000 mg L") was used for preparation of different concen-
trations of Cu(u) throughout the study. Ammonium chloride
was used for supporting electrolyte/buffer solution preparation.
The pH of ammonium chloride buffer solution was adjusted to
appropriate values using hydrochloric acid and ammonia.
Other chemicals such as sodium hydroxide, sodium acetate,
acetic acid, potassium nitrate, sodium citrate, citric acid, boric
acid, sodium hydroxide, phosphoric acid, sodium perchlorate
and potassium phosphate salts were used for the preparations
of various buffer solutions during the selection of suitable
supporting electrolyte solution. Reagent-grade nitrate, chloride,
and sulfate salts of other ions were applied in the interference
study. Nitric acid and sulfuric acid were used for the real sample
digestion and functionalization of MWCNTs. HDPBA was
synthesized by the condensation of N-phenylhydroxyl amine
with N-phenylbenzimidoylchloride in ether at 0 °C.** The
synthesized ligand (HDPBA) is a yellow crystalline powder with
a melting point of 170 °C which was identical with previous
reported melting point of 170 °C.**

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.2  Functionalization of multi-walled carbon nanotubes
(MWCNTs)

Functionalization of the carbon nanotubes is commonly used to
avoid graphitic nanoparticles, impurities, amorphous carbon,
and to enhance the charge transfer characteristics.*® The
MWCNTs used in the study were initially subjected to
pretreatment using a mixture of H,SO,/HNO; (3:1 (v/v)) at
room temperature for 12 h. The filtration of the suspension and
washing of the solid with distilled water (until the pH become
6.8) were then performed. Finally, the washed solid was dried
for 5 h at 120 °C.*”

2.3 Preparation of electrodes

The carbon paste was made by hand mixing 1.00 g fine graphite
powder with 0.36 mL paraffin oil in a mortar and pestle for
20 min. A portion of the mixture was then packed into the end
of a plastic syringe (3 mm outer diameter and 5 cm length) with
a Cu wire for electric contact. The surface of the packed elec-
trode was polished on clean paper till a smooth surface of bare
carbon paste electrode (CPE) was obtained. The modified
carbon paste electrodes (MCPEs) were prepared in the same
way, by replacing corresponding amounts of the graphite
powder with HDPBA and MWCNTs in different ratios.* Briefly,
10.0% (w/w) of MWCNTSs and 90.0% (w/w) of carbon paste was
used for MWCNTs/CPE; while 7.5% (w/w) of HDPBA and 92.5%
(w/w) of carbon paste was used for HDPBA/CPE; and finally
7.5% (w/w) of HDPBA, 10.0% (w/w) of MWCNTs, and 82.5% (w/
w) of carbon paste was used for HDPBA-MWCNTs/CPE. This
finally modified electrode was used for the detailed study.

Whenever regeneration of electrode is required, the renewal
of the electrode was performed by removing a thin layer of the
old surface and replacing it with a fresh paste. The fresh elec-
trode was pretreated by using cyclic voltammetry (3-5 scans) in
the supporting electrolyte solution (0.1 M NH,CI) to get repro-
ducible results. The fresh surface electrode gave signals with
approximately the same degree of precision (less than 5%) as
that found with the electrode with used surface. Under normal
conditions, a single electrode surface can be used for multiple
analytical determination over several weeks.

2.4 Analytical procedures

The voltammetric measurements were conducted by applying
the following procedures: (i) preconcentration step: in this
procedure, first, a known concentration of Cu(u) solution was
added into 20 mL cell containing NH,CI buffer solution (0.1 M,
pH 5). The prepared electrode was then inserted into the cell
and Cu(u) was preconcentrated on the electrode surface at an
applied negative potential (—0.70 V) versus Ag/AgCl for a pre-
determined period of time with stirring the solution. After this
step, stirring was ceased and a rest time of 10 s was permitted to
settle the solution and decrease the background current. (ii)
Stripping step: the voltammograms were recorded in the
potential range of —0.50 to 0.40 V (positive scan) versus Ag/AgCl
after preconcentration of Cu(u) as described in step (i). At the
end of each measurement, the electrode was pretreated and
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renewed by performing 3-5 scans/runs of the voltammetry in
0.1 M NH,CI buffer solution (pH 5). To eliminate the potential
build-up of Cu(u) in the voltammetric cell, a fresh NH,Cl solu-
tion was used in each set of experiments.

2.5 Real samples analysis

To evaluate the practical applicability of the developed modified
electrode for real samples analysis, environmental water
samples (industrial wastewater and tap water) from different
sources, soft drinks (Fanta and Sprite) from local shops, and
food supplements (commercially available multi-mineral/
vitamin tablets, Rezumin, Lewis Pharmaceuticals Private
Limited, India) from local pharmacy were collected, prepared
and analyzed using the proposed method. Furthermore, to
verify the validation and accuracy of the developed method,
atomic absorption spectrometry (AAS) analysis was applied for
water and soft drink samples. For water samples analysis, the
collected water samples were first filtered through a Whatman
No. 42 filter paper to remove solid particles. Then after, the pH
of the water samples was adjusted to 5.0, and the quantification
of Cu(u) in the given samples was conducted using the standard
addition method.

The digestion of the purchased soft drink samples was per-
formed using the wet digestion method based on Godwill et al.**
Briefly, a 30 mL soft drink of each sample (separately) was
taken, and evaporation of the gases inside the soft drink was
performed first. Then after, 10 mL of 69% HNO; was added to
10 mL of each soft drink sample, and the evaporation of the
mixture on a hot plate was done till the disappearance of brown
fumes, left white fumes. The volume was filled up to 25 mL by
the addition of distilled water which was then filtered. Finally,
after pH adjustment to 5, SWASV analysis was performed.

For food supplements (multi-mineral/vitamin tablets) anal-
ysis, after removing the outer coatings of the tablets, three tablet
samples (copper is labeled as 800 pg (0.8 mg) per tablet) were
dried in oven at 120 °C for 1 hour. To make a fine powder, the
tablet samples were then ground in a mortar and pestle. An
adequate amount the dried powdered tablet samples (corre-
sponding to a stock solution of concentration 1 mM) were
accurately weighted and taken in a 100 mL flask with concen-
trated HNO; (5 mL) and stand it overnight before digestion. A
5 mL mixture of HCl and HNO; (3 : 1) was added to it and placed
on a hot plate for 2 h. The mixture solution was heated till clear
solution was appeared. After cooling the solution, it was then
filtered with Whatman No. 42 filter paper and diluted up to
100 mL with distilled water. Different concentrations of stan-
dard (such as 0.1, 0.3, 0.7 and 1 uM) were made from the tablet
stock solution using NH,ClI (0.1 M, pH 5). The metal ion content
in samples was determined by standard addition method.?

3 Results and discussion

3.1 Characterizations of prepared modifiers and electrodes

3.1.1 FTIR characterization of HDPBA-MWCNTS structure.
The FTIR analyses of the prepared modifiers (HDPBA, MWCNTs
and HDPBA-MWCNTs composite) were performed by mixing
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each modifier material and KBr powder. Briefly, first, the
modifiers (HDPBA, MWCNTs and HDPBA-MWCNTSs) were
ground properly in a mortar and pestle to make fine powders.
Then after, prior to spectra acquisition, about one mg powder
(for each modifier material) was mixed with approximately
100 mg of KBr powder using a pestle and in the mortar. The
mixture was then compressed to form a pellet. The KBr pellet
was employed as the background reference spectrum.

The FTIR spectra of the prepared modifiers (HDPBA,
MWCNTs and HDPBA-MWCNTs composite) were recorded
using a PerkinElmer FTIR spectrometer with a spectral resolu-
tion of 1 cm ™' in the spectral range of 400-4500 cm ™' and the
results are depicted in Fig. 1a and b. The FTIR peaks of as-
prepared MWCNTs and functionalized MWCNTs are shown in
Fig. 1a. Fig. 1a (spectra i, black color) depicts the FTIR peaks of
as-prepared MWCNTs. The bands at 1600 and 1735 cm ™" can be
attributed to C=C bonds in different environments of aromatic
rings. The peak observed around a wave number of 3430 cm ™' is
attributed to the O-H stretch of the hydroxyl group on the
surfaces of MWCNTs could be due to water vapor which may be
adsorbed by MWCNTs surface.* Fig. 1a (spectra ii, red color)
depicts the spectra of MWCNTs treated with sulfuric and nitric
acid (3:1 (v/v)) at 120 °C for 12 h. After the functionalization of
MWCNTs, the intense band at about 3430 cm™* is associated
with the -OH bonds. The formation of an additional band (near
2900 em ') is ascribed to the formation of various carboxyl
group (COOH) moieties at the carbon surface due to oxidation
with acids. The C=0 characteristic peak is shown at 1740 cm™".
The spectra between 1380-1000 cm ™' confirm the presence of
C-0 bonds in different chemical surroundings. The results are
well accorded with other reported literature.*>*

Fig. 1b (spectra i, black color) depicts the FTIR spectra for
HDPBA. It exhibited major spectra at about 2900, 3400, 1575,
1625, 1035, and 1435 cm™ ' which are assigned to the bonds of
C-H (aromatic, stretching), O-H, C=N, C-N, N-O, and C=
C(aromatic) in the HDPBA structure, respectively. The results
are similar to other previously reported values.**** Fig. 1b
(spectra ii, red color) shows the FTIR spectra of HDPBA and
MWCNTSs composite (HDPBA-MWCNTS) structure. As shown in
the figure, all the spectra found in the MWCNTs and HDPBA
structures are observed in the HDPBA-MWCNTSs composite
spectra. The peaks around 3400, 2900, 1740, 1610, 1380, and
1160 cm ' represent various bonds of functional groups in
MWCNTs as described above, which confirm the presence of
MWCNTs in HDPBA-MWCNTSs composite structure. While the
major spectra observed at 2800/2900, 3400, 1575, 1625, 1035,
and 1435 cm™ " are ascribed to the structure of HDPBA in
HDPBA-MWCNTSs composite structure.

3.1.2 UV-Vis spectra of HDPBA. For UV-Vis analysis, a 6 x
10~° M solution of the ligand, HDPBA (in the absence and
presence of Cu(u)) was prepared in ethanol and analyzed. The
ethanol was used as blank solvent to measure the absorbance
that occurs in the absence of the molecule. The UV-Vis
absorption spectrum of HDPBA were recorded in the range
400-260 nm in ethanol. An absorption spectrum with Apayx
(ethanol) at 317 nm (Fig. 2, curve i) was observed for HDPBA in the
absence of Cu(u) which is assigned to the n-7* transition of the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FTIR spectra of (a) as-prepared MWCNTs (i) and functionalized MWCNTs (ii); (b) HDPBA (i) and HDPBA-MWCNTs composite (ii).
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Fig. 2 UV-Vis absorption spectra of HDPBA (6 x 10> M) in ethanol (i)
without Cu(i) and (i) with Cu(i).

C=N group in HDPBA. This is in good agreement with the value
reported in the literature.*>** But, after the addition of Cu(u) to
the ligand solution, the absorption band shifted to the longer
wavelength (Amax (ethanoy = 338 nm) (Fig. 2, curve ii). Thus,
spectral shift with the addition of Cu(u) to the ligand (HDPBA)
confirm the complex formation of Cu(u) with the ligand
(HDPBA).

3.1.3 Electrodes surface morphology. The surface proper-
ties of unmodified and modified electrodes were studied by
scanning electron microscopy (SEM) and the SEM images are
depicted in Fig. 3. The unmodified CPE is dominated with
tightly curled and frizz-like structures, consistently distributed
pores and relatively smooth surface (Fig. 3a).>”**** After modi-
fication of the unmodified CPE with HDPBA (HDPBA/CPE), the
pores distribution becomes uneven. Moreover the numbers and
sizes of the pores increased due to the incorporation of HDPBA
into the surface of the carbon paste (Fig. 3b).>”%3*

Fig. 3c shows a SEM image for the surface morphology of
MWCNTSs/CPE. As shown in the figure, the MWCNTs are
uniformly dispersed in the carbon paste electrode, and the
MWCNTSs tubes can be seen clearly in the image. The carbon
nanotubes in the SEM image are tightly compact with high
density in a homogeneous form. Moreover, MWCNTs with
three-dimensional  structures/interstices in a  regular

© 2022 The Author(s). Published by the Royal Society of Chemistry

distribution among the carbon tubes are found in the SEM
image of the MWCNTSs/CPE, indicating a large surface area.

Fig. 3d depicts the SEM image for HDPBA-MWCNTSs/CPE.
Agglomerated and uneven distributed surfaces/pores are
shown in the HDPBA-MWCNTSs nanocomposite structure. Such
a rough surface is suitable for the accumulation of Cu(u) on the
electrode surface, which is significantly important for the
sensing of metal ions. The MWCNTs tubes are also obviously
shown in the composite structure. Both the morphologies of
HDPBA/CPE (b) and MWCNTSs/CPE (c) are observed in the
HDPBA-MWCNTs nanocomposite structure (d). The results
indicate that significant differences are found between the
surface morphologies of bare CPE and HDPBA-MWCNTSs
modified CPEs, indicating a successful immobilization of the
modifiers (HDPBA and MWCNTSs) on the CPE surface.

3.1.4 Electrochemical characterization of developed elec-
trodes. To investigate the surface interface characteristics of the
developed electrodes and to confirm the incorporation of
HDPBA and MWCNTs within the carbon paste electrode, the
electrochemical characterization of the fabricated electrodes
was done by CV and electrochemical impendence spectroscopy
(EIS). The cyclic voltammograms of ferricyanide were recorded
for unmodified and modified CPEs in K;[Fe(CN),] with KCI (0.1
M) solution as a supporting electrolyte. Fig. 4a depicts the CVs
of K3[Fe(CN)s] at unmodified CPE (1 g of graphite powder plus
0.36 mL of paraffin oil), HDPBA/CPE (7.5% (w/w) of HDPBA and
92.5% (w/w) of carbon paste (graphite powder plus paraffin oil)),
MWCNTSs/CPE (10.0% (w/w) of MWCNTs and 90% (w/w) of
carbon paste (graphite powder plus paraffin oil)), and HDPBA-
MWCNTS/CPE (7.5% (w/w) of HDPBA, 10.0% (w/w) of MWCNTSs,
and 82.5% (w/w) of carbon paste (graphite powder plus paraffin
oil)). Strong redox peaks of K;[Fe(CN)s] are found at unmodified
CPE (peak ii, red color). However, after modification of the
unmodified CPE with HDPBA (HDPBA/CPE), the redox peaks of
K;[Fe(CN)¢] decreased significantly with a remarkable peak
potential shift (peak i, black color). This may be because HDPBA
behaves as a blocking layer for charge transfer to hinder the
movement of ferricyanide towards the surface of the electrode
due to the repulsion between the [Fe(CN)s]*~ anion in
K;[Fe(CN)¢] solution and the lone pair electrons of -N and -OH
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Fig. 3 SEM images of (a) bare CPE,#?%** (b) HDPBA/CPE,??%3% (c) MWCNTs/CPE and (d) HDPBA-MWCNTs/CPE.

functional groups in HDPBA.****® While the CVs of K;[Fe(CN)e]
increased and the peak potentials shifted significantly in
further modification of HDPBA/CPE with MWCNTs (HDPBA-
MWCNTSs/CPE) (peak iii, blue color). Among the prepared
electrodes, MWCNTs modified CPE (MWCNTs/CPE) electrode
exhibits higher currents than all other electrodes (peak iv, green
color), which indicates the excellent conductivity and large
surface area of MWCNTs enhanced charge transfer rate and the
accumulation of [Fe(CN)s]*~ on the surface of the electrode
consequently increased peak currents.

400 (a) — i
300
— iii
200 iv

1004

1(nA)

-100 4

-200

-300

-04  -02 OTO Oj2 014 0.6 0.8
E (V) vs Ag/AgCl

Moreover, EIS characterization of the prepared electrodes
was done to verify the results found in CV. EIS is a basic tool for
determining the electrochemical properties of electrodes’
surface/interface and it can provide specific information of
impedance changes in the electrodes modification process. The
semicircle diameter in Nyquist/impedance plots corresponds to
the charge transfer resistance (R.). Hence, R., can be employed
to explain the interface properties of the electrodes. R.; values
depend on the behavior of the materials incorporated in the
surface of the electrodes.*

u HDPBA/CPE
® Unmodified CPE

25004 (b) | A HDPBA-MWCNTSs/CPE
v MWCNTSs/CPE "

2000
& 1500+
N 1000

5004

T T T T T T T
0 1000 2000 3000 4000 5000 6000
Z'(Q)

Fig.4 Cyclic voltammograms (a) and EIS plots (b) of ferricyanide (Ks[Fe(CN)gl) at HDPBA/CPE (i), unmodified CPE (i), HDPBA-MWCNTSs/CPE (iii),

and MWCNTSs/CPE (iv).
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Fig.5 SWASVs of 1.500 uM Cu(i) in 0.1 M ammonium chloride (NH4Cl,
pH 5) solution at unmodified CPE (i), MWCNTS/CPE (ii), HDPBA/CPE
(iii), and HDPBA-MWCNTSs/CPE (iv); accumulation time: 180 s; accu-
mulation potential —0.70 V; pulse amplitude: 100 mV; frequency: 60
Hz; and step potential: 6 mV.

EIS plots were recorded in Kz[Fe(CN)e] solution with KCI (0.1
M) supporting electrolyte in the frequency region from 0.1 Hz to
100 000 Hz at a potential of 0 V versus Ag/AgCl with an ampli-
tude of 0.005 V. Fig. 4b shows the impedance Nyquist plots of
different prepared electrodes. The R.value was found to be 2469
Q for unmodified CPE (curve ii). After modification of the CPE
with MWCNTs (MWCNTSs/CPE), the semicircle becomes
a straight line compared with unmodified CPE, and the R.; value
decreased to 625 Q (curve iv). The lower interfacial charge
transfer resistance (R.) value observed for MWCNTSs/CPE could
be attributed to the good conductivity and electrochemical
properties of the nanomaterials, MWCNTs. However, the R
value increased to 1835 Q in further modification of MWCNTSs/
CPE with HDPBA (HDPBA-MWCNTs/CPE) (curve iii). As
compared to other electrodes, HDPBA modified CPE (HDPBA/
CPE) has highest EIS semicircle diameter with R. value of
3403 Q (curve i). This can be explained by the fact described
above the lone pair electrons of -N and —-OH groups in HDPBA
repel the [Fe(CN)s]>~ anion in the ferricyanide solution,
evidently HDPBA behaves as a blocking layer for charge transfer
to obstacle the movement of ferricyanide for the surface of the
HDPBA/CPE.***¢ The results found from EIS plots are in

I
\ + M*__
C=N
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Fig.7 Effect of pH of supporting electrolyte solution (NH4CL, 0.1 M) on
the current response of Cu(il); accumulation time: 180 s; accumulation
potential —0.70 V; pulse amplitude: 100 mV; frequency: 60 Hz; and
step potential: 6 mV.
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Fig. 8 Cyclic voltammograms of 1.500 pM Cu(i) in 0.1 M NH,4CL (pH 5)
at HDPBA-MWCNTs/CPE with different scan rates (bottom to top: 20,
40, 60, 80, 100, 120 and 140 mV s™). Inset: the corresponding cali-
bration plot for the redox peak currents of Cu(n) versus the scan rates.

accordance with the results obtained from CV characterization
as given above. This proves the effective immobilization of
HDPBA and MWCNTs on the CPE surface.

Fig. 6 The proposed complexation mechanism of HDPBA with metal ion (M%) (M?* = Cu?™).
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Fig. 9 Square wave voltammograms of different concentrations
(bottom to top: 0.00007, 0.005, 0.01, 0.05, 0.10, 0.20, 0.40, 0.60,
0.90, 1.20, and 1.50 uM) of Cul(l). Inset: the corresponding Cuf(i)
concentrations versus peak currents. Experimental parameters: sup-
porting electrolyte solution: 0.1 M NH,4CLl (pH 5); accumulation time:
180 s; accumulation potential: —0.70 V; pulse amplitude: 100 mV;
frequency: 60 Hz; step potential: 6 mV.

3.2  Electrochemical determination of Cu(u) with prepared
electrodes

3.2.1 Square wave anodic stripping determination of Cu(u).
Fig. 5 depicts the square wave anodic stripping voltammograms
(SWASVs) of Cu(u) in NH,CI buffer solution (0.1 M, pH 5.0) at
unmodified and modified CPEs in the potential scan from
—0.50 Vto 0.40 V. As shown in the figure, after preconcentration
of Cu(u) at an applied potential of —0.70 V versus Ag/AgCl for
180 s, unmodified CPE did exhibit a small anodic peak current
at —0.019 V (peak i) compared to other modified electrodes.
This indicated that an unmodified CPE surface did not
promoted effective interaction with the Cu(u). However, for
MWCNTSs/CPE, a very sharp and well-defined anodic peak
current of Cu(u) is appeared (peak ii) as compared with
unmodified CPE. In addition, the MWCNTSs modified electrode
shows a shift in the peak potential towards a negative value

I(nA)

-5 T
-0.5 -0.4
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(—0.030 V). This can be ascribed to the good conductivity of
MWCNTs in the MWCNTs/CPE surface that enhanced the
electron transfer rate of Cu(u). Furthermore, the large surface of
MWCNTs can effectively increases the accumulation of Cu(u) on
the surface of the modified electrode.

The electrode prepared with HDPBA (HDPBA/CPE) showed
a larger and highly intense anodic peak current (peak iii) as
compared with MWCNTSs/CPE (peak ii) and unmodified elec-
trode (peak i). This indicates the complex formation between
ligand, HDPBA and Cu(u). The interaction of HDPBA molecules
with the copper ions is based on an interfacial process that
depends on the nature of the electrode surface functionalities.
Based on the acids and bases theory defined by Pearson, metal
ions will have a tendency to form complexes with ligands that
have electronegative donor atoms.*” Since HDPBA is a ligand
and can behave as a Lewis base (Fig. S17), it can form a coor-
dination bond with the Lewis acid, Cu(u) using the lone pairs
electrons on the nitrogen and oxygen atoms showing relatively
low m-acidity. This metal-ligand complex results in the pre-
concentration of a large concentration of Cu(u) on the surface of
the modified electrode and consequently gives high current
responses during the stripping step as compared to the
unmodified electrode and MWCNTSs/CPE. Therefore, HDPBA
was successfully used as a complexing agent for the sensitive
and selective electrochemical sensing of Cu(u) at the carbon
paste electrode (CPE) modified with MWCNTs (HDPBA-
MWCNTSs/CPE). Such important characteristics of the modifier
have a significant role to obtain very low detection limits in the
voltammetric determinations of Cu(u) with modified CPE as
a working electrode.

The anodic peak of Cu(r) at HDPBA-MWCNTSs/CPE (peak iv)
is higher than that of all other electrodes (peaks i, ii, and iii).
This is explained by the fact described above that the HDPBA
and MWCNTs had a synergetic effect on the preconcentration
and detection of Cu(u). Because of HDPBA was applied as an
excellent complexing agent for Cu(u) and MWCNTs in carbon
electrodes could facilitate the charge transfer rate among elec-
trode surface and the analyte which result in better electro-

chemical sensing performance of HDPBA-MWCNTs/CPE
254 (b)
20+
15
<
2 101
~

T T T
-04 -03 -02 -0.1 00 0.1 02 03
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Fig. 10 SWASVs of 0.1 uM Cu(n) (a) six repeated measurement using single electrode (HDPBA-MWCNTs/CPE) and (b) five separate electrodes
(HDPBA-MWCNTSs/CPEs) prepared in similar manner. Experimental parameters: supporting electrolyte solution: 0.1 M NH,4Cl (pH 5); accu-
mulation time: 180 s; accumulation potential: —0.70 V; pulse amplitude: 100 mV; frequency: 60 Hz; step potential: 6 mV.
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Table 1 Results for repeatability study (repeated measurements) of HDPBA-MWCNTs/CPE in the determination of 0.1 uM Cu(i) solution

Current response,

Relative standard

Repeated measurements I, (nA) Mean of I, Standard deviation deviation (RSD)
ml 21.4

m2 20.58

m3 21.06

m4 19.86

mb5 20.44

mé6 20.39 20.62 0.54 2.62

compared to the remaining electrodes (peaks i, ii, and iii). Thus,
the use of MWCNTs and HDPBA as effective modifiers is very
important to significantly improve the voltammetric signal of
the carbon paste electrode for Cu(u) detection.

3.2.2 Electrochemical process involved in detection
mechanism of Cu(u). Based on the observed experimental
findings and similar pertinent information reported in the
literature on the relevant topic, a mechanism for Cu(u) binding
at the surface of modified electrode is proposed.®*° N'-
Hydroxy-N',N*>-diphenylbenzamidine (HDPBA) contains oxygen
and nitrogen-containing functional groups in their chemical
structures. These functional groups to form complex with the
Cu(u) ions. The proposed mechanisms of the accumulation and
stripping of Cu(u) ions at the modified electrode surface are
given as follows:

Accumulation step:

(Cu**) solution + MCPE — (Cu?**~MCPE) adsorbed complex

(Cu**~MCPE) adsorbed complex + 2e~ — (Cu-MCPE) adsor-
bed complex

Stripping step:

(Cu-MCPE) adsorbed complex — 2e~ — (Cu®") solution/surface
+ MCPE

The proposed complexation mechanism between the
synthesized ligand, N'-hydroxy-N',N*-diphenylbenzamidine
(HDPBA) and metal ion (M>* = Cu”") is also presented in Fig. 6.

3.3 Optimization of the experimental conditions

3.3.1 Effect of the electrodecompositions. The effect of
electrode compositions on the voltammetric peak current of

Cu(u) was investigated by fabricating different electrodes using
various proportions (w/w ratio) of HDPBA, MWCNTSs and carbon
paste. At constant composition of MWCNTs (5%), the peak
current intensity of Cu(u) was enhanced by increasing the
amount of HDPBA from 2.5% (w/w) to 7.5% (w/w), and the
largest current response of Cu(u) was observed at 7.5% (w/w) of
the HDPBA. This indicates the presence of a sufficient extent of
complexation between metal ion and ligand because of an
adequate coverage of the ligand on the surface of the electrode.
However, a further increase in the amount of modifier (HDPBA)
after 7.5% (w/w) caused a slight decrease in the peak current of
Cu(n) due to a reduction in conductive carbon particles on the
electrode surface.

Similarly, at the constant composition of HDPBA (7.5%), the
peak current intensity of Cu(u) was increased by increasing the
contents of MWCNTSs from 2.5% to 10.0%. This is due to the
good conductivity and large surface area of the nanomaterials
(MWCNTS). But after 10.0% of MWCNTS, the current response
of Cu(n) was slightly diminished. This might be because of an
agglomeration effect of nanomaterials and an increase in the
background current. Therefore, 7.5% (w/w) of HDPBA, 10.0%
(w/w) of MWCNTs and 82.5% (w/w) of carbon paste for HDPBA-
MWCNTSs/CPE were chosen as optimum electrode compositions
and used for all subsequent measurements.

3.3.2 Effect of supporting electrolyte solutions and pH. The
influence of the nature of supporting electrolyte solutions as
accumulation and stripping media on the peak current of Cu(u)
was investigated using several solutions including Britton-
Robinson (B-R), NH,Cl, HCl, KNO;, CH3;COONa, NaClO,,
Na,HPO,/NaH,PO,, and Naz;CsH50, (0.1 M). Among the tested
solutions, the highest voltammetric current response with
a better-defined peak shape and lowest background current was
observed in NH,CI (0.1 M). This might be because of the buff-
ering ability and ionic strength differences of the given
solutions.

Table 2 Results for reproducibility study of HDPBA-MWCNTSs/CPE in the determination of 0.1 uM Cu(i) solution

Current response,

Relative standard

Electrodes I, (nA) Mean of I, Standard deviation deviations (RSD)
E1 21.12

E2 20.67

E3 20.82

E4 19.42

E5 21.43 20.69 0.79 3.74
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Table 3 Effect of different ions on the determination of 0.1 uM Cu(i) with HDPBA-MWCNTs/CPE

Interfering ion

Interference level/concentration

K',Na*, Zn**, Mg**, Ca**, NO;~ and Cl~
Co?",Ni**, Fe*" and SO,*

Hg>" and Cd**

Pb2+

The effect of the solution pH on the current response of
Cu(u) was determined by changing the pH values of NH,ClI
buffer solution from 3 to 8 and the results are depicted in Fig. 7.
The highest peak was recorded at pH 5.0. Below and above pH
5.0, the voltammetric peak currents of Cu(u) were diminished.
The decrease of the voltammetric peak current at higher pHs
(pHs > 5) can be ascribed to the hydrolysis of metal ion in the
test solution; this leads the decrease in the preconcentrated
metal ion on the surface of the modified electrode. The decrease
in the current responses of Cu(u) at lower pHs (pHs < 5.0) can be
attributed to the competition between the proton ion and Cu(u)
for binding with the donating atoms of the modifier (HDPBA) at
the surface of electrode because of the increase in the number
of protons in acidic media. Moreover, at lower pH values, the
modifier can gradually dissolve in the supporting electrolyte
solution and loses its capability for immobilizing Cu(u).
Therefore, pH 5.0 (NH,Cl, 0.1 M) was chosen as the optimum
pH for further experiments.

3.3.3 Effect of accumulation potential and time. The
potential effect on the stripping peak currents of Cu(u) was
investigated by varying the accumulation potential from
—0.10 V to —1.10 V versus Ag/AgCl. As presented in Fig. S2,t the
stripping current responses of Cu(u) noticeably increased with
the shifting of the accumulation potential from —0.10 to
—0.70 V, and the highest peak current was observed at —0.70 V.

>200 (fold)
>100 (fold)
>50 (fold)
>30 (fold)

A lower stripping peak current at more positive potentials
(<—0.70 V) is due to the fact that the target metal ion (Cu(u))
could be scarcely reduced because of inadequate reduction
potential. No significant peak current change was observed at
more negative potential beyond —0.70 V. This may be because of
the reduction of hydrogen ions/hydrogen evolution in the buffer
solution when the applied accumulation potential becomes
more negative than —0.70 V. For this reason, —0.70 V was
chosen as the optimum accumulation potential and employed
for further studies.

In order to study the influence of accumulation time on the
voltammetric currents of Cu(u), the accumulation time varied
between 30 and 240 s. As shown in Fig. S3,f the current
responses increased rapidly at first (up to 180 s), and then
a gradual increment at more accumulation times (after 180 s).
The gradual increase of the stripping peak current responses
after 180 s can be explained by the saturation of the electrode
surface with preconcentrated Cu(u) and/or the accomplishment
of steady-state equilibrium of complex formation. Therefore, an
accumulation time of 180 s was selected as the optimum time
and used throughout the experiments of the present study.

Other optimum SWASV modulation parameters including
pulse amplitude, frequency, and step potential were investi-
gated for obtaining a maximum signal-to-noise ratio. Based on
the shape and symmetry of peaks, the most appropriate values

Table 4 Comparison of some analytical characteristics of HDPBA-MWCNTSs/CPE with other previously reported electrodes in the literature for

the determination of Cu()

Accumulation

Electrode” Technique time (s) Liner range (nM) LOD (nM) Ref.
TC4/AuNPs/SPCE DPV 120 3148.0-15740 210.25 51
L-Cysteine/AuE SWV 300 0.787-78.7 0.39 52
G-MWCNT/ITO SWASV 150 50.00-2500 12.00 53
L-cys/AuNPs/CdS/GCE SWASV 210 0.500-200 0.10 54
Cr-CPE SWASV 100 157.40-12592 47.22 55
NALc/AuE ASV 420 0.10-100 0.10 56
Ligand L/CPE DPV — 15.74-1574 0.55 48
BBKS-CPE SWV 130 157.4-1259 153.78 57
GQD-AuNPs/GCE SWASV — — 0.05 58
Gly-Gly-His/MP/AuE SWV 600 0.00128-0.0253 0.0002 59
Fe;0,@Au@r-cysteine/CPE DPV 120 2.0-400.0 0.40 60
HDPBA-MWCNTSs/CPE SWASV 180 0.07-1500 0.0048 Present work

“ TC4/AuNPs/SPCE: thiolated calix[4]arene derivative modified on gold nanoparticles and screen-printed carbon electrode; r-cysteine/AuE: -
cysteine modified gold electrode; G-MWCNT/ITO: graphenated multi-walled carbon nanotubes modified indium tin oxide electrode; r-cys/
AuNPs/CdS: i-cysteine functionalized gold nanoparticles/cadmium sulfide nanopheres; Cr: chromium(ur) oxide; NALc/AuE: gold electrodes
modified with N-acetyl-L-cysteine; ligand L: 2,2'~((pyridine-2,6-diylbis(azanylylidene))bis(methanylylidene))-bis(4-bromo phenol); BBKS: Bigarreau
Burlatkernel shells; GQD-AuNPs: graphene quantum dots functionalized gold nanoparticles; Gly-Gly-His/MPA/AuE: covalent attachment of the
tri-peptide glycyl-glycyl-histidine to self assembled monolayer of 3-4 mercaptopropionic acid formed on the gold electrode; Fe;0,@Au@t-
cysteine: Fe;0, and gold magnetic nanoparticles-L-cysteine.
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Table 5 Results (N = 5) of the determination of Cu(i) in environmental water and soft drink samples using HDPBA-MWCNTSs/CPE and AAS

method”
Sample Added (uM) Found (uM) (proposed method) Recovery (%) (proposed method) Found (uM) (AAS method) Recovery (%) (AAS method)
Wastewater 0 0.0814 (£0.0021) — 0.0797 (+0.0011) —

0.05 0.1306 (£0.0032) 98.40 0.1286 (+0.0043) 97.80
Tap water 0 0.0678 (£0.0017) — 0.0692 (£0.0021) —

0.05 0.1196 (£0.0024) 103.6 0.1206 (+0.0030) 102.8
Fanta 0 ND — ND —

0.05 0.0517 (£0.0031) 103.4 0.0520 (£0.0022) 104.0
Sprite 0 ND — ND —

0.05 0.0473 (£0.0010) 94.60 0.0481 (+0.0013) 96.20

Measured/detected
(uM Labeled (pg

Food supplement sample Expected/pM (M) per tablet) per tablet) Recovery (%)

Multi-mineral/vitamin tablets (Rezumin) 0.1

% ND: not detected.

for amplitude, frequency, and step potential were found to be
100 mV, 60 Hz, and 6 mV, respectively.

3.3.4 Scan rate. The influence of scan rate on the peak
current response of Cu(u) was investigated to distinguish the
type of interaction that happened among Cu(u) and HDPBA-
MWCNTs modified electrode. The scan rate varied from 20 to

30+
(a)
254
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_
< 15
3
~ 104
5_
O_
05 -04 -03 -02 001 00 01 02 03

E (V) vs Ag/AgCl

100 (€)
80-

604

I(nA)

40

204

0.0981 (£0.02)

784.80 800.00 98.10

140 mV s~ '. As presented in Fig. 8, the redox peaks were ob-
tained at different scan rates (v). The redox peak currents of
Cu(n) increased with increasing scan rates (v). The currents of
Cu(un) were linearly dependent on the scan rate, indicating
a typical adsorption-controlled process occurred on the elec-
trode surface. This shows the electron transfer is controlled by

2519
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Fig. 11 SWASVs for (a) wastewater and (b) tap water with spiking various concentrations of Cu(i): (i) 0.0 uM, (ii) 0.05 pM, (iii) 0.1 uM, (iv) 0.15 uM,
and (v) 0.2 uM; (c) SWASVs for multi-mineral/vitamin tablet samples with different concentrations of Cu(n) (bottom to top): (i) 0.1 uM, (ii) 0.3 uM,
(iii) 0.7 uM, and (iv) 1.0 uM.
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the catalytic adsorption process due to an enhancement of the
mass-transfer rates of the Cu(u) to the surface of the modified
electrode.

3.4 Analytical performance of HDPBA-MWCNTs/CPE

3.4.1 Calibration curve and detection limit. To verify the
linear correlation between copper concentrations and peak
currents, calibration curves for the detection of Cu(u) at
HDPBA-MWCNTSs/CPE were performed using the square wave
anodic stripping voltammetric (SWASV) method under optimal
experimental parameters. The SWASVs at various concentra-
tions of Cu(u) were recorded in NH,ClI buffer solution (0.1 M, pH
5) after 180 s preconcentration time at —0.70 V versus Ag/AgCl.
Square wave voltammograms of different concentrations of
Cu(u) with the corresponding calibration curve plots are
depicted in Fig. 9. As shown in the figure, a good linear corre-
lation was obtained between Cu(u) concentrations and peak
currents. A linear dynamic range in the concentrations between
0.00007-1.5000 pM Cu(u) was found with calibration equation
of I, (nA) = 95.89[Cu(m)] + 7.74. The R (correlation coefficient)
value was found to be 0.996. The detection limit using a calcu-
lation of LOD = 35/m was found to be 0.0048 nM, where m and S
are the slope of calibration graph and standard deviation of
0.00007 uM Cu(u) signals, respectively. The S was obtained
using the calculation of 6 repeated measurements of 0.00007
uM of Cu(u) signals. The results prove that HDPBA-MWCNTSs/
CPE had an excellent sensitivity towards the detection of
Cu(u) with a wide linear dynamic range.

3.4.2 Repeatability, reproducibility and stability. For the
repeatability study, the developed electrode was evaluated by
performing six repeated measurements of 0.1 uM Cu(u) solution
with the same electrode. The voltammograms and tabular
results for six repeated cycles/measurements have now been
given in Fig. 10a and Table 1, respectively. As can be seen in
Table 1, the RSD of 2.6% was found for six repeated measure-
ments of 0.1 uM Cu(n) solution. The reproducibility of the
HDPBA-MWCNTSs/CPE was studied by determination of 0.1 pM
Cu(u) solution using 5 separate electrodes prepared in a similar
way. The SW voltammograms and tabular results for five sepa-
rate electrodes have now been given in Fig. 10b and Table 2,
respectively. A relative standard deviation (RSD) value for the 5
separate electrodes was found to be 3.7% which shows the good
precision of the developed electrode. Moreover, the stability of
the fabricated electrode was investigated by recording the
current responses of 0.2 uM Cu(u) over a period of two months
(one measurement per two weeks). The maximum current
response deviation/relative error in the current response after
two months was 6.3%. The results indicate that the HDPBA~
MWCNTSs/CPE has excellent reproducibility and long-time
stability which confirm a good applicability of the electrode
for real samples analysis.

3.5 Selectivity study

The effect of potentially interfering ions on the detection of
Cu(n) was examined at optimal voltammetric conditions.
Several possible interfering metal ions and anions such as K,
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Na“, Fe?*, Zn>*, Hg*", Pb**, cd**, Mg**, Ca**, Ni**, Co**, Cl 7,
NO;~ and SO,>~ were tested to investigate the selectivity of the
HDPBA-MWCNTSs/CPE to Cu(i) detection in the present work.
The study was performed by adding different concentrations of
interfering ions in a known concentration of Cu(u) solution (0.1
puM) during the accumulation step. The results are given in
Table 3. The maximum concentration of the interfering ions
that caused a relative error of +5% on the determination of 0.1
uM Cu(u) was taken as the tolerance limit.

As presented in the table, it was found that the addition of
different concentrations of the tested ions (in four different
groups, from 30-fold up to 200-fold molar excess) into Cu(n)
solution (0.1 uM) had no substantial effect on the peak current
of Cu(u). The results prove that the HDPBA-MWCNTSs/CPE has
higher selectivity for Cu(n) compared to other metal ions. This
can be suggested that since Cu(u) has a small size compared to
most of the mentioned divalent heavy metal ions, there could be
fast adsorption interaction to Cu(u) through the coordination
effect with -OH and -N groups of HDPBA (Fig. S1t) and carboxyl
group (COOH) of functionalized MWCNTy as compared with
other interfering ions. This indicates the proposed electrode is
highly selective and can be employed for the quantification of
Cu(n) from a complex matrix in the presence of other ions
without any separation.

3.6 Comparison of the performance of HDPBA-MWCNTSs/
CPE with other reported electrodes

Table 4 shows the analytical performance/characteristics of the
developed HDPBA-MWCNTSs/CPE and other several electrodes
reported in the literature for the determination of Cu(u). As
given in the table, the present electrode has a wider and
comparable linear range as compared to other reported elec-
trodes. The LOD for the HDPBA-MWCNTSs/CPE is much lower
compared to the reported electrodes except for one electrode.*
But this electrode has a relatively higher accumulation time (10
min) than the proposed electrode (3 min). A shorter accumu-
lation time used in the present method enables quick analysis.
The results proved that the proposed electrode has excellent
analytical performance as compared to almost all the reported
electrodes and it has great applicability for the determination of
very low concentrations of Cu(i).

3.7 Novelty of the study

For the first time, a highly sensitive and selective electro-
chemical sensor for the determination of copper(u) at trace
levels has been developed using a carbon paste electrode
modified ~ with  N'-hydroxy-N',N’-diphenylbenzamidine
(HDPBA) and multi-walled carbon nanotubes (MWCNTs)
composite (HDPBA-MWCNTSs/CPE). The preparation of the
electrode is very simple (with easy renewable surface), cost-
effective and not time-consuming. The developed electrode,
HDPBA-MWCNTs/CPE exhibited excellent sensitivity, selec-
tivity, stability, and reproducibility for the electrochemical
sensing of target analyte, Cu(u). In contrast with most of the
electrodes reported in the literature, the proposed electrode has
achieved a better sensing performance with a very lower

© 2022 The Author(s). Published by the Royal Society of Chemistry
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detection limit, wider linear range and short analysis time. The
fabricated HDPBA-MWCNTSs/CPE was effectively applied in the
determination of concentrations of copper(u) in several types of
environmental and food samples including water, soft drinks,
and food supplement samples from different sources. It was
found that the proposed method has good applicability for real
sample analysis of different matrixes.

3.8 Analytical application

The practical applicability of HDPBA-MWCNTs/CPE was eval-
uated by utilizing it to determine Cu(u) in various real samples
such as water samples (industrial wastewater and tap water),
soft drinks (Fanta and Sprite), and food supplement (multi-
mineral/vitamin tablets, Rezumin, India). The contents and
recoveries of Cu(u) in the test samples were done using the
standard addition method under optimal conditions. Further-
more, to verify the accuracy and validation of the developed
method, the results obtained from the present method were
validated with the results found from atomic absorption spec-
trometry (AAS). As can be seen in Table 5, the original concen-
trations of Cu(u) in wastewater and tap water samples were
found to be 0.0814 pM and 0.0678 uM, respectively. While Cu(r)
was not detected in soft drink samples (Fanta and Sprite) within
the given detection range. The detected concentration of Cu(n)
in multi-mineral/vitamin tablets (Rezumin) with the present
method was found to be 784.80 pg per tablet, while its labeled
concentration was 800.00 pg per tablet. The recovery values for
the concentration of Cu(u) in the tasted samples were found to
be 94.60% to 103.6%. The representative SWASVs for the
analyzed wastewater, tap water, and multi-mineral/vitamin
tablet samples are shown in Fig. 11.

The agreement between the results obtained from proposed
method and AAS method was verified using paired ¢-test at
a95% confidence level (p = 0.05). The t-test confirms the results
obtained from proposed method have no significant differences
from those found from AAS. This indicates the reliability and
accuracy of the proposed method. Therefore, it can conclude
that the developed method has good applicability for the
determination of trace levels of Cu(n) in real samples without
significant matrix effects.

4 Conclusions

In this study, a novel chemically modified CPE has been
developed using a laboratory-synthesized ligand, HDPBA, and
MWCNTs composite for the determination of Cu(u) at pico-
molar levels using the SWASV technique. The electrochemical
and surface properties of the fabricated electrode were effec-
tively characterized using different spectroscopic techniques.
The good metal-chelation/complex formation property of the
ligand significantly improved the sensing performance of the
modified electrode for selective and sensitive interaction with
Cu(n). Moreover, the excellent conductivity and large surface
area of MWCNTs further increased the sensitivity of the
HDPBA-MWCNTSs/CPE for the detection of Cu(u) at very lower
concentrations. Under optimal conditions of the experiment,
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the developed HDPBA-MWCNTSs/CPE has achieved a very low
LOD, a wide linear range, and excellent selectivity and sensi-
tivity. In addition, high stability and reproducibility, short
analysis time, simple and low-cost electrode preparation with
easy renewable surface are among the novel properties of the
developed electrode. The proposed electrode was effectively
used to determine Cu(u) in wastewater, tap water, Fanta, Sprite,
and multi-minerals tablet samples without substantial matrix
effects. Validation of the results was done by a comparative
method using AAS at a 95% of confidence level. The results
found from the proposed method have good agreement with
those of AAS. In comparison with the atomic spectroscopic
techniques, the proposed method has many advantages in
terms of portability, instrumental cost, short analysis time,
sensitivity, and selectivity. This indicates the HDPBA-MWCNTs/
CPE can be used as a promising sensor not only for the quan-
tification of Cu(u) but also for other metal ions at trace
concentrations in various types of environmental, food samples
and even other matrixes in the future due to the interesting
analytical characteristics of the electrode.
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