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Review

Nanomaterials for electrochemical detection
of pollutants in water: A review

The survival of living beings, including humanity, depends on a continuous supply of clean
water.However, due to the development of industry, agriculture, and population growth, an
increasing number of wastewaters is discarded, and the negative effects of such actions are
clear. The first step in solving this situation is the collection and monitoring of pollutants
in water bodies to subsequently facilitate their treatment. Nonetheless, traditional sensing
techniques are typically laboratory-based, leading to potential diminishment in analysis
quality. In this paper, the most recent developments in micro- and nano-electrochemical
devices for pollutant detection in wastewater are reviewed. The devices reviewed are based
on a variety of electrodes and the sensing of three different categories of pollutants: nutri-
ents and phenolic compounds, heavy metals, and organic matter. From these electrodes,
Cu, Co, and Bi showed promise as versatile materials to detect a grand variety of contam-
inants. Also, the most commonly used material is glassy carbon, present in the detection
of all reviewed analytes.
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1 Introduction: Water pollution

Water is the most important component of life. The survival
of humanity and the rest of the living beings depends on a
continuous supply of water. However, due to the development
of industry, agriculture, and population growth, an increas-
ing number of wastewaters is discarded. These waters, when
poured directly into the water bodies, cause problems of envi-
ronmental pollution of global concern. The effects of these ac-
tions are observed in studies carried out by the World Health
Organization. In their latest update published in 2012, this or-
ganization determined that in 2003, 80% of illnesses in devel-
oping countries was caused by unsafe water, poor sanitation,
and lack of hygiene education [1]. This resulted in millions of
cases of blindness caused by trachoma in developing coun-
tries, while in places with good water supplies the disease is
unheard of. Despite all these effects, by 2008, approximately
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80% of wastewater worldwide remained uncollected and un-
treated [2].

The world is at a point where finite water not only im-
pacts human health but also limits future economic growth
and development. Urban settlements are the main source
of point pollution, and when combined with untreated in-
dustrial waste, it becomes a particularly serious problem.
In countless fast-growing cities, wastewater treatment in-
frastructure has been deemed non-existent or outdated, so
pollutants have a greater impact [1,2]. The collection, anal-
ysis, and treatment of wastewater are essential since even
if it is reused as a raw material—as has been the case in
some paper-producing plants—the effluent ends up contain-
ing higher levels of organic matter and other pollutants [3].
These pollutant-ladenwaters contribute to increased eutroph-
ication and dead zones (in both oceans and freshwater), af-
fecting more than 245 000 km2 of marine ecosystems, which
show an increase in damage and invasive species [1]. These
problemsmust therefore be controlled urgently. The first step
in solving this situation is the collection and monitoring of
pollutants in water bodies, due to the impact of water quality
on the environment and public health, to subsequently facil-
itate its treatment.

Wastewater contains different pollutants and features dif-
ferent levels of pollution. Excessive amounts of nutrients
have been determined to be the most common source of
pollution for surface waters. Similarly, downstream ground-
water also contains high levels of nutrients because neg-
atively charged nitrate and phosphorus ions are not held
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by soil particles and can be leached down through the soil
[4,5]. The presence of nitrogenous compounds in wastewa-
ter is commonly associated with the fertilization of crops,
chemical synthesis, and preservatives of the food industry.
It has been noted that nitrogenous compounds in drinking
or groundwater are of concern due to their relation to hu-
man health effects such as cancer, neural tube effects, and
methemoglobinemia [6,7]. Although the presence of phos-
phorus in water is not considered directly toxic to humans
and animals, it is indirectly the first cause of oxygen deficit
and harmful algal blooms of coastal and estuarine ecosystems
[8].

Heavy metals are pollutants usually found in wastewa-
ter due to the mining industry and are of concern because
of their ability to persist for long periods of time and their
nonbiodegradable nature. The toxicity of the metals regularly
involves the interaction between the heavy metal ion and the
specific target protein, which results in a change in protein
structure and function [9]. Heavy metals such as lead, mer-
cury, copper, zinc, and cadmium are known to be potentially
carcinogenic to humans and other organisms and may lead
to epilepsy, dysarthria, pneumonia, and damage to the central
nervous system [10].

The level of contamination in water bodies because of
organic matter is mainly tested by analyzing the biochemi-
cal oxygen demand (BOD) or the chemical oxygen demand
(COD), which estimate the degree of biological and chemical
oxidation, respectively [11]. COD is considered to be a more
important measure of organic matter than BOD since BOD
generally lacks reproducible results and requires a long time
to complete the analysis, which is 5 days in its most common
form [12]. COD is strictly controlled by environmental regu-
latory agencies [13].

In this paper, we review the most recent developments
in micro- and nano-electrochemical devices for pollutant de-
tection in wastewater. Reviews in the same area such as
the ones by Jang et al. and Kruse demonstrate the impor-
tance of the topic of water pollutants and sensors. However,
they focus on the lab-on-a-chip and chemiresistors respec-
tively, while this review puts the spotlight on the nanoscale
through sensors with nanomaterials and the employment
of electrochemistry [14,15]. The review has been limited to
the sensing of three different categories of pollutants based
on a variety of electrodes. The categories are nutrients and
phenolic compounds, heavy metals, and organic matter. In
the nutrients and phenolic compounds category, we look into
the detection of nitrate, phosphate, phenol, bisphenol A, hy-
droquinone, and catechol; in the heavy metals, we focus on
lead, mercury, copper, zinc, and cadmium; and in the or-
ganic matter, we center on the COD. For each of these, we
focus on the linear range, the LOD, and the electrodes em-
ployed. Nonetheless, when available, other relevant features
of the devices are analyzed such as the processing time,
type of sample, electrochemical method, and toxic matter
discharge.

2 Detection of nutrients and phenolic
compounds

Excessive amounts of nutrients in water pose a big threat to
public health and animal life; nitrate, phosphate, and ammo-
nia are among the most hazardous pollutants of groundwa-
ter across the world. Their use in products such as fertiliz-
ers, cosmetics, furniture, paint, and others has caused water
pollution over time. These nutrients in high concentration
can cause severe consequences in human health, in some
cases leading to diseases such as hypertension, diabetes, and
in some cases even cancer. Besides human health, exces-
sive amounts of nutrients can cause other problems such as
eutrophication, which leads to oxygen depletion in the wa-
ter body and harming wildlife [16–18]. Additionally, phenolic
compounds pollution has become a major concern because
they tend to persist in the environment over a long time,
which results in an accumulation that then exerts toxic effects
on humans and animals. These compounds also tend to dis-
sociate into other, very toxic, moieties upon entering water
[19].

2.1 Nitrate and phosphate detection

Nitrate (NO3–) and phosphate (PO4
3–) contamination has

increased mainly due to the agricultural and livestock in-
dustries, where fertilizers release nitrate and inorganic
phosphate ions directly in groundwater [20]. The resulting
contamination is a big problem as it harms animals and
plants due to its toxicity and, besides being a big threat to
public health, can also cause oxygen depletion [21–23]. The
detection of these compounds can be classified in indirect
and direct methods. Indirect methods, such as reduction of
nitrate ions to ammonium, require extra reagents, are time-
consuming, and suffer interference by other ions. On the
other hand, direct methods (e.g., electrochemical sensors)
overcome said disadvantages. Nonetheless, they may still
have their disadvantages; for example, poor sensitivity. Gold
and platinum had been under investigation as electrodes for
nutrient detection for years, but they are too slow and inef-
fective. This has led to an increase in the use of copper and
cobalt for direct methods because of their selectivity and low
overpotential for reduction [24–29].

2.1.1 Copper nanowires

A wide variety of electrodes (e.g., Ru, Rh, Ir, Pt, Ag, and Au)
have seen use for nitrate ions detection. However, copper
has begun to be the most used electrode due to its low over-
potential for the reduction of nitrate ions [28]. Patella et al.
utilized an array of vertically standing copper nanowires ob-
tained by galvanic deposition into a nanoporous membrane.
The deposition was achieved by coupling the copper current
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collector with an aluminum tube by a conductive carbon
paste. Subsequently, the copper-aluminum couple was im-
mersed in an electrolytic solution containing 0.1 M CuSO4

and 0.05 M H3BO3 at pH 2 leading to the dissolution of alu-
minum, which acts as a sacrificial anode, and the deposition
of Cu into the polycarbonate pores. The resulting sensor was
then analyzed by cyclic voltammetry (CV), in the potential
range of –1.4 to –0.1 V (versus Ag/AgCl) at a scan rate of
50mV/s, and showed the presence of reduction peaks at –0.97
and –0.42 V and was calibrated for the latter due to higher
intensity. Linear sweep voltammetry (LSV) in the potential
range from −0.1 to −0.8 V (versus Ag/AgCl) with a scan rate
of 10 mV/s was finally employed to determine the LOD of
about 9μM, as well as two linear ranges from 10 to 50 and 50–
1500 μM, with a sensitivity of 0.0636 and 0.73 μA/μM cm2,
respectively. This work also shows the value of increasing the
surface area of the electrode by increasing deposition time
[30].

Similarly, Wu et al. prepared a Cu nanowire array by elec-
trochemical reduction of copper oxide nanowires attained by
thermal oxidation. Specifically, Cu wires were annealed in air
at 600°C for 4 h with a heating rate of 10°C/min. The Cu
nanowire arrays were then developed by electrochemical re-
duction under −1.4 V (versus RHE) in 0.1 M KOH solution
purged with N2 gas, reaching completion when the cathodic
current reached a stable, near-zero horizontal. The sensor
was then investigated by LSV under pH of 2 and the peak
was found at –0.46 V. Finally, they detected nitrate ions with
a LOD of 12.2 μM, along with a linear range of 50–600 μM
and a sensitivity of 0.357 μA/μM cm. The authors concluded
that it could serve as the platform for electrocatalysis or elec-
trochemical detection after chemical modifications [31].

2.1.2 Cobalt nanomaterials

For phosphate detection, cobalt (Co)—a highly sensitive
metal—has gained a lot of attention since the cobalt oxide
(CoO) group has demonstrated good selectivity toward differ-
ent phosphate species such as PO4

3–, HPO4
2–, and H2PO4–

[32]. Pang et al. used a nano-cobalt and iron (Fe2+) alloy on
a chip for detecting dihydrogen phosphate (H2PO4

–). The
electrodeposition of the alloy, defined as the production of
in situ metallic coatings by an electric current on a conduc-
tive material immersed in a solution containing a salt of the
metal to be deposited [33], was made in an acidic environ-
ment at room temperature from a solution with the following
formula: 31.25 g cobalt sulfate heptahydrate (CoSO4�7H2O),
25.75 g ferrous sulfate heptahydrate (FeSO4�7H2O), 4.25 g
sodium chloride (NaCl), and 7.5 g of boric acid (H3BO3). Con-
stant current deposition at 36 A/m2 with a two-electrode sys-
tem was used for 1200 s. Afterward, to measure the detection
of the pollutant, an open circuit potential (OCP) was mea-
sured using a three-electrode, activated with a 0.025 M KHP
solution, system of the electrode plated with Co/Fe2+, Pt as
the auxiliary electrode, and Ag/AgCl as the reference. The
produced nano-Co/Fe2+ sensor had a LOD of 2.14×10−6 M, a

linear range from 1 × 10−6 to 1 × 10−1 M at pH 4.0, and sta-
bility for 16 days. It also was unaffected by common anions
and cations in aqueous solutions. [34].

Another nano-cobalt sensor was developed byWang et al.
by using a ZnO nanoflakemodified wafer. With the wafer act-
ing as the cathode and a Pt mesh as the anode, the electrodes
were soaked into 75 mM CoSO4 electrolyte with an applied
current of 40 mA/cm2 for 300 s for cobalt film electroplat-
ing. Afterward, for electrode patterning, a photolithography
process was carried out, followed by conditioning the micro-
electrode in DI water for around 24 h to form a CoO layer on
the electrode surface. The electrode was subsequently char-
acterized by CV tests from –1.0 to 0.2 V with a scan rate of
50 mV/s. This revealed that the nanostructured cobalt sensor
had an oxidation peak at around –0.4 V versus Ag/AgCl, as
well as a linear detection range of 1 × 10−6 to 1 × 10−3 M,
which they attribute to the increase in reaction sites of the
nanostructure compared to planar sensors [35,36].

2.2 Phenolic compounds detection

Phenolic compounds, or phenols, include phenol (Phe),
bisphenol A (BPA), hydroquinone (HQ), and catechol (CC)
among others. Among other things, they are present in cos-
metics, pesticides, antioxidants, plastic bottles, metal cans,
and varnishes. Such compounds are emerging as pollutants
because regular water treatment processes do not degrade
them [37–39]. They can harm animals, the environment, and
even humans by disrupting the endocrine and reproductive
system, neurological problems, burns, and diabetes [40,41].

2.2.1 Silver NPs/Carbon Nanotubes

Silver nanoparticles (AgNP) have gained interest due to their
unique electronic, catalytic, and optical properties, which are
different from their bulk counterparts making them attrac-
tive for sensing applications [42]. In their work, Goulart et al.
developed a sensor based on silver nanoparticles and multi-
walled carbon nanotubes (MWCNTs) to simultaneously de-
tect four phenolic compounds (Phe, BPA, HQ, and CC)—in
contrast to traditional methods that detect phenols individu-
ally or in pairs. Tomake the sensor, 10μL of pretreatedMWC-
NTs suspension in dimethylformamide was deposited as a
droplet on a glassy carbon electrode (GCE). The solvent was
evaporated to form the MWCNT/GCE. Then, an electrodepo-
sition step of AgNP was carried out via CV for 10 scans from
−0.2 to 0.4 V at a scan rate of 100 mV/s in 22 mL of a 0.1 M/L
KCl solution with 3.0 mL of AgNP. The following conditions
were established when performing square wave voltamme-
try (SWV) to study the electrochemical detection: sample pH
of 3.0, frequency of 10 Hz, amplitude of 20 mV, and step
potential of 2 mV. The resulting anodic current peaks for
HQ, CC, BPA, and Phe were found at +0.28, +0.39, +0.72,
and +0.82 V (versus Ag/AgCl), respectively. The produced
AgNP/MWCNT/GCE sensor had a LOD of 0.16, 0.2, 0.24, and
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Figure 1. (A, B) Schematic diagram of the fabrication of the nano-Co/Fe2+ sensor, the potential response curve, and linear fitting curve

after annealing of the sensor. (Adapted with permission from [34], © (2021) Elsevier). (C, D) Schematic diagram of the fabrication of

the AgNP/MWCNT/GCE sensor, square wave voltammetry (SWVs) obtained by the sensor in the presence of different concentrations of

hydroquinone (HQ), catechol (CC), bisphenol A (BPA), and phenol (Phe). (Adapted with permission from [43], © (2018) Springer). (E, F)

Schematic diagram of the fabrication of the ZnS/NiS@ZnS/L-Cys/AuNPs/GCE sensor, differential pulse voltammetry (DPVs) obtained by

the sensor in the presence of different concentrations of hydroquinone (HQ), and catechol (CC). (Adapted with permission from [47], ©

(2015) Springer).

3.0 μM, and a linear range of 2.5 to 260, 20 to 260, 5.0 to 152,
and 2.4 to 152 μM for HQ, CC, BPA, and Phe, respectively
[43].

2.2.2 Gold NPs/Quantum dots/L-cysteine/Glassy

carbon electrode

Gold nanoparticles (AuNPs), also called gold colloids, are the
most stable metal nanoparticles and offer great size-related
electronic, magnetic, and optical properties [44,45]. Quan-
tum dots are extensively used due to their specific electronic
and catalytic properties [46]. Wang et al. presented a sen-
sor for the simultaneous detection of HQ and CC using
both previous materials as well as GCE and L-cysteine (L-
cys). They started by immersing the GCE into AuNPs and
performing electrodeposition at 1.5 V for 40 min. Then,
they carried out an electropolymerization of L-Cys on the
AuNPs/GCE surface in a 0.1 M phosphate buffer with 5 mM
L-Cys by CV for 15 cycles between −0.5 and 2.0 V (versus
Ag/AgCl) at 100 mV s−1 (L-Cys acts as a connection reagent
between carboxyl functionalized QDs and AuNPs). Finally,
the L-Cys/AuNPs/GCE was immersed into a 2 mL solution
of 0.1 M PB with 6 mg ZnS/NiS@ZnS QDs in a centrifuge
tube for 12 h at 4°C. The electrochemical determination of

HQ and CC was done by differential pulse voltammetry in
0.1 M PB (pH 7.5), where the concentration of each pheno-
lic compound increased while the other remained steady. The
ZnS/NiS@ZnS/L-Cys/AuNPs/GCE electrode exhibited great
results with an anodic peak at 80 and 184 mV, and a LOD
of 24 and 71 nM, for HQ and CC, respectively [47]. Figure 1
shows the fabrication and results of nutrient and phenolic
compounds sensors.

A summary of the nanosensors used for the detection of
nutrients and phenolic compounds is given in Table 1.

3 Detection of heavy metals

Contamination of water by heavy metals poses a big threat
to plants, animals, and human health due to its toxicity. Lead
poisoning, for example, can lead to problems such as ane-
mia, encephalopathy, Fanconi syndrome, intellectual disabil-
ity, and interfere in the neural growth of developing brains
[48]. Cadmium in high concentrations is one of themost toxic
substances causing cancer, renal failure, and osteomalacia
[49]. Mercury poisoning causes severe damage to the brain,
nervous system, and kidneys [50]. Heavymetals can harm hu-
man health through three pathways: inhalation, diet, and der-
mal contact [51]; their exposure to the environment can cause
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Table 1. Summary of nanosensors for the detection of nutrients and phenolic compounds

Analyte Electrode Electrodeposition
Electrochemical
technique LOD (μM) Linear range (μM) Reference

Nitrate Cu NWs Reduction CV and LSV 9.00E+00 1.00E+01 to 5.00E+01

and 5.00E+01 to
1.50E+03

[30]

Nitrate Cu NWs GD LSV 1.22E+01 5.00E+01 to 6.00E+02 [31]
Dihydrogen

phosphate
Nano-Co/Fe2+ Constant current OCP 2.14E+00 1.00E+00 to 1.00E+05 [34]

Phosphate Nano-cobalt/ZnO
nanoflake

Electroplating CV – 1.00E+00 to 1.00E+03 [35]

Hydroquinone AgNP/MWCNT/GCE CV SWV 1.60E–01 2.50E+00 to 2.60E+02 [43]
Catechol AgNP/MWCNT/GCE CV SWV 2.00E–01 2.00E+01 to 2.60E+02 [43]
Bisphenol A AgNP/MWCNT/GCE CV SWV 2.40E–01 5.00E+00 to 1.52E+02 [43]
Phenol AgNP/MWCNT/GCE CV SWV 3.00E+00 2.40E+00 to 1.52E+02 [43]
Hydroquinone ZnS/NiS@ZnS/L-

Cys/AuNPs/GCE
CV DPV 2.40E–02 – [47]

Catechol ZnS/NiS@ZnS/L-
Cys/AuNPs/GCE

CV DPV 7.10E–02 – [47]

CV, cyclic voltammetry; DPV, differential pulse voltammetry; GD, galvanic deposition; LSV, linear sweep voltammetry; OCP, open circuit

potential; SWV, square wave voltammetry.

the contamination of water bodies and end up in drinkingwa-
ter, entering the food chain harming animals and humans.
On the other hand, heavy metals can also harm plants and
soil; when accumulated in the soil can cause fertility prob-
lems and plant death. Cadmium and Zinc inhibit photosyn-
thesis and root and shoot growth [52] that can result in brown-
ing of root tips, chlorosis, disrupting chlorophyll synthesis,
inducing lipid peroxidation, altering membrane permeabil-
ity, and leading to the death of the plant [53]. The release
of heavy metals to the environment has increased over the
years through activities such as transportation, agriculture,
mining, and heavy use in the chemical industry for products
as fertilizers, pigments, catalysts, electric components, etc.,
increasing the risk of heavy metal poisoning [54]. Several an-
alytical methods have been developed that can detect heavy
metals in water. However, these methods are often expensive,
and not practical for in situ detection [55]. Electrochemical
methods have shown the potential to be just that, easy, cost-
effective, and precise methods that can eventually be used for
in situ applications. Different approaches have been taken in-
volving nanomaterials for the detection of heavy metals.

3.1 Carbon nanotubes

Carbon nanotubes have been demonstrated to be use-
ful electrode materials thanks to some of their properties
such as high surface area, fast electron transfer rate, great
mechanical strength, and chemical stability [56,57]. They
have proven to be useful in applications such as heavy
metal detection, as Morton et al. showed in their paper.
They used l-Cysteine-functionalized carbon nanotubes on
a GCE/MWCNT/CO/Cys. L-Cys is an amino acid that has
a high binding constant for some heavy metals. The fab-

rication of the electrode consisted of the carboxylation of
MWCNTs, which was done by sonicating 0.7 g of the ma-
terial in a mixture of H2SO4 and HNO3 for 4 h, it was al-
lowed to cool and then filtered through a 0.25 μm pore-size
membrane, washed on a deionized membrane, and dried
at 110°C. The MWCNT-COOH was then functionalized by
suspending them in a solution containing 0.1 M 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC)
and a 0.1 M of N-hydroxysuccinimide (NHS) in 0.1 M acetate
buffer (pH 5.5) for 1 h. After centrifugation and washing, the
nanotubes were suspended in a solution with 0.1 M cysteine
for 1 h, they were washed, deionized, and centrifuged to get
the resulting MWCNT/CO/Cys. The electrode was prepared
by polishing a GCE with 0.05 μm size alumina powder, then
a 10 mg/L suspension of MWCNT/CO/Cys in water was son-
icated for 10 min. Finally, the suspension was cast on the
GCE and left to dry. In this work, the electrode was used to
detect lead and copper ions in water. Cyclic voltammograms
were applied to cysteine-functionalized carbon nanotubes on
GCEs after accumulation in a blank buffer solution and a so-
lution containing Cu2+, it was found that there is a prominent
anodic peak and small cathodic peak. The electrode system
without cysteine compared to the L-Cys-functionalized car-
bon nanotubes showed no results. Differential pulse anodic
stripping voltammetry (DPASV) was used, with Ag/AgCl as
the reference electrode, showing a peak at –0.02 V after accu-
mulation in 20 ppm of Cu2+. For lead, the peak was obtained
at –0.6 V after accumulation. These peaks are attributed to the
oxidation of the ion. The detection limit was 15 ppb for Cu2+

and 1 ppb for Pb2+ [58].
Anodic stripping voltammetry (SV) is a very effective

method commonly used for the detection of heavy met-
als in water. This method was used to test and measure
lead and cadmium ions in water using a modified GCE
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(GO/MWCNTs/Nafion [Nf ]/GCE) as the working electrode,
in an electrolyte containing metal ions. For the prepara-
tion of the electrode, the process of segmentation and car-
boxylation of MWCNTs was carried out, which consists
in mixing the MWCNTs with a 1:3 ratio of concentrated
HNO3 to concentrated H2SO4 for 4 h, then they were fil-
tered, rinsed, and dried. Graphene oxide (GO) nanosheets
were obtained by ultrasonic exfoliation of graphite oxides.
GO/MWCNTs hybrid composites were obtained by mixing
10mL of GO hydrosol and 10mL of MWCNTs dispersion fol-
lowed by a 2 h ultrasonication and a drying process. Then, the
graphene/MWCNTs/Nf composite filmwas fabricated.Ultra-
sonic agitation was used to disperse GO/MWCNTs nanocom-
posites into the water to produce a 0.5 mg/mL GO/MWCNTs
colloid. A GCE was polished with 1.0, 0.3, and 0.05 mm alu-
mina slurry, respectively, then the GCE was scanned to re-
move contamination, and finally, an aliquot of 5 μL of the
colloid was cast on the GCE as well as a 5 μL of Nf solu-
tion to obtain the GO/MWCNTs/Nf/GCE. The range of po-
tentials studied was between –0.9 and –1.5 V with a saturated
calomel electrode (SCE) as the reference electrode. Huang
et al. found that the more negative the preconcentration po-
tential, the easier the Pb2+ and Cd2+ were reduced, causing
the increase in stripping peak currents. The stripping poten-
tial chosen was –1.4 V. An advantage of the MWCNTs over
other electrodes is that several heavy metal ions can be deter-
mined simultaneously. Using DPASV it was able to simulta-
neously detect Zn, Pb, Cd, and Cu ions. This method shows
clear advantages when trying to detect heavy metal ions in
water [59].

A chitosan (CS)/carbon nanotubemodified electrode was
developed by Wu et al. for the detection of Cu2+, Cd2+, and
Pb2+. The good conductivity, high electron transfer rate, and
high surface area of carbon nanotubes combined with the
high sensitivity and capability of adsorption of the CS film
create a good combination for a highly sensitive and selec-
tive electrode. For the preparation of the electrode, a screen-
printed electrode was washed with water and cleaned by CV.
Then, the Chit/CNT solution was electrodeposited. Square
wave anodic stripping voltammetry (SWASV) was used for
the detection of Cd2+, Pb2+, Cu2+, with a potential range of
–1.0 to 1.0 V (versus Ag/AgCl) and a frequency of 50 Hz,
an amplitude of 40 mV, and a potential step of 4 mV. The
LOD achieved was 0.1 ppm for Cu2+, 0.8 ppm for Cd2+, and
0.6 ppm for Pb2+. The GCE/Chit/CNT was effective when
used for the detection of heavy metals in wastewater samples
and proved its effectiveness in in situ applications [60].

3.2 Bismuth NPs

Bismuth is an environmentally friendly material that has
been known to be a great substitute to mercury in mercury-
based electrodes for heavy metal analysis. Bismuth-based
electrodes offer well-defined, highly reproducible responses,
favorable resolution of neighboring peaks, high hydrogen
evolution, with good signal-to-background characteristics,

comparable to mercury electrodes [61]. Because of their en-
vironmentally friendly characteristics, they represent a very
attractive option formaking disposablemetal detectors. It has
been demonstrated that Bi is effective in SV and potentiom-
etry when used in conjunction with carbon paste electrodes,
GCEs, and others [62]. They have been used in the detection of
a wide variety of heavy metals, including lead [63], cadmium
[57], thallium [64], zinc [57], and copper [63].

Niu et al. developed screen-printed electrodes modified
with a bismuth nanoparticle porous nanocomposite for the
detection of heavy metal ions. For this implementation, they
used SWASV. For the fabrication of the electrode, a powder
containing the Bi/C nanocomposite was prepared, 15 g ofma-
terial was ball-milled in quantities of 1 g for 7min without the
addition of any solvent, including 100 mL agate containers
together with two agate balls of 12 mm in diameter. The ink
used for the screen-printed electrode was composed of 60%
of Bi-C material and 40% of the binding agent and additives.

The SWASV signal for determination of Pb2+ and Cd2+

showed peaks at the potentials of –0.85 and –0.6 V for Cd(II)
and Pb(II), respectively versus Ag/AgCl. The LOD was calcu-
lated, providing estimated values of 2.2 and 3.8 ppb for Cd(II)
and Pb(II), respectively. After studies with tap water and ur-
ban wastewater, the Bi/C/SPE proved to be a reliable way of
measuring and detecting heavy metals in water [65].

Chen et al. proposed a Bi-based porous screen-printed
carbon electrode (Bi/P/SPCE) for detection of heavy met-
als using SV. The process used for the creation of the elec-
trodes consisted of creating the porous screen-printed car-
bon electrode and then depositing the Bi film. The results,
comparing the proposed Bi/P/SPCE with a Bi-coated screen-
printed carbon electrode (Bi/SPCE) and a Bi-coated GCE
(Bi/GCE), showed clear advantages with higher peaks with
the Bi/P/SPCE at potentials of –0.824 and –0.6 V for cadmium
and lead, respectively versus Ag/AgCl. The LOD achievedwas
0.03 and 0.34 μg/L for lead(II) and cadmium(II), respectively
[66].

Bismuth nanoparticles have been demonstrated to be
very useful as electrode materials for heavy metal detection.
Sahoo et al. proposed a reduced GO/bismuth nanocomposite
(RGO/BI) as electrode material for detection of Cd2+, Pb2+,
Zn2+, and Cu2+. An RGO/Bi nanocomposite, previously pre-
pared, was dispersed in amethanolmedium (dispersion solu-
tion). This dispersion was then drop-casted to form a uniform
coating onto the carbon paste electrode surface. Using this
modified electrode, and through DPASV versus SCE, they
were able to determine the presence of these heavy metals in
water solutions with current peaks in potentials of –0.8 and
–0.55 V for Cd2+ and Pb2+, respectively. The potentials for Zn
and Cu were –1.12 and –0.18 V, respectively. The detection of
Cu ions in water has been a problemwith Bi-based electrodes
since the oxidation peak for Bi comes at a potential of –0.3 V
which is before the Cu peak at 0.02 V [67], but the RGO/BI
solves this problem, interestingly with this electrode, the Cu
peak comes first with a potential of –0.18 V versus the Bi peak
of –0.09V. LODs obtained were 2.8, 0.055, 17, and 26mg/L for
Cd2+, Pb2+, Zn2+, and Cu2+, respectively. [63]
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3.3 Iron oxides

Glassy carbon has been a common electrode material, but
it has been demonstrated to be ineffective with heavy metal
detection. However, modifications have been made to glassy
carbon to achieve this goal. This is the case with iron oxides;
they show great benefits when used in GCEs to boost the elec-
trode’s response to the presence of heavy metals in a sample.
Magnetite, for instance, has been used for the detection of
Cr3+ due to its large surface area and stability of the RGO [68].
It has been used for a variety of objectives in water treatment,
lithium-ion batteries, magnetic switches, among others [69].

Miao et al. developed a DNA modified Fe3O4@Au
nanoparticles as probes, which can be immobilized onto a
magnetic GCE for detection of Ag+ andHg2+. The Fe3O4 and
nanoparticles were synthesized by a hydrothermal method
dissolving 1.35 g of FeCl3·6H2O in 40 mL of ethylene glycol,
then adding 3.6 g of NaAc. After cooling and removing the
residual matrix, the NPs were obtained. For the synthesis of
the Fe3O4@Au 15 mg of Fe3O4 NPs was dissolved in 150 mL
of distilled water, ultrasonication was performed and 3 mL
of HAuCl4 with a concentration of 6 mg/mL was added to
the solution, then a NaBH4 solution of 0.2 M was prepared,
and 0.9 mL slowly added to the mixture of Fe3O4 NPs and
HAuCl4. The Fe3O4@Au NPs were collected using a mag-
net. A LODs of 0.37 ppb for Ag+ and 0.34 ppb for Hg2+, re-
spectively, were obtained, meeting the USEPA guidelines. Si-
multaneous detection of Ag+ andHg2+ was achieved through
SWV. This method showed great results when tested in real
water samples from lakes in China. Some of the advantages
of Fe3O4@AuNPs are great selectivity and it is a simple and
cost-effective process for the detection of these heavy metals
[70].

Iron oxides have also been used for the detection of other
heavymetals; Sun et al. worked on amagnetite RGOmodified
GCE for the detection of Cd2+ through SWASVwith Ag/AgCl
as a reference electrode. This electrodematerial has been suc-
cessful in the detection of Cd2+ ions. It showed great selec-
tivity toward Cd2+, and other heavy metal ions did not inter-
fere significantly. The peak for Cd2+ appeared at –0.8 V and
the LOD was 0.056 μM. Magnetite showed great results and
showed potential for further development for use in wastew-
aters [71].

3.4 Gold NPs/chitosan

CS is another material that has been used in electrodes for
heavy metal detection because of its good water permeability
and film-forming ability, which, combined with other compo-
nents, as carbon nanotubes or gold nanoparticles, can achieve
great results. Gold nanoparticles have properties that make
them attractive for their use in electrodes. They offer a large
surface area, high electronic conductivities, and excellent cat-
alytic properties [72]. On the other hand, CS has great film-
forming ability and adhesion to heavy metals [73]. There-

fore, it has been used in combination with other nanomate-
rials as gold nanoparticles [74], iron oxides [75], and bismuth
nanoparticles [76], to enhance metal detection capabilities.

Lu et al. created a graphene/AuNPs/CS hybrid film on a
GCE for the determination of Pb2+ in water through DPASV.
A solution with GO and CS was prepared by adding CS
flakes into a 1 M acetate buffer, stirring, and adding a GO
suspension. Then, the solution was ultrasonicated and fi-
nally mixed with NAuCl4, followed by CV between –1.6 and
+0.6 V (SCE) at 50 mV/s for 10 cycles. After this process, the
GR/AuNPs/CS/GCE was obtained.

Different electrodes were compared using DPASVs
for 100 mg/L of lead (II) between all electrodes, the
GR/AuNPs/CS/GCE had the highest response peak, with
15 μA at a potential of –540 mV. This scheme has the ben-
efits of being a simple method with high sensitivity and low
detection limit, found as 0.01 μg/L, one of the lowest pub-
lished. The optimal working conditions for this electrode are
a deposition time of 600 s and a deposition potential of –1.2 V.
The modified electrode showed very accurate results when
tested in real water samples, proving its reliability. An inter-
ference study was made by Lu et al., which found that there
is little interference with substances such as Mg(II), Al (III),
Ca (II), Zn (II), Co (II), Ni (II), and Ag (I). However, a more
significant interference was observed with Cu (II) and Cd (II)
[77].

Gold nanoparticles have been proved to improve the
detection of heavy metals in water when used in conjunc-
tion with GCEs. Besides the detection of lead, evidence
suggests that they can be used to improve the detection
of Hg2+ and even Cu2+, as Ting et al. demonstrated in
their work. They used a graphene quantum dot modified
GCE with gold nanoparticles (GQD/AuNP) for detection
of Hg2+ and Cu2+. For the preparation of the electrode,
Cysteamine-capped AuNPs were synthesized via chemical re-
duction of a gold chloride solution, then the solution was
mixed with a GQD solution following the addition of 40 mg
ethyl(dimethylaminopropyl) carbodiimide (EDC) with shak-
ing for 1 h. The solution was centrifuged to remove excess
GDQs. The GCE was polished and 3 μL of the GQD/AuNPs
solution was drop-casted on the electrode and left to dry. Fi-
nally, 3 μL of 5% Nf solution was drop-coated to obtain the
modified electrode.

Low LODs were obtained at 0.02 nM with S/N= 6.25 for
Hg2+ and 0.05 nMwith S/N= 4.81 for Cu2+. Anodic SV of the
GQD/AuNPs electrode showed a peak at 0.43 V in the pres-
ence of 0.1μMofHg2+. When compared to the GQD/AuNPs
electrode the AuNPs-coated GCE showed a weak oxidative
peak, and the GQD coated GCE showed no peak at all, which
indicates there is a great synergistic interaction between the
GQD and AuNPs. The deposition time and potential used
were 120 s and –0.2 V with SCE as the reference [78]. Fig-
ure 2 shows a summary of the fabrication and results of some
heavy metals sensors.

A summary of the nanosensors used for the detection of
heavy metals is given in Table 2.
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Figure 2. (A, B) Schematic diagram of the fabrication of the G/MWCNTs/GCE sensor, differential pulse anodic stripping voltammetry

(DPASV) stripping signals for Zn2+, Cd2+, Pb2+, and Cu2+ ions on the sensor. (Adapted with permission from [59], © (2014) Elsevier). (C)

Summary of the fabrication of the Bi/C SPE sensor and the square wave anodic stripping voltammetry (SWASV) signals recorded for

Pb2+ and Cd2+. (Adapted with permission from [65], © (2016) Springer). (D) Summary of the fabrication of the DNA modified Fe3O4@Au

NPs and MGCE sensor and the procedure for the simultaneous detection of Ag+ and Hg2+. (Adapted with permission from [70], © (2017)

American Chemical Society).

4 Detection of organic matter (COD)

CODworks as a critical indicator of the pollution levels of wa-
ter and is crucial for water quality assessment. COD is defined
as ameasure of the equivalent oxygen content of organicmat-
ter in a sample susceptible to oxidation by strong chemical ox-
idants such as potassium permanganate (KMnO4) and potas-
sium dichromate (K2Cr2O7) [79]. Unfortunately, this method,
despite its superior oxidizing capacity, exhibits several disad-
vantages such as low sensitivity, low precision, a large sample
volume, and high consumption of high-cost chemicals (for
example, Ag2SO4), corrosive (H2SO4 concentrated), and toxic
(HgSO4). Also, the traditional method involves a reflux pro-
cess that takes 2–4 h, which means that it is not ideal for high
throughput detection [80].

4.1 Copper nanomaterials

Copper is a material commonly used for COD as seen in the
works by Badr et al. [81], Hassan et al. [82], and Wang et al.
[83] due to its high electrocatalytic activity. In their work, Badr
et al., potentiostatically electrodeposited copper nanoparticles
on the surface of a GCE at –0.6 V versus Ag/AgCl for 60 s in a
solution of 50 mM CuSO4·5H2O containing 0.1 M NaClO4.

The electrochemical behavior analysis was carried out by LSV
in 0.075MNaOH, which showed an anodic peak at 0.6 V sim-
ilar to bare GCE. The optimized nano-Cu/GCE-based COD
sensor exhibited a linear range of 15–629.3 ppm and a LOD
of 1.7 ppm. The authors credit the increase in sensitivity of
COD detection to the high catalytic activity of nano-Cu and
consider that the simplicity and environmentally friendly sen-
sor is promising for real sample analysis [81].

Hassan et al. reported the use of a copper cable and
pure copper disk substrates coatedwith nano-copper films us-
ing potentiostatic deposition and fast-scan cyclic voltammetry
(FSCV). The potentiostatic deposition was under –1.0 V (ver-
sus Ag/AgCl) for 180 and 240 s from 4 mM CuSO4·5H2O
mM H2SO4 bath for the cable and the disk electrode, re-
spectively. In the case of FSCV for the Cu-cable electrode,
the potential scan window was from –0.10 to –1.30 V (ver-
sus Ag/AgCl) for 30 cycles at 100 mV/s. For the Cu-disk
electrode the potential scan window was from –0.80 to –
1.80 V (versus Ag/AgCl) for 20 cycles at 100 mV/s. The elec-
trochemical detection was analyzed with the use of LSV in
0.075 M NaOH, with peaks in the range of 0.6–0.7 V (versus
Ag/AgCl), where the FSCV sensors exhibited the highest oxi-
dation current due to a higher surface area andmore uniform
distribution. With the potentiostatic deposition, the cable
and disk sensors showed a linear range of 2–595 and
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Table 2. Summary of nanosensors for the detection of heavy metals

Electrode Analyte Electrodeposition
Electrochemical
technique LOD (mg/L)

Tested on real
water samples Reference

GCE/MWCNT/ CO/Cys. Cu2+ – DPASV 1.50E–02 Yes [58]
GCE/MWCNT/ CO/Cys. Pb2+ – DPASV 1.00E–03 Yes [58]
G/MWCNTs/GCE Pb2+ – DPASV 2.00E–04 Yes [59]
G/MWCNTs/GCE Cd2+ - DPASV 1.00E–04 Yes [59]
GCE/Chit/CNTs Cu2+ CV SWASV 9.98E–02 Yes [60]
GCE/Chit/CNTs Cd2+ CV SWASV 7.99E–01 Yes [60]
GCE/Chit/CNTs Pb2+ CV SWASV 5.99E–01 Yes [60]
Bi/C/SPE Pb2+ – SWASV 3.80E–03 Yes [65]
Bi/C/SPE Cd2+ – SWASV 2.20E–03 Yes [65]
Bi/P/SPCE Pb2+ – SV 3.00E–05 Yes [66]
Bi/P/SPCE Cd2+ – SV 3.40E–04 Yes [66]
RGO/Bi/CPE Zn2+ – DPASV 1.70E–02 Yes [63]
RGO/Bi/CPE Cd2+ – DPASV 2.80E–03 Yes [63]
RGO/Bi/CPE Pb2+ – DPASV 5.50E–04 Yes [63]
RGO/Bi/CPE Cu2+ – DPASV 2.60E–02 Yes [63]
DNA modified

Fe3O4@Au NPs and
MGCE

Ag+ – SWV 3.70E–04 Yes [70]

DNA modified
Fe3O4@Au NPs and
MGCE

Hg2+ – SWV 3.40E–04 Yes [70]

Fe3O4/RGO/GCE Cd2+ – SWASV 6.20E–03 No [71]
GR/AuNPs/CS/GCE Pb2+ CV CV 1.00E–06 Yes [77]
GQD/AuNP/GCE Hg2+ – ASV 4.00E–06 No [78]

CV, cyclic voltammetry; DPASV, differential pulse anodic stripping voltammetry; SV, stripping voltammetry; SWASV, square wave anodic

stripping voltammetry; SWV, square wave voltammetry.

2–369.9 mg/L and a LOD of 2.4 and 1.5 mg/L, respectively.
The cable and disk sensors made through FSCV displayed a
linear range of 2–595 and 2–280.9mg/L and a LOD of 2.6 and
1.2 mg/L, respectively. All four were proven useful as COD
sensors for surface waters, being the optimal depending on
the use, while also having a high tolerance level to Cl– ion,
showing 1.0 M Cl– minimal influence [82].

Alternatively, Wang et al. worked with a copper/cobalt
micro-nano film which was fabricated in situ on a gold elec-
trode via electrochemical reduction of CuCl2 and Co(NO3)2.
The electrodeposition of amicro-nano Cu/Co sensing film on
a 3mmgold electrode surface was carried out under−200μA
for 100 s in a 0.1 M, pH 4.0 acetate buffer solution contain-
ing 27 mM CuCl2, 3 mM Co(NO3)2 (versus SCE). The micro-
nano Cu/Co sensor was tested by amperometric detection in
0.1 M NaOH and showed a peak at 0.6 V (versus SCE), which
is consistent with the other works reviewed in this section.
The sensor had a linear range of 1.92–768 mg/L and a LOD
of 0.609 mg/L [83].

4.2 Graphene oxide/nickel NPs

In recent years, graphene has become a common material
for sensors due to its great optical, electronic, and magnetic
properties. GO, a popular modifier of the graphene family,

has reactive oxygen functional groups making it even more
popular in the field of biosensors, and it is usually modified
with othermaterials to improve its electrochemical properties
[84,85].

In the study performed by Li et al., a magnetic field
is first used to orient the GO flakes vertically on the sur-
face of a screen-printed electrode. Afterward, Ni nanoparticles
were electrodeposited on the upright GO (UGO) in a 5 mM
Ni(NO3)2 solution (pH4 phosphate buffer) under –1.3 V (ver-
sus Ag/AgCl) for 130 s. Later, rinsed by ultrapure water and
operated in a 0.5 M NaOH solution by potential cycling be-
tween 0.15 and 0.80 V (versus Ag/AgCl) for 20 cycles. Then,
chronoamperometry was carried out in 0.5 M of NaOH for
150 s for the detection of COD. The resulting nickel nanopar-
ticles (NiNPs)/UGO sensor displayed a linear detection range
of 0.1–400mg/L and a lower detection limit of 0.02mg/L. The
authors attribute the results to the fact that theUGO electrode
had a large effective surface area and good in-plane conduc-
tivity in comparison with regular GO, while the NiNPs im-
proved the selectivity [86].

Likewise, in a work by Zhang et al., NiNP/Nf/GO was
developed for a rapid determination of COD. The electrode-
position of the NiNPs on the Nf/GO was carried out un-
der −1.2 V (versus Ag/AgCl) for 100 s in a pH 4 phosphate
buffer containing 5.0 mM Ni(NO3)2, posterior to the mix-
ing of 1.0 mg/mL of GO with an equal volume of Nf. After
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Figure 3. (A, B) Schematic diagram of the fabrication of the NiNPs/UGO sensor, the relationship between oxidation current and concen-

tration of glycine (COD solution). (Adapted with permission from [86], © (2020) Elsevier). (C, D) Schematic diagram of the fabrication of

the NiNP/Nf/GO sensor, amperometric i-t, and linear calibration curves of standard COD solutions of glycine. (Adapted with permission

from [87], © (2018) Springer).

rinsing with ultrapure water, it was conditioned in a 0.5 M
NaOH solution by potential cycling between 0.2 and 0.6 V
(versus Ag/AgCl) for 20 cycles to achieve maximum activa-
tion of the electrode surface toward electrocatalytic oxida-
tion. With an optimal oxidation potential of 0.45 V (versus
Ag/AgCl), the amperometry was performed for 150 s with
0.5 M NaOH. The sensor showed a linear detection range of
0.1–400 mg/L and a LOD of 0.05 mg/L [87]. Both papers give
good use to both, NiNPs and GO, by showing the lowest de-
tection limit of COD present in this review because of the en-
hanced electrical activity and electrocatalytic oxidation ability.

4.3 Titanium oxide/gold NPs

Research has shown that titanium oxide (TiO2) is an effec-
tive material for the photodegradation of organic pollutants
in water, it is inexpensive, nontoxic, photosensitive, and en-
vironmentally friendly. Nevertheless, TiO2 based photocat-
alytic methods have lower photocatalytic activity, which re-
duces the range and reproducibility of the determination

of COD [88]. Therefore, Liang et al., modified a TiO2 nan-
otube array by gold nanoparticles (AuNPs) to improve the
sensitivity, stability, and lifetime of the sensor. Their sen-
sor is prepared through the electrodeposition of AuNPs at
the TiO2 NA in 0.05 mol/L H2SO4 + 5.0 mmol/L HAuCl4
solution at 0 V under sonicating. The results from the
AuNP/TiO2NA sensor fromphotoelectrocatalysis, in the pres-
ence of L-ferri/ferrocyanide redox couple, at 0.05 V are com-
parable with those of the standard K2Cr2O7 method, having
a detection limit of 5 mg/L and a linear range of 5–100 mg/L
[89]. Figure 3 represents the fabrication and results of chosen
organic matter sensors.

A summary of the nanosensors used for the detection of
organica matter is given in Table 3.

5 Discussion

The electrochemical detection of nitrate and phosphate can
be carried out using many electrodes, including Ru, Rh, Ir,
Pt, Ag, and Au. Nevertheless, copper and cobalt resemble to
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Table 3. Summary of nanosensors for detection of organic matter

Electrode Electrodeposition
Electrochemical
technique LOD (mg/L) Linear range (mg/L) Reference

Nano-Cu/GCE Potentiostatic LSV 1.70E+00 1.50E+01 to 6.29E+02 [81]
Nano-Cu/Cu-cable Potentiostatic LSV 2.40E+00 2.00E+00 to 5.95E+02 [82]
Nano-Cu/Cu-disk Potentiostatic LSV 1.50E+00 2.00E+00 to 3.69E+02 [82]
Nano-Cu/Cu-cable FSCV LSV 2.60E+00 2.00E+00 to 5.95E+02 [82]
Nano-Cu/Cu-disk FSCV LSV 1.20E+00 2.00E+00 to 2.80E+02 [82]
Micro-nano Cu/Co Reduction Amperometric 6.09E–01 1.92E+00 to 7.68E+02 [83]
NiNPs/UGO CV CA 2.00E–02 1.00E–01 to 4.00E+02 [86]
NiNP/Nf/GO CV Amperometric 5.00E–02 1.00E–01 to 4.00E+02 [87]
AuNP/TiO2NA Sonication Photoelectrocatalytic 5.00E+00 5.00E+00 to 1.00E+02 [89]

CA, chronoamperometry; CV, cyclic voltammetry; FSCV, fast-scan cyclic voltammetry; LSV, linear sweep voltammetry;

be the main choice of electrodes for nitrate and phosphate
detection, respectively. These materials allow the fabrication
of an inexpensive sensor with high selectivity and low overpo-
tential for reduction. Specifically, the use of copper nanowires
increases the surface area of the sensors compared to bare
copper, which is a crucial characteristic for the detection of
nitrate. However, more investigation into this electrode is
needed to determine other relevant factors to improve the
selectivity, as electrodeposition and electrochemical detection
methods. In terms of the detection of phenols, both works re-
viewed showed great promise, with one focusing on the detec-
tion ofmore pollutants while the other focusedmore on selec-
tivity. The work by Goulart et al. should be used as a stepping
stone for future works, due to the innovation of the simulta-
neous detection of four pollutants, which is two to four times
as many pollutants compared to other sensors [43,47,90]. In
addition, the synergy ofmetal nanoparticles with GCE should
not be ignored and studied with more detail for optimal pair-
ings for each pollutant.

Among the nanomaterials used, bismuth came out to
be one of the most versatile materials in metal detection, it
was successfully used to detect lead, cadmium, zinc, copper,
and even indium and thallium [67]. Bismuth-based electrodes
achieved better results with a lower LOD than the carbon nan-
otubes and chitosan electrodes. One of the most important
benefits of bismuth is that it is environmentally friendly due
to its low toxicity and its ability to substitutemercury formetal
detection [63], which makes it perfect for many applications.
Even though bismuth electrodes have been successfully used
to detect copper, many researchers have found it challenging
to use them due to the oxidation peak of bismuth interfering
with the one of copper.

This is where carbon nanotubes excel; they are primarily
used in the detection of lead and copper, where their chemical
and mechanical stability promises low interference and clear
peaks for both analytes when compared to bismuth. CNTs are
usually combined with other materials to enhance selectivity
as they have trouble working by themselves. The few func-
tional group on their surface make it highly hydrophobic and
they are unable to chelate metal ions in aqueous solutions
[59]. This material is perfect to use in combination with bis-

muth, cysteine, chitosan, or other electrode enhancing ma-
terials. Their properties make them a very versatile material
that can work in countless combinations.

Gold nanoparticles have a great affinity toward mercury,
which is a difficultmetal to detect with othermaterials such as
bismuth and carbon nanotubes. The benefits of gold nanopar-
ticles include their very low LODs, the lowest of all, they have
great sensitivity and versatility, being able to detect mercury,
silver, copper, cadmium, and lead [77]. However, the down-
side of this material is that it has presented some interfer-
ences with copper and cadmium.

The analysis of COD through electrochemical sensors
has shown great results in vital parameters such as sensitivity,
stability, toxicity, analysis time, and cost. The improvement in
such parameters is affected by a series of factors, being the
electrode material a critical one. Although copper is not the
perfect material since it can corrode by water [91], its popular-
ity, which can be also seen in other areas including biosensors
[92], can be credited to the abundance of the material as well
as its great electrical conductivity, low toxicity, and inexpen-
siveness. What copper-based sensors lack in LOD, they make
up for it in ease of production, scalability, and sensitivity. This
could lead to the use of copper as the default electrode for
general detection, while other electrodes could be used when
more accuracy is needed. There is where electrodes based on
NiNPs and GO stand out. They showed the lowest LOD and
linear range, among all the sensors reviewed, by taking advan-
tage of a large surface area and high electrocatalytic oxidation
ability of their materials. Future studies could focus on the
increase on the response signal of COD detection of copper
materials by possible pairings with other synergistic metals,
such as cobalt, as done by Wang et al. [83]; or on a simpli-
fication, and inexpensive, preparation of NiNPs/GO sensors
without the loss of accuracy, by using potential supporting
materials such as Nf [87], GCE [93], or metallic nanoparticles
[94].

There are endless types of pollutants of water that can be
further studied and reviewed, and one that will continue to
increase in importance—due to its use in electrical compo-
nents, green technologies, and petroleum refining—is rare
earth elements. These elements pose a risk through tailings
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(i.e., a mixture of particles, wastewater, and floatation chem-
icals from the processing stages) and due to the presence of
radioactivematerials within them. Studies done byMakombe
et al. show the use of electrochemistry for the detection of
cerium, lanthanum, and praseodymium. Their work, simi-
larly to many of the previously reviewed works, employed
GCE. They paired the GCE with alizarin complexone and
an antimony film to develop the sensor, which later—with
the help of adsorptive differential pulse stripping voltam-
metry and ICP-optical emission spectroscopy—would deter-
mine the presence of rare earth elements [95,96].

6 Concluding remarks and future
perspectives

There is a huge necessity for adequate wastewater treatment
due to all the pollutants and their effects on the environment,
animals, and humans. The first step to solve this situation is
the development of cheap and effective sensors that monitor
common pollutants such as nutrients, phenols, heavy met-
als, and organic matter in water bodies, to subsequently fa-
cilitate their removal. Traditional sensing techniques present
a series of disadvantages, specifically in the cost and analysis
quality areas, such as sensitivity, selectivity, and LOD, which
provide a demand for improvement in on-site sensors. In this
review, we discussed recent progress made in the develop-
ment of nanosensors, produced with a variety of electrodes,
for the detection of nutrients and phenolic compounds, heavy
metals, and organic matter. We explicitly describe the reason
of use for the electrodes employed, the process of making
the sensor, the application of electrochemistry, and the re-
sults achieved, as well as a comparison with the other sen-
sors in terms of LOD and linear range, and other parameters
when available. These sensors show the great results of cur-
rent nanosensors for water pollutants and can serve as a guide
for forthcoming monitoring technology.

The detection of pollutants in wastewater has evolved
from expensive methods to cost-effective, simple, and green
electrochemical methods that can, in some cases, be used
for in situ applications. A variety of nanomaterials have been
proven to enhance the detection proficiency of the sensors,
achieving very low LODs and capabilities such as being use-
ful for a mixture of pollutants and resistance to interference.
The use of nanomaterials as electrodes in electrochemical de-
tection shows the potential they have on their own as well
as when being paired with other nanomaterials. The afore-
mentioned sensors show a trend of improvement through
the years, overcoming the disadvantages of more traditional
methods and paving the way for more positive ecological and
economic benefits in the whole process of wastewater treat-
ment.

The works reviewed exhibit the relevance of testing the
electrodes under controlled conditions as well as real water
samples. However, to ensure the accuracy and precision of
the performance under all conditions, we encourage more
tests to be taken so that interferences with other substances

can be detected and taken into consideration when using the
electrodes allowing the user to be certain that their results are
as true to life as possible.

Nanomaterials are implemented in the hope of being a
quick and easy to use tool in the detection of nutrients, heavy
metals, and organic matter, their use has proven to be ex-
tremely successful, and is precisely this success that raises
new questions. Is it possible to mass-produce nanomaterial
using electrodes for their use world-wide? What is the dura-
bility of these electrodes?What is their life cycle?What is their
environmental impact after they are left unusable? Forthcom-
ing work in the detection of water pollutants will most likely
involve a focus on at least one of the following features: cheap
nanomaterials (e.g., GCE) to allow mass production and in-
creasing overall testing of wastewaters; the combination of a
variety of nanomaterials (e.g., NiNPs with GO) to overcome
individual weaknesses; and manipulation of the geometry
(such as upright GO) to enhance properties of the materi-
als. A huge variety of nanomaterials enhance the selectivity
of different analytes and the only recommendation that we
can make is to seek synergistic interactions between them to
try and achieve even better results. Nanomaterials are bring-
ing new possibilities to the detection of pollutants, and we
can comfortably say that a great future holds for this area of
study.
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