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Green synthesis of copper oxide nanoparticles
using Ficus elastica extract for the electrochemical
simultaneous detection of Cd?*, Pb?*, and Hg?*+
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In this paper, for the first time, we report the use of a new carbon paste electrode based on a low-cost pencil
graphite powder modified with polyaniline (PANI) and green synthesized copper oxide nanoparticles using
Ficus elastica extract as a sensor for Cd?*, Pb?*, and Hg?*. The elaborated electrode was characterized by

FT-IR spectroscopy, field-emission gun scanning electron microscopy (FEG-SEM), energy-dispersive X-ray
spectroscopy (EDX), X-ray diffraction (XRD), and simultaneous thermal analysis (TGA/DSC). The

electrochemical behavior

of the sensor

was evaluated using cyclic voltammetry (CV) and

electrochemical impedance spectroscopy techniques. According to CV, as well as square wave
voltammetry (SWV) results, it was found that the CUONPs/PANI-CPE sensor was able to determine very

low concentrations of Cd?*, Pb?*, and Hg?* in HCl (0.01 M) either in single metal or in multi-metal
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solutions with a high sensitivity. Furthermore, Cd**, Pb?*, and Hg?" simultaneous detection on CuONPs/

PANI-CPE achieved very low limits of detection (0.11, 0.16, and 0.07 ng L respectively). Besides, the
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1. Introduction

Aquatic ecosystem health is heavily dependent upon water
quality. The accumulation of inorganic contaminants such as
heavy metals in different surface waters affects many aquatic
animals, especially fish."* In the recent decades, industrial
liquid wastes have caused many environmental concerns.>*
This is particularly true in developing countries where, urban
wastewater spills charged with harmful heavy metals are
transferred in a risky manner and without initial processing
into the rivers. In many situations, these pollutants can be
carried into groundwater, thus worsening the problem.

These heavy metals, not only cannot degrade naturally, but
are also extremely toxic to living organisms. Their capacity to
accumulate in living organisms impacts ultimately humans. In
fact, humans are at the top of the food chain and are the most
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designed sensor displayed a good selectivity, reproducibility, and stability. Moreover, CUONPs/PANI-CPE
enabled us to determine with high accuracy Cd?*, Pb?*, and Hg?* traces in environmental matrices.

vulnerable groups to the bioaccumulation phenomenon.’
Among heavy metals, mercury, cadmium and lead are the most
dangerous pollutants and have been the subject of an
increasing number of related papers, Fig. S1.f

Three main types of mercury from various sources are
distinguished: methylmercury (MeHg), which is typically found
in fish consumption, mercury vapor (Hg’), which can be
inhaled, mercury present in dental amalgams (Hg"), and eth-
ylmercury (C,Hs;Hg"), which is produced by the ingestion of
certain mercury-containing vaccines.® The harmful effects of
mercury on human health and organs, are really concerning.
Mercury can induce renal insufficiency, cerebral lesions, and
various problems with movement.”

On the other hand, lead is one of the most widely distributed
heavy metals, which is regarded as a serious danger to the
environment. Consequently, Pb>" ions can be very damaging to
the cardiovascular, neurological, and renal organs because they
easily accumulate in both human and animal bodies owing to
their non-biodegradable nature.®® Another heavy metal, listed
as a highly toxic carcinogenic, is cadmium. It is a strong
respiratory and gastrointestinal irritant that can be harmful if
consumed or inhaled.' Depending on the route of intoxication,
cadmium poisoning can also result in an erosion of the
gastrointestinal system, and lesions of the lungs, liver, or
kidneys. Despite the fact that the mechanisms underlying
cadmium’s toxicity are poorly understood, it has been

© 2023 The Author(s). Published by the Royal Society of Chemistry
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postulated that cadmium harms cells primarily through the
production of reactive oxygen species,"* which damages ADN
and interferes with the synthesis of nucleic acids and proteins.*™
To effectively confront these environmental and health prob-
lems, it is becoming necessary to develop reliable monitoring
tools that are sensitive and precise.

Until now, spectrometric techniques are the most frequently
used for trace metal analysis such as atomic absorption spec-
troscopy and inductively coupled plasma mass spectrom-
etry.”>'* Notwithstanding their accuracy and reliability, these
methods are typically less accepted due to their complexity,
reliance on time, and high test costs.”” In addition, a qualified
staff is needed to carry out the measures.

In this context, the use of electrochemical sensors is unani-
mously accepted as an effective alternative to traditional
methods for determining the presence of multiple analytes with
comparable performances to spectrometric methods, such as
reasonable accuracy, simplicity, low cost, and improved selec-
tivity. But the most sought feature is, as developed by some
researcher's teams' the fast individual and simultaneous
determination of heavy metals. Furthermore, electrochemical
methods allow the identification and determination of these
chemical components in real samples, leading to an improved
protection of the environment.*®

The working electrodes, used as sensors, are often made of
conducting materials with polarization-related properties over
a wide range of potential.” In this context, the electrode
material should be non-toxic, chemically inert, and mechan-
ically robust.>* However, in several studies, the developed elec-
trodes imply expensive materials such as noble materials,*
glassy carbon electrode,* and nanocarbons.*

Pencil graphite electrode utilization for the detection of trace
heavy metals is now the subject of a dramatic increase in
research activity.”*** These electrodes are quite interesting
since they are actually inexpensive.** In addition, they have
excellent mechanical rigidity, wide potential window, and
a high percentage of graphite. As electrode, bare pencil graphite
was rarely used without modification since its performances
could be tremendously improved by the addition of a conduc-
tive polymer or metallic species in nano or micrometer level.*

Consequently, carbon paste electrode appears as the most
appropriate electrode since it is easily tailored to design the
desired electrode with the contribution of each compound.
Conductive polymers, such as PANI, polypyrrole (PPy), poly-
thiophene (PTH), and their derivatives, have a wide range of
applications, including sensors,**** and corrosion protection.*
Polymerization is usually carried out by in situ polymerization
method that is not good for the environment.** So, numerous
attempts have been made to create synthetic materials using
plant extracts in an environmentally-friendly manner.*”** In
fact, many organic compounds found in plant tissues, like
polyphenols, tannins, terpenoids, flavonoids, and alkaloids,
were employed as reducing agents and catalysts in nano-
particles synthesis.”>** Aisha et al. have found that (PANI)-/
green-synthesized silver-nanoparticle-modified carbon paste
electrodes has excellent selectivity in lead sensing in waste and
tap water samples with a detection limit of 0.04 uM of Pb>".*5 In
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another research, Eu*" doped NiO modified carbon paste elec-
trode has enabled Pb** and Cd>* electrochemical detection with
a limit of detection (LOD) around 0.1 and 0.4 ug L~ " for Pb>* and
Cd**, respectively.* Recently, lanthanide-functionalized MOF
and nanocomposite of poly(aniline boronic acid)/gum traga-
canth stabilized silver nanoparticles (PABA/GT@AgNPs) gave
low limits of detection (2.6 and 0.85 nM, respectively) for
Hg2+.47’48

These studies and some others have highlighted the syner-
getic effect of conducting polymers and metallic nanoparticles
which makes them a suitable option for increasing electrode
surface area and conductivity.

In this research, we developed a new electrochemical sensor
for simultaneous determination of Cd*>*, Pb**, and Hg>* using
square wave voltammetry (SWV) and cyclic voltammetry (CV)
with high sensitivity and low detection limit.

For the first time, we report the use of a new carbon paste
electrode based on low-cost pencil graphite powder modified
with PANI and green synthesized copper nanoparticles using
Ficus elastica extract.

2. Experimental

2.1. Chemicals and reagents

Copper(u) sulfate pentahydrate (CuSO,-5H,0) was purchased
from Sigma-Aldrich, hydrochloric acid HCl was purchased from
Fluka and paraffin oil from PROCHIMA-SIGMA. Lead nitrate
Pb(NO3;),, mercury(u) sulfate (HgSO,), and cadmium chloride
hemi(pentahydrate) (CdCl,-2.5H,0) were provided by (BIO-
CHEM Chemopharma). A stock solutions of Cd**, Pb**, and
Hg”" with a concentration of 1000 mg L™" were prepared by
dissolving their salts in distilled water. Aniline, ammonium
persulfate (APS), chloroform, and all other chemicals are
provided by (BIOCHEM Chemopharma). Ficus elastica leaves
were collected in Skikda university campus green spaces. A
Rotring pencil graphite B grade was bought in a local library.

2.2. Apparatus and measurements

The elaborated electrode was characterized by FT-IR spectros-
copy using a PerkinElmer spectrometer with compact KBr
pellets (4000-400 cm ™). The surface morphological character-
istics of the electrode materials were analyzed using field-
emission gun scanning electron microscopy (FEG-SEM) (Quat-
tro S) accompanied by the determination of the elemental
composition using an energy-dispersive X-ray spectroscopy
(EDX). The microstructural and structural characteristics of the
materials were evaluated using the X-rays diffraction (Bragg-
Brentano). The thermal stability was assessed using a simulta-
neous thermal analyzer (TGA/DSC): TGA/DTG 3 + 1600 °C,
Mettler Toledo. All electrochemical measurements were per-
formed using either a potentiostat/galvanostat 273A (Princeton
Applied Research) or a VersaSTAT 3 potentiostat/galvanostat
(Princeton Applied Research, AMETEK, USA). This latter was
especially used to perform electrochemical impedance spec-
troscopy (EIS). Both electrochemical apparatus were connected
to a typical three-electrode system made up of a platinum wire
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as the counter electrode, a Ag/AgCl (saturated KCI) reference
electrode, and the modified carbon pastes as the working
electrodes. All potentials were quoted in respect to the Ag/AgCl
(saturated KCl) reference electrode.

2.3. Green synthesis of copper oxide nanoparticles
(CuONPs)

Ficus elastica plant was obtained by the reflux method in
distilled water according to the following procedure: the freshly
harvested Ficus plant was washed and allowed to dry in the open
air for 15 days. Then, it was finely grounded using an electric
grinder. The extract was prepared by boiling 20 g of dry leaves in
200 mL of distilled water. After that, the mixture was left to
macerate overnight and separated by vacuum filtration. The
filtrate was then stored in a tightly closed amber glass bottle.
The extract was used as a reducing solution.

Copper oxide nanoparticles were prepared by adding 20 mL
of the extract solution into 100 mL sulfate copper solution
(CuS0O,-5H,0; 0.1 M) under continuous stirring until the
initially clear solution becomes instantly cloudy, revealing the
beginning of the formation of copper oxide metal nanoparticles
(CuONPs). The stirring was maintained for 24 hours in order to
achieve the a complete transformation of copper ions into
copper oxide nanoparticles. The obtained CuONPs were puri-
fied by centrifugation at 10000 rpm for 10 min,* washed
thoroughly with distilled water and dried in an oven at 70 °C for
24 hours to obtain a metallic powder appearance.

The obtained nanoparticles material (5.0 mg) was stirred
continuously with 5 mL of chloroform to create a suspension
with a concentration of 1.0 mg mL". Then, the suspension was
kept in a tightly closed bottle until use in the electrode
modification.*

2.4. PANI synthesis

Two solutions were prepared: in the first one (s1), aniline
monomer was dissolved in 100 mL of chloroform to obtain
a concentration of 0.32 M. The second solution (s2) was made by
dissolving 0.8 M APS in 100 mL HCI; 1 M. Dropwise addition of
s2 into s1 was done with caution and left for a moment. After
that, polyaniline was produced at the two immiscible solution
separation. It was a layer of a green polymer. After 24 hours, the
greenish-black color of the formed polymer was further inten-
sified (Scheme 1). Finally, the solid polymer layer was filtered
and allowed to dry at room temperature.*®
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2.5. Fabrication of CuONPs/PANI-CPE

The carbon paste electrode was obtained by manually
combining 0.1 g PANI with 0.90 g finely grounded pencil
graphite powder in a ceramic mortar. Ten drops of paraffin oil
were then added to the mixture and well homogenized for at
least 20 min till a smoothly wetted and suitably firm paste
texture was achieved. The paste was filled and packed in a glass
cylinder with 9 mm of diameter and 60 mm of length. A copper
wire was sealed to a plunger that was in close contact with the
paste and extended to the outside of the cylinder to ensure
electrical contact. At this stage, the electrode was labeled as
CPE. Using the same procedure, the bare CPE was combined
with PANI, the electrode was labeled as PANI-CPE. When the
electrode surface was coated with a 5 pL. CuONPs suspension
and then allowed to air dry at ambient temperature, the elec-
trode was labeled as CuONPs/CPE. In order to renew the elec-
trode surface, the carbon paste was rubbed on white sheet paper
until it looked shiny.

3. Results and discussion

3.1. Material characterization

The morphological characteristics of the prepared electrode is
depicted in Fig. 1. Carbon paste electrode elaborated by the
addition of paraffin oil exhibited a broadly smooth homoge-
neous surface, Fig. 1A. While PANI incorporation to the CPE
roughen the surface, Fig. 1C. In fact, the synthesized PANI has
a sea sponge-like structure with large pores and have a small
rod-shaped particles with around 41 nm of diameter, as re-
ported by previously published papers,*>** Fig. 1B. Roughened
surface has an important contribution in increasing charge
transfer and enhancing the electrode material conduc-
tivity.*>**5> According to FEG-SEM images in inset of Fig. 1D, the
prepared CuONPs was made up of flower-like agglomerates of
a size between 20 and 107 nm. The slight agglomeration of the
synthesized nanoparticles may be attributed to the use of bio-
logical components during the synthetic process. This is in
agreement with some recent studies.*** The EDX spectrum of
CuONPs has confirmed that Cu and O are the only components
of this material, Fig. 1D. The strong sulfide peak may be
attributed to sulfate from copper(u) sulfate pentahydrate
(CuS0,-5H,0) used for CuUONPs synthesis.

The thermal stability and thermal degradation of PANI were
investigated using thermogravimetric analysis, Fig. 2B. PANI
suffers four main stages of heat deterioration. The first weight

Scheme 1 Preparation process of PANI.
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Fig. 1 FEG-SEM images of: (A) carbon paste electrode (CPE), (B) polyaniline (PANI), (C) a mixture of PANI and CPE, and (D) EDX patterns for
CuONPs. Inset: FEG-SEM images of green synthesized CuONPs and elemental analysis weight and atomic ratios extracted from EDX patterns.
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Fig. 2 (A) DSC curve of PANI, (B) TGA analysis of PANL.

loss from 23.05 °C up to 144.90 °C is mostly brought on by the
PANI solvent and moisture evaporating. The second stage of
weight loss from 144.90 to 305.93 °C is related to the loss of low
molecular weight oligomers. Most likely, the evaporation of
doping ions and the oxidation of the organic groups in the
polymer is to blame for the significant weight loss between
305.93 °C and 766.81 °C. After 766.81 °C. Weight loss reaches its
last stage and intensifies after 966.75 °C due to the gradual
decomposition of the polymer chain. PANI still retains 26% of
its weight at temperatures 1162 °C.

In the DSC curve, Fig. 2A, three endotherms can be seen,
which represent the sample's highest weight loss. The initial
weight loss at 105 °C is primarily caused by the sample's
absorption of moisture. The second endothermic peak at
roughly 305 °C results from the loss of low molecular weight
oligomers. The weight loss caused by significant breakdown of

© 2023 The Author(s). Published by the Royal Society of Chemistry

the polymer units is represented by the final endotherm at 870 ©
C.SZ

For better understanding of the surface structure, X-ray
diffraction patterns of CPE and CuONPs were also recorded.

Fig. 3A displays the XRD spectra of CuO nanoparticles.
Which shows different peaks at 38.94°, 50.02°, 56.54°, 58.39°,
and 64.12° related to the (11 1),(—202),(020),(202),and (11
3) planes of CuO, respectively.” Instead the waited crystal
structure of copper oxide, the spectrum reveals an amorphous
character which can be attributed to the fixation of NPs on the
plant biomass. These observations were reported by S. Yallappa
et al. when they synthesized copper nanoparticles from the bark
extract of Terminalia arjuna.®* In another hand, the peak at
angular position 26.66°, Fig. 3B, corresponds to (0 0 2) cubic
crystal face structure of graphite carbon.

Fourier transform infrared spectroscopy was carried out for
PANI, Ficus elastica plant extract, and CuONPs. As shown in
Fig. 4, the FT-IR spectrum of PANI, presents a band at a mean
wavelength of 3120 cm ™", which corresponds to the emission of
N-H, while the band at a mean wavelength of 1562 cm ™" indi-
cates a benzene cycle. Also, the band at 1130 cm ™" represents
the PANI couch's protonation form.*

Ficus elastica spectrum contains ROR' ethers, carboxylic
acids, alkanes, sulfur compounds as well as unsaturated
compounds of nitrogen and the aldehydes at 1025, 1256, 1382,
1455, 1634, 2875 cm ', respectively. The presence of O-H
stretching bond is shown by the broad band around 3419 cm ™",
which relates to polyphenols (flavonoids) present in the Ficus
elastica plant extract.***> CuONPs spectrum exhibits a broad
peak at 3480 cm ™" illustrating the stretching frequency of the -
OH group of absorbed water onto copper oxide NPs surface.
Additionally, the peaks shown at 587.25 cm ™', 845.75 cm™ ' and
1107.68 cm ™! could be attributed to Cu-O vibrations, confirm-
ing the formation of CuO species.****>”

RSC Adv, 2023, 13, 18734-18747 | 18737
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Fig. 3 XRD patterns of the prepared: CUONPs; (A) and CPE; (B).
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Fig. 4 FT-IR spectra of: from the top to the bottom: the synthesized
PANI and the synthesized CuONPs. Inset: Ficus elastica extract
spectrum.

3.2. Electrochemical characterization

The effect of the potential scan on the electrochemical behavior
of the elaborated electrode was performed using potassium
ferrocyanide-ferricyanide probe solution containing 5 mM
[Fe(CN)e]>’*~ and 0.1 M KCL. Scan rate was varied in the range
of 10 to 120 mV s~ Fig. 5. As shown in Fig. S2B,T both anodic
and cathodic peak current increased when scan rate was
increased. Also, the redox current peaks showed a linear rela-
tionship with the square root of the potential scan rate;
(Fig. 5A), giving the following regression equations:

Ioo/nA = 0.00406v"* (mV s™') + 0.0002 R* = 0.994 (1)
I/uA = —0.0044v"> (mV s7") — 0.0002 R* = 0.9901  (2)
This feature is a distinctive diffusion-controlled electro-

chemical reaction which is further confirmed with the curve
illustrating log(7) variation versus log(v); Fig. 5B.
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The slopes derived from eqn (1) and (2) were used to calcu-
late the real surface area of bare CPE and progressively modified
electrode using Randles Sevcik's equation (eqn (3)).***

Ipa —2.69 x 105 n(3/2)D(1/2)A CV(I/Z) [3)

where; n, v, C, 4, and D are the number of exchanged electrons
(n = 1), the scan rate, the bulk concentration, the electro-
chemical surface area and diffusion coefficient of [Fe(CN) >~
in 0.1 M KClI, respectively. The calculated real surface areas are
gathered in Table 1.

It can be noted from the above table that the electroactive
surface area increases alongside the electrode modification,
reflecting an improved electrode modification.

Additionally, Fig. 5 shows that peak-to-peak separation
increases along with the scan rate, which may improve the
electron transfer. Fig. S2At shows Laviron's graph used for the
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Fig. 5 Cyclic voltammograms of CuONPs/PANI-CPE electrode at
scan rates from 10 to 120 mV s in [Fe(CN)gl> /4~ Insets (A) the plot of
anodic and cathodic peak currents vs. square root of scan rates; (B) log
of peak currents vs. logarithm of scan rates.
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Table 1 Electrochemical parameters of CV curves after each

modification

Electrode CPE PANI-CPE CuONPs/PANI-CPE
A (em?) 0.13 0.38 0.40
AE, (mV) 0.27 0.15 0.14
Inc/Ipa 1.06 1.18 1.04

calculation of kinetics parameters such as the electron transfer
coefficient («) and the apparent charge transfer rate constant
(ks).*> The plot of peak potential versus the logarithm of the scan
rate is depicted by two straight lines providing the following
equations:

Epo/V = 0.1223 log(v/mV s~ ') + 0.5596 (R* = 0.9901)  (4)
Ep/V = —0.05594 log(v/mV s~') + 0.18093 (R* = 0.9689) (5)

From these equations, as well as those given by Laviron,®*¢*

(eqn (6) and (7)), « and k, were calculated as 0.516 and 0.244 s,

respectively.

RT o
Epo=E'— Tlog— %
P anF 08 (RTk/Fnv) (6)
RT (1-a)
_ 5o
En=E (1 —a)nF log (RTks/Fnv) )

where; F and R are the Faraday constant and the universal gas
constant, respectively. Ej,. and E,, are cathodic and anodic peak
potentials, respectively.

The relatively high apparent charge transfer rate constant
might improve the modified carbon paste electrode by accel-
erating the heterogeneous electron transfer between the tar-
geted species and the electrode surface.

CV depicted by Fig. 6A showed an obvious difference
between the bare CPE and the progressive modified electrode,
in terms of peak height, anodic and cathodic peaks potential

A

104 ——CPE
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Current / mA

0.5
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separation AE, and the ratio between the anodic and cathodic
peak current densities (Ip./Ic). These parameters values are
grouped in Table 1. These differences, in addition to prove the
electrode actual modification, demonstrates a clear tendency to
a reversible system when CPE is loaded with PANI and CuONPs.

To better understand the information obtained from CV
curves, EIS electrochemical impedance spectroscopy tests were
carried out. The electron transfer capacity on the carbon paste
electrode surface is examined by EIS before and after its
modification. The Nyquist diagrams, Fig. 6B, show a semicircle
in the low-frequency region for each electrode. The small
semicircle of the CPE is equivalent to a charge transfer resis-
tance (R.) equal to 270 Q (black curve). PANI addition to the
CPE reduced the semicircle diameter and decreased R, to 143 Q
(red curve). The deposition of CUONPs on the surface of PANI-
CPE decreased more the semicircle diameter, giving R, = 110.6
Q, this can be justified by the change in the characteristics of
the surface electrode, which had a positive effect on the electron
transfer process.

These results show that the charge transfer of CuONPs/
PANI-CPE is faster than that of the CPE electrode. Therefore, CV
and EIS diagrams support the successful preparation and
excellent performance CuONPs/PANI-CPE.

3.3. Optimization of experimental parameters

Prior to the electrochemical investigation of the three metal
ions determination, the measuring parameters were examined.
Usually, the electrolyte solution is the most important factors
which strongly influences the electrochemical electrode
response. Therefore, the electrode response to Cd**, Pb>*, and
Hg®" in different electrolyte solutions was carried out using
SWV, including 1 M sodium chloride (NaCl), 0.1 M phosphate
buffer (PBS; pH = 7.0), and 0.01 M hychlorhydric acid (HCI; 0.01
M), at room temperature.

It can be seen from Fig. 7A that the hydrochloric acid
provided the highest peak current. So, HCl was chosen as the
supporting electrolyte in the metallic ions determination. On
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Fig. 6 (A) CV curves of CPE, PANI-CPE, CUONPs/PANI-CPE in 5 mM [Fe(CN)gl* /4~ solution containing 0.1 M KCl at scan rate of 50 mV s~ (B)
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the other hand, the electrolyte solution pH has a significant role
in electrochemical determination of metal ions. In Fig. 2B, Cd*",
Pb**, and Hg>" current response in different HCI solution pH
are depicted. It can be observed that peaks current gradually
increase reaching an optimal value for pH = 2. For electrolytes
with pH greater than 2, a dramatically decrease of peak current
is noted. Thus, HC1 0.01 M was chosen as the supporting elec-
trolyte in the following experiments. In order to determine the
influence of each compound of the electrode to its performance,
SWV was performed on CPE, PANI-CPE, and CuONPs/PANI-
CPE electrodes for simultaneous detection of 4.8 pug per L Cd*",
Pb>*, and Hg”* in HCI solution (0.01 M). It can be seen from
Fig. S3,f that current peak raises from CPE, PANI-CPE to
CuONPs/PANI-CPE.

The effect of scan rate from 150 to 300 mV s~ * for Cd**, Pb**,
and Hg”* determination in HCI 0.01 M was investigated by SWV
technique, Fig. 7C. It can be noted that the current increased
with scan rate increase. However, 200 mV s~ * was selected to
allow a more precise investigation of metal ions determination.

CuONPs were incorporated in the PANI-CPE using two
different methods. In the first one, CuONPs powder was mixed
to PANI and pencil graphite powder. The electrode was labeled
as CuONPs-PANI-CPE. In the second way, CuONPs suspension
in chloroform (1 mg mL™") was dripped on the prepared PANI-
CPE surface. Then, SWV was applied in HCI (0.01 M) solution

18740 | RSC Adv, 2023, 13, 18734-18747

containing 100.0 ug per L Cd**, Pb**, and Hg>". Fig. S47 revealed
that the three metals currents peak are higher onto CuONPs/
PANI-CPE. This feature was previously reported.** So, this
electrode preparation method was chosen for the electro-
chemical sensing of Cd**, Pb**, and Hg”".

3.4. Individual detection of heavy metals

Within the optimal experimental conditions, Cd**, Pb>*, and
Hg”" detection onto CuONPs/PANI-CPE modified electrode in
HCI (0.01 M) was analyzed by performing SWV and CV Curves.
Individual detection of Cd**, Pb®" and Hg>" using CV at scan
rate of 50 mV s~ ' containing 2.6 ug L™ of Cd**, Pb*" and Hg*"
are shown in Fig. 8. While CuONPs/PANI-CPE cyclic voltam-
metry in HCI does not contain any peak, the presence of either
of Cd**, Pb>" or Hg”" is reflected by a well defined and sepa-
rated peaks at respectively, —0.7 V, —0.39 V, and 0.4 V. As
illustrated by Fig. S5,T peaks current increase with metal ions
concentration increase, giving a linear relationship between
peak current amplitude and concentration. The limit of
detection (LOD) (S/N = 3) for Cd**, Pb*", and Hg*" were
calculated to be 0.20 pug L', 0.13 ug L™" and 0.05 pg L,
respectively.

Similarly to CV, SWV exhibited a gradual increase in peak
current related to Cd>*, Pb>*, and Hg>" oxidation reaction
dependently on their raising amounts. SWV curves with the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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corresponding calibration plots showed different linear ranges
depending on the metal ion. For Cd*>" and Pb*", the linear range
was almost the same, 0.1-1.8 pug L' and 0.1-1.4 pg L7,
respectively. However, Hg*" exhibited the most extended linear
range [0.05-3.4] ug L™, Fig. 9. The determined limit of detec-
tion was as follows (S/N = 3): 0.11 ug L%, 0.16 ug L™, and 0.07
ug L for Cd** (R* = 0.9947), Pb** (R* = 0.9755), and Hg**(R* =
0.9978), respectively.

These findings showed that CuONPs/PANI-CPE modified
carbon paste electrode was able to detect Cd**, Pb*>" and Hg>*
individually, with excellent electrochemical performances. So, it
seems appropriate to examine CuONPs/PANI-CPE performance
in multi-metal solution.

3.5. Simultaneous detection of Cd**, Pb**, and Hg>*

In order to investigate the simultaneous determination of the
three metals in the same hydrochloric acid solution onto
CuONPs/PANI-CPE, cyclic voltammetry was applied in the
range [—0.1; 0.7 V] at 50 mV s~ ' scan rate see Fig. 6.1 As ex-
pected, similar features were observed in multi-metal configu-
ration; namely a clear increase in peak current as metals ions
concentration increased giving a linear relationship for Cd*",
Pb>*, and Hg>", with the corresponding correlation coefficients
of 0.9936, 0.9907 and 0.9936, respectively inset Fig. S6.f LOD
has been calculated to be 0.65 pg L™, 0.40 pg L', and 0.66 pg
L7, respectively for Cd**, Pb*>*, and Hg*".

In the same way, simultaneous determination of Cd**, Pb*",
and Hg”* onto CuONPs/PANI-CPE in HCI (0.01 M) was carried
out employing SWV in solution containing a given concentra-
tion of two metals (2.6 pg L") and gradually increased
concentration of the third metal; Fig. 10A-C. It can be observed
that Cd*>" peak current increased in the ranges of 0.2-5 pg L™ "
while Pb** and Hg>" peaks remains almost constant, Fig. 10A.
Cd** peak currents exhibit linear relationship in respect of its
concentrations with LOD = 0.49 pug L' (R* = 0.998). Likewise,
lead and mercury ions illustrate the same feature as cadmium

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10B and C. Their limit of detection were 0.53 pg L™
(R* = 0.9797) and 0.17 pg L~ for Pb** and Hg*" (R* = 0.9975),
respectively.
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Insets: the calibration curves.

Fig. 10D illustrates the simultaneous detection of a mixture
of Cd**, Pb**, and Hg>" in the range of 0.2-4.2 pg L' under
optimal conditions on CuONPs/PANI-CPE in HCI (0.01 M). The
SWV signal responses show increased peak current values
dependently with increasing concentration of the three target
metal ions. Knowing that metal ions concentration increase
causes a slight potential shift of the peaks towards positive
values has been observed, however, the individual three peaks
remain separated and easily distinguished. Interestingly,
sensitivity and linear range for Cd**, Pb®>" and Hg*" remain
almost unchanged and no shift has been seen at the peak
position in comparison to their individual determination,
indicating that no mutual interference exists between the three
metal ions.®

Furthermore, the newly presented electrode preparation
method showed an advantageous linear range and a low LOD.
The comparison of the analytical parameters of several elec-
trochemical sensors for the three metal ions reported in
previously published studies emphasizes the excellent
performances of the fabricated CuONPs/PANI-CPE sensor,
Table 2.

18742 | RSC Adv, 2023, 13, 18734-18747

4. Method validation

4.1. Interference examination

The CuONPs/PANI-CPE sensor was tested for the detection of
the target metal ions in the presence of some common inter-
fering substances. SWV was recorded in a solution of 50 ug L™*
of Cd**, Pb** and Hg*" ions in HCI (0.01 M) and in the presence
of successive additions of interfering compounds (Ag®, AI*",
Co™, cr*, Fe*", Fe**, Mg>", Ni**, and zn>").

Although the concentration of the other analytes were 10
times higher than that of Cd**, Pb** and Hg”" ions, it does not
significantly modify their response signals Fig. 11. Further-
more, the addition of organic molecules such as paracetamol
and catechol does not affect the analytical results. These results
indicate that CuONPs/PANI-CPE has excellent anti-interference
performance for the detection of Cd**, Pb*", Hg>".

4.2. Repeatability, reproducibility, and stability

The repeatability was assessed by performing SWV on CuONPs/
PANI-CPE for subsequent five times in solution containing

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of CuONPs/PANI-CPE sensor performances for heavy metal ions detection with other electrodes reported in the

literature®

Detection limit (ug L")

Linear range (ug L)

Modified electrode =~ Method cCd**  Pb**  Hg**  cd** pb** Hg*" Ref.
AGCE DPASV 1.91 0.062 — 5.62-562 0.21-1036 — 22
Eu3+—d0ped NiO/CPE SWASV 0.4 0.1 — 0.8-165 0.8-165 — 46
Alk-Ti;C,/GCE SWASV  11.016 8.495 26.077 11.24-168.62 20.72-310.8 20.059-300.89 63
Au-SPGE-LT SWASV — 2.2 1.3 — 5-300 5-300 64
Modified-NPBIiE SWASV 1.3 1.5 — 5-40 5-40 — 65
GC/GQDs-NF SWASV  11.30 8.49 — 20-200 20-200 — 66
BC-Au, CILE SWv 10.12 75.84 98.09 281.03-843.08, 56.20-674.47 518-1554, 103.6-1243.2 100.30-1203.54 67
Bi/LIGF SWASV 04 0.4 — 1.0-140.0 1.0-140.0 — 68
CDs/AuNPs/SPCE DPV 2.8 4.2 — 10-27 10-27 — 69
CuONPs/PANI-CPE Individual detection

SWv 0.113 0.1644 0.070 0.1-1.8 0.1-1.4 0.05-3.4 This work

CvV 0.205 0.139 0.055 0.2-3.4 0.1-4 0.05-2.4
CuONPs/PANI-CPE Simultaneous detection

SWvV 0.17 0.21 0.24 0.2-4.2 0.2-4.2 0.2-4.2 This work

([®\% 0.65 0.40 0.66 0.2-7.8 0.2-7.8 0.2-7.8

“ AGCE: activate glassy carbon electrode; Eu*"-doped NiO/CPE: europium®" doped nickel oxide/carbon past electrode; Alk-TizC,/GCE: alkaline-
titanium carbide/glassy carbon electrode; Au-SPGE-LT: low temperature gold-cured screen-printed electrode; modified-NPBiE: modified
nanoporous bismuth electrode; GC/GQDs-NF: glassy carbon electrode/graphene quantum dots-Nafion; BC-Au and CILE: biomass carbon
composite materials and ionic liquid carbon paste electrode; Bi/LIGF: laser-induced graphene fiber; CDs/AuNPs/SPCE: fluorescent carbon dots/
gold nanoparticles/screen-printed carbon electrode; CuONPs/PANI-CPE: copper oxide nanoparticles/polyaniline-carbon paste electrode.

120

100

80

40

20

Blank Ag* AR*Co?* cr3* Fe®* FeiMg?* Ni2* zn2*
Interfering ions

3% S
LY
%§ )

%
o

o

Fig. 11 Sensing responses of CUONPs/PANI-CPE towards Cd?*, Pb?*,
and Hg?" in the presence of different interfering substances.

Ccd**, Pb>", and Hg”* (2.6 pg L™ ") in HCI (0.01 M), Fig. S7A.T RSD
values were found to be 1.11%, 1.56%, and 1.16% for Cd**, Pb*",
and Hg?", respectively, which verify the excellent accuracy of the
measurements.

The reproducibility was explored by considering five sensors
prepared using the same procedure and tested for the deter-
mination of 2.6 ug L™ of Cd**, Pb**, and Hg”". The modified
electrode showed good reproducible results with a RSD of
1.01%, 1.63%, and 0.63% for Cd**, Pb*>*, and Hg?", respectively.
CuONPs/PANI-CPE stability was investigated in a separate
experiment using a constant concentration of Cd**, Pb**, and

© 2023 The Author(s). Published by the Royal Society of Chemistry

Hg”". Fig. S7Bf shows the sensor response over a month. As
depicted by the figure, the sensor retained 99% of the initial
current response, confirming the excellent stability of the
elaborated sensor.

4.3. Real sample analysis

The practical application of CuONPs/PANI-CPE sensor was
evaluated by simultaneous analysis of Cd**, Pb*>*, and Hg*" in
real samples; in this case; sea water, tap water, mineral water
and river water. These samples were diluted with a 0.05 M
solution of HCI to obtain 0.01 M solutions. Then, waters
samples were spiked with known amounts of Cd**, Pb*", and
Hg>", and the obtained solutions were subjected to SWV under
optimum conditions and the outcome is presented in Table S1.}
The obtained recovery for the target metal ions varied between
90% and 116.66% displaying satisfactory performance of the
elaborated sensor.

It is worth noting that an unexpected well defined peak has
been observed in Hg>" region when analyzing sea water. The
peak amplitude gave a concentration of 0.4 pg L™ " the standard
addition method confirms the initial concentration of mercury
in the Mediterranean Sea. This observation has led us to conduct
further investigation on sea water contamination and this will be
done in a future work. However, these satisfactory results ob-
tained with the novel modified carbon paste electrode show the
great potential applicability in environmental monitoring
Fig. S8.1 Furthermore, according to previously reported works, it
seems feasible that the as-prepared sensor could be translated
into a portable device.”®”* In fact, it is easy to recreate the sensor
on a screen printed electrode by performing an electrochemical
polymerization of aniline in a solution containing green
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synthesized CuONPs. The screen printed electrode could be
associated with portable electrochemical workstation for an on-
site simultaneous detection of Cd>*, Pb**, and Hg>".

5. Conclusion

In this study and for the first time, a new carbon paste electrode
based on low-cost pencil graphite powder modified with PANI
and green synthesized copper oxide nanoparticles using Ficus
elastica extract was developed for the electrochemical detection
of Cd**, Pb*", and Hg*" using square wave voltammetry (SWV)
and cyclic voltammetry (CV). According to the electrochemical
measurements, the developed CuUONPs/PANI-CPE was capable
of sensing Cd**, Pb>", and Hg”" solutions containing both single
metal and the three metal ions simultaneously. The sensor
presented attractive analytical performances including high
sensitivities with a relatively large linear range, low detection
limits, good stability, reproducibility, and selectivity. Moreover,
CuONPs/PANI-CPE senor was applied to different real samples
and meaningful recoveries were found supporting, thus, the
accuracy of the developed sensor. The results obtained with
seawater highlighted the presence of Hg** in the Mediterranean
Sea which is of great concern and further analysis should be
carried out to clarify and determine the amounts of Hg”* in the
sea as well as in the aquatic fauna and flora.
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