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Abstract: The detection of toxic heavy metals, especially cadmium (Cd), lead (Pb), zinc (Zn), copper
(Cu), is a global problem due to ongoing pollution incidents and continuous anthropogenic and
industrial activities. Therefore, it is important to develop effective detection techniques to determine
the levels of contamination from heavy metals in various media. Electrochemical techniques and
more specifically, voltammetry, due to its properties, is a promising method for the simultaneous
detection of heavy metals. This review examines current trends related to electrode formation and
analysis techniques used. In addition, there is a reference to advanced detection methods based on
nanoparticles developed so far, as well as formation with bismuth and the emerging technique of
screen printed electrodes. Finally, the advantages of using these methods are highlighted, while a
discussion is made on the benefits arising from nanotechnology, as it gives the researcher a new
idea for integrating these technologies into devices that can be used anywhere and anytime.

Abbreviations: HMs, Heavy metals; ICP-MS, Inductively coupled plasma mass spectrometry;
FAAS, Flame atomic absorption spectrometry; AAS, Atomic absorption spectrometry; ICP-OES, In-
ductively Coupled Plasma Optical Emission Spectroscopy; ICP-AES, Inductively Coupled Plasma
Atomic Emission Spectroscopy; LSV, Linear Sweep Voltammetry; WE, working electrode; ESA,
Electrochemical-stripping analysis; RE, reference electrode; CE, counter electrode; EDTA, ethylene-
diamine tetraacetic acid; SPEs, screen printed electrodes; CTS, chitosan; AgNPs, Silver nanoparticle;
AuNPs, Gold nanoparticles; NPs, Nanoparticles; SWASV, square wave anodic stripping voltamme-
try; CBE, carbon-based electrode; GE, graphite electrode; CPE, carbon paste electrode; SPCE, screen
printed carbon electrode; BFs, blast furnace slag; Hg, Mercury; Bi, Bismuth; Cd, Cadmium; Pb, Lead;
Zn, Zinc; Cu, Copper; Sj, Silica; CV, Cyclic voltammetry; DPV, Different pulse voltammetry; GCE,
Glassy carbon electrode; SWV, Square wave voltammetry
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1. Introduction

Most heavy metals exist naturally in the environment, but some come from anthropogenic sources,
such as industries, agriculture, burning of fossil fuels, insecticides, car exhaust, and sewage. These
heavy metals in large quantities can become hazardous to the biological system. Particularly, cad-
mium (Cd), lead (Pb), zinc (Zn), and copper (Cu) affect the environment due to their non-biodegra-
dability and accumulated toxicity [1].

On the ground, all the inorganic elements that are necessary and essential for the normal growth and
development of plants exist. Despite the fact that some heavy metals, such as copper (Cu), zinc (Zn),
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etc., are necessary for various enzymatic functions, excessive concentration of heavy metals could
cause serious problems [2, 3 & 4], as they can become toxic and dangerous with serious environmen-
tal implications. Toxic heavy metals vary in nature and mode of accumulation, either in the soil or in
the plants. Some of the most common sources of heavy metals in the soil are fertilizers, pesticides,
and sewage sludge [5].

Toxic metals such as cadmium (Cd) and lead (Pb), as well as many others, can easily end up in the
higher members of the biological food chain and therefore in humans, causing serious diseases such
as gastrointestinal tract (GIT) infection, cardiovascular problems, bone problems, and even becoming
carcinogenic [6 & 7]. On the other hand, equally serious are the effects that heavy metals cause on the
environment, such as soil pollution from heavy metals which is one of the most important problems
of the planet. The term “soil pollution” refers to the concentration of polluting substances in it in
quantities that cause a change in the composition of the soil, resulting in disturbances in the ecosys-
tem. Some of these effects are summarized in Table 1.

In order to limit the negative effects that heavy metals have on both humans and the environment, it
is necessary to accurately determine the concentrations of heavy metals in their sources of accumu-
lation.

Table 1: Effects of heavy metals on human health and the environment

Element Adverse Effects on Human Health Ref.
Cadmium on Human Health: gastrointestinal disorders, kidney, lung, [5], [6],
(Cd) liver and vascular system damage, bone demineralization, [7], [8],
central nervous system complications cancer. [9], [10] &
[11]

on Agricultural soils: reduced soil fertility, reduced plant
growth and productivity, reduction of pH, inhibitory effects
on soil microbial activities, microbial growth and microbial

metabolic processes.

Lead (Pb) on Human Health: hypertension, kidney damage, miscar- [61, [7],
riages, premature and low births, brain injury. [9], [10],
[12] &
[13]

on Agricultural soils: reduction of soil microbial activities, re-
duction of soil nutrients and soil fertility, mortality in earth-

worms.
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Copper on Human Health: metal fever, nausea, dizziness, Wilsons’s [5], [9],
(Cu) disease, hemolytic anemia, insomnia, anxiety, death. [10], [11]
& [14]

on Agricultural soils: reduced soil fertility, reduced plant
growth and productivity, reduction of soil microbial activi-

ties.

Zinc (Zn) on Human Health: fatigue, tachycardia, dyspepsia, nausea, [9], [10],
headache, diarrhea, impaired immune function, hypoglyce- [11], [15]

mia, pancreatitis and liver parenchyma damage. & [16]

on Agricultural soils: reduced soil fertility, reduced plant
growth and productivity, effect of soil characteristics, harms

the activities of the soil enzymes.

Over the years, various techniques have been established for the detection of heavy metal ions
(HMIs), including inductively coupled plasma mass spectrometry (ICP-MS) [17], inductively coupled
plasma optical emission spectrometry (ICP-OES) [18], inductively coupled plasma atomic emission
spectrometry (ICP-AES) [19], flame atomic absorption spectrophotometry (FAAS) [20], and atomic
absorption spectroscopy (AAS) [21], where sometimes the emphasis is on the parameters and some-
times on the choice of the analysis method. Spectrometric methods, such as atomic absorption (AAS)
or inductively coupled plasma mass spectrometry (ICP-MS), although they provide high accuracy
and sensitivity, are accompanied by certain limitations such as high cost and the fact that they are
time-consuming and do not allow on-site measurements.

However, as already mentioned, researchers' interest in recent years has focused on the identification
of heavy metals with the help of various electrochemical methods, particularly voltammetry, as it is
an easy, fast, and relatively inexpensive way to determine them compared to other analytical meth-
ods. Although previous techniques are very sensitive and selective due to the limitations they cause,
electrochemical methods such as voltammetry are preferred for the detection of heavy metals, which,
in contrast to previous techniques, have the advantages of low cost, simplicity, ease of operation, fast
analysis, portability, the ability to be applied for monitoring environmental samples in the field, as
well as high sensitivity and selectivity. Electrochemical techniques, especially voltammetry, involve
electroanalytical methods for the determination of one or more analytes by measuring the current as
a function of potential. However, voltammetry is the only electrochemical method that has high sen-
sitivity and can be applied for on-site recognition and detection of heavy metals [22].

There are various types of voltammetry, such as cyclic voltammetry (CV), square wave voltammetry
(SWV), linear sweep voltammetry (LSV), and differential pulse voltammetry (DPV) [23]. The differ-
ence between these techniques lies in the time waveforms generated by the corresponding functional
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application [24]. Additionally, DPV and SWYV exhibit better detection sensitivity. Furthermore, elec-
trochemical-stripping analysis (ESA) has historically been widely recognized as a powerful technique
for detecting Pb, due to its remarkable sensitivity that allows the detection of Pb at trace and ultra-
trace levels. It can also be easily combined with inexpensive and user-friendly instruments.

In order to detect heavy metals and examine their toxicity on both the environment and human
health, we combine electrochemical techniques with certain modifiers that facilitate the detection
process due to their characteristic properties.

Since Heyrovsky invented polarography in 1922, mercury has been established as the preferred elec-
trode modifier for electrochemical-stripping analysis, due to its high hydrogen overpotential, which
allows for its use in useful negative potentials. However, the need for alternative electrode modifiers
arose, as everyone's attention began to turn more and more towards green chemistry, which aims to
reduce the use and production of hazardous substances, such as mercury [25], and since certain Eu-
ropean regulations prohibit the export and storage of metallic mercury. Since then, several metals
have been tested for their ability to replace mercury (e.g. bismuth). In addition, different organic or
inorganic membranes have been evaluated for their potential application in detecting Pb with ESA.

In recent years, nanoparticles (NPs) have emerged as a promising area of research, replacing various
electrode shaping media, thanks to their unique physicochemical properties that differ from their
bulk counterparts. NPs are defined as particles with a dimension of at least 100 nm and are generally
classified into four categories, including metal and metal oxide, semiconductors, polymers, and li-
pids. They exhibit a high surface area to volume ratio, which enhances their reactivity and allows
them to interact with biological systems and the environment in unique ways. The ability of NPs to
cross biological membranes and barriers has attracted considerable attention in various fields, includ-
ing medicine, environmental science, and engineering, and they have been widely used for heavy
metal detection, such as Cd, Pb, Zn, and Cu, due to their unique optical, electrical, and magnetic
properties.

This review discusses mainly the use of voltammetry in the simultaneous detection of the presence
of two or more heavy metals in different media using modified electrodes and presents a compre-
hensive overview of modifiers for various electrodes. There is a historical review from the abolition
of mercury, to its replacement and the discovery of innovative nanoparticles, and presents their ap-
plications in chemistry and the environment. The present review also aims to summarize the different
types of nanoparticles, such as metallic, semiconducting, and carbon-based nanoparticles, and their
application in various electroanalytical techniques, including voltammetry.

2. Electrodes

Initially, the measurement technique is selected, with the most commonly used measurement tech-
niques for detecting heavy metals being SW, SWASV, and DPASW. In the next step, the appropriate
working electrode is selected, where carbon-based electrodes (CBE) are dominant. They appear to
further improve the performance of voltammetric methods, as they are flexible, offer a wide potential
window, and have desirable conductive and surface properties that allow for the sensitive determi-
nation of analytes. The four most common CBEs are glassy carbon electrode (GCE), graphite electrode
(GE), carbon paste electrode (CPE), and screen-printed carbon electrode (SPCE). These electrodes
have been widely used for the determination of heavy metal ions concentrations (Cd2+, Pb2+, and
Zn2+), while some of the most common types of modified electrodes include, among others: nano-
particles-modified electrodes, chemically modified electrodes using chemical modifiers such as bis-
muth (Bi) and formerly mercury (Hg), carbon-based modified electrodes, and enzyme-modified elec-
trodes.
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Therefore, the appropriate electrode modifier is further investigated, as in our case where we work
with GCE and our working electrode is modified with bismuth. In a recent study for the determina-
tion of lead, which belongs to heavy metals, and with GCE as the working electrode, modification
was done with BFS (blast furnace slag), which is an economically efficient process and a new material
in the field of detection with many promising results [26]. A typical electrochemical analytical system
consists mainly of three parts: an electrochemical detection device, an electrochemical detection in-
strument, and an electrolyte. The electrochemical detection instrument usually consists of three elec-
trodes: a working electrode (WE), a reference electrode (RE), and a counter electrode (CE). After mod-
ifying the surfaces of the WEs using different materials, they can be used for the specific detection of
various types of metallic ions. In some WEs, surface modification is necessary to obtain accurate and
correct results, as in the case of the glassy carbon electrode (GCE), where polishing the surface with
0.1 mm and 0.05 mm alumina powder using a polishing cloth is required to produce a mirror-like
surface [22]. The electrodes are an important part when we want to use them for electrochemical
detection, and they can greatly affect the sensitivity and selectivity of the analysis.

Electrode
modification
material (e.g. Hg,
Bi, NPs)

Sample to be
examined (e.g.
soil sample)

Changing the pre-
concentration
time or the
potential

Figure 1. Sample preparation procedures for measurement.
3. Modifiers
3.1. Mercury (Hg) and Bismuth as Electrode Modifiers for HMs Detection

In order to investigate the toxicity caused by heavy metals in soil, atmosphere, and consequently
human health, and with the ultimate goal of limiting it, both techniques of Analytical Chemistry,
specifically in our case voltammetry, and "supporting” means such as mercury (Hg), bismuth (Bi),
while in recent years nanoparticles (NPs) have been used.

For many years, mercury was used as the material for modification working electrodes used in trace
element detection due to its high sensitivity, reproducibility, and renewability. Mercury-shaped elec-
trodes have been widely used for several decades in the detection of heavy metals using electrochem-
ical techniques, thanks to their large cathodic window, reproducibility, sensitivity, and low back-
ground [30, 31 & 32].

However, mercury is a heavy metal that has become increasingly unpopular for use due to its intense
toxicity and bioaccumulation in many species [32, 33, 34, 35 & 36]. The danger associated with mer-
cury-shaped electrodes is their use, handling, and disposal due to their toxicity. In addition, it has
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been repeatedly shown that the absorption of Hg harms human health as it can lead to many serious
problems, such as neurological consequences, as it penetrates the blood-brain barrier, memory loss,
insomnia, neuromuscular changes, and various effects on the renal system.

Over the years, various materials have been proposed and tested to replace mercury in the electrode
modification process, such as noble metals (Pt, Pd, Au, Ag) as well as other metals (Ru, Cu, Co, Ni,
Pb, Sb, Bi, Al) [37 & 38]. Although it belongs to the heavy metals, the metal that prevailed due to its
low toxicity [32, 33, 35, 39 & 40], as well as its similar electroanalytical properties to mercury, such as
the wide potential window, simple preparation, partial insensitivity to dissolved oxygen, and the
ability to form alloys with different metals [32, 33, 34, 41 & 42], is bismuth. Bismuth is also environ-
mentally friendly [43] and has mostly succeeded in replacing mercury successfully, as the latter is
quite toxic. So, around 2000, electrodes modified with bismuth were introduced, which are con-
structed from a layer of bismuth deposited on a suitable substrate [33 & 44] and represent a very
attractive alternative solution to the commonly used mercury electrodes [45]. Many different materi-
als have been used as electrode substrates, such as carbon, glassy carbon, carbon fibers, carbon paste,
graphite, wax-impregnated graphite, gold, platinum [34 & 44]. The current peaks obtained in the
voltammograms when using bismuth electrodes tend to be sharp and well-defined [39], allowing for
the reliable, fast, and economical recognition and quantification of metals present in the sample. Due
to its characteristics, bismuth can be used as a film in electrodes, such as in glassy carbon electrodes
(GCEs), which, in turn, find applications in various sample analyses (environmental, biological, etc.).

One application worth mentioning is the simultaneous detection of multiple heavy metals, which is
carried out after the electrode of vitreous carbon is shaped with bismuth, and then various experi-
mental parameters are optimized, such as the potential and deposition time, and finally the appro-
priate voltametric method is used, i.e. in this case the square wave voltammetry (SWV) [46].

Electrochemical detection focuses on developing new electrode materials with better properties com-
pared to commercial electrodes. The performance of voltametric determination of heavy metals de-
pends heavily on the properties of the working electrode. Working electrodes can be modified with
different materials to allow for specific recognition and concentration of metal ions. Additionally, it
has been reported that the deposition of metal membranes on nanocarbon materials can further im-
prove the electrochemically active surface [25 & 47]. Among these, the bismuth (Bi) film not only has
low toxicity, high sensitivity, and strong response signal but can also form binary or multiple com-
ponent alloys with heavy metal ions.

One of the earliest applications of a bismuth-modified electrode was for the determination of lead in
water samples using Electrochemical Stripping Analysis (ESA), and because it is considered one of
the least toxic metals, it has subsequently been used for analyses in the medical and pharmaceutical
sectors [48]. For approximately 20 years, bismuth-modified electrodes that emerged as a replacement
for toxic mercury have found a wide range of environmental and clinical applications. Therefore,
bismuth-Bi films are often combined with carbon materials for cooperative heavy metal detection.
Hutton et al. [49] used a bismuth film for stripping measurements of cobalt and cadmium internal
soil extracts. Recently, Bi-modified electrodes have also been successfully used in electrochemical
detection of nitrophenols, while bismuth oxides have been used in the detection of paracetamol.

3.2. Nanoparticles as Electrode Modifier for HMs Detection

As we have already mentioned, pollution from heavy metals is a significant issue, and currently, the
addition of NPs with electrochemical sensors has developed a significant and innovative analytical
technique for detecting heavy metals (HMs), as nanomaterials have been shown to offer remarkable
properties as detection platforms. Nanomaterials could be considered a promising tool for the scien-
tific community to detect toxic heavy metal ions, due to their sensitivity and selectivity. Over time,
many different modification techniques have been explored. Recent studies have shown that NPs
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modified electrodes can be very useful in electrochemical sensor technology if designed and con-
structed correctly [50]. Their surface area-to-volume ratio is high, and in combination with the par-
ticular characteristics exhibited by NPs, such as those based on metal and metal oxide, polymers, and
carbon, make them beneficial for cleaning the environment from HMs [51].

Nanotechnology and nanoparticles (NPs) have transformed science and technology. Today, this field
has advanced to such a degree that it allows the development of production of nanoparticles using
various physical, chemical, and even biological techniques. Among these techniques, the one that has
stood out and is preferred more in the industrial sector for the production of nanoparticles due to its
ease, the need for mild operating conditions, and the production of more environmentally friendly
products and waste, is the biological method [52]. Most industries today exploit the chemical prop-
erties of nanoparticles, as they are unique compared to their counterparts in volume, which are de-
termined by their size, shape, composition, and surface chemistry and can be adapted to various
applications. Some of the most important chemical properties of nanoparticles are [53]:

o The high surface-to-volume ratio: NPs have a high surface-to-volume ratio, which makes them
extremely reactive. This property can be used in various applications, such as catalysis and sensors.

o Surface energy: The surface energy of NPs is high due to the presence of unsaturated surface
atoms. This property affects the agglomeration, stability, and dispersion of NPs.

o Electromagnetic properties: NPs can exhibit unique electromagnetic properties due to their
size, shape, and composition. For example, gold NPs exhibit localized surface plasmon resonance,
which can be used for sensing and imaging applications.

o Surface chemistry: The surface chemistry of NPs can be tailored by modifying their surface
functional groups, which can change their surface reactivity and chemical properties.

o Oxidation-reduction properties: NPs can exhibit unique oxidation-reduction properties due to
their small size and large surface area. This property can be utilized in various applications, including
energy storage and conversion.

The synthesis of NPs using the bioreduction method has drawn scientific interest, as it managed to
overcome the drawbacks of using conventional chemical methods, such as thermodynamic stability,
monodispersity, and particle formation [54]. The biogenic synthesis of NPs presents some advantages
over chemical synthesis, such as the absence of the need for high temperatures, toxic chemicals, pres-
sure, energy, radiation processes, laser ablation, ultraviolet and ultrasonic fields, as well as the fact
that the biomolecules required for NP synthesis are abundant and easily accessible, such as the avail-
ability in marine sources [55]. On the other hand, NPs produced from precious metal groups such as
gold (Au) and silver (Ag) exhibit interesting chemical and electromagnetic properties, such as chem-
ical stability, conductivity, and good optical properties, due to their ability to interact with electro-
magnetic radiation, which produces many characteristic surface plasmon resonances (SPR), leading
to their application in various fields such as gene therapy, biomedicine, and environmental improve-
ment [56 & 57].

NPs, due to their large surface area, are excellent electron mediators and are suitable materials for
improving electrodes. The use of materials based on silicon (Si), metallic nanoparticles (NPs), and
carbon-based materials as electrode modifiers has been successful. As a result of the improved be-
havior of these NPs, sensors are constructed using a nanoscale electrode surface method that has
increased the active surface area, catalytic activity, enhanced conductivity, and rapid movement of
electrodes. These redesigned sensors can also exhibit size-dependent characteristics and have better
functional units [58]. Currently, the addition of these NPs to electrochemical sensors has developed
a significant analytical technique for detecting heavy metals (HMs).
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Gold is excellent for the fabrication of nanomaterials because gold nanoparticles (AuNPs) are char-
acterized as excellent templates for the development of cutting-edge chemical and biological sensors,
thanks to their unique physical and chemical properties. AuNPs can be easily produced and made
very stable [59]. They also have exceptional optical-electronic properties and, with the right linkers,
offer a high surface-to-volume ratio, great biocompatibility, and finally, AuNPs provide a versatile
substrate for attaching a wide variety of chemical or biological moieties, allowing for the selective
capture and detection of small molecules and biological targets. However, different materials have
been associated with AuNPs for the detection of HMs, particularly mercury and lead, while later, the
same were used for the detection of Cd (II) and Pb(II) [60].

Other NPs, such as superparamagnetic Fe304@EDTA, have been developed for the simultaneous
adsorption and removal of Zn(II), Pb(Il), and Cd(Il) from different environmental water and soil sam-
ples. For this method, which has been proven to be simple, fast, effective, sensitive with high removal
yields, good reproducibility and repeatability, electrodes modified with polymeric EDTA were used
for the detection of various metallic ions at different pH values [61, 62 & 63]. Furthermore, after the
adsorption process, easy separation is provided only by the application of an external magnetic field.
In conclusion, this method is an effective and less time-consuming technique for the simultaneous
removal of heavy metal ions targets in different environmental water and soil samples [64].

While another category of NPs, AgNPs, which are used as electrode modifiers for the detection of
heavy metal ions, such as Cd2, Cu2, have received significant attention due to some characteristics
they exhibit, such as good electrical conductivity, high specific area, and easy synthesis method [65
& 66]. It is supported that when the electrochemical technique is combined with nanomaterials, very
fast and efficient detection of heavy metals is obtained. For the simultaneous determination of lead
and cadmium, MnCo0204 nanoparticles were successfully used, which were morphed on a glassy
carbon electrode. MnC0204 nanoparticles exhibit exceptional electrochemical properties such as fast
current response, low detection limit, and good selectivity due to their unique structure [67]. Lee et
al. have used tin nanoparticles (SnNPs) with graphene oxide on a glassy carbon electrode to deter-
mine Cd2, Pb2, and Cu2 [68].
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cd(I), Ph(I1) & Cu(l)
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Ref.

[60] & [69]

[61], [62], [63] & [64]

[65] & [66]

[67]

[68]

As it seems, in addition to their electrocatalytic properties, these nanomaterial-based electrodes
have the advantages of low cost, high sensitivity, and convenient functionality, making them highly
promising for practical applications in heavy metal detection. However, further research is required
to overcome potential issues and improve the stability and selectivity of these sensors.

4. Conclusion

Given that the global environmental burden from heavy metals and the associated impact on
health and the environment are increasing, the interest in improving the quality of life and reducing
their effects is ongoing. This review provides a general discussion on the field of electrochemical
detection of HMs using bismuth-modified electrodes, which have replaced toxic mercury-modified
electrodes, as well as nanomaterials as a more modern form of electrode modification, and their use
in voltammetric experiments.

Certain materials, such as bismuth, have been distinguished for their ease of use, which is why
researchers prefer them. The selection of suitable electrode modification materials is very important
as they improve the electrochemical properties of the electrode, increase its effective surface area for
the transfer of the electrochemical signal, and produce detectable signals suitable for the indirect de-
tection of HMIs. For the detection of HMs, voltammetric methods have been distinguished as the
most powerful, sensitive, and non-time-consuming.

In conclusion, the various nanoparticles that have been tested for the detection of heavy metals
have shown significant results, due to the advantage of their large surface area compared to their
size, as well as their electrocatalytic properties.

The purpose of the review is also to draw the attention of researchers working in electrochemis-
try, in order to develop new, improved morphology-controlled electrodes for the simultaneous de-
tection of HMs at very low permissible limits (ppm, ppb) and thus reduce the quantity and toxico-
logical burden of HMs in the environment [70].
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