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Abstract: The rapid increase in industrialization and human population is leading to critical levels
of environmental pollutants, such as agrochemicals or heavy metals, which affect the preservation
and integrity of ecosystems, the accessibility to drinking water sources, and the quality of the air.
As such, remediation of these issues demands strategies for implementing and designing novel
technologies. In that regard, nanomaterials have unique physicochemical properties that make them
desirable candidates for the detection and remediation of environmental pollutants. The scope of this
review is to provide an analysis of the available nanomaterials that are being used as an approach
to detect and remediate hazardous residues, comprising systems such as noble metals, biosensors,
cyclodextrin-based polymers, and graphene oxide nanocomposites, to name a few. Furthermore, this
work discusses said nanomaterials in terms of their effectiveness, sustainability, and selectivity as a
guideline for researchers wishing to indulge in this relevant study area.

Keywords: nanocomposites; nanoparticles; enzyme-loaded nanoparticles; cyclodextrin nanosponges;
water remediation; air detection; heavy metals; agrochemicals; selectivity; reproducibility

1. Introduction

Considering the current climate crisis and the progress of the industries that continue
to grow each year, the ability to detect analytes, polluting, and potentially toxic products for
the environment and human beings has taken on greater relevance. The early and optimal
detection of substances accumulating in ecosystems allows for the taking of measures to
remedy or reduce the presence of these substances in the environment. The substances of
significant interest are chemical residues such as agrochemicals and their derivates and
heavy metals [1,2]. Each principal feature is their long-term persistence in the environment
because they react and interact with substances present in it and bioaccumulate. The
detection of pollutants or chemicals in media is carried out by taking samples from the
area of interest, be it an ecosystem, industrial waste ponds, natural water sources, or water
intended for human consumption. Subsequently, the samples are analyzed using different
advanced laboratory technologies, such as inductively coupled plasma mass spectrome-
try/atomic emission spectrometer, atomic absorption spectrometry, atomic fluorescence
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spectrometry, and laser-induced breakdown spectrometry, which, despite having high
capacity and precision, require high consumption of time and energy and are difficult
to perform [3].

The development of sensors or devices capable of detecting these pollutants has
increasingly become a viable alternative to replace or accompany the classical techniques
used for detection. Sensor manufacturing is focused on improving characteristics such as
specificity, detection limits, and detection time [4,5]. The development of new materials
has made it possible to generate transportable, manipulable, and stable sensors.

Nanotechnology has provided us with a platform with various applications to in-
crease a sustainable environment for present generations and thus be able to carry out
future research. Nanomaterials have been incorporated into these lines of study and have
proven highly compatible with applications in contaminants and toxic chemical detection
from natural environments [6,7]. In general, materials on the nanometric scale have opti-
cal, electrical, and mechanical properties that are not observable on the macro (or bulk)
scale [8,9], allowing the creation of sensors with faster detection, better specificity, catalysis,
and better quality of the transduction signal. Further, as nanomaterials present a high ratio
of their surface-area-to-volume ratio, they are also appropriate for wastewater remediation
processes [10]. This review discusses the importance of various nanomaterials for detect-
ing and remediating pollutants as an alternative to traditional methods, considering the
sustainability of such materials, their ability to be reused or recycled, and their specificity
towards the target analytes. In that regard, our motivation to write this review resides in
the potential applicability of nanomaterials to overcome the pollution crisis in the foresee-
able future. However, despite their enormous potential, nanomaterials also present a fair
number of challenges, which will also be addressed in this review to provide insight and
strategies for researchers who might indulge in pollutant treatment using nanostructures.
Finally, the remediation and detection of pollutants using nanotechnology will be discussed
in three categories, as described in Figure 1.
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Figure 1. Nanomaterials and their application in the detection and removal of pollutants. Created
with BioRender.com.

2. Nanomaterials for the Detection of Heavy Metals

Due to the high industrial activity, the associated residues and wastes are constantly
increasing and accumulating in surrounding soils and wastewater. Notably, heavy metals
have raised concerns due to their toxic nature and the resulting consequences for the
environment and human health, even at low concentrations. Heavy metals such as arsenic,
cadmium, chromium, lead, and mercury are relevant in this context due to their deposition
by industrial activities and their well-known high degree of toxicity. They are considered
systemic toxicants capable of inducing damage to multiple organs, even at lower levels
of exposure. Therefore, it is essential to detect them even at low concentrations [11,12].
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Industries and governments employ various techniques to detect ions and trace levels of
these elements in different substrates.

These techniques commonly involve absorption spectroscopy, inductively coupled
plasma atomic emission spectroscopy, optical emission spectroscopy, fluorescence spec-
troscopy, and other methods. While these methods are highly adaptable and versatile,
enabling simultaneous analysis of multiple elements, they also have certain drawbacks.

These disadvantages include the need for specialized equipment, high energy con-
sumption, the requirement for sample preparation steps, and longer analysis times [3].

Nanotechnology provides new nanomaterials and nanoparticles (NPs) that can be
applied in the field of remediation of heavy metals [13]. These include noble metal NPs,
carbon-based nanomaterials, oxide NPs, and nanocomposites. The versatility of nanomate-
rials lies in the various forms and structures that can be obtained using different synthesis
methods, resulting in a wide range of morphologies with unique optical, catalytic, and
electrical properties [14].

2.1. Noble Metal NPs for the Colorimetric Detection of Heavy Metals

Given the large number of heavy metals deposited in the environment, the fast and
simple detection of these metals has become a matter of concern. Accessible and easy
sensing of heavy metals enables constant monitoring of their levels in ecosystems and
contributes to tracing the deposition and migration of these materials in the environment
and substrates [15,16].

Related to this, metallic nanostructures exhibit several properties that make them
suitable for pollutant detection. Incorporation into sensing devices can improve not only
the detection capacity of the sensors but also facilitate the transduction of the signal
derived from the sensing. The principal elements studied for these applications are gold,
silver, zinc, and titanium [17-20]. Specifically, silver (AgNPs), copper (CuNPs), and gold
(AuNPs) nanoparticles are the most investigated for their use in remediation and sensing
applications. The properties that these metals have at a nanometric scale are related to
their disposition and structure. Thus, the surface plasmon resonance (SPR) phenomena,
which is characteristic of nanosilver and nanogold structures, has been employed for the
development of colorimetric sensors.

Colorimetric sensors are systems that exhibit a color change upon detecting the
molecule of interest; this change can be easily detected by the naked eye or, more specif-
ically, by UV spectrophotometry. Nanomaterials based on gold and silver are the most
exploited for these applications since different concentrations of the analyte of interest can
cause nanomaterials to aggregate, precipitate, or change their structure. These alterations
in the original state of the nanomaterials will induce a related change in the SPR [21,22].

In addition to using nanomaterials as sensors, these have been incorporated into
structures to develop more sophisticated devices, allowing them to increase their detection
capacity and signal transduction, among other sensor properties [23].

As mentioned, the most straightforward kind of sensor investigated in this area are
the colorimetric sensors, which allow easy and rapid detection that can be applied even to
detect metallic contaminants in the environment. An example of this is the colorimetric
assay developed by Dong et al. [24] using chalcone carboxylic acid-capped AgNPs for
the specific detection of Cd (II). In this case, the capping agent primarily provided the
functional group (OH) with which Cd?* ions interact, leading to a complex formation.

The interaction between Cd (II) and the carboxylic acid eventually induces AgNPs
aggregation, which can be easily detected because of the color change of the solution and
by changes in the plasmonic absorbance peak of the AgNPs solution. These changes were
directly related to Cd (II) concentration. As reported by these authors, the same effect was
not induced by other metallic ions that could be present in environmental samples.

Systems based on changes in the SPR of AgNPs have also been designed for sensing
other contaminant ions. Generally, in these systems, the functionalization or capping of the
NPs determines their detection ability and selectivity. Molecules with thiol groups have
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been explored as capping agents in the synthesis of AgNPs, as it is known they bind to the
nanoparticle’s surface by Ag—S bonds stabilizing the NPs [25].

Thus, the selected agent to functionalize NPs is imperative for achieving good reactiv-
ity and specificity in analytes. Related to this, Rossi et al. [26] used mercaptoundecanoic
acid (11 MUA) to synthesize 11 MUA—functionalized AgNPs used in solution as a colori-
metric sensor for detecting Ni (IT). Only when the AgNPs-11 MUA were used for Ni** ion
detection changes in the absorption band characteristic for AgNPs (near 420 nm) and the
appearance of a second absorption band at 477 nm were observed.

These two bands’ appearance was directly related to the concentration of Ni?* ions
added, and the limit of detection (LOD) achieved was 2.15 uM.

AgNPs showed the ability to detect Ni (II) and Co (II) in a study where these NPs were
capped with (3-mercaptopropyl) trimethoxy silane (3 MPS). The assay developed in this
work showed that AgNPs—3 MPS could detect nickel and cobalt ions with a sensitivity
limit of 500 ppb for both elements. The detection mechanism is based on the formation of
coordination compounds of Ni (II) and Co (II) with the AgNPs. As it could be detected,
the addition of these ions induced changes in the (-potential of NPs, which supports the
effective interaction between Ni (II) and Co (II) with the AgNPs—3MPS and subsequent
aggregation of the NPs induced by the formation of the coordination compounds. As
expected, because of the changes in the dispersity and size of NPs, the presence of these
ions in the solution was reflected in changes in the SPR [27].

In a similar study, AgNPs stabilized with the same ligand (3 MPS) were tested to
interact with Hg (II) for potential sensing applications [28]. The study probed that in the
presence of Hg?*. These ions would uniformly distribute on the surface of the NPs, forming
an Ag/Hg amalgam that caused changes in the SPR spectra and, therefore, in the color of
the solution tested.

Because of their optical, chemical, and catalytic properties, as well as being cost-
effective compared to other elements, AgNPs have been studied, as mentioned, for the
detection of Hg (II). AgNPs functionalized with 2-aminopyrimidine-4,6-diol (APD) were
probed to chelate Hg?* ions. The colorimetric detection of Hg?* ions was achieved and
related to a complex formation between APD-AgNPs and Hg (II), which would induce
aggregation and a change of the system color from pale brown to bright yellow, given
the change in the surface resonance plasmon. The LOD reached was 0.35 um/L, and the
detection time needed was 5 min, even at low concentrations [29].

Similarly, Sharma et al. [30] report a sensing method for Hg?* by using thiol-terminated
chitosan as a capping agent during the synthesis of AgNPs. The solutions with these
modified Ch-AgNPs were used to detect Hg (II) in drinking water samples, exhibiting
good performance and a LOD of 1.7 x 1078 M. In this study, the colorimetric change was
analyzed by transmission electron microscopy (TEM) and dynamic light scattering (DLS),
confirming the change in the structure of the NPs induced by the redox interaction between
AgNPs and mercury ions. Therefore, this work also reported the separation of Hg?* from
water samples by changing the pH of the solutions.

Garg et al. [31] probed that xylenol orange synthesized—AuNPs can be used as an
optical sensor of Al (III) based on aggregating these in the presence of the contaminant.

As the characteristic plasmon exhibited by AulNPs is in the visible light region, the
color change produced by the aggregation of NPs as they detect the target ion is also visible
to the naked eye. The AuNPs could detect Al (III) in water samples with an LOD of 12 ppm.

An ultrasensitive Hg (II) detector was reported by Sadani et al. [32]. The sensor
consisted of chitosan-capped AuNPs on bovine serum albumin (BSA) deposited on an
optical fiber platform. The interaction of Hg?" with the sensor was attributed to Hg (II)’s
strong affinity towards the functional groups in chitosan and BSA. Further, an increase in
the absorbance of the SPR of AuNPs was observed. Colorimetric detection of Hg?* was
tested on actual samples, such as tap, sewage, or marine water. The determined LODs were
0.1 ppb in tap water and 0.2 ppb in seawater, with high selectivity towards mercury.
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Likewise, Yuan et al. [33] developed an optic sensor based on 4-mercaptopyridine
(4-MPY) modified AuNPs assembled on an Au surface for Hg(Il) detection. The exposed
pyridinic nitrogen of 4-MPY coordinates with the Hg?* ions via multidentate N-bonding to
form a Hg-pyridine complex and a coupling effect between Au film and AuNPs, generating
strong SPR wavelength shifts that were dependent on Hg?* concentration. The sensor LOD
was 8 nM in tap water samples under optimal conditions.

It is worth noting that in all cases, the benefit of the developed methods is that, in
addition to detecting ions in small concentrations, the sensing can be detected by the bare
eye because of the color change in the solutions containing NPs as the morphological
characteristics of these nanomaterials vary. This represents a significant advantage since all
the commonly used methods for sensing and/or detection of heavy metals involve sample
treatment and expensive instrumentation and are time-consuming [34].

The basic colorimetric sensors can be upgraded using two agents to functionalize the
NPs. As demonstrated by a nano-sensor for Ni (II) detection using AgNPs functionalized
with sodium dodecyl sulfonate (SDS) and adenosine monophosphate (AMP). Ni?* induced
the aggregation of the AMP-SDS-AgNPs by the cooperative effect of the interactions
between Ni (II) and each capping agent. This causes a decrease in the plasmon absorbance
band near 400 nm of AgNPs and the appearance of a different band near 500 nm, which
is related to the concentration of the Ni** ion. In this case, the sensor exhibited good
selectivity and performance in detecting Ni?* in actual water samples, with recoveries in
the range of 98.4 to 106%. The LOD achieved with this sensor was 0.6 uM in an aqueous
solution. The optimized detection method shows promising potential for being used in Ni
(II) detection in actual samples as it exhibited high recovery percentages either in a lake
or tap water and as its LOD tested was lower than the allowed in water for these ions in
drinking water (45 uM) [35].

Another example is AgNPs functionalized with citric acid and L-cysteine, which
exhibit the ability for Hg?* ion sensing and excellent stability in simulated aqueous media
as a consequence of the stabilizing agents [36]. The synthesized NPs were used in solution
to detect Hg?* ions; the results were that in the presence of Hg (II), a redshift of the SPR of
NPs related to their concentration was observed, with an estimated detection limit for this
system of 0.6 ppm.

A colorimetric sensor for Hg (II) was developed through the dispersion of silver and
copper bimetallic NPs into a Si0,-TiO,-ZrO; ternary matrix [37]. Hg (II) concentrations
were determined by analyzing the variations in the intensity of the SPR bands. The sensor
was tested on river and well water, achieving a LOD of 0.1 uM in both samples. Moreover,
selectivity was investigated among heavy metals, such as Ni (II), Cd (II), Se (IV), Mn (II),
and Zn (II).

The plasmonic phenomena of noble metal NPs depend not only on their size and
dispersion but also on their shape, dielectric environment, and interactions with particles
nearby [38]. Furthermore, aggregation, shape transformations, and reorder caused in the
nanomaterials induced by the presence of determined heavy metals have been extensively
explored for the development of colorimetric sensors.

Metallothionein-capped CuNPs (MT-CuNPs) were synthesized for colorimetric detec-
tion of Hg (II) and Cd (II) based on catalase-like activity [39]. The method consisted of the
visual and spectrophotometric analysis of MT-CuNPs upon the addition of Hg?* and Cd?*.
Moreover, TEM micrographs evidenced that both heavy metals induced the aggregation of
the MT-CuNPs system, which is consistent with the wavelength shifts of the SPR band.

A study involving Ranolazine-capped CuNPs (R-CulNPs) was conducted by Laghari
et al. [40] for a highly sensitive colorimetric sensor of As (III) in water samples. The R-
CuNPs system displayed an SPR band at 573 nm, which evidenced reduced adsorption
and a bathochromic shift upon the addition of As (III). The presence of As>* ions triggered
the release of ranolazine from the CuNPs surface, inducing their aggregation and a color
variation from brick red to dark green.
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Yoon et al. [41] proposed using silver nano-prisms for sensing Ni (II) in search of an
improvement in sensitivity. In the study, the concentration of Ni** ions were determined
by changes in the triangular form of silver nano-prisms in a solution with O, and H,O, in
which the addition of Ni (II) would catalyze the formation of an H,O, agent that would
induce the etching of the prisms.

This was reflected in a color change from blue to reddish brown and exhibited in a
more prominent blue shift of the surface plasmon. The LOD achieved in this system was
21.6 nM under optimal conditions.

A method for Cd (II) detection was proposed by Gan et al. based on aptamer-
functionalized AuNPs [42]. The colorimetric detection of Cd?* ions is attained through
its interaction with the aptamers, thus weakening the stability of AuNPs and triggering a
change of color in the solution. The colorimetric change was analyzed using a smartphone-
based colorimetric system, obtaining an LOD of 1.13 ug/L.

Some colorimetric methods for heavy metal detection using noble metal nanoparticles
are illustrated in Figure 2.
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Figure 2. Nanomaterials for the colorimetric detection of heavy metals. The nanomaterial-analyte
interaction is confirmed through changes in the state of the nanomaterial: Absorption spectra of the
CCA-AgNPs probe before (a) and after (b) interaction with Cd(II) (A) [24]. The colorimetric aspect
of 3-MPS-AgNPs upon interaction with different metal ions. Changes in the SPR absorption band
and the full width at half maximum (FWHM) are also illustrated (B) [27]. Colorimetric response
of an aptamer-AuNPs system at increasing Cd (II) concentrations (C) [42]. Absorption spectra and
colorimetric response of MT-CulNPs (450 nm) at different Pb (II) concentrations (D) [39].

The noble metal NPs discussed in this section are summarized in Table 1, along with
the heavy metals that were detected.
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Table 1. Summary of noble metal NPs and their application as treatments for heavy metals.

System Heavy Metal Altered State of the Metal NPs Polluted Matrix Reference
Chalcone carboxylic cd (1) Carboxylic acid-Cd interaction induced AgNPs  Drinking water [24]
acid-capped AgNPs aggregation and lake water

11 MUA—func- . o s
tionalized AgNPs Ni (II) Red shift in the SPR of AgNPs Lab water [26]
3 MPS-AgNPs Co (IT) and Ni (II) Aggregation of AgNPs induced by the Lab water [27]
formation of coordination compounds
} Formation of an Ag/Hg amalgam that causes
3 MPS-AgNPs Hg (II) changes in the SPR spectra Lab water [28]
Complex formation between APD-AgNPs and
APD-AgNPs Hg (D Hg?*, inducing change of the system color Lab water [29]
Chitosan-AgNPs Hg (II) Change in the structure of AgNPs Drinking water [30]
Decrease in the plasmon absorbance band due Tap water and
AMP-SDS-AgNPs Ni (II) to the interactions between Ni%* and each 1121 ke water [35]
capping agent
. . Salt water and
L-cysteine-AgNPs Hg (II) Red shift of AgNPs SPR band drinking water [36]
. . . Changes in the triangular form of silver Tap water and
Silver nano prisms Ni (1D nano-prisms in a solution with O, and H,O pond water 411
Xylenol orange-AuNPs Al (III) Aggregation and color change of AuNPs Drinking water [31]
. : ) Hg (II) strong affinity towards chitosan and Water, soil, and
Chitosan-BSA-AuNPs Hg (D BSA promoted changes in the SPR of AuNPs food samples (321
. . Hg-pyridine complex formation and a coupling
4MPY-AuNPs Hg (I effect between Au film and AuNPs Tap water (331
Cd-Aptamer interaction promoted the s
Aptamer-AuNPs Cd (IT) ageregation of AuNPs Drinking water [42]
CuNPs-AgNPs- Variations in the intensity and shifts on the .
ternary matrix Hg (D SPR bands Drinking water 371
3 Hg (II) and Pb (II) induced the aggregation Tap and pond
MT-CuNPs Hg (II) and Pb (II) of CuNDs water [39]
R-CuNPs As (ITD) The presence of As (III) promoted the release of Ground water [40]

R and the aggregation of CuNPs

2.2. Nanocomposites for the Detection of Heavy Metals

The applications of nanomaterials are not only limited to colorimetric sensing; more
sophisticated detection systems based on nanomaterials or with these incorporated have
been investigated in recent years. In order to enhance the characteristics of detection, such
as selectivity, specificity, and reproducibility, the fabrication of nano-sensor devices based
on different nanocomposites represents a suitable option.

Unique metallic semiconductors and carbon-based electrodes with nanotechnology
incorporated have been explored. Porous-activated carbon (PAC) decorated with palladium
NPs (PdNPs) was used to fabricate a modified glassy carbon electrode (GCE). By using
square wave anodic stripping voltammetry (SWASV), the activity of this modified electrode
was applied in the detection of Cd?*, Pb?*, and Cu?* ions with LODs of 13.33 nM, 6.60 nM,
and 11.92 nM, respectively. The designed system exhibits peak currents related to the redox
reaction in which the contaminant ions were reduced [43]. PAC in this system favored the
speed of the electron transfer between the electrode and solution because of its porous
structure, leading to better performance.

At the same time, using PANPs improves the signal of detection thanks to their
electrocatalytic activity and good conductivity. Moreover, the PA@PAC/GCE was utilized
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to detect heavy metal ions in natural sample species, indicating potential application in
accurate environmental detection.

Modifying an electrode with a nanocomposite of zinc oxide nanorods (ZnO) and
graphene (G) also generates the conditions for improved detection of Cd (II) and Pb (II).
While graphene contributes properties of good conductivity, good electron transfer, and
mechanical properties, the addition of ZnO allows the formation of a three-dimensional
structure, which helps stabilize G and increases the surface area available for electrochemi-
cal detection [44]. An extra element was added to this sensing method based on the ZnO-G
nanocomposite. The investigators demonstrate that the presence of Bi*>* can improve the
detection performance by forming an alloy with Cd (II) and Pb (II).

The LOD reached using this designed platform was 0.6 pg/L for Cd (II) and 0.8 pg/L
for Pb (II), and it proved effective in detecting these ions in actual wastewater samples.

A nanocomposite electrode, based on reduced graphene oxide (rGO) glycine and
polyaniline, also exhibits excellent sensing properties for Cd (II) and Pb (II) detection in
actual water samples. Different molecules combined on electrode surfaces enhance surface
area, electron transfer rate, and affinity for the target contaminants [45]. The proposed
sensor was applied for Cd (II) and Pb (II) detection with an LOD of 0.07 nM for Cd** and
0.09 nM for Pb (II) and showed good selectivity and reproducibility.

A modified electrode was designed to determine Pb?* concentration by SWASV based
on the same principles. By using a Fe;O3 NPs/ZnONRs/ITO electrode, while Fe;O3 NPs
contribute to a higher electrocatalytic activity, ZnONRs ordered on the electrode improve
the surface area and disposition of Fe;O3 NPs. The system showed high selectivity, good
repeatability, and reproducibility, and the detection limit was 0.01 uM [46].

Electrodes designed to detect mercury, usually metallic NPs, have been used and
performed better. Specifically, AgNPs and AuNPs, because of their catalytic activity, higher
surface area, and the higher affinity of AuNPs for Hg (II).

Graphite pencil lead (GPL) covered with Au nano-dendrites was used to create a
sensor surface for electrochemical detection of Pb (II), Cu (II), and Hg (II) with an LOD
of 0.12, 0.19, and 0.18 ppb for each ion, respectively. The fabricated sensor proved to
be an excellent tool for the simultaneous detection of these contaminants, as GPL is an
easily obtainable and cheap material, and the fabrication technique of the sensor is simple,
and achieved in less than a minute. The product exhibited acceptable sensitivity and
reproducibility and could detect the three contaminants in actual water samples [47].

Although simple fabrication and multiple detection capacities are essential, the straight-
forward reading of the signal is also crucial to determine the potential applications of the
developed sensors. Regarding this, Sebastian et al. [48] created a dual sensor for Hg (II)
based on green synthesized AgNPs. In the investigation, the detection of the ion could
be seen by the naked eye using the AgNPs alone or measured by cyclic voltammetry
when AgNPs were used to elaborate a modified platinum electrode. When used alone in
solution, AgNPs would aggregate in the presence of Hg (II) because of a complex formation
suggested to be caused by the hydroxyl and thiol groups of glutathione present in the
Agaricus spore extract and their interaction with mercury ions. This aggregation was
detected as a color change in the solution, along with a decrease in the SPR absorption
spectra of the solution, that occurred only in the presence of Hg (II). Because of the excellent
selectivity exhibited by the green-synthesized AgNPs, they were applied to the surface
of a platinum electrode. In this case, the detection of Hg (II) was carried out by cyclic
voltammetry measures, where a clear peak was formed due to the redox reaction occurring
in the presence of Hg (II). As in primarily AgNP-modified electrodes, the performance of
the electrode was better when AgNPs were covering the surface, as they contributed to
facilitating the diffusion and capture of the contaminant ion, improving the electrochemical
response of the electrode. Both systems exhibited good selectivity, with a LOD of 2.1 nM
for the electrochemical sensor developed.

Another innovation in the search for sensing application devices was modifying a
paper electrode with nanomaterials to fabricate a Hg (II) sensor. The use of either carbon
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nanotubes (CNTs) or graphene oxide together with AuNPs on the paper electrode surface
results in a susceptible and selective sensor, as these combine the good conductance and
stability of CNTs and GO with the improved sensing area and sensitivity conferred by
AuNPs [49]. The highlight of this method for the fabrication of the device is the electro-
generation of AuNPs in situ over the modified electrode, ensuring its deposit on the surface
and the sensor’s good reproducibility. The described system detected Hg (II) in actual
samples at a level comparable to screen-printed carbon electrodes and reached a detection
limit of 30 nM.

A nanocomposite of PtNPs in conjunction with 3,3',5,5’ tetramethylbenzidine (TMB)
was used for colorimetric detection of Hg (II). Contrary to the other methods reviewed, in
this case, PtNPs exhibit peroxidase activity, which would be observed by the color given by
TMB, a chromogenic substrate [37].

Moreover, the addition of mercury ions would cause the aggregation of PtNPs and the
reduction of their activity. Thus, the presence of mercury would be observed as an absence
of color. Another innovation developed in this study relies on using a nanocomposite as
a matrix that promotes the stability of NPs and their activity, increasing the precision of
this method and their potential applications with different water sources [50]. The LOD
reached 80 nM for Hg (II).

A Zn-based metallic organic framework (MOF) derived from 2-amino terephthalic acid
was synthesized and characterized by Kumar et al. [51] for the detection and remediation of
V>* jons from wastewater. Due to the developed matrix’s luminescence and water stability
properties, the MOF exhibited an LOD of 220 nM while also proving proficient in removing
the metal ion, with a maximum adsorption capacity of 460 mg/g. Arabbani et al. [52]
developed an electrochemical sensor through sol-gel methods consisting of Ag/ZnO and
zeolite imidazole frameworks (ZIF-8) nanocomposite. The surface area and porosity of the
sensor allowed the detection of Hg (II) with high selectivity, featuring a linear range from
5-140 nM and a LOD of 40 nM.

An electrochemical sensor for the detection of Cu (II) was fabricated by Gao et al. [53],
consisting of a stainless-steel mesh (SSM) and tungsten oxide (WOs3) composite. The sensor
was developed to improve the detection mechanisms through preconcentration. Three
SSM/WOj3 sensors with different morphologies were developed to determine the influence
of the surface area in the detection and sensitivity of the nanocomposite, showing LODs in
the range of 10-200 nM.

A green method for the synthesis of carbon dots and graphitic carbon nitride (GCN)
composites was proposed by Radhakrishnan et al. [54] as a fluorescent sensor for the detec-
tion of metal ions. The sensitivity of the nanocomposite was pH-dependent in determining
an optimal surface charge for detection. Thus, a LOD of 0.55, 0.18, and 0.3 nM for Cr (VI),
Cu (II), and Pb (II), respectively, were obtained.

Sensors based on cation exchange reactions (CER) can also act as versatile tools for the
detection of heavy metals in wastewater, as demonstrated by Bano et al. [55]. A ZnS-starch
nanocomposite was synthesized and evaluated for the detection of Pb (II), Cu (II), and
Hg (II), which was dependent on the signals, band gap, and coloration of the ZnS-metal
interactions. The proposed method reported a LOD of 1, 10, and 1 uM for Pb (II), Cu (1),
and Hg (II), respectively.

Cr (VI) treatment has also been explored using cellulose nanocrystals (CNCs). A
chitosan/CNCs/carbon dots nanocomposite was formed by Zeng et al. [56], who assembled
a porous structure to detect and remove Cr (VI). Carbon dots provided adsorption sites for
the matrix, exhibiting an adsorption capacity of 218.8 mg/g. Further, the nanocomposite
acted as a fluorescent probe for quantitatively detecting Cr (VI) with an LOD of 40 ng/L.

Table 2 summarizes the different nanocomposites discussed in this review for the
detection of heavy metal pollutants.
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Table 2. Summary of heavy metal detection by using different nanocomposites.

Nanocomposite Heavy Metal LOD (nM) Polluted Matrix Reference
Pd@PAC/GCE Cd (II), Pb (1), Cu (II)  13.33 (Cd?*), 6.60 (Pb%*), 11.92 (Cu?*) Tap water [43]
ZnO-G Cd (II), Pb (II) 0.05 (Cd?*), 0.03 (Pb2*) Wastewater [44]
rGO-glycine-polyaniline Cd (II) and Pb (II) 0.07 (Cd?*), 0.09 (Pb%*) Tap water [45]
FepO3 NPs/ZnONRs/ITO Pb (II) 10 Sea water [46]
GPL-Au nano-dendrites Pb (I), Cu (II), Hg (I) ~ 57.8 (Pb?*), 18.8 (Cu?*), 60.1 (Hg>*) Lake water [47]
Bispo?e%?’llziir?frirlecl:cstrode Hg (1D 210 Lake water [48]
CNT-AuNPs-GO Hg (II) 30 River water [49]
PtNPs-TMB Hg (II) 80 Lab water [37]
Zn-based MOF V (V) 220 Lab water [51]

Tap water, river
Ag-ZnO-ZIF-8 Hg (II) 40 water, orange [52]
juice

SSM-WOQO3 Cu (I) 10 Lab water [53]
Carbon dots-GCN Cr (VI), Cu(Il), Pb (I) 0.5 (Cr®*), 0.18 (Cu2*), 0.3 (Pb2*) “Tzir’itve; gj’;‘:r [54]
ZnS-starch Pb (II), Cu (II), Hg (II) 1 (Pb?*and Hg2"), 10 (Cu2*) pch‘rll’ d“v’j;:'r [55]
Chitosan/CNCs/carbon dots Cr (VI) 20 Lab water [56]

3. Nanomaterials for the Detection of Agrochemicals: Pesticides, Herbicides,
and Insecticides

In addition to detecting heavy metals and ions, nanomaterials have been used to make
sensors for different agrochemicals.

Agrochemicals are widely used to control insects, pests, and weeds, which results in
notable increases in agricultural production. If the use of pesticides did not exist, there
would be a considerable loss of 78% in fruit production, 55% in vegetable production, and
33% in cereal seed production [57]. Pesticides are also crucial in reducing diseases and
increasing substantial crop yields. As pesticides are used to combat pests and control weeds
using chemical substances, they are prone to becoming toxic to other organisms, affecting
fish, birds, air, water, beneficial insects, non-target plants, soil, and essential crops.

Also, pesticides can be carried away from the target plants, resulting in environmental
contamination and affecting human health [58]. The fact that products such as pesticides
and insecticides are applied in such high quantities promotes their persistence and accumu-
lation in wastewater and the agricultural products themselves. In addition, factors related
to climate change also impact the application of pesticides and result in increased pesticide
use and pesticide contamination [59,60].

Although international entities have established limits on acceptable concentrations of
these agrochemicals, their detection is difficult and expensive, so as science advances, new
ways are always sought to detect the presence of these substances more straightforwardly
and quickly [61].

Currently, traditional methods are used for the detection of pesticides, which involve
liquid chromatography (LC), detection cards (5C), and gas chromatography (GC). However,
such methods involve expensive equipment, are time-consuming, and require much train-
ing. In that regard, advanced methods, such as sensors consisting of a broad spectrum of
functionalized and modified structures, have been developed, featuring higher selectivity
and sensibility than traditional methods [62].
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One of the most prominent topics under study nowadays is electrochemical biosen-
sors, consisting of enzymes, polymers, or aptamers, which have been widely studied to
detect agrochemicals [63-65]. Further, these biosensors can also be modified with NPs or
nanomaterials where a synergic effect might occur, enhancing their detection times and
sensibility towards the desired analyte [66,67]. Electrochemical biosensors have also been
of great interest due to their low cost, response, on-site analysis, and simple operation.

In contrast to bulk electrodes, the NPs located on the surface of electrodes enable
rapid electron transfer kinetics and thus significantly increase the electroactive surface area,
driving redox reactions to occur. The increase in the surface area enables lower LODs and
higher analysis sensitivity. Mainly, NPs can increase the enzymatic load in the working
area of the electrode since the surface-volume ratio increases the number of interaction
sites, promoting more direct contact with the molecules presented by the enzymes [68,69].

This section highlights the detection of widely used agrochemicals that have been
reported to present detrimental effects to the environment and human health, such as
organophosphorous pesticides, carbamates, dithiocarbamates, glyphosate, and azine pyme-
trozine, using nanomaterials and nanostructured electrodes.

3.1. Nanomaterials for the Detection of Organophosphorous Pesticides

Chemically-modified nanostructured electrodes generate optimal use of the bioactive
sites of, for example, enzymes, which are complex proteins that produce a specific chemical
modification and thus facilitate the pathways for the adequate transfer of electrons. Among
them, acetylcholinesterase (AChE)-based biosensors are the subject of a wide range of
research to detect organophosphate (OP) pesticides [70,71]. This group of pesticides is
known for its effects on living organisms by inhibiting AChE activity. OPs stand out among
the most widely used classes of pesticides due to their toxic effects on vertebrates, which is
why a wide variety of referenced research has been found.

The toxicity of OPs is due to the inhibition of the activity of acetylcholinesterase
(AChE). This vital enzyme controls the transmission of nerve impulses to muscle and
neuromuscular cells in living organisms [72]. Due to this, rapid, highly sensitive, and
reliable measurement and detection of these pesticides become imminent and relevant.
The detection of OPs is performed by AChE and involves its inhibition of the hydrolysis
of acetylthiocholine (ATCh) using a specific potential [73]. Instruments for measuring
biological or chemical parameters, called biosensors, based on the inhibition of AChE, are
commonly used for identifying and quantifying pesticides. A disadvantage of this method
is that it is not selective for different pesticides. However, it can provide information on
the toxicological index it detects, determined as the total anticholinesterase load. Based
on AChE, these biosensors are an excellent detection tool because they provide a rapid
response, indicating the presence of contaminants in a sample. Further, the characteristics
and properties of the pollutant are also assessed, which is vital for in situ measurements.

Determining a pesticide concentration can be achieved with optimal precision by
monitoring the oxidation current of thiocholine (TCh) before and after inhibition. Despite
the above, AChE-based biosensors can suffer from enzyme leaks and decreased sensitivity.
Immobilization methods such as cross-linking, covalent bonds, or physical adsorption have
been used for this purpose [74-76]. On the other hand, naturally occurring biopolymers are
preferable for enzyme immobilization. For example, forming a system between agarose and
guar gum allows the modulation of porosity, essential for adequate confinement of enzymes
with minimal leaching. The advantage of the agarose and guar gum (A-G) compound is
that it can form a fragile, transparent membrane with remarkable mechanical stability [77].

The analytical performance of the AChE biosensors has been reported to be improved
through functionalization with noble metal NPs or rGO. Further, carbon nanotubes (CNT)
have shown excellent electrocatalytic activity for thiocholine. Hence, this nanomaterial has
been employed to develop and improve OPs detectors.

Using glass carbon electrodes (GCE) modified with amino-functionalized CNT,
Yu et al. [78] created a highly sensitive biosensor for OPs in which AChE was immobi-
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lized on the surface by its interaction with the amino group of CNT. The system was
applied to detect paraoxon in plant samples that presented minor currents related to the
concentration of the insecticide. The biosensor presented a desirable performance com-
pared with the detection results obtained through GC analysis. The LOD was found to
be 0.08 nM.

Moreover, modifying the GCE with CNT-NH; improved the system’s sensitivity,
as the NH; ensured good orientation of the AChE, improving the electron transference
and, therefore, the detection and affinity of the sensor. AChE biosensors with AuNPs
are fabricated using a non-electrolytic coating on vertical nitrogen-doped single-walled
carbon nanotubes (VNSWCNT) for the detection of OPs [79]. The AChE was immobilized
on AuNPs via Au-S bonding, and VNSWCNTs were produced by spontaneous chemical
adsorption of NSWCNTs on a gold electrode, also via Au-S bonding.

Au/VNSWCNTs/AuNPs/AChE biosensors were used to monitor cabbage water, tap
water, purified water, river water, and lake water using recovery tests. The methodology
uses standard contents of 1072 or 10~% ppb of malathion. The analyses evidenced the
recovery of the AChE biosensor, ranging between 95% and 105%.

Further, the results present a relative standard deviation (RSD) of 3.7%, indicating that
the Au/VNSWCNTs/AuNPs/AChE biosensor presents optimal results due to a satisfactory
application to detect OPs in actual samples and excellent application projections.

Manganese oxide (MnO,) compounds can also be applied to the analysis to respond
to the detection of pesticides [80]. The AChE enzyme catalyzes the acetylcholine chloride
(ACh) molecule in this detection platform to produce the choline molecule. The product,
in turn, is catalytically oxidized by the choline oxidase (CHO) molecule, synthesizing the
betaine and hydrogen peroxide molecules. Research indicates that MnO; quenches the
fluorescence of gold nanoclusters (AuNCs) due to the Forster resonance energy transfer
effect. Thanks to the presence of AChE and choline oxidase, the substrate acetylcholine is
catalyzed to generate H;O, molecules and thus significantly induce the decomposition of
MnO;, complementing color change and fluorescence recovery. As an acetylcholinesterase
inhibitor, the pesticide prevents the production of H;O, and further blocks the breakdown
of MnO;, consequently producing a change in fluorescence. These prominent color and
fluorescence responses identify and quantify pesticides [81].

An innovative device was designed as a bimodal fluorometric/colorimetric sensor
with high precision for the detection of OPs. This was accomplished by developing
a manganese dioxide nanocomposite anchored to a gold nanocluster (AuNCs-MnO,),
presenting excellent stability, using bovine serum albumin (BSA) as a co-mold. Considering
that the fluorescence quenching effect induced by the MnO, compound can be reversed by
the introduction of the AChE and CHO molecules, the AuNCs-MnO, composite was used
to detect the reaction process of the enzymes [82].

One area of nanotechnology that is currently widely developed is research with
single-walled carbon nanotubes (SWCNT), which is attracting attention to improve the
performance of AChE biosensors due to their outstanding mechanical and electrochemical
properties. The nitrogen atom is the optimal dopant for SWCNTs due to the sub-property of
the atomic radius of nitrogen since the nitrogen atom has a similar radius to the carbon atom;
thanks to this, it is easy to access the SWCNTs to form the C-N bond [83-85]. The nitrogen
atom can also activate many adjacent carbon atoms, promoting electron transfer. The robust
van der Waals force and 7—t interaction can cause disorder and aggregation problems in
SWCNTs. To avoid these problems, vertical SWCNTs (VSWCNTs) have been proposed,
produced by spontaneous chemical adsorption of short SWCNTs functionalized with the
thiol group on a gold electrode through the bonds between the Au-S atoms [86]. The
maximum current property increases after the gold electrode is modified with VSWCNT.
This is attributed to the fact that the VSWCNTs efficiently improve the activation of electron
transport in the electrodes. The modified sensor increases its current significantly after
the AuNPs are manufactured by the outstanding non-electrolytic coating on VNSWCNTs,
attributing the notable increase in electrical conductivity to the AuNPs.
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Due to the results mentioned above, Au/VNSWCNTs/AuNPs were considered the
optimal feature-modified electrode with good results for subsequent experiments. The ob-
served impedance curve of the Au/VNSWCNTs present in the investigation is significantly
reduced thanks to the nitrogen atoms, which are proposed to activate adjacent carbon
atoms to increase and promote the electron transfer of the SWCNTs.

The development of the AuNPs system by non-electrolytic coating on VNSWCNT
made the impedance the lowest in these curves due to the synergy between AuNPs and
VNSWCNT, which increased the in-plane sp, domains and significantly improved the elec-
trical conductivity property of the VNSWCNT/AuNPs, corroborating previously reported
results. These curves revealed that these data were consistent with cyclic voltammetry (CV)
characterization. The current signals gradually decreased with increasing concentrations
of Ops. This was attributed to the pesticides reacting with the active target groups of
the AchE, which reduced the enzymatic activity. Furthermore, a direct linear relationship
between the current and the concentration of Ops was determined. The biosensor that
was developed showed excellent linear relationships at concentrations of 10~> ppb, and
the LOD was 3.05 x 10~° ppb for methyl parathion, 1.97 x 10~® ppb for malathion, and
2.07 x 10~ ppb for chlorpyrifos [87].

After 28 days of storage, this AchE biosensor maintains the property at 95% of its
initial current. The outstanding advantage of this biosensor is its excellent sensitivity
and exceptional stability. This demonstrates that nitrogen doping promoted the electron
transfer of the VSWCNTs and that the synergy between the AuNPs and the VNSWCNTs
would improve the electrical conductivity and surface properties of the biosensor. Another
notable feature of this biosensor is that it is enhanced by showing results of satisfactory
recoveries to detect malathion in real samples, indicating excellent application prospects in
the analysis and detection of Ops. These biosensors, VNSWCNT/AuNPs, present great
research potential since their applications can be further expanded to immobilize other or
different enzymes and various organic molecules, such as antibodies [88].

Another notable study that has been reported in prominent scientific publications is the
development of magnetite NPs (MagNPs) with the modification of electrodes to analyze and
detect OPs. A biosensor is proposed based on the interaction between AChE/CS/MagNPs
and ATCh/malathion on the surface of a screen-printed electrode (SPE). Usually, after
the determination, detection, and analysis of OPs, the developed and used electrodes are
discarded. However, in recent methodologies presented in research, the MagNPs system is
recovered by washing with water after removing the external magnet, and the SPE system
is ready to be reused, or the idea can be extrapolated into other experiments.

A carbon-based screen-printed working electrode modified with 30 uL of AChE/chito-
san/MagNPs was synthesized for the detection of OPs [89]. As an analysis, cyclic voltam-
mograms were performed using a modified screen-printed carbon electrode and the
AChE/chitosan/MagNPs system. It is essential to mention that the electrode does not show
faradaic electrochemical processes, resulting in a PBS solution of 0.1 M at pH 7.4. Despite
this, when incubated in PBS containing a concentration of 20 mM ATCh, electrochemical ac-
tivity was observed as a result. The signal 0.41 V vs. Ag/AgCl corresponds to the oxidation
of thiocholine, a product of the hydrolysis of ATCh catalyzed by AChE. After incubation of
AChE/chitosan/MagNPs with 1.3 pM malathion, the maximum current that occurred de-
creased, indicating the notable inhibitory effect of the pesticide on AChE activity. Analytical
curve results were obtained to determine malathion in a linear concentration range of 0.5 to
20 nM. LOD and LOQ were 0.3 and 0.8 nM, respectively. This research used the screen-
printed carbon electrode modified with AChE/chitosan/MagNPs to detect malathion in
tomato sauce and tap water samples, resulting in a 96.1 to 108.3% recovery. The proposed
biosensor could be satisfactorily used for OP analysis and potential investigations.

Nanotechnological composites using metallic NPs and a metallic organic framework
structure (MOF) present notable surface advantages of porosity and a high surface area;
these properties have become promising material potential. One of the investigations,
as mentioned above, consists of a MOF nanocomposite (UiO66-NH;) based on amino-
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functionalized Zr (IV) linked to PtNPs with properties of an increase in surface areas and
highly diverse PtNPs for the selective detection analysis of OPs [90].

This nanostructured system, formed by Pt@UiO66-NH, provides more active chem-
ical sites, which shorten the diffusion lengths of electrons and ions and improve the
performance of the velocity property presented by the modified glass-carbon electrode.
(GCE). Another advantage of Pt@UiO66-NH, nanocomposites is that they create stabilizing
chemical microenvironments for AChE to detect OPs effectively and efficiently. Another
research project that was carried out reports the use of CV and electrochemical impedance
spectroscopy (EIS) to investigate the characteristic properties of the electron transfer of
various electrodes. The results show that the highest reduction signals observed in the
system developed using Pt@UiO66-NH, contrasted with other electrodes modified using
nanoparticles [91].

As a result, it was observed that there was no maximum visible current for the bare
GCE, UiO66-NH,; /GCE, or Pt@UiO66-NH; / GCE system. On the contrary, an oxidation
signal in the AChE/Pt@UiO66-NH, / GCE biosensor stands out. This signal is produced by
the active thiocholine that is produced by the hydrolysis of AChE. If malathion is absent
in the solution, the substrate is catalyzed by AChE and becomes the thiocholine product.
On the other hand, when malathion is present, the phosphorus atom of malathion first
phosphorylates the serine residue of AChE found in the active site of AChE. After this,
stable complexes that inhibit AChE activity are formed. Therefore, the OPs analysis and
detection method consists of the principles of inhibition of AChE and oxidation of the
thiocholine molecule.

The response produced by the differential pulse voltammetry (DPV) electrochemical
technique of AChE/Pt@UiO66-NH,;/GCE shows, as a result, an oxidation signal at the
working potential of 0.65 V. If the concentration of malathion is high, the maximum current
result decreases. The LOD of malathion was 4.9, enhancing the improvement of electron
transfer. In addition, these Pt@UiO66-NH, nanocomposites increase the surface area to load
AChE through specific host-guest chemical interactions. The amine chemical groups used
to functionalize UiO66 enhance the maintenance of the MOF’s chemical stability property
while anchoring the PtNPs, concluding that a favorable biosensor stability is produced.

Graphene is a sheet material synthesized from graphite. It has been classified as
an attractive material for analyzing and detecting OPs. Graphene presents extraordi-
nary electrical conductivity, sizeable mechanical strength, and a high specific surface
area. Nevertheless, recent studies have shown the aggregation and restacking between
graphene sheets caused by the van der Waals forces, hydrophobic interactions, and strong
a-n stacking [92,93]. Aggregation and agglomeration can significantly reduce the high
natural specific surface area that graphene presents, negatively influencing what hap-
pens for graphene’s practical applications and research. To address this problem and
provide a solution or improvement to the aforementioned, research proposes reassem-
bling two-dimensional graphene sheets (2D-G) into three-dimensional graphene structures
(3D-G) [94].

An innovative biosensor was developed with AuNPs/graphene using an electroless
coating to eliminate and detect OPs. The 3D-G used nickel foam (NF) as a template and was
combined with AuNPs to synthesize a three-dimensional AuNP/3D-G film, which features
significant and notable advantages [95]. This simple and environmentally friendly film
nanocomposite stands out because it has a large surface area for the adsorption of AChE to
occur and thus improves and enhances the transfer of electrons and, simultaneously, the
electro-oxidation signal of the thiocholine molecule. It is of great interest that integrating
the AuNP/rGO system enhances a research area with new opportunities for rapid analysis
and detection of OPs. Nafion is incorporated into the surface of AuNPs/rGO/GCE,
forming the Nafion/AuNPs/rGO/GCE electrode system. The Nafion polymer molecule is
a micellar polymer with excellent film adhesion capabilities, electrical conductivity, and
biocompatibility properties, with various applications to encapsulate and stabilize enzymes.
Moreover, AChE is added to the surface of the Nafion/ AulNPs/rGO/GCE electrode system.
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An EIS of GCE, rGO/GCE, and AuNPs/rGO/GCE were performed. As a result, the
impedance of the naked GCE was at its maximum. On the other hand, the impedance of
the AuNPs/rGO/GCE system was lower than that obtained from the rGO/GCE system
and that of simple GCE. These results indicate that AuNPs improve conductivity proper-
ties and charge transfer performance. The electrochemical technique of differential pulse
voltammetry (DPV) is also used to choose the optimal condition of the non-electrolytic
AuNPs coating for the biosensors. As a result, the AChE/Nafion/AuNPs/rGO/GCE sys-
tem exhibited much higher sensitivity than the AChE/Nafion/rGO/GCE system because
the AuNPs facilitated electron transport and improved the conductivity property. The
optimal conditions of synthesis, malathion, and methyl parathion are considered in a study
as model-molecule pesticides and thus test the performance of the biosensor manufactured
by DPV.

The AChE/Nafion/AuNPs/rGO/GCE systems were exposed to different chemical
concentrations of malathion and methyl parathion in PBS solutions. The response given
by the DPV exhibited an oxidation signal of 0.57 V that occurs due to the oxidation of
the thiocholine molecule. Furthermore, the signal successively decreased with increasing
chemical concentrations of malathion and methyl parathion, respectively.

The LODs were 2.78 x 107! g/L for malathion and 2.17 x 10~ g/L for methyl
parathion. As a result, the system presents good repeatability (4.07% relative standard
deviation (RSD) and good reproducibility (RSD 5.3%). Storage studies were carried out
over 35 days, resulting in the OPs biosensor retaining 83% of its initial response. In conclu-
sion, there are various practical applications that the AChE/Nafion/AuNPs/rGO/GCE
biosensor can present and were analyzed and studied through recovery tests carried out by
adding methyl parathion to mineral water, tap water, and cabbage samples. The observed
recovery values ranged between 93%-107%.

3.2. Nanomaterials for the Detection of Atrazine

One of the herbicides widely used and studied nowadays is atrazine. This agrochemi-
cal molecule draws attention due to its potential endocrine activity and carcinogenic effects.
This agrochemical has low biodegradability in the environment, persisting for decades in
soils. Therefore, this agrochemical passes into groundwater sources through rainwater. The
conventional techniques currently used for analyzing and detecting atrazine involve tech-
niques such as solid phase extraction followed by thin layer chromatography (TLC), HPLC,
or combinatorial methods such as liquid chromatography-mass spectroscopy (LC-MS) or
gas chromatography-mass spectroscopy (GC-MS) [96,97].

Advanced technologies have been developed for the detection of atrazine. Among
them are plastic antibodies that are based on nanometric polymeric materials and can
recognize a target organic molecule. This method, called molecular imprinting, aims to
create or develop specific binding sites so that chemical recognition occurs and presents
the form of the specific pesticide that is desired to be detected.

For example, affinity sensors prepared by attaching atrazine-imprinted poly(hydroxye-
thyl methacrylate-aspartic acid (HEMA-MA-aspartic acid) NPs onto the gold surface of
surface plasmon resonance (SPR) sensor chips have been developed [98]. Further, an
aqueous suspension of the NPs was dropped on the gold surface of the SPR chip. The main
advantages of an atrazine-imprinted SPR sensor are its simplicity, high recognition ability,
stability, and low cost.

The interaction of the NPs causes an increase in the hydrophilicity property due to the
hydrophilic character of the polymeric structure. Image results from the scanning electron
microscopy (SEM) characterization technique indicate that the NPs have a spherical shape
and are uniformly distributed on the surface of the SPR chip, resulting in the formation of
a self-assembled monolayer [99,100].

The simazine molecule was selected as a control to study and evaluate the present
sensor’s selectivity due to its molecular similarity with atrazine.
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On the other hand, amitrole was chosen because the molecule is smaller than the
atrazine molecule, which enhanced its inclusion in the printed nanocavities of the system.
The results indicate that simazine and amitrole solutions cannot produce significant sensory
responses despite their similarity and ease of access to the recognition cavities. The results
obtained in these studies indicate that the atrazine molecule’s recognition mechanism has
chemical and physical interactions that must be provided together [101].

The printed SPR sensors recognized the atrazine molecule, presenting excellent selec-
tivity due to chemical and shape recognition memory. One of the outstanding advantages
of these SPR sensors printed with atrazine is that they are 8.17 and 25.5 times more selective
for the agrochemical molecule of atrazine than for the molecules of simazine and amitrole.
Furthermore, the sensor’s response has the property and characteristic of reproducibil-
ity since it exhibited stable behavior during three use cycles. The SPR sensor prepared
with the printing of atrazine molecules has excellent research and detection potential for
environmental monitoring; this study can be extrapolated to other agrochemicals. The
characterization results indicate that the molecular nanocavities formed in the molecularly
printed polymer layer preferentially recognized the atrazine molecule, which corroborates
that the cavities coincide more aptly with the size of the atrazine molecule than with
simazine and amitrole. Finally, the results indicated the LOD and LOQ for the atrazine
molecule and were determined as 0.71 ng/mL and 2.37 ng/mL, respectively.

3.3. Nanomaterials for the Detection of Carbamates and Dithiocarbamates

Another group of agrochemicals is of great environmental concern: pesticides with car-
bamate molecules as their active ingredient. Carbamates are organic molecular compounds
derived from carbamic acid. Pesticide agrochemicals such as carbamates are currently used
in agriculture to increase crop yields, as they have a high lethality for invertebrate animals
such as insects. Unfortunately, carbamate residues destroy ecosystems and cause food
contamination. Bioaccumulation effects in the human body are even more critical since
pesticides composed of carbamates actively suppress or eliminate the activity of AChE,
which plays crucial functions in the central nervous system and the body’s peripheral
system [102,103].

One of the essential advantages is that the ocular sensitivity is good enough to dis-
tinguish the apparent color variations for the quantitative detection of carbaryl, even if
a concentration of 12.5 ng/mL is present. Rapid qualitative monitoring of carbaryl can
be carried out with the proposed sensor with the naked eye, and a precise quantitative
test is also carried out using spectrophotometry characterization techniques. The results
indicate good selectivity and anti-interference behavior for the analysis and detection of
carbaryl, even if presented in parallel with other commercial pesticides. A negative effect
on carbaryl detection is due to common electrolytes and biological species. Therefore,
the AuNCs-MnO, system presents great potential to monitor and detect the presence of
carbaryl. Finally, carbaryl residues were analyzed in actual samples, obtaining recoveries
between 90.3% and 111.7%.

On the other hand, dithiocarbamates (DTCs) are organosulfur compounds frequently
used as agricultural pesticides and vulcanization additives and are known as wood preser-
vatives in the rubber industry. DTCs are the most detected pesticides in monitoring
programs. These agrochemicals can form metal complexes, and because of this, they act as
enzyme inhibitors. DTCs primarily cause neurotoxicity, a degree of thyroid toxicity, and
developmental toxicity in laboratory animals. It is necessary to quantitatively determine
DTCs at low concentrations to reduce human exposure to the residues of these pesticides
and environmental contamination of groundwater. Research reports different analytical
procedures, which include characterization techniques such as spectrophotometry, chro-
matography, polarography, flow injection, biosensors, and advanced techniques such as
LC-MS, HPLC-DAD, and GC-LC [104,105].

A simple and quick sensitive colorimetric detection of DTC pesticides (Ziram, Zineb,
and Maneb) was described using sodium dodecyl sulfate (SDS)-capped AgNPs. The
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color change is observed visibly by the naked eye and by a spectrophotometer [106].
The results from the absorption spectrum exhibited decreased SPR absorbance signals
with bathochromic shifts due to the interaction of the sulfur atom of the DTCs with the
AgNPs. The presence of disulfide functional groups makes the DTC compounds replace
the surface ligands, which strongly interact with the surface areas of the noble metals and
are chemically adsorbed on the outside of the AgNPs.

Furthermore, the negative sulfate ion fraction, S042~, of SDS can interact with the NH
bond atoms of DTCs thanks to electrostatic forces and thus form a host-guest interaction.
The ions Na*, K%, Mg2+, Cl~, CO52~, and NO;~ did not interfere. Tap water, vegetable
juice such as tomato, and commercial drinks such as mango were used for analysis, and
quantities of Ziram, Zineb, and Maneb, which were taken to study for analysis, were also
added to the samples. As a result, the percentage of recovery was determined to be between
93%-108%. Finally, good sensitivity and selectivity values were obtained with an LOD
between 4.01 and 149.27 ng/mL.

3.4. Nanomaterials for the Detection of Glyphosate

Glyphosate (N-(phosphonomethyl)glycine) and glyphosate-based agrochemicals are
highlighted in the area as the most used herbicidal agrochemicals worldwide. They are
non-selective, broad-spectrum herbicides used for the vital control of grasses when they
are long and tall, in addition to the control of weeds with broad leaves. This agrochem-
ical is used in highly excessive quantities in most crops, in periods just before harvest.
The active ingredient, glyphosate, was considered controversial in Monsanto’s Roundup
herbicide due to its toxicity. Various studies have described various analytical methods,
such as ion exchange chromatography, GC, HPLC, capillary electrophoresis, and differ-
ent spectroscopic methods to detect glyphosate, which have certain advantages and few
limitations [107,108]. However, enzyme inhibition-based biosensors stand out over the
abovementioned techniques. These biosensors are based on the specific inhibition of the
activity presented by the enzyme, which results in a reduced signal proportional to the
target analyte. Researchers have attempted to develop a biosensor system using glyphosate
since it eliminates most plants by inhibiting the urease enzyme. The enzyme urease is
found ubiquitously in various varieties of plants and vegetables, has the property of being
thermostable, and has activity in a wide pH range. Moreover, the quantification of enzy-
matic products occurs easily using potentiometry or direct photometry. The interaction and
connection of NPs with enzymes for analysis and detection is a current and new topical
approach to increasing the performance of biosensor systems based on urease, thanks to the
synergistic effect of the two components. NPs offer many advantages due to their physico-
chemical and optical properties, in which the large surface-volume or surface-area ratio
causes a high surface reaction activity and a strong adsorption capacity for biomolecules or
biomolecular systems [109,110].

A nano-bioconjugate of urease with AuNPs was developed and immobilized in an
agarose-guar gum matrix, which was employed for biosensing purposes. The immobi-
lization efficiency of urease was 83%, while urease nanoconjugate showed an efficiency of
93% [111]. The response time for an ion-selective electrode covered with urease and urease
nanoconjugate membranes was studied. 90% of the response was achieved in 34 min
for the enzyme nanoconjugate, whereas the urease membrane took 7-8 min. The urease
nanoconjugate membrane needed less time for stabilization.

The advantages and response characteristics of the electrode with the immobilized
urease nanoconjugate can be attributed to the presence of AuNPs, which promote the
efficient transfer of electrons in the reaction with the enzyme and enhance the sensitivity
of detection. The proposed biosensor indicated, as a result, linear dynamic ranges from
0.5 ppm to 50 ppm of glyphosate concentrations with a LOD of 0.5 ppm.

The concentration of glyphosate that showed 50% inhibition (IDsg) of urease activity
was around 45 ppm. Therefore, the manufactured biosensor can detect glyphosate below
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the permissible concentration value (0.9 ppm) established by the World Health Organization
(WHO) applied to drinking water [112].

Fourier transform infrared spectroscopy (FT-IR) analysis also confirmed the inhibition
of the catalytic activity of urease in the presence of glyphosate. It is well known that
phosphorodiamidates and imidazole are typical mechanism-based inhibitors of urease.
Phosphorodiamidates have a P=O bond that tends to interact with the Ni ion in the active
center of urease, further decreasing urea’s binding to urease, leading to inhibition of
urease activity [113,114]. Glyphosate (OH,-PO-NH-COOH), being structurally similar to
phosphorodiamidates (OH,-PO-NH-R), may exhibit the inhibition of urease by a similar
mechanism. A constructed biosensor was further tested for the detection of glyphosate in
tap water samples. The values were obtained using a fabricated biosensor for tap water
detection. Samples showed an average accuracy of 86% for the herbicide glyphosate.

Glyphosate detection based on urease nanoconjugates provides reasonable sensitivity
on a broader concentration range with appreciable selectivity. It can detect glyphosate
below the maximum residual limit (MRL) set by the Environmental Protection Agency
(EPA, 0.7 ppm) and the World Health Organization (WHO, 0.9 ppm) in drinking wa-
ter. The additional advantage of the present biosensor is its prolonged storage stability
(180 days) [111].

3.5. Nanomaterials for the Detection of Triazine Pymetrozine

Another widely used agrochemical is triazine pymetrozine (PYM), an insecticide
with high selective activity against homopteran insects, affecting their nervous regulation
and feeding behavior. In addition, it presents low acute toxicity for humans, mammals,
and birds. Despite these precedents, this agrochemical is classified as a potential human
carcinogen, according to the information mentioned by the United States Environmental
Protection Agency (EPA), and the national food safety standard has established a maximum
level of 138 nM (0.03 mg/kg) present in foods [115].

The conventional detection methods for PYM include HPLC, LC-MS, GC, electronic
spectroscopy, and differential pulse polarography (DPP) [116]. Although most of these
methods offer suitable sensitivity to the detected materials, they are relatively complicated
and time-consuming, with limited capacity for on-site detection in the field.

Researchers present an innovative, straightforward colorimetric sensor with high
sensitivity and excellent selectivity for detecting PYM. The pesticide detection is based on
the PYM-induced aggregation of AuNPs modified with the melamine material [117]. The
LOD of the sensor for PYM is 80 nM for naked eyes and 10 nM for UV-visible spectroscopy,
and the sensor reported here is applicable for rapid colorimetric detection of PYM in food
samples and natural water environments.

The interaction of PYM, AuNPs, and melamine forms the complex system through
hydrogen bonds. Subsequently, the melamine-AuNPs nanostructure agglomerated, causing
a notable color change of the solution from red wine to blue, and this qualitative result
is verified by the change in the SPR signal and its absorption intensity. If there is a low
concentration of melamine, the AuNPs are well modified by melamine, and the assay’s
sensitivity could be more efficient. On the contrary, if the concentration of melamine is
too high, the melamine-AuNPs agglomerate in the absence of potential analytes. As a
conclusion to these results, the AuNPs were modified with 0.8 uM melamine. The selectivity
property of this colorimetric sensor was evaluated qualitatively by observation with the
naked eye and quantitatively using UV-visible spectroscopy, in comparison with other
pesticides such as atrazine, glyphosate, iprodione, indoxacarb, MCPA-Na, fenobucarb,
dipterex, pretilachlor, and isoprocarb. Because PYM has a specific chemical structure, the
N-H functional group and the O atom of PYM interact with the amino functional groups of
melamine through hydrogen bonds.

Due to these, the other pesticides, such as atrazine and iprodione, which were con-
tained in the N atom and Cl atom, cannot form hydrogen bonds with the melamine
material. Results show good linearity between A690 nm/A520 nm concentrations and
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PYM, from 10 to 1000 nM, with an LOD close to 10 nM. This excellent linear response
of the A690 nm/A520 nm ratio indicates that the melamine-AuNPs colorimetric sensor
has the advantage of being useful in a threshold measurement and can also be used for a
quantitative PYM assay. As a result, the melamine-AuNPs system indicates a lower LOD
and a wider linear response range than any other colorimetric detection system reported to
date in the present research. It presents excellent power in this area since it is an innovative
method competitive with many other instrumental assays based on classical quantitative
characterization methods such as electrochemical techniques, GC, or HPLC.

Examples of biosensors modified with enzyme-loaded nanoparticles discussed in this
section can be found in Figure 3.
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Figure 3. Detection of agrochemicals using biosensors modified with enzyme-loaded nanoparti-
cles: Selective detection of paraoxon from actual tap water samples (A) [78]. Effect of increasing
concentrations of paraoxon on the AChE-AuNPs biosensor (B) [76]. Colorimetric changes of an
AChE-AuNCs-MnO, biosensor in the presence of increasing concentrations of carbaryl (C) [99].
Detection of atrazine through its oxidation when interacting with an AgNPs/GC modified electrode
(D) [98].

Table 3 summarizes the different nanomaterials for agrochemical treatment that were
discussed in this section.
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Table 3. Summary of some examples of nanomaterials and nanocomposites that are used for agro-

chemical treatment.

System Agrochemical LOD (nM) Polluted Matrix Reference
AChE-CNT-GCE Paraoxon 0.08 Vegetable samples [78]
VNSWCNTs/AuNPs/AChE Malathion 0.3 Cabbage samples [79]
Au/VNSWCNTs Mal;\f}fitggl gﬁfjﬁ;‘;’;‘pms 0'030&326(2};}:15&1%? " River water [81]

/ 0.03 (chlorpyrifos)

AChE/CS/Fe304 Malathion 0.3 River water [84]
Pt@UiO66-NH; nanocomposite Malathion 49 x 1076 Garlic samples [85]
Nofion/aups/iGO/cE MM W i) Clbugesvle
HEMA-MA-aspartic acid-AuNPs Atrazine 33 Lab water [98]
BSA-stabilized AuNCs-MnO, Carbaryl 0.63 Lake water, soil [99]
SDS capped AgNPs Ziram, Zineb, and Maneb 0.03-0.57 Lab water [101]
Urease-AuNDPs agarose-guar gum Glyphosate 1.8 River water [113]
Melamine-modified AuNPs Triazine Pymetrozine 10-80 Tap water, lake water [76]

4. Cyclodextrin-Based Materials and Cyclodextrin Polymers for the Remediation and
Detection of Pollutants

4.1. Cyclodextrin Monomers and Cyclodextrin-Based Polymers

Cyclodextrins (CDs) are cyclic oligosaccharides synthesized by enzymatic starch
reactions with the amylase of Bacillus macerans. Among them, 3-CDs stand out due to
their cavity dimensions (7.8 A), which can suitably accommodate organic compounds of
suitable size to form inclusion compounds through host-guest interactions [118-120]. Some
examples of guests that have established supramolecular interactions with CDs are heavy
metals, dyes, pesticides, and organic pollutants [121-123].

Furthermore, CDs have high reactivity because their hydroxyl groups can undergo
elimination or substitution. CDs have been used to form crosslinked polymers because
of their well-defined structure, moderated toxicity when administered locally or orally,
and versatility. This reticulated structure formed by co-polymerization exhibits multi-
ple nanochannels, which allows the loading and solubilization of both hydrophilic and
lipophilic molecules [124,125].

4.2. Potential Applications of CD Monomers and CD Polymers in Environmental Remediation

Due to the abovementioned properties, CDs and their polymers (also known as
cyclodextrin nanosponges, NSs) present several advantages in environmental remediation,
showing high percentages of pollutant removal from wastewater. It is noteworthy that,
in the case of CD-based polymers, the inclusion of the pollutants not only occurs by host-
guest interactions but also by diffusion through the multiple pores and interstices in the
sponge-like network, which are formed in the polymerization reaction [126]. Moreover,
assembled BCD monolayers (3CDMs) on surfaces represent an interesting research topic
in areas like analytics detection because they offer a unique way to confine molecules in
two dimensions by controlling binding events on the interface [127].

The arrangement of BCDMs can act as a template for molecular recognition where
intermolecular matrix-host interactions are reversible, which means that CDMs can
include and release the invited molecules. The following sections discuss the sorption
mechanisms, removal efficiencies, and detection of pollutants using CDs and CDs-based
polymers. The potential applications of the CDs-modified materials and the CDs-based
polymers in environmental remediation are summarized in Figure 4.
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Figure 4. Schematic representation of CDs-based materials and their potential applications in envi-
ronmental remediation and detection. Created with BioRender.com.

4.3. CDs Monomers and CD-Based Polymers in the Remediation of Heavy Metals

Heavy metals are naturally occurring elements with a higher molecular weight and
density than water. Heavy metals have multiple applications, such as industrial, domestic,
agricultural, medical, and technological. As such, their distribution in the environment
is wide. This raises concerns because of their high toxicity and easy absorption by living
organisms, leading to bioaccumulation and severe conditions such as mental disability,
dementia, and vision problems. CDs and CD-based polymers have been reported for the
removal of a broad range of heavy metals, such as Cr, As, Ni, Co, Hg, and Zn.

A nanocomposite of 3-CD-chitosan-Fe;O4 was developed to remove arsenite ions
from an aqueous solution [128]. The adsorption capacity, kinetics, and mechanisms of
removal were determined, as well as the optimal conditions for arsenite removal.

The uptake of arsenite reached a value as high as 96%, ascribed to the hydroxyl and
amine groups present in the polymer, with the Fe3O4 NPs playing a vital role in the en-
hanced adsorption of As®** ions as well. Sorption of arsenite ions has also been performed
using permethylated 3-CD-impregnated resin [129]. Optimal pH and concentration condi-
tions were also determined to reach a maximum removal efficiency of 98%. Adsorption
capacity and reusability of the 3-CD-based resin were also reported.

A B-CD functionalized three-dimensional structured graphene foam (CDGF) was syn-
thesized with a one-step hydrothermal method for the removal of Cr (VI) from wastewater.
The CDGF system showed good selectivity at pH = 3 in comparison with other heavy met-
als. FT-IR and XRPD characterization analyzed the sorption mechanism, thus determining
that the hydroxyl groups present in CDGF promote the removal of Cr (VI) [130].

A new composite material consisting of 3-CD functionalized on the surface of magnetic
nanotubes was developed to remove Ni (II) ions [131]. This system removed the heavy
metal effectively, with a maximum adsorption of 103 mg/g at room temperature. The
sorption mechanisms were also discussed, where the host-guest interactions occurring
between 3-CD and Ni were estimated to be the main adsorption force, with Fe;O4 being a
determinant in the capture of Ni as well.

An EDTA-functionalized 3-CD-chitosan composite was synthesized via a two-step
process for the removal of heavy metals such as Pb (II), Cu (II), and Ni (II). Isotherm studies
depicted high removal efficiencies for all metallic ions. Furthermore, the novel adsorbent
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showed excellent adsorption capacities even in the presence of other pollutants such as
ciprofloxacin [128].

Pyromellitic cyclodextrin nanosponges (NSs) were prepared by reacting 3-CD with
pyromellitic dianhydride (PMDA) in dimethyl sulfoxide (DMSO) for the adsorption of
heavy metal cations and comparing their removal efficiency with that of citric nanosponges.
At lower concentrations of metals (<50 ppm), both the citrate and pyromellitic NSs showed
about the same retention capacities for Cu (II), Zn (II), Pb (II), Cd (II), and Fe (III). In
contrast, the adsorption capacity of the pyromellitic NSs was higher at metal concentrations
of 500 ppm. However, in the presence of interferences, the citrate NSs showed higher
selectivity, especially in the case of Cu®* [132].

A novel 3-CD covalently-crosslinked tannic acid NSs via condensation method was
synthesized via a condensation reaction for the selective capture of Pb (II). The hydroxyl
groups in the nanosponge could bind effectively with Pb?*, providing selectivity over
coexisting metals (selective coefficient of 1143). Also, an ultra-fast removal efficiency of
81% within 3 min was reached [133].

A summary of relevant studies on CD-based materials and their potential applications
for the removal of heavy metals is presented in Table 4 as follows:

Table 4. Summary of relevant data on CD-based materials and results concerning the treatment of
heavy metals in aqueous media.

Maximum RE (%) Optimal Conditions: pH, Metal

System Heavy Metal or Adsor([:rtllgollg‘l)Capamty Concentration, Contact Time Reference
3-CD-chitosan-Fez Oy As (IIT) 96% pH9,0.1 mg/L, 20 min. [129]
Permethylated 3-CD As (V) 98% pH 6,0.1 mg/L, 30 min. [130]
-CD-graphene foam Cr (VI) 99.8% pH 3,50 mg/L, 240 min. [131]

-CD-CNT-Fe304 Ni (II) 103 pH 6,50 mg/L, 50 min. [128]
2+ 2+
B-CD-chitosan-EDTA Pb (IT), Cu (1), Ni (IT) 330.9 (11)1% 9)('1\1116}+§C“ ) pH > 5,25 mg/L, 300 min. [132]
Cu (1), Zn (IT), Pb (II), Cd o .
PMDA-3-CDNSs (IT), and Fe (IIT) Up to 94% pH not reported; 500 ppm, 24 h. [133]
Tannic acid 3-CDNSs Pb (1) 81% pH range 4-6, 200 mg/L, 3 min. [134]
Citric acid f-CDNSs U (VI) 150 pH4; 60 mg/L, 60 min. [134]
. g o pH > 6, metal concentration not
Calixarene-CDNSs Pb (II) Up to 85% reported; 5-10 min. [135]
Citric acid BCDNSs-ZrO, Pb (II) 2745 pH 7,200 mg/L, 120 min. [136]

4.4. CDs Monomers and CD-Based Polymers in the Remediation of Dyes

Synthetic dyes are widely used in industries, mainly textiles, ink, and paper. Most
dyes and their metabolites are toxic and carcinogenic to humans and living organisms.
Furthermore, dyes are generally water-soluble compounds, thus making their removal
from water sources difficult. CDs and their polymers have shown promising results in
removing dyes from wastewater.

-CD-EPI-magnetic NSs were synthesized and characterized for removing the azo dye
Direct Red 83:1 from wastewater [137]. The results showed that 0.5 g of NSs and a pH of
5.0 were the optimal conditions for carrying out kinetic and isotherm models. Moreover, the
polymer showed good reusability and was complemented with pulsed light and hydrogen
peroxide to degrade the dye.

Eliminating dyes from the water was also accomplished by adsorption using NSs
elaborated with 3-CD with 1,2,3,4-butane tetracarboxylic acid as a cross-linker in the
presence of PVA [138]. The NSs reached a maximum removal of 98%, and 96% for malachite
green and safranin, respectively; each dye had an initial concentration of 25 mg/L. Notably,
the reusability after five regeneration cycles evidenced 94.6% and 91.6% for malachite green
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and safranin adsorption, respectively, confirming the feasibility of the abovementioned
system as a potential method for dye removal.

All native CDs, «, 3, and y-CDs, were used as precursors to synthesize NSs, where
epichlorohydrin (EPI) acted as a cross-linker [139]. The three cyclodextrin-based polymers
were used as adsorbent materials to remove Direct Blue 78 from wastewater. The formation
of inclusion complexes between the EPI-NSs was compared with that of native CDs. All
polymers showed promising results in removing the dye from the solution, as the maximum
efficiencies in Direct Blue 78 removal were as high as 99% for 3-CD-EPI NSs and about 97%
for « and y-CD-EPI NSs. The sorption properties of the polymers were ascribed to the inner
cavities of the CDs monomers and the porous surface produced in the polymerization reaction.

Insoluble NSs were covalently grafted with phosphorylated carbon nanotubes (CNT)
and decorated with TiO, and AgNPs as a biosorbent for Congo red from wastewater
samples [140]. The solution pH, adsorbent dosage, isotherm, and desorption studies were
analyzed to determine the best conditions for Congo red removal, reaching maximum ad-
sorption of 146.96 mg. Regeneration cycles and the adsorption mechanism of the developed
polymer were also explored.

-CD polymers generated on the surface of reduced graphene oxide (rGO) were
prepared for organic dye adsorption [141]. The maximum adsorption capacity of the
polymer-coated system was evaluated with malachite green (88.7%), as well as the recy-
clability of the adsorbent. Further, parameters for adsorption, namely pH, contact time,
adsorbent amount, and temperature, were all investigated and optimized.

Results regarding the removal of dyes using recently developed CD-based technology
are summarized in Table 5:

Table 5. Summary of studies regarding the treatment of dyes using CD-based materials.

Maximum RE% or Optimal Conditions: pH,

System Dye Adsorption Capacity (mg/g) Contact Time Reference
EPI NSs-FezOy Direct Red 83:1 >90% pH 5, 30 min. [138]
1,2,3,4-butane Malachite Green 98.3% for Malachite Green, .
tetracarboxylic acid NSs and Safranin 96% for Safranin pH 8,180 min. [139]
«-CD-EPI, 3-CD-EP], . 99% (B3-CD-EPI); .
y-CD-EPI Direct Blue 78 979% (a-CD-EPI, y-CD-EPI) pH 6, 120 min. [140]
NSs-CNT-TiO,-AgNPs Congo Red 146.7 pH 8, 450 min. [141]
-CD-EPI-rGO Malachite Green 902.2 pH 8, 90 min. [142]
Halloysite-CD-NSs Rhodamine B 70% pH > 4.5, 100 min. [142]
Basic Red 46 and 101.3 (Basic Red); pH 3-5, 120 min. for Basic Red;
B-CD-DPC NSs Rhodamine B 52.3 (Rhodamine B) 180 min. for Rhodamine B [124]
. pH not reported; 1500 min. for
Citric Acid B-CD NSs Methylene Blue and 5.1 for Methylene Blue; Methylene Blue; 40 min. for [143]
Congo Red 12 for Congo Red .
Congo Red;
B-CD-Activated
Charcoal-Alginate-Fe3O4 Methylene Blue 99.53% pH 6, 90 min. [144]

nanocomposite

4.5. CDs Monomers and CD-Based Polymers in the Remediation of Pesticides and Agrochemicals

Organic compounds, such as pesticides and agrochemicals, are widely present in
water sources due to anthropogenic activities. Pesticides and agrochemicals are extremely
toxic to human health. These compounds are applied extensively worldwide to kill pests
and are not only used in agricultural fields but also in homes, parks, schools, and buildings.
This makes organic pollutants ubiquitous in the air we breathe, the water we drink, and the
food we eat. Toxicological studies suggest pesticides and agrochemicals can cause health
issues, such as ocular irritation and weight loss.
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CDs-based polymers are a great tool to remove organic pollutants from wastewater, as
reported in the following studies.

The sorption properties of 3-CD-based NSs synthesized with diphenyl carbonate
(DPC) as a linker were evaluated with the pesticides 4-chlorophenoxyacetic acid (4-CPA)
and 2,3,4,6-tetrachlorophenol (TCP) and compared to materials such as granulated activated
carbon (GAC) [145]. NSs could efficiently form inclusion complexes with both pesticides,
outperforming GAC. NSs also proved to be an optimal substrate for stabilizing magnetite
NPs, improving the properties of the polymer. Similar results were obtained using the
same CD-based polymer and dinotefuran (DTF) as guests. [146].

B-CD-modified cellulose nano-fiber membranes have been fabricated to remove
bisphenol pollutants (bisphenol A, bisphenol S, and bisphenol F) from water [147]. The
systems were evaluated in actual water samples, such as lake and river water. The com-
plete removal of the bisphenol pollutants confirmed the possibility of the 3-CD cellulose
membrane for potential applications.

Polycyclic aromatic hydrocarbons (PAHs) were removed from wastewater to develop
a sorbent platform based on hypercrosslinked hydroxypropyl--CD networks, produced
by electrospinning highly concentrated hydroxypropyl-3-CD solutions containing 1,2,3,4
butane tetracarboxylic acid as cross-linker [148]. This CD-based polymer demonstrated
high sorption performance and was produced using green methods.

Utzeri et al. described the synthesis and characterization of CD-based NSs using two
uncommon crosslinkers: hexane-1,6-diamine (am6) and dodecane-1,12-diamine (am12).
The crosslinkers highly influenced the physicochemical properties of the synthesized NSs.
The studies proved the am6-NSs to be a better sorbent for imidacloprid, also considering
other parameters such as imidacloprid concentrations, the volume of solution, pH, and the
amount of NSs [149].

B-CD and y-CD-based polymers synthesized with epichlorohydrin (EPI) were as-
sociated with MnO, nanorods to provide a rigid material for the sorption of organic
contaminants. The materials showed high removal efficiency and stability towards pes-
ticides such as atrazine, benalaxyl, bromacil, butachlor, fenamiphos, fipronil, flufiprole,
and pretilachlor.

The y-CD polymers outperformed the 3-CD polymers in terms of the sorption capacity
of fipronil, benalaxyl, and fluliprole, due to the higher hydrophobicity and larger molecular
weight. However, 3-CD polymers demonstrated higher adsorption capacities than the
other pesticides [150].

CD-based NSs were synthesized with 1,1’-carbonyldiimidazole (CDI) or pyromellitic
dianhydride (PDA) to counteract the herbicide effects of Ailanthone, with y-CD-NSs with
CDI as crosslinker providing the highest loading capacity and encapsulation efficiency
among the proposed NSs [151]. The use of the CD-based polymers demonstrated that the
phytotoxic activity of Ailanthone can be increased or decreased.

Anionic CD polymers obtained from the crosslinking between citric acid, 3-CD, and
PVA were prepared for cationic pollutant removal from an aqueous solution [152]. The
polymer exhibited a removal rate of 91% for paraquat, 97% for methylene blue, and 98%
for crystal violet. The system also showed outstanding recyclability performance after five
cycles of reuse. The removal of the agrochemical paraquat using a 3-CD polymer with
1,2,3,4 butane tetracarboxylic acid as a cross-linker was achieved by Martwong et al. with
similar results [153]. Both NSs were used for the coating of a cotton cord to develop a
modified textile as a means of adsorbent.

Poly 3-CD composites were synthesized and characterized by Utzeri et al. to assess
their adsorbing properties by using cymoxanil and imidacloprid pesticides [154]. The
composites reached removal efficiencies of nearly 80% for both substances, and their
sorption/desorption cycles were also evaluated with good results.

A summary of various CD-based materials developed and investigated for potential
applications in wastewater treatment and organic pollutants removal is presented in Table 6.
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Table 6. Studies related to the application of CD-based materials in the treatment of organic pollutants.

Optimal Conditions:

System Organic Pollutants Maximum Removal Efficiency pH, Contact Time Reference
DPC NSs-Fe;0y4 4C}Z‘lgrj}g}:::‘rzxg’}ﬁzg;ﬁgifnd 91% for 4-CPA, 78% for TCP pH 9, 120 min. [146]
DPC NSs-Fe;0y4 Dinotefuran 90.3% pH 7, 120 min. [147]
B-CD-cellulose nanofiber Bisphenol A, Bisphenol S, 88.1% pH 7, 15 min. [148]

Bisphenol F

Hydroxypropyl 3-CD-1,2,3,4
butane tetracarboxylic acid NSs

92% (initial concentration of 400
PAHs ug/L of PAH) and 89% (initial pH 7, 60 min. [149]
concentration of 600 ug/L of PAH)

pH 3.8, contact time not

Am6-NSs and Am12-NSs Imidacloprid 95% [150]
reported
3-CD-EPI NSs and y-CD-EPI Atrazine, benalaxyl, bromacil,
NSs functionalized with butachlor, fenamiphos, fipronil, Ranging between 43%-73% pH 7,120 min. [151]
MnO,; nanorods flufiprole, and pretilachlor
CDINSs and PDA NSs Ailanthone 55.1% pH not reported; 24 h. [152]
Tyt 91% (Paraquat), pH 6 for Paraquat; pH 4
Am(ﬁ;écs_ﬁcoigncigizaad Paraquat(elgdgtgl}f \l/e;r(;fe?lue, and 97% (Methylene Blue), for Methylene Blue and [153]
y 98% (Crystal Violet) Crystal Violet, 360 min.
Anionic 3-CD-1,2,3,4, butane
tetracarboxylic acid Paraquat 95.1% pH 8, 360 min. [154]

NSs-cotton cord

4.6. CDs Monomers and CD-Based Polymers as Electrochemical Sensors

CDs and their polymers have been developed as selective sensing platforms as an
analytical method for ultra-trace detection of pollutants.

A thiolated 3-CD-decorated gold nanosatellite substrate was developed as a surface-
enhanced Raman scattering sensor for the selective detection of bipyridinium pesticides,
namely paraquat, diquat, and difenzoquat. The LOD of the pesticides was 0.05 ppm for
each. Also, selective bipyridinium detection was performed by comparing the Raman
spectra of each pesticide before and after washing the substrate [155].

A voltametric sensor consisting of L-citrulline and -CD-modified glassy carbon
electrodes was built to quantify and detect metribuzin. The proposed sensor displayed
ultra-low detection limits of 10 nM and high specificity. The sensor also showed satisfying
results using actual samples, implying that the novel system could be potentially used for
environmental applications [156].

An electrochemical sensor consisting of Mxrene/carbon nanohorns/3-CD metal-
organic framework (MOF) was developed as a sensing platform for pesticide carbendazim
determination [157]. The 3-CD-MOF combined the properties of both matrices, displaying
the host-guest recognition of 3-CD and the porous structure, high porosity, and pore
volume of MOFs, enabling the adsorption of the pesticide. The synergic effect of 3-CD and
MOF provided a low detection limit (1.0 nM), high selectivity, and long-term stability.

A porous fluorescent polymer composed of B-CD, 4,4’-diisocyanate-3,3'-dimethyl
biphenyl (DL), and tetrakis (4-hydroxyphenyl) ethene (TPE) was designed for the rapid and
controlled detection of nitroarenes, namely trinitrophenol and nitrobenzene, in aquatic envi-
ronments [158]. This work demonstrated that nitroarene compounds” “on-off” fluorescence
detection might have field-based applications.

Polyvinyl chloride (PVC) membrane sensors have been constructed to determine
procainamide. The sensors incorporated «, 3, and y-CD as ionophores, with the reaction
mechanisms based on the formation of inclusion complexes [159]. The determination of
procainamide showed high recovery, high stability of the formed complexes, and free
from interferences. Similar studies with PVC-CDs membranes were carried out using the
pesticide trazodone as a guest, showing good selectivity for trazodone in the presence of
different ionic compounds [160].
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Table 7 shows a summary of recent data concerning the use of CD-based materials as
sensors for the detection of pollutants.

Table 7. Data on CDs-based materials and their applications as electrochemical sensors.

System Organic Pollutants LOD (nM) Linear Range (nM) Reference

Paraquat, Diquat,

Thiolated 3-CD-gold nanosatellite Difenzoquat 18.5 18.9-37.8 [156]
L-Citrulline-CD-glassy Metribuzin 10 0.03-1 [157]
carbon electrode
B-CD-MOF-Mxrene-Carbon Carbendazim 1 3-10 [158]
nanohorns
Fluorescent 3-CD-DL-TPE Trinitrophenol and 5 10-150 [159]
nitrobenzene
«-CD, B-CD, and y-CD on PVC matrix Procainamide 240,213, 238 for (X_C]?’ B-CD, 0.01-1.0 [160]
and y-CD, respectively

} ) . 2.2 (B-CD) 7-100 (3-CD)

3-CD and y-CD on PVC matrix Trazodone 0.15 (y-CD) 0.5-100 (y-CD) [161]
3-CD incorporated into graphene/ .
poly(dimethyl siloxane) composites Propylparaben 10 10-100 1ol
. Methylparaben and

Poly pyrrole nanotubes-3-CD-TiO, Methylene Blue 10 10-100 [162]
rGO-3-CD-glassy carbon Catechol 1.3 100-800 [163]

Examples of CDs monomers and CDs-based polymers for the remediation and detec-
tion of pollutants are summarized in Figure 5.

(A) 200 mgiL c«v’ 0.04 mg/L Cr(Vl) 2 0. (B)
: : \ =
— j‘:" § 200+
2 hours later g
3
_ . 100 T T
0 100 200 300
7 Time (min)
W W (D)

Fluorescence quenching of FL-PFP by TNP

-
Figure 5. Remediation and detection of pollutants using CDs monomers and CDs-based polymers:
Solid-liquid separation strategy for the removal of Cr (VI) using a 3-CD functionalized graphene
(A) [131]. Adsorption capacity of nanofibrous CDs membranes during the removal of PAHs (B) [149].
Images of pollutants (natural red, NR; methylene blue, MB; malachite green, MG; crystal violet, CV)
before and after adsorption using a Fe304-NSs composite and subsequent magnetic recollection

(C) [138]. Fluorescence quenching at increasing concentrations of trinitrophenol using a fluorescent
3-CD terpolymer (D) [159].
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5. Nanomaterials for the Remediation of Pharmaceutical Pollutants

Another matter of concern is the occurrence of pharmaceutical pollutants in the envi-
ronment. Pharmaceutical effluents are classified as emerging pollutants due to the inability
of wastewater plants to remove them effectively [164,165]. The impacts of such toxic materi-
als at trace levels are also unclear, making the development of new technologies for their
removal and treatment imperative [166,167]. Pharmaceutical pollutants are diverse, encom-
passing toxic materials such as antivirals, antibiotics, steroids, and painkillers. Their presence
in the environment threatens humans, animals, and plants, which can result in endocrine
disruption, cardiovascular disorder, and cytotoxicity, even at the levels of ng/L [168].

Although diverse methods for removing pharmaceutical pollutants have been de-
scribed, such as oxidation or degradation, adsorption using nanostructured materials has
been employed in recent years, reaching high removal efficiencies in mild experimental
conditions with short contact times.

Martinez et al. [169] demonstrated the adsorption of ibuprofen using silver/magnetite
core-shell nanoparticles (Fe3O4@AgNPs). A removal efficiency of 93% was achieved within
45 min, which was retained after three adsorption/desorption cycles. The adsorption
studies were performed under neutral pH and room temperature in actual water samples,
further confirming the nanomaterial’s suitability for removing the emerging pollutant.

The removal of ibuprofen from wastewater was also studied by Chahm et al. An
adsorbent consisting of a chitosan/y-Fe;O3 nanocomposite was developed [170], obtaining
a maximum adsorption capacity of 395 mg/g at room temperature and pH 7. The data
also evidenced the recyclability of the proposed material, using ethanol for the adsorp-
tion/desorption cycles.

Priyan et al. assessed the viability of using starch nanoparticles to remove ibuprofen
and sulfamethoxazole from wastewater [171]. The drug adsorption conditions were studied
and optimized, reaching maximum removal efficiencies of 86% at an acidic pH using an
adsorbent concentration of 0.01 mg/L. Further, the toxic effects of both drugs on seeds and
zebrafish were analyzed, increasing the LDs( 7-fold after adsorption.

Chemically modified multi-walled carbon nanotubes (MW-CNTs) were synthesized
by Yanyan et al. to remove acetaminophen from wastewater [172]. The surface of the
MW-CNTs was treated with NaOH, ozone, chitosan, and HNO3/H,SO,. The modified
MW-CNTs outperformed the pristine structure, in which the ozone-MW-CNTs had superior
adsorption efficiencies (250 mg/g). However, it was concluded that the effluent could
not meet the allowed limit in wastewater set by legislation (<0.2 mg/L), suggesting the
necessity of complementing the removal of acetaminophen with biological methods.

TiO, nanocomposites have also proven to be effective in removing acetaminophen. As Tao
et al. reported, TiO;-graphene material was synthesized through hydrothermal methods [173].
The BET surface areas of the TiO,-graphene nanocomposite were more significant than those
of the pure components, which provide more active sites for removing the drug pollutants. A
removal efficiency of 97% after 180 min was achieved, which was pH-dependent.

A ternary maltodextrin/graphene oxide/copper oxide nanocomposite was proposed
by Moradi et al. [174] for the removal of emerging pollutants diclofenac and amoxicillin. The
highest removal efficiency was 95%, obtained at previously determined optimal conditions:
pH 7, an adsorbent dose of 0.05 g, and an adsorption time of 7 min at 20 °C.

Two nanocomposites were developed by Tran et al. In their first work, the removal
of diclofenac from wastewater using a cobalt-based ferrite (CoFe;O4) and graphene oxide
system was achieved [175]. The adsorption experiments were evaluated at optimal condi-
tions (pH 4, adsorbent dose of 7 g/L, 120 min). It was also concluded that the decoration of
CoFe204 with graphene oxide provided functional groups essential for interacting with di-
clofenac. The second work proposed the formation of a carbon-coated magnetite (Fe304@C)
nanocomposite [176] to treat simulated hospital effluents (a mixture of 9 antibiotic drugs).
The nanocomposite was recyclable, retaining its removal efficiency (up to 85%) after five
reutilization cycles. The pH and adsorbent dosage were also adjusted to determine the
optimal parameters for effluent treatment.



Coatings 2023, 13, 2085

28 of 41

The adsorption of pharmaceutical pollutants can follow a liquid-film diffusion mech-
anism, as evidenced by the work of Othman et al. According to the obtained data, the
removal of emergent pollutant ketoprofen was achieved using CulNPs [177], which fol-
lowed a pseudo-first order, exothermic, and supramolecular adsorption. The maximum
adsorption of ketoprofen was observed at pH 4.4 based on the pKa of the pollutant drug.
The incubation times and adsorbent dosages were also determined (50 min, 1 g/L at
room temperature).

Table 8 summarizes the nanomaterials discussed in this section for the remediation of
pharmaceutical pollutants.

Table 8. Data on the discussed nanomaterials and nanocomposites for the remediation of pharmaceu-
tical pollutants.

Optimal Conditions:

System Pharmaceutical Pollutant Maximum RE (%) pH, Contact Time Reference

Fe30,@AgNPs Ibuprofen 93% pH 7, 45 min. [170]
Chitosan-Fe; O3 Ibuprofen 98% pH 7, 120 min. [171]
Starch NPs Sulfamethorarale 557 Gulfamethonasole) | PH23/300min (172
Oi/c[)‘rllve_ gls?;sed Acetaminophen 95% pH 4, 60 min. [173]
Graphene-TiO; Acetaminophen 97% pH 9, 180 min. [174]
Maltodextrin-GO-CuO Diclofenac and Amoxicillin 95% pH 7, 10 min. [175]
GO-CoFe;Oy Diclofenac 87% pH 4, 120 min. [176]
Fe;04@C Hospital effluent (antibiotics) 85% pH 6, 120 min. [177]

CuNPs Ketoprofen 89% pH 4.4, 50 min [178]

6. Nanomaterials for the Photodegradation of Pollutants

In addition to detection and remediation methodologies to solve environmental pollu-
tion, photodegradation has been developed as a green and economic alternative ascribed
to renewable solar energy. Exposure to ultraviolet radiation has been used to degrade
toxic pollutants such as agrochemicals, dyes, and organic pollutants, which led to the
production of H,O and the reduction of CO, during the degradation process. Further, it has
been reported that photocatalytic degradation can be improved by utilizing nanomaterials,
nanocomposites, or nanostructures. Nanomaterials for photodegradation must feature
an appropriate bandgap (~3 eV), controllable electron-hole recombination rates, electrical
conductivity, and corrosion resistance [178-180]. In that regard, photodegradation assisted
by semiconductor nanomaterials or nanocomposites is promising because of their charge
separation and ability to effectively absorb light in the visible region.

Due to its abundance, low toxicity, and price, TiO, has been used as nanoparticles
or nanocomposites for photocatalytic degradation. Schwarze et al. [181] reported the
immobilization of four commercial TiO, onto steel plates for phenol degradation, using
H,O; as an oxygen source. Although all the systems proved to be stable, the commercial
TiO; P90 (crystallite size 13 nm; surface area 103 m?/g; anatase: rutile composition 87: 13;
band gap 3.3 eV) outperformed the rest, with a 100% degradation of phenol within 3 h.

The phenol degradation in seawater was also explored by Xu et al. [182] using two
TiO,-based photocatalysts (Yb-TiO,-rGO and P25 TiO;). The photogenerated holes and
free radical traps formed in the Yb-TiO2-rGO catalyst featured strong adsorption for phenol
compared with the P25-TiO; catalyst, in which prominent salt ions in seawater hindered its
interaction with phenol. However, treating P25 TiO, with ethylene glycol increased the
Ti3* content on the catalytic surface, reducing the interference of salt ions.
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TiO, photocatalytic performance can also be enhanced by embedding nanoparticles
on its surface. Jurek et al. prepared a PtNPs/TiO, nanocomposite by microemulsion and
wet-deposition routes [183]. It was found that the impregnation methods, the chemical state,
the morphology, and the size distribution of PtNPs had an impact on the photocatalytic
performance of the matrix. The photodegradation studies of phenol confirmed that the
SPR of PtNPs initiated the oxidation of the pollutant, which ultimately depended on the
morphology of the PtNPs/TiO; catalyst.

Although rGO has also been used as a component of nanomaterials for photodegrada-
tion applications due to its electronic conductivity and large surface area, the conventional
synthesis protocols of rGO are considered not environmentally friendly as they are carried
out with hazardous reducing agents. However, new data on greener synthetic approaches
have been reported, such as the work by Dominguez et al. rGO was obtained using gober-
nadora (rGO-GOB) and habanero (rGO-HAB) natural extracts [184]. The photocatalytic
performance was evaluated using methylene blue as a pollutant, reaching degradation
efficiencies as high as 90%.

WOj3 nanostructures have been formed through anodization and combined with
complexing agents to improve photo-electrocatalytic (PEC) properties for the degradation
of pollutants. Cifre et al. [185] proposed a WO3 nanostructure with H,O, and citric acid as
complexing agents for the photodegradation of methylparaben. The nanostructure proved
to be efficient in removing methylparaben after 4 h. The parameters of the WO; synthesis,
namely the complexing agents and the annealing temperatures, were also optimized.

Zhou et al. [186] also prepared WOj3 photocatalysts as a strategy for the removal
of Rhodamine B under visible light exposure. The WO3 nanostructure was mixed with
AgyCO;s to increase the degradation rate up to 99% within 8 min, 14-fold higher than those
of the separate components, as the photo-generated electron-hole pairs in the WO3/Ag,CO3
nanocomposite featured easier separation.

Carbon nitride materials are also proposed for photodegradation applications due to their
extended 7-conjugated matrix for charge transfer, band gaps of nearly 3 eV, and stability [187].

However, carbon nitride materials are non-metallic, thus exhibiting low conductivity
and rapid recombination of electron-hole pairs, hindering their photocatalytic activity. This
has led to hybridizing carbon nitride materials with transition metals to improve charge
separation and transport properties.

A photocatalyst consisting of SnO; /C3N4 was developed by Singh et al. [188] through
wet chemical methods. The synergistic effect of SnO, /C3Ny4 was evaluated with different
mass ratios of each component during the synthesis. The photocatalysts were tested in
the degradation of two dyes, Rhodamine-B and Remazol Brilliant-Red, where the highest
degradation rates were observed in the 1:1 SnO, /C3N, nanocomposite.

A similar nanocomposite was fabricated by Mohanta et al. [189] using hydrothermal
techniques. The SnO,;/C3Ny matrix also incorporated MagNPs to perform LED light-
induced photodegradation of carbofuran pollutants while allowing the magnetic separation
of the catalyst after its use. The nanocomposite exhibited an efficiency degradation of 89%.

Table 9 summarizes the application of nanomaterials for the photodegradation of
pollutants discussed in this section.

Table 9. Results related to the use of nanomaterials and nanocomposites in the photodegradation
of pollutants.

System Pollutant Degradation (%) Degradation Time (min)  Reference
TiO, P90 on stainless steel Phenol 100 180 [182]
Yb-TiO,-rGO Phenol 100 300 [183]
PtNPs/TiO, Phenol 90 30 [184]
rGO-GOB Methylene Blue 90 120 [185]
rGO-HAB Methylene Blue 60 120 [186]
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Table 9. Cont.
System Pollutant Degradation (%) Degradation Time (min)  Reference
WO;3;/H,0,/citric acid Methylparaben 100 24 h. [187]
WO3/AgrCO3 Rhodamine B 99 8 [188]
SnO, /C3Ny Rhodamine B and Brilliant Red 98 90 [189]
Fe304/5Sn0, /C3Ny Carbofuran 89 70 [190]

7. Innovative Nanomaterials for Environmental Applications

In addition to the previously described nanomaterials for environmental applications,
nanotechnology has also provided solutions in the form of innovative nanomaterials.
Functional materials with diverse physicochemical properties for pollutant remediation
have been formulated, such as hydrogels, 3D printing at the nanoscale, and nanofibers
produced through electrospinning techniques.

Nanometric hydrogels have been used for pollutant removal from wastewater due
to their permeability, adsorption capacities, and expandability. Das et al. [190] proposed
synthesizing an rGO-chitosan-PVA hydrogel to remove Congo red from the solution. The
adsorption capacities of the reinforced hydrogel were tested at different experimental
conditions. It was found that the optimal conditions were as follows: pH 2, 140 rpm, and
an adsorbent dose of 6 g/L for a removal efficiency of 89%. Further, the presence of rGO on
the hydrogel surface increased its thermal stability and porosity.

Salahuddin et al. [191] demonstrated a magnetic hydrogel’s effectiveness in removing
inorganic pollutants, such as Al, K, Se, Na, V, and S, from a red mud solution. As the
MagNPs-hydrogel proved brittle and unstable in compact conditions, cellulose nanofibers
(CNFs) were incorporated as a reinforcement agent, and alginate was used as the matrix.
The MagNPs-hydrogel-CNFs showed removal efficiencies of over 80% and were retrieved
from the solution using a magnet.

Nanotechnology research has also propelled the design of 3D-printed materials for
pollutant treatment. The most promising feature of 3D printing is that it allows the design
and customization of nanometric adsorbents in terms of their surface areas, stability,
morphologies, and thickness [192].

Wang et al. [193] utilized the advantages of 3D printing for the deposition of TiO, NPs
into a printing resin for the removal of As (IlI) from wastewater. The 3D printing processes
allowed the deposition of the NPs into the 3D resin without compromising their inherent
properties. The batch adsorption experiments also demonstrated that the structure could
be reutilized up to 10 times and were tested in groundwater samples.

A carbon-ceramic 3D-printed adsorbent was proposed by Figuerola et al. [194] for
removing bisphenol A, phenol, ibuprofen, diclofenac, malachite green, and methylene blue
from wastewater. Polyvinylidene fluoride was used as a binder and a carbon source for
the structure. The manufactured device evidenced removal percentages up to 90% even
after ten reutilization cycles. Further, the carbon-ceramic composite was evaluated for the
simultaneous extraction of pollutants from tap water samples.

Electrospinning is another versatile technique successfully applied to produce nano-
materials for environmental applications that develops nanofibers through electrostatic
repulsion from a viscoelastic fluid. The properties of electro-spun nanofibers feature high
porosity and surface areas, thermal stability, and the possibility of being assembled onto
other nanostructures [195].

An electro-spun nanofiber for methylene blue removal was designed by Pervez et al.
using polyether sulfone and hydroxypropyl cellulose as precursors [196]. The nanofiber
exhibited higher mechanical strength, thermal stability, and adsorption capacity than the
pristine components. The highest removal efficiency was observed at room temperature
at pH 7, exhibiting a reusability of up to five cycles. However, the effect of ionic strength



Coatings 2023, 13, 2085

31 of 41

reduced the adsorption capacity of methylene blue as the metal ions competed for the
binding sites on the surface of the nanofiber.

Research conducted by Beiranvand et al. [197] described the synthesis of an electro-
spun nanofiber based on a graphene/silica composite to remove organic dyes and heavy
metals from industrial wastewater.

The composite’s thermal, mechanical, and hydrophilic properties were analyzed to
confirm their potential applicability as a filter or adsorbent. The obtained data showed
removal efficiencies of more than 90%, where the highest adsorption capacities were
observed for methylene blue and Pb (II) (>97%) at pH 8 and room temperature. Moreover,
the nanofiber showed reusability up to five cycles, retaining a 90% removal efficiency.

8. Nanomaterials: Challenges, and Future Prospects

The emergence of nanomaterials has brought about significant changes in various ap-
plications and industries, owing to their distinctive characteristics and properties. Interest
in them has been aroused not only for their technological advancements but also within
the field of sensor applications, personal care products, textiles, food, medicine, energy,
and the removal and degradation of pollutants, among other areas. The extensive range of
applications can be attributed to the diverse classifications of nanomaterials, with inorganic,
carbon, organic, and composite-based variants being the most prevalent.

Throughout this article, it has been demonstrated that the high surface area generated
by these materials enhances sensor responsiveness. This, coupled with a heightened surface
contact area with contaminants, facilitates efficient adsorption. Moreover, their photophys-
ical and photochemical properties contribute to the more efficient photodegradation of
pollutants, requiring reduced adsorbent quantities.

Notwithstanding their remarkable properties, nanomaterials remain a concern within
the scientific community due to uncertainties surrounding their toxicity and potential
long-term environmental impact. Although different articles have analyzed the available
background information on this [198-200], a comprehensive understanding of nanomaterial
toxicity remains to be seen. Divergent results, variations in study conditions, and differences
between in vitro and in vivo studies have yet to allow for a clear understanding of the causes
of toxicity. Establishing standardized protocols encompassing conditions, concentrations,
and cell lines is imperative to delineate the potential adverse effects of nanomaterials.

The practical application of nanomaterials for analytical and environmental purposes
encounters significant challenges: first, there is a need to develop procedures to recover
and reuse nanomaterials, demonstrating their effectiveness. This focused on the reduction
of waste and long-term costs. This approach seeks to foster sustainable analytical and
remediation methodologies, accounting for the higher costs associated with these materials;
second, the recovery of nanomaterials must align with environmental sustainability goals,
emphasizing reusability over disposability; third, assessing the applicability of nanomate-
rials in real matrices requires in-depth evaluation to explain their diminished analytical
response and remediation capacity.

Most of the reported studies primarily focus on laboratory-scale research under con-
trolled conditions. It is necessary to conduct systematic studies of potential species that
may interfere with the process and establish specific criteria for the composition of matrices
in which the methodology can exhibit better performance. On the other hand, recover-
ing and reusing the material in a natural matrix poses a more significant challenge than
laboratory conditions. The interaction of concomitant species with the analyte or contam-
inant in nanomaterials could hinder the recovery of the material’s effectiveness for the
intended purposes.

9. Conclusions and Final Remarks

As highlighted and proved in this review, nanomaterials are fascinating interfaces
to study, as they present new approaches and possibilities to traditional remediation and
detection technologies, as evidenced by their promising removal efficiencies, detection



Coatings 2023, 13, 2085

32 of 41

limits, sensibility, and specificity towards inorganic and organic pollutants. Noble metal
nanoparticles, carbon-based nanomaterials, nanocomposites, enzyme-based biosensors,
and cyclodextrin derivates were discussed in terms of their unique properties to assess
their performance in pollutant remediation and detection, envisioning the possibility of
implementing them as an alternative to pollutant treatment in the foreseeable future.

For nanomaterials to be considered sustainable and reliable tools for purification meth-
ods, some challenges and future perspectives must be considered, the main one being the
limitations of adapting the synthesis of nano-sized technologies to a large-scale production
process, facing intense competition from conventional treatment methods. Researchers
should not only evaluate the performance of the developed nanomaterials but also consider
greener and low-cost approaches for synthesizing them while also investigating their envi-
ronmental fates to prevent said nanomaterial from becoming a source of contamination.
Further, as the efficiency of the nanomaterials is usually studied on a lab scale, evalu-
ating the results under environmental conditions is imperative to ensure their effectual
applicability. Nonetheless, nanomaterials will be crucial as future technologies for treating
harmful pollutants.
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NPs Nanoparticles

AgNPs Silver Nanoparticles
AuNPs Gold Nanoparticles

CuNPs Copper Nanoparticles
PdNPs Palladium Nanoparticles
PtNPs Platinum Nanoparticles
MagNPs Magnetite Nanoparticles
SPR Surface Plasmon Resonance
11-MUA Mercaptoundecanoic acid
BSA Bovine Serum Albumin
3-MPS 3-mercaptopropyl trimethoxy silane
APD 2-aminopyrimidine-4,6-diol
AMP Adenosine Monophosphate
TMB Tetramethylbenzidine

4-MPY 4-mercaptopyridine
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