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Abstract

The rapid growth in industrialization and population has resulted in the genera-
tion and permanence of a wide variety of inorganic and organic pollutants, posing
potential risks to the environment and human health. The degradation (either
removal or reduction) and sensing of these pollutants from various environmental
media (e.g., air, water, and soil) are nowadays important problems worldwide. To
address this issue, several nanotechnologies and numerous nanostructured
materials and composites have been established for efficient environmental
remediation applications. This is ascribed to their large surface area and improved
characteristics and efficiency (like high reactive feature). The current chapter
reports nanotechnologies such as filtration, photocatalysis, chemical reactions,
absorption, adsorption, nanosensing, etc. It also offers an overview of the use of
nanostructured materials and composites in the remediation of the environment.
Novel nanostructured materials, involving inorganic-based nanomaterials (NMs)
(e.g., zero-valent metal NMs, metal oxide-based NMs, silica-based NMs),
carbon-based NMs, polymeric-based NMs, as well as their nanocomposites
were extensively reported and discussed. These materials are efficiently
employed for remediating various environmental pollutants such as halogenated
herbicides, volatile organic compounds, chlorinated organic compounds, aro-
matic and aliphatic hydrocarbons, pharmaceuticals, dyes, heavy metals,
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biological substances (e.g., antibiotics, parasites, bacteria, and viruses), as well as
gases (NO,, CO, SO,, etc.). Their efficiency, advantages, and limitations were
compared and discussed. Moreover, some potential directions for future studies
were proposed.

Keywords

Nanomaterials - Nanocomposites - Polymers - Carbonaceous-based materials -
Nanotechnology - Pollutants - Environmental remediation

17.1 Introduction

Environmental contamination is without a doubt one of the most serious issues
confronting civilization nowadays. Novel techniques for the remediation of
pollutants in the environment (soil, water, and air) are continually being developed.
Organic substances, wastewater, industrial waste, poisonous gases, spills of oil,
fertilizers, herbicides, pesticides, heavy metals, and particulate matter are only a
few of the numerous pollutants to be concerned about [1]. Because diverse
substances could be used in remediating the environment, a broad range of
methodologies are able to be used to accomplish this aim. Because of the
complexities of the mixture of diverse substances, minimal reactivity, and significant
volatility, capturing and degrading environmental contaminants might be difficult.
Recently, scientists have concentrated on the utilization of nanostructured materials
to establish novel environmental remediation technologies [1].

Because of the peculiar physical features of nanomaterials, nanotechnology has
received a great deal of interest in recent years. Because of their larger surface-to-
volume ratio, nanostructured materials have more potent reactivity and hence supe-
rior efficacy in comparison to their bulk equivalents. Furthermore, nanostructured
materials have the ability to harness distinct surface chemical properties in compari-
son to standard techniques, allowing them to be coated or functionalized with
functional groups that may target particular molecules of concern (contaminants)
for effective remediation. Furthermore, purposeful tweaking of the physical features
of nanoparticles (e.g., chemical composition, porosity, size, and shape) might
bestow further favorable traits that could improve the material’s efficacy for pollut-
ant remediation. The complex surface modification chemistry of nanomaterials,
together with their customizable physical properties, provides substantial benefits
compared to current approaches dealing with environmental contaminants.
Techniques designed as a mixture of multiple distinct materials (composites/
hybrids), acquiring certain desirable features from each of their constituents, are
possibly more stable, selective, and efficient over techniques founded on a single
nano-platform. Once we compare the utilization of nanomaterials alone, gluing
nanomaterials to a scaffold may be an alternate strategy to boost the material’s
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stability. The functionalization of a compound with specific substances accountable
for addressing pollutant molecules of concern may boost the material’s efficacy and
selectivity [2—4].

The material used for remediating pollution should not necessarily be another
pollutant itself after its use. So, for this application area, biodegradable materials are
of particular interest [5]. In addition to increasing the trust and recognition by
consumers of a specific technology, the use of biodegradable materials may also
provide a more green and safe alternate route to remedy environmental
contaminants, since there is no creation of product wastes to be discarded after
use. In addition, there is a particularly strong appeal for new technologies that can
leverage the targeted capture of contaminants to overcome low-efficiency results
generated by direct targeting. Therefore, in order to obtain materials that can cope
with a range of challenges related to the removal of contamination, several studies
have been conducted, which focus on the use of nanotechnology principles and
combine them with chemical/physical or mechanical modifications of material
surfaces [4—6]. Some of the most significant challenges that should be considered
while developing novel nanomaterials for the remediation of the environment
include target selective capture, cost efficiency, easy preparation, green synthesis,
nontoxicity, biodegradable feature, recycling, and possible recovery after utilization.
Despite the promising benefits of nanostructured materials stated above, some
nanomaterials are fundamentally nonstable in normal conditions and hence require
specific procedures for the preparation of nanomaterials at the nanoscale. To avoid
agglomerations and to improve monodispersity and stability it is necessary to carry
out additional operations. Another factor that could limit their application is the
feasible poisonousness of metal-based NPs included in remediation, together with
their byproduct and recovery expenditures originating at the remediated location.
Therefore, it is important to obtain a thorough knowledge of the nanomaterial
features, their manufacturing processes, and performance improvement to identify
excellent nanomaterials that are able to cope with environmental challenges.

This chapter aims to deliver an overall overview of the latest developments made
in the design of nanostructured materials and/or composites employed for the
treatment of the environment from different kinds of contaminants. Filtration,
photocatalysis, chemical redox processes, adsorption, and absorption, as described
in Fig. 17.1, are among a series of feasible routes that could remove contaminants
[1, 3, 5]. For the methods mentioned in Fig. 17.1, some kinds of materials that could
be utilized are also reported. For the case of distinct kinds of products that might be
used for environmental remediation, it is to the best of our knowledge that no
classification has been performed. Accordingly, the current chapter will focus on
the different nanotechnologies as well as the diverse kinds of materials involved in
environmental remediation applications. Particularly, it will focus on three major
classes of nanomaterials reported in the literature: inorganic, polymer-based, and
carbon-based nanomaterials and nanocomposites.
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Fig. 17.1 Technologies used for environmental remediation

17.2 Nanotechnologies Used for Environmental Remediation
17.2.1 Photocatalysis

Advanced reduction processes (ARPs) and advanced oxidation processes (AOPs)
are very potential environmental remediation alternatives, particularly for mediums
that enable the transmission of light, such as water and atmosphere [7, 8]. The
generation of highly reactive oxygen species (ROS), primarily superoxide radical
anions (O, ~) and hydroxyl radicals (HO"), characterizes the above processes. In an

aqueous medium, HO" is the most powerful oxidant, E (HO s ﬁ)

2.73 Vvs.NHE [9]. Positive vacancies on the photocatalyst surface (usually
designated as h") are likewise highly oxidant, Ey, = 2.53 V vs. SHE [10]. The
occurrence of ROS assures an elevated reactivity (quick reactions) and poor selec-
tivity (no differentiation among reducible and oxidizable molecules). Currently,
AOPs are being widely utilized, more particularly for the remediation of our
environment, and therefore our emphasis will be on them in upcoming sections. In
AOPs, heterogeneous photocatalysis has been extensively utilized, with complete
mineralization of both inorganic and organic contaminants being achieved in a
number of cases [7, 8]. AOPs utilize various kinds of near-ultraviolet/visible
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Fig. 17.2 Photocatalysis processes of a semiconducting photocatalyst in water containing
pollutants

lamps (like LED) and, preferably, sunlight. The effectiveness of the photocatalytic
processes is enhanced if there are sufficient overlaps among the photocatalyst
absorption and the radiation spectrum of sunlight. Indeed, this is among the major
defies in this area, and it has been addressed in a variety of ways, like altering the
crystalline structure of the photocatalysts by doping and/or introducing defects.

The utilization of semiconducting materials, preferably in the form of
nanoparticles or films placed on substrates, is relied upon for heterogeneous
photocatalytic processes. Nanoparticles tend to be agglomerated when they are
utilized, due to the decrease of some surfaces and thus their reactivity. The reactive
surface of the hemi-sphere in contact with the surface will not exist once
nanoparticles are made as films, considering that they display a sphere-like shape,
due to a considerable deficit of the active surface in the product. The bandgap energy
(E,) separating the conduction band (CB) and the valence band (VB) should be
identical to or smaller than the incident photon energy (hv), which means E, < hv. As
demonstrated in Fig. 17.2, the photons are adsorbed and the electrons (e™) propagate
from VB to CB, creating vacancies (holes, &) in VB and forming pairs of electron-
hole (e~ — h*).

Pairs of e- — h" are extremely nonstable and typically annihilate in a few
nanoseconds, going back to the starting state before the absorption of photons. A
relatively small fraction of e~ — h" separates, which is governed by the experiment
settings and, in particular, the material being studied. The magnitude of E, is the
essential parameter for the success of photocatalysts. To prevent undue energy
consumption of irradiation lamps, a preference should be given to (nano)materials
having E, magnitudes within the energy spectrum of photons supplied by sunlight.
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The main reactions that happen during the e~ — A" segregation in an aqueous
media involve the oxidation of adsorbed H,O to HO" and the reduction of O, to O, ~
(Fig. 17.2). The foregoing equations are the most significant reactions occurring
[11, 12]:

H,O0 + " —H" + HO® (17.1)
HO ™ +h" —HO’ (17.2)
(02)4s+¢ — 05~ (17.3)
0, +H'—HO; (17.4)

When other substances are adsorbed on the surface, they could likewise be
reduced or oxidized:

Pollutant + 4" — Pollutant " * (17.5)
Pollutant + ¢~ — Pollutant” ~ (17.6)

The reactions of adsorbed substances could enhance the effectiveness of a
pollutant’s removal, but they could open new pathways which result in products
other than those resulting from ROS reactions and could also have different toxicities
and stabilities.

During heterogeneous photocatalytic processes, additional ROS can also be
produced. For instance, H,O, is created by the dismutation of HO; and O, ~ and
can then be reduced to HO" as shown in the following equations [13, 14]:

02._ +H02. +H"—>H,0, + 0, (17.7)
H,0, +H" +¢~ —HO" + H,0 (17.8)

The findings from experiments on the great differences in reactivity dependences
with [O; 7] and [HO'] or other ROS support the view that HO™ is primarily
accountable for degrading organic contaminants [11].

HO’ commonly combines with non-saturated functional groups to generate HO
adducts, but it could alternatively interact with H™ abstraction to form radical entities
with H-deficiency, or with an e~ oxidation to form a radical cation and HO™:

Pollutant + HO" — Pollutant™ " + HO ~ (17.9)
Pollutant + HO" — Pollutant(— H) " + H,O (17.10)
Pollutant + HO" — Pollutant(— OH) (17.11)

The intermediates Pollutant™, (Pollutant(—H)", and (Pollutant — OH)" are of short
life and would endure chemical reactions via distinct reaction routes, resulting in a
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number of byproducts where the majority of them will hydroxylate and thus being
soluble in water, greatly polar, and easily adsorbed on mineral surfaces like clays,
potentially increasing their residence time in the environment. When a sufficient
period is given for the reactions to occur, it may eventually result in mineralization,
which means the conversion toward the most oxidized ionic substances (SO,>~,
PO43 ~,NO;5™, CO32_, and so on). Nevertheless, some kinds of refractory materials,
like triazines, have been shown to create a stable intermediate that will not react
anymore [15].

For different situations, HO" reactions occur extremely quickly, with bimolecular
rate constants of k > 10° M~ 's™! or more, which is near to or at the diffusion-
controlled limit in water, and in a non-selective fashion. Throughout the oxidation of
aromatics, 4" and HO" are shown to differ in regioselectivity and could provoke
different materials [16]. Lately, it has been demonstrated that for similar processes,
there are competing routes among the oxidation of chemisorbed species by A" and
the reaction with HO" [17, 18].

It is especially essential to note that the heterogeneous photocatalytic process is a
superficial process, which means that the reactive substances must be diffused from
the core of the solution to the surface, become adsorbed (perhaps with some changes
in the structure), endure reactions, desorb, and diffuse back inside the solution
[11]. The prospect of ROS being formed at the surface and migrating within the
solution has been investigated, and it was demonstrated that HO" is diffused just a
few hundred Angstroms down from the surface inside the aqueous medium. ROS
migrates just a couple of atomic lengths beyond the surface, according to ESR
experiments. As a result, if the molecules are not adsorbed, they will not undergo
reactions through heterogeneous photocatalysis. Since the adsorption/desorption
equilibrium would be shifted as the reaction progresses, only a small amount of
starting adsorption is required.

Titanium dioxide (TiO,) is one of the widely utilized photocatalytic (nano)-
materials for the remediation of the environment (water and atmosphere), both in
suspensions and thin films [19]. It has good photochemical stability, less toxic,
inexpensive, easily accessible, simple to recover, and so on. Its chief limitation is
the limited level of spectrum overlapping with sunlight radiation, which is approxi-
mately 5% at ground level, reducing the degradation efficacy of TiO, photocatalysts
under sunlight [19]. As a result, significant attempts are being made to enhance its
photocatalytic efficacy by forming nanocomposites with other products [20-22],
producing two-dimensional (thin films and nanosheets) [23] and three-dimensional
(nanowires and nanotubes) nanostructures [24] and introducing imperfections into
the crystalline system [25]. TiO, nanomaterials tend to agglomerate, resulting in a
loss of photoactivity and active surface. Hence, sonication may be employed prior to
or throughout the procedure to prevent agglomeration [26]. The resultant separation
is not definite, since the equilibrium is favorable to reaggregate; however, the
agglomeration process’s kinetics could be sluggish. Prolonged ultrasound periods
may not always aid deagglomeration. A significant issue regarding the utilization of
nanoparticles, particularly in suspended form, was the ability to remove them out of
the medium before discarding the photocatalysts [27]. Ultracentrifugation and
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nanofiltration are frequent treatments for this; however, they require large energy
costs, which need to be prevented.

Given that the reactions occur among entities that are adsorbed on the nano-
photocatalyst’s surface, the photocatalytic conversion of a contaminant could be
appropriately characterized via an altered Langmuir-Hinshelwood kinetic model, as
shown in the following expression [28]:

KLH'C

r:kLH-gszH.i(l K O)

(17.12)

Here 6 (sz) represents the material’s surface coverage, kg (mol/s sz) is the
kinetic rate constant per unit of surface area, and C is the contaminant concentration
after the equilibrium of adsorption is achieved. When the Langmuir model was
rigorously obeyed, the Langmuir-Hinshelwood adsorption constant (Kj ) will be
equivalent to the Langmuir adsorption constant (K.q, see Eq. 17.15). Typically, the
amount of contaminants is very small, hence K; g - C << 1, and the process rate
subsequently falls to pseudo-first-order kinetics:

r:kLH-KLH-C:kapp-C (1713)

The mathematical model of first order typically fits the experimental kinetics very
well. This could lead to estimating the rate constant and half-life duration of various
processes and comparing rates of eliminating diverse contaminants. Generally, the
size variations and the modification in the active surface display a significant impact
on the rate as well as the degradation concentration. In this area, a large number of
studies and techniques are under investigation to improve the photocatalytic perfor-
mance of nanomaterials and nanocomposites under sunlight.

17.2.2 Adsorption

Adsorption represents a surface phenomenon wherein a material known as “adsor-
bate” which is submerged in an aqueous solution (it could even be a gas) diffuses in
the direction of the adsorbent’s surface and interacts with the adsorbent, causing it to
be held (Fig. 17.3). This occurrence of interaction/retention is greatly determined by
the physicochemical features of both adsorbate and adsorbent. They are of two
natures: physical and chemical, which are known as physisorption and chemisorp-
tion, respectively. Physisorption corresponds to weak interactions which could be
easily broken (for example, by low heating). Chemisorption corresponds to more
strong interactions (but less strong than chemical bonds) which are hard to be
broken. The adsorbate—adsorbent interactions have a significant impact on the
former’s electronic structure, which determine their interactions with the surface
throughout the process of adsorption and could boost their reactivity in heteroge-
neously catalytic procedures [29]. As a result, the entire process of adsorption is
dependent on the available surface and its porosity, two variables that grow
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Fig. 17.3 Schematic illustrations of adsorption/desorption processes

dramatically at the nanoscale level. Not every place on the surface is accessible to
interact with the adsorbate. Depending upon the chemical features of the adsorbate,
the locations of interaction, or binding sites, should meet certain characteristics
associated with the density of electrons, acidity, as well as shape. Accordingly, the
most popular and most simple method of adsorption is Langmuir’s model, which
makes the following presumptions: (1) the adsorption—desorption procedure reaches
equilibrium, (2) the catalyst’s surface is homogeneous, (3) the various linking
adsorption points on the surface have the same energy, (4) the adsorbent—adsorbate
interactions occur via the same type of functional groups, (5) every single linking
point connects with just one adsorbate species, (6) a single layer of adsorbate is
created on the surface, and (7) there exists no adjacent interactions among adsorbed
species when they are on the surface [15-17]. Even though these hypotheses
oversimplify the issue, they result in the widely recognized Langmuir adsorption
isotherm. Regardless of its clearness, the term “isotherm” relates to a specific
temperature, thus each adsorption investigation should be conducted during
temperature-controlled settings that are comparable with the ones that would be
used in the environmental remediation processes.

When the equilibrium A + S 2 A,qs (Where A,q; is the adsorbed species, S is the
adsorbent, and A is the adsorbate) is reached, the rates of adsorption and desorption
are equal:
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Fads :kads : [A] N [S] :kdes . [Aads] (1714)

Here k4o and k.45 represent, respectively, the rate constants for desorption and
adsorption. [S] denotes the number of free binding points per unit of adsorbate
surface. Hence:

_ ka s [Aa s]
K=o = 7 ."[S] (17.15)

The Langmuir isotherm could be stated as mentioned in Eq. (17.16), by consid-
ering the overall number of binding locations (occupied and unoccupied) as
[STiot = [S] + [Aags] and identifying the portion of populated binding locations as

_ (Al
0= H.:

Keq - [A]

9=
I+ Keq - [A]

(17.16)

This equation could be linearized by applying the reciprocal. Generally, a linear
behavior occurs once K., < 1, while the system attains saturation once K.q > 1 [30].

Considering that the various hypotheses (1)—(7) reported above fail, various
models have been developed, which involve surface inhomogeneity, interactions
among adsorbate molecules on the surface, the probability of multiple adsorptions,
and the possibility of forming multilayers of adsorbate. Therefore, the Freundlich
isotherm (Eq. 17.17) accounts for surface heterogeneity because the adsorption heat,
AH,q4,, varies with the number of occupied binding points (sites with the most
favorable interactions being engaged first), whereas homogeneous surfaces with
comparable active sites display an unchanged AH 4 [29, 30].

R e (17.17)
m

here, x represents the adsorbate mass, m denotes the adsorbent mass, and K and
n are specific constants for each adsorbate and adsorbent at a certain temperature.

The Temkin adsorption isotherm accounts for adsorbate molecules’ interactions
when they are on the surface, arguing that these interactions decrease the adsorption
heat and utilizing this method to adjust the Langmuir model’s equilibrium rate
constant [29, 30].

The Adsorbent’s surface can include functional groups that are ionizable which
can be either protonated or deprotonated based on the pH of the environment. The
surface is neutral at a pH level that corresponds to the point of zero charge (pHpzc).
The surface is charged negatively if pH > pHpyc and charged positively if
pH < pHpzc. It can be feasible to predict if the interactions among the adsorbate
and the binding locations would be favorable or unfavorable by looking at the pH of
the environment and the pK, values of various ionization sites on the molecule.
Although it is sometimes overlooked, the research investigation of adsorption
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process at regulated pH conditions is essential to the efficacy of adsorption as a
remediation approach.

Nano-adsorbents, like other nanomaterials employed in environmental remedia-
tion, are supposed to be abundant, inexpensive, simple to utilize, highly stable
(mechanically and chemically), safe for both human health and the environment,
recyclable, and reusable. Most importantly, after they reach the end of their practical
lifespan, the produced residues should be simply inertized or valorized to prevent
residue accumulation. Nano-adsorbents should also be effective (possess elevated
adsorption yields), enable simple on-demand adsorbates’ desorption, possess high
selectivity wherever feasible, and be easily separated from the environment. It is
essential that nanomaterials employed in environmental treatment do not create
additional forms of contamination, that is why biodegradable nanostructured
materials are being extensively explored [31]. Nano-adsorbents are often hard to
separate out except if nanofiltration is employed, which is a costly separation
procedure. As a result, magnetic nanoparticles may be integrated with the nano-
adsorbents to facilitate their separation using a magnetic field [26, 32].

Like other kinds of nanomaterials, nano-adsorbents could be also synthesized
using the well-known top-down and bottom-up approaches [31]. Nevertheless,
bottom-up synthesis of nanomaterials is preferable because it provides better control
of the procedures as well as the shape, size, and characteristics of the final
compounds. The emphasis is nowadays being directed to the biosynthesis of
nanostructured materials, with the hope that they would display higher biodegrad-
ability or lesser toxicity [33].

Adsorption techniques are effective for removing a wide range of persistent and
mobile organic substances from various kinds of liquid and gaseous discharges. The
adsorption techniques are often simple and inexpensive to implement. Zeolites,
polymers, activated carbons (ACs), and many other materials are presently
employed as adsorbents, and many have been created by valorizing various kinds
of wastes [34]. Nanomaterials’ advancements have resulted in a significant rise in
adsorbents’ effectiveness and adsorption rate, owing primarily to the significant
increase in active surface and porosity, as well as the existence of a much greater
number of active sites. Nano-adsorbents are currently employed mostly for the
removal/reduction of dyes, oil, and heavy metals from water. They have the potential
as well to remediate the so-called toxic forever chemicals like perfluoroalkyl and
polyfluoroalkyl substances (PFAS) [35].

Several publications have evaluated the adsorption potential in the remediation of
the environment. Even though adsorption has been utilized for this task for a long
time, its use in the form of nanomaterials is still in its early stages. There are many
basic investigations that have to be conducted to effectively manage the procedure
and its related factors. The potential changes in the surface (functionalization) for
carrying out specific adsorption procedures, or the successful deposition as films for
effective flow chemistry heterogeneously catalytic procedures, appear highly
desirable.
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17.2.3 Chemical Redox Processes

Chemical redox processes are a class of catalytic procedures that involve an
exchange of electrons or ions with the medium to reach the reagents. Generally, a
material, either at the nanoscale or not, emits ions inside the volume of the medium
or undergoes oxidation to release electrons (¢™). As a result, for both situations, the
process could be identified as a homogenous process, occurring inside the volume of
the medium rather than on its surface. However, the use of nanomaterials aids since,
as described previously in the above parts, the surface-to-volume ratio promotes the
procedures occurring in comparison to the employment of aggregates of
nanoparticles or macroparticles. The following subsections cover the two primary
processes in this category.

17.2.3.1 Fenton and Photo-Fenton Processes

H,0,/Fe** combinations have particularly strong oxidation characteristics in acidic
media, which is explained by a sequence of events known as Fenton reactions [36],
wherein reactive oxygen species are created, mostly HO' radicals (Eqgs. (17.18) and
(17.19)). Fe** regenerates at proper acidic circumstances (pH ~2.7-2.8) and various
additional reactive oxygen species are created (Eqgs. 17.20-17.23). HO, may also
regenerate Fe** as shown in Eq. (17.24). With the existence of a Fe source and H,O,,
sunlight or lamps simulating sunlight irradiation enable pollutant degradation. Such
a process is referred to as the heterogeneous photo-Fenton process, and it has the
potential to perform very well in the remediation of the environment. Fe>*
complexes could regenerate Fe** under irradiation (4 > 300 nm), as evident in
Eq. (17.26). Lastly, throughout the electro-Fenton process, H,O, is created in situ
following Eq. (17.27). and Fe®* is regenerated through Egs. (17.21) and (17.22).

Fe’* + H,0, »Fe’* + HO" +HO ™~ (17.18)
Fe’* + H,0, —»Fe’" + HO; +H" (17.19)
Fe’* + HO" —Fe*" + HO - (17.20)
Fe’t + H,0, — FeOOH*" + H" (17.21)
FeOOH”" — Fe*" + HO, (17.22)
Fe’* + HO, —Fe’* + HO, (17.23)
Fe’™ + HO; —»Fe*t + H' + 0, (17.24)
H,0, + HO" —HO; + H,0 (17.25)

Fe(OH)*" + hv — Fe** + HO" (17.26)
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0, + 2H;0% +2¢~ — H,0, + 2H,0 (17.27)

The various reactive oxygen species produced are extremely reactive and capable
of effectively transforming contaminants existing in the media, eventually causing
mineralization. Fenton processes offer many benefits such as iron being inexpensive,
widely accessible, and non-hazardous, as well as H,O, being simple to manage.
Pharmaceuticals, phenols, polychlorinated biphenyls (PCBs), and polycyclic aro-
matic hydrocarbons (PAHs) have all been demonstrated to be degraded via Fenton
processes [37]. One significant disadvantage is that Fe salts precipitate, and the
inclusion of Fe** and H,O, implies high economic costs. Consumption of energy
also increases the expenses of electro-Fenton procedures. For that reason, photo-
Fenton is widely employed utilizing sunlight, which significantly minimizes related
expenses.

17.2.3.2 Metal-Based Processes

Nanoscale metal-based processes provide the advantage of using zero-valence
features (Metal®, M°), assuming the metal’s potential for reduction is adequate.
The processes that occur are one-electron reduction or a sequence of sequential
one-electron reductions:

M° + Pollutant — M + Pollutant” ~ (17.28)
M° + Pollutant ~ — M* + Pollutant® (17.29)
M* + Pollutant” ~ — M>* + Pollutant® (17.30)

Here “"~ denotes a one-electron excess and ““” indicates a two electrons excess.
The mechanisms described in Egs. (17.28 and 17.29) often result in the breakdown
of C—X bonds, wherein X is an atom that is electronegative with a large electron
density charge, like halogen. After this process, the contaminant intermediate takes
H* or H™ from the solvent (typically water) and generates reduced products:

H,0 + Pollutant” ~ — Reduction Products (17.31)

According to this approach, reactions with zero-valence nano-metals may be used
to degrade halogenated solvents or halogenated aromatic compounds, which have
extremely lengthy environmental lifetimes and are typically resistant to other reme-
diation procedures. Due to Fe’s excellent reduction potential, Fe” nanomaterials are
commonly utilized for this intent [38, 39]. Nano-metals with zero-valence often
undergo oxidation on the surface, permitting reactions with other substances that
could exist with a larger reduction capability. This might be effective for heavy
metals contamination removal. Certain nano-metals with zero-valence have also
been demonstrated to exhibit antibacterial or antivirus capabilities, making them
appropriate for disinfecting interior environments (such as inside buildings) and
remediating microbe or virus-infested water bodies [40].
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The usage of bimetallic nanomaterials has been investigated in order to benefit
from the existence of metals that have various reduction potentials, which could
boost contaminants’ degradation [41—43]. This technique additionally contributes to
addressing the earlier reported issues of nanomaterials’ agglomeration and improv-
ing the stability of zero-valence nano-metals. Noble nano-metals have been also
utilized to construct bimetallic nanomaterials, with improved rates of pollution
reduction; however, this increases significantly the costs because of the cost of the
utilized noble metals (Au, Pd, etc.) [41-43].

17.2.4 Nanofiltration

Filtration is a basic physical separation technique that separates objects from fluids
(either liquid or liquid) with the help of a medium that serves as a filter having a
particular structure that penetrates the fluids and maintains the objects of specific
dimensions which depend on the pore size of this filter medium. Membrane filters
incorporating material sheets, granular deep bed filters, or surface filters with sieves
are some examples of useful filter media [44]. Pressure is applied to drive the process
of filtering, either by applying it to the input side or by applying a vacuum to the
filtrate side.

As shown in Fig. 17.4, the technologies of membrane filtration are categorized
based on membrane selectivity (determined by membrane pore size and the
associated size of particles excluded) and the needed applied pressure [46]. They
could be classified as follows: microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF), and reverse osmosis (RO). Here, MF uses the largest particle/
pore sizes, while RO uses the smallest ones. The needed applied pressure varies with
the filtering technique and rises as the size of membrane pores decreases as follows:
MF > UF > NF > RO.

MF displays an exclusion size ranging between 0.1 and 10 pm and needs a driven
pressure of roughly 0.2-5 bar. It is appropriate to eliminate most bacteria and cells,
clays, Mycoplasma, E. coli, algae, etc. UF exhibits an exclusion size ranging
between 0.01 and 0.1 pm and needs a driven pressure of about 1-10 bar. It is
appropriate to eliminate some viruses, proteins, natural organic matter, humic
acids, etc. MF shows an exclusion size ranging between 0.001 and 0.01 pm and
needs a driven pressure of roughly 5-10 bar. It is appropriate to remove multivalent
ions, heavy metals, synthetic dyes, carbohydrates, etc. MF presents a smaller
exclusion size ranging between 0.0001 and 0.001 pm and needs a much higher
driven pressure of about 10 up to 150 bar. It could eliminate practically the different
objects other than water due to being built of semi-permeable membranes that only
let water pass through.

Pretreatment of the input to the membrane filters is very important because it
reduces fouling and enhances the functionality of membranes [47, 48]. For the
pretreatment of the input in MF, traditional multimedia filtering processes and
coagulation have been largely employed. Furthermore, considering the sequence
of graduated size exclusion, each membrane stage could serve as a pretreatment for
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the succeeding one. Simply, microfiltration could be employed as a pretreatment for
ultrafiltration, ultrafiltration as a pretreatment for nanofiltration, and ultrafiltration
and nanofiltration as pretreatments for reverse osmosis.

17.2.5 Nano-Sensors

Continuously monitoring air pollution constitutes one of the vital and fundamental
requirements in terms of controlling environmental pollution [49]. One of the risks
of modern industrialization involves the release and spread of harmful and hazardous
gasses (like H,S, NH3, NO,, etc.). Inevitably, industry cautions are sometimes tardy
to detect leakage of gasses. Furthermore, numerous issues, arising from the occur-
rence of heavy metal ions and other contaminants in water, air, and soil, emphasize
the requirement to develop some technologies that are able to detect the
contaminants earlier than that their amounts achieve dangerous levels in the envi-
ronment. Once the technologies for pollution detection become more available and
inexpensive, decision-making regarding the environment, monitoring of the ecosys-
tem, and process management will be improved. Rapid and precise sensors capable
of detecting contaminants at the molecular level will efficiently improve human
capabilities to promote long-term human health and environmental sustainability.
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Generally, sensors are basically a sort of energy converters, which are able to
detect mechanical, chemical, and physical characteristics in their surroundings and
show them as output signals (frequently optical or electrical signals). Consequently,
numerous sensors have been designed and created for usage for diverse purposes.
Interestingly, nano-sensors are one of the widely used sensors nowadays [50-52]. A
nano-sensor is basically made up of nanostructured materials, accompanied by an
identifying element and a signal transduction technique. Nano-sensors can be
categorized into magnetic, optical, mechanical, and electrochemical nano-sensors
depending on signal transduction processes. They are biological, physical, or chem-
ical nanoscale sensors that could measure variations at the nanosized scale with
extremely high precision and sensitivity, either quantitatively or qualitatively. The
main essential features that contribute to the widespread trust in information
provided by these nano-sensors are high detection power, high sensitivity, high
accuracy, and the capacity to measure numerous kinds of species in the environment
at the same time.

17.3 Examples of Nanomaterials Used for Environmental
Remediation

17.3.1 Inorganic Nanomaterials

Various metal-based nanostructured materials have been reported for the remedia-
tion of a wide range of pollutants; however, most of these investigations have
focused on the elimination of chlorinated organic compounds and heavy metals
from water. Metal and metal oxide nanostructured materials are very effective nano-
adsorbents possessing several advantages like excellent adsorption capacity and
rapid kinetics. Some examples of metal-based nanomaterials examined for various
environmental remediation applications are outlined in Table 17.1. Over the past
years, effective physical and/or chemical synthesis approaches have been widely
studied to obtain metal and metal oxide nanostructured materials with controlled
shapes, high stability, and monodispersity. Hydrothermal, co-precipitation, sol-gel,
etc., are some of the most extensively employed synthesis methods that provide large
yields [54, 55].

Silver nanoparticles (Ag-NPs) have been used for disinfecting water due to their
good antiviral, antifungal, and antibacterial activities [93-95]. Ag-NPs of very small
size (<10 nm) were reported to be extremely toxic to E. coli and P. aeruginosa. They
could additionally hinder viruses from attaching to host cells by attaching to the
virus’s glycoproteins preferentially. Slightly larger nanoparticles (~10 to 25 nm)
showed lesser antibacterial activities [96]. Furthermore, Ag with nano-triangular
shapes showed enhanced bactericidal activities in comparison to Ag nanospheres
and Ag nanorods, highlighting the relevance of nanoparticle shapes in inducing their
desirable effects [97, 98]. Ag-NPs have been combined with a variety of different
materials, including polymers and metal oxides, in order to improve the global
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Table 17.1 Some examples of metal-based nanomaterials applied for environmental remediation

Products Applications References
Silver nanoparticles Water disinfection (antibacterial [53-57]
activities)

Degradation of dyes (e.g., Congo red
(CR), methylene blue (MB), methyl
orange (MO), and rhodamine B (RhB))
Nano-sensors (Hg?* and Fe** metal
ions)
Silver-based nanocomposites (e.g., Water disinfection (antibacterial [58-62]
combination with polymers or other activities)
oxide nanomaterials) Adsorption of dyes (like MB, acid red
37)
Removal of contaminants (like iodide
1)
Filtration
TiO, NMs Dye degradation (MB, MO, and [63-67]
auramine O (AQO))
Remediation of eutrophic shallow
freshwater systems
Antimicrobial and larvicidal activities
Doped TiO, NMs Dye degradation (MB, RhB, and basic | [68-72]
yellow 28 (BY28))

Degradation of heavy metal ions (like

CI'6+)
Antimicrobial activity (S. aureus and
E. coli)
Photocatalytic hydrogen production
Titanate NMs Catalytic reduction of gases—nitric [73-75]
oxide
Mixed oxide NMs Degradation of dyes [76-79]
Magnetic NMs Elimination of various heavy metals [80-85]
Degradation of dyes
Bimetallic NMs Reéiuction of heavy metal ions (like [86-92]
Cr’")

Reduction of 4-nitrophenol to
4-aminophenol

Detection of Cr>*
Degradation of dyes

effectiveness of the resultant nanocomposites. This point will be further addressed in
the upcoming subsections.

Titanium oxide nanomaterials (TiO, NMs) are another well-known explored
metal-based product for environmental remediation applications. Because of their
fascinating features such as energy-converting, gas sensing, electronic,
photocatalytic, and semiconducting traits as well as their nontoxicity and lower
cost, TiO, NMs have been widely investigated for wastewater treatment, surfaces’
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self-cleaning, and air purification applications [99]. TiO, NMs could be activated by
an illumination source and hence are considered as good photocatalysts to eliminate
organic pollutants from diverse media. TiO, NMs can produce highly reactive
oxidants such as hydroxyl radicals, which act in disinfecting microorganisms
including algae, viruses, bacteria, and fungi. Generally, TiO, itself possesses a
somehow low photocatalytic activity, hence, it is frequently doped with other
transition metal ions to improve its efficiency. As a result, numerous investigations
have been conducted on metal ions doped TiO, NMs. For instance, Ag-doped TiO,
nanofibers (NFs) are prepared via a hydrothermal process and then tested as
photocatalysts for degrading different dyes (crystal violet (CV), Congo red (CR),
malachite green (MG), and Methylene blue (MB)) under direct sunlight irradiation
[100] and 2-chlorophenol under UV light illumination [101]. As well their
antibacterial activities are tested against E. coli and S. aureus. In comparison to
control TiO, NFs, Ag-doped TiO, NFs demonstrated both good photodegradation
and antibacterial efficiencies. This enhancement had been ascribed to the following
possible variables: an appropriate content of silver on the surface that efficiently
captures photo-induced holes and electrons, a rapid movement of photo-induced
electrons to the adsorbed oxygen available on the surface of the NFs, an increase in
the number of surface hydroxyl groups, and an expansion of the response interval to
light to the visible spectrum. Recently, Y. Slimani et al. [69] prepared Ce-Sm
co-doped TiO, NPs with various doping levels via a sol-gel auto-combustion
process, which are then tested as photocatalysts for degrading MB dye. In compari-
son to control TiO, NPs, Ce-Sm co-doped TiO, NPs demonstrated better
photodegradation efficiency. Indeed, excellent performances are obtained for NPs
with a doping level of 0.5%, wherein the photodegradation efficiency achieved about
98% within 30 min and a reaction rate constant of 0.0616 min~'. These
performances are reported to be much better than many other oxide compositions.
It was established that h* and «O*" are the utmost important active species in the
photocatalytic degradation process. In addition, the reported nanophotocatalysts
revealed high stability and can be definitely recovered and reused easily, suggesting
their capability for real applications in the future.

Inorganic titanium oxide-based materials, called titanates, have also been studied
for removing pollutants. For example, neutral, acidic, and basic titanate nanotubes
(NTBs) have been prepared via hydrothermal technique by Chen’s group [74],
which are tested as catalysts to reduce NO with ammonia. For neutral, acidic, and
basic pH environments, manganese oxide was incorporated into different titanate
NTBs formulations to produce Mn-doped titanate nanotubes, titanate nanorods, and
titanate nanosheets, respectively. The neutral Mn-doped titanate NTBs showed the
highest surface area, excellent active species’ dispersion, and the greatest active
redox performance. Hence, neutral Mn-doped titanate NTBs possessed excellent
catalytic reduction efficiency, while those prepared under basic conditions revealed
insignificant activity. Different kinds of titanates, ATiO; where A is a divalent ion
like Ba, Ca, Sr, Na, Ni, Co, etc., as well as their composites are widely investigated
and numerous of them revealed enhanced environmental remediation performances
[75]. ATiO; NMs combine both piezocatalytic and photocatalytic behaviors,
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suggesting them as promising multifunctional nanomaterials for practical
applications in the environment and energy. To improve their efficiencies, numerous
approaches have been performed to alter ATiO; NMs via doping or substitution,
including hetero-cations, combining them with other semiconducting (nano)-
materials or carbonaceous materials. Also, the preparation methods, preparation
environments, crystalline phase, etc., greatly govern the activity of ATiO; nano-
catalysts. Several studies reported that the cubic BaTiO; NMs display lesser
piezocatalytic and photocatalytic performances under ultrasonication than tetragonal
BaTiO; NMs. In-depth investigations must be performed to figure out the exact facts
that lead to the piezocatalytic and photocatalytic activities in ATiO; NMs. Although
numerous research articles investigated the piezoactivity and photoactivity of ATiO;
NMs, the majority of them concentrated on the degradation of organic dyes, while
fewer interest was devoted to other kinds of contaminants. Accordingly, the efficacy
of ATiO; NMs for environmental remediation applications should be well verified
regarding other inorganic and organic contaminants such as pathogenic species,
NO,, heavy metals, pharmaceutics, herbicides, pesticides, etc. Also, the evaluation
of their toxicity in water should be studied.

Other metal oxide nanomaterials also demonstrated good photocatalytic activities
for degrading dyes and removing heavy metal ions from polluted environments. For
instance, E. Hannachi et al. [102, 103] synthesized a series of NMs made of ZnO
NPs doped with rare earth elements like Y, Ce, Yb, etc. via a low-cost simple sol-gel
synthesis approach. The findings revealed that an optimal concentration of
co-dopants could significantly improve the degradation efficiency as well as accel-
erate the degradation rate. Numerous other metal oxide nanomaterials revealed
enhanced photocatalytic activities [104—106].

Furthermore, mixed oxide nanomaterials have been studied. For instance, mixed
TiO,—-Si0, oxide materials are synthesized using titanium isopropoxide or titanium
butoxide and bamboo as sources of titanium and silica, respectively [76]. These
binary materials were tested for their ability to degrade methylene blue (MB) dye
photocatalytically. The degradation rate of MB at different treatment durations
revealed substantial photoactivity. It has been speculated that these composites
could find real use in industrial wastewater treatment systems on a small scale.
Overall, although mixed oxide nanomaterials have higher photoactivity in compari-
son to pure TiO, nanomaterials in the majority of cases, their real use is restricted to
the mineralization of specific contaminants. In the literature, numerous mixed oxide
nanomaterials showed an improved ability to eliminate a broad range of
contaminants [77-79].

Moreover, magnetic metal-based and metal oxide-based nanosized adsorbents
have particular appeal due to their ease of retention and separation from the water
that is treated. Iron and iron oxide-based nanomaterials (NMs) have been widely
documented in previous studies for the elimination of various heavy metals (includ-
ing Hg*, Cr®", Pb**, Cd**, Co?*, Cu®*, and Ni**), as well as for the degradation of
some dyes [80-85]. Recently, spinel ferrites, hexaferrites, and multiferroic materials
received great interest for applications in environmental remediation [107-
115]. Nevertheless, there are some limitations to utilizing such kinds of NMs for
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Fig. 17.5 Mechanism of degradation of heavy metals and chlorinated contaminants from aqueous
systems utilizing core-shell iron nanoparticles. (Reproduced from [117])

environmental pollutants remediation. Agglomeration is one of the main concerns
because it may drastically impact the reactivity of the product, reducing the benefit of
employing nanomaterials to improve performance. Another issue to consider when
dealing with metal and metal oxide NMs is the potential toxicity of the NMs utilized.
Furthermore, the related costs and destiny of the remediation technologies are
essential factors to think about when using NMs as remediation products.

Nanoparticles made of iron with a core-shell configuration could be as follows;
the core consists of a zero-valent elemental iron (Fe®) and the shell is comprised of
mixed valent (Fe (IIT) and Fe (IT)) oxides [116]. The mechanism whereby these core-
shell nanoparticles could be employed to remediate environmental pollutants is
depicted in Fig. 17.5 [117]. Electrons donated from the zero-valent Fe® core could
be used for reducing both heavy metals and chlorinated compounds. Furthermore,
the shell part of the nanoparticles may aid in remediating the pollutants, like heavy
metals with a larger standard reduction potential (E°) than the Fe**/Fe pair.

Some researchers investigated the utilization of sonication of magnetic
nanoparticles (MNPs) solution in an attempt to prevent the agglomeration of NPs
in order to improve their capacity to remove heavy metals [118]. When subjected to
ultrasound treatment, nanoclusters may be dispersed; however, the released
nanoparticles are susceptible to re-agglomeration if exposed to extended sonication
durations. Hooshyar et al. [118] prepared 12 nm iron spherical NPs and found that
sonication may improve the removal efficiency of heavy metals Co”* and Ni**, with
an ideal ultrasound period of around 30 min for the Co?* case and 20 min for the Ni**
case. The greatest removal efficiencies are about 60% and 39% for Co** and Ni2+,
respectively.

Numerous investigations examined the utilization of bimetallic nanoparticles to
overcome some of the limitations related to mono-metallic nanoparticles, particu-
larly agglomeration and poor stability. Various surfactants and stabilizers are usually
used to boost the stability of NP solutions, but the incorporation of a second metal
(or more) into the composition might improve the material’s solution stability and
eliminate the requirement for surfactants and stabilizers [86, 119]. Enhanced stability
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may lead to higher capacity and efficiency, as well as a faster rate of pollutants’
degradation. The inclusion of extra metals, like Co, Ni, Pt, Ag, or Pd as a way to
improve the stability of Fe® nanoparticles, has been suggested in recent studies [86—
91]. Some noble metals may be coupled with Fe® nanoparticles to catalyze
hydrogenation and dichlorination reactions with pollutants, which leads to a more
effective remediation process. Wang et al. [92] documented an increased rate of
dehalogenation of chlorinated organic compounds by incorporating Pd into zero-
valent iron nanoparticles, although the costs are being expensive owing to the price
of elemental Pd. Additional strategies for improving NPs’ stability involve the
addition of supporting materials, like the examples provided below in the
sub-section polymer-based (nano)materials.

An additional issue related to the utilization of metal-based nanomaterials is the
potential toxicity of the chemicals employed to manufacture the nanomaterials as
well as the byproducts released through pollutant degradation. In a previous study,
Naz et al. [120] showed the effective application of zero-valent metal nanoparticles
to remove Cu®* and Ni** from aqueous mediums. They made up Mn, Fe, and Mn-Fe
nanoparticles from using cannabis sativa leaf extract. This strong antioxidant extract
includes substances that react with Fe (III) to create zero-valent Fe nanoparticles.
Among the various prepared NPs, Mn-Fe NPs revealed increased photocatalytic
activity toward MO and CR dyes in comparison to single Mn and Fe NPs. Hence, it
is interesting to use natural products in the synthesis of nanomaterials for environ-
mental remediation to alleviate worries about the potential toxicity of chemicals and
byproducts when employing chemical production routes. Furthermore, the green
synthesis of zero-valent Fe nanoparticles shown by this research group offers the
benefits of adding value to natural resources that would otherwise be deemed
garbage (like leaf extracts) and offering low-cost nano-catalysts for dye removal
from water. In another study, Poguberovi¢ and collaborators [121] made bimetallic
NPs using cherry, mulberry, and oak leaf extracts for the elimination of As®* and
Cr®. Their study showed rapid kinetics and adsorption rate of the zero-valent Fe
NPs, where the highest capacity for Cu”* is about 1047 mg Cu/g with the use of
mulberry leaf extracts and the highest capacity for Ni** is about 777 mg Ni/g with
the use of oak leaf extracts. The remarkable disparities in performance may result
from the specific raw materials utilized in the synthesis of nano-adsorbents. The best
removal capacity of Cu* was attained at pH = 7, whereas the best removal capacity
of Ni** was attained at pH = 8. Although the results of this investigation appear
encouraging, additional investigations are needed before these materials can be used
on a large-scale basis in wastewater treatment. Moreover, pH-sensitive remediation
systems could pose some limits in their application to in situ remediation since
certain environmental situations might not provide suitable conditions for effective
and efficient remediation. Therefore, the researchers were able to create a reasonably
harmless and low-cost organic—inorganic combination product for targeting
polychlorinated biphenyl pollutants.

The development of mixed magnetic nanomaterials can also lead to enhanced
performance for environmental remediation [122-124]. For instance, nano-
NiFe,04—NiO composites are synthesized via a co-precipitation process and the
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Table 17.2 Some studies on the use of silica NMs for environmental remediation of pollutants

Products Applications References
Amine-grafted silica Removal of gases (CO,, H,S) [125-132]
materials

Carboxylic acid- Wastewater treatment (heavy metals, dyes, [133-136]
functionalized silica radioactive ions)

Thiol-functionalized Soil and wastewater treatment (removal of heavy [137-140]
silica metals)

Amino-functionalized Soil and wastewater treatment (removal of heavy [127, 141-
silica metals and dye degradation) 145]

results showed an optimal photocatalytic degradation of about 95.4% toward MB
dye within 2 h for 50%NiFe,04-50%NiO composition [122]. NiO-CuO and NiO—
Co304 composite nanophotocatalysts are also prepared and revealed excellent deg-
radation efficiency against cefixime antibiotic [123] and malachite green dye [124],
respectively.

Conversely, mesoporous silica materials, because of their flexibility, have also
acquired a great interest in numerous kinds of applications, including catalysis and
adsorption. These materials provide many advantages for applications in environ-
mental remediation, such as high surface area, controllable size of pores, ease of
alteration of the surface, and a large volume of pores. A number of investigations
have also documented the application of these kinds of materials in pollutant
remediation in the gas phase because of their exceptional performance as adsorbents.
Moreover, several papers have presented various surface modifications of
mesoporous silica materials. Table 17.2 highlights some of the studies that examine
the application of silica NMs in the environmental remediation of various pollutants.

The hydroxyl groups that exist on the surface of silica materials play a key role in
gas adsorption, surface modification, and other surface-related phenomena like
wetting. Putting functional groups onto the walls of the pores is another recognized
method for developing novel catalysts and adsorbents [117]. For instance, A. Ayub
et al. [125] used amine-surface-modified silica materials to selectively remove H,S
and CO,. These materials attained rapid CO, uptake by achieving about 82% of their
equilibrium CO, uptake in 1 min. The materials are able of completely removing
H,S and CO, by 100%. Additionally, the materials maintained about 99% of their
initial CO, uptake during 100-cycle testing in hot air. Anyanwu et al. [126, 127]
utilized amine-surface-modified mesoporous silica (SBA-15) grafted at different
temperatures for capturing CO,. The nano-adsorbents grafted at ambient temperature
revealed outstanding stability even after ten adsorption—desorption cycling tests,
which is comparable to the conventional process that implies grafting at much higher
temperatures >75 °C. In another study, Anyanwu et al. [128] employed silica gels
grafted with amine for CO, capture purposes. Materials with high amine loading and
largest pores (1.12 cm’/g pore volume, 14.9 pore diameter, and 309 m*/g BET
surface area) demonstrated excellent CO, adsorption performance, rapid CO, uptake
rate, and excellent cycle stability. Unexpectedly, the performance of materials
exceeded those of the excellent MCM and SBA-type sorbent materials. Bai et al.
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[129] synthesized triamine-grafted MCF silica at room temperature. The findings
indicated that these materials display excellent CO, adsorption capacity, rapid
adsorption kinetics, and outstanding cyclic stability. Mesoporous silica SBA-15
materials are grafted by using different sterically hindered amines, which are
assessed for removing H,S [130]. Excellent adsorbance performance is achieved
for materials with (ferz-butylaminopropyl) trimethoxysilane grafting. The significant
abundance of amine groups on the surface of silica materials was linked to the
observed good efficiency in H,S and CO, removal. Another research group
(s) showed [131, 132] the effectiveness of amine-modified alumino-silicates for
capturing CO, and other carbonyl substances such as ketones and aldehydes. CO,
capture has been found to be achievable by reversible adsorption of the gaseous
molecules into the amino-silica product. Likewise, the creation of hemiaminal or
imine is necessary for capturing ketone and aldehyde. The reaction kinetics are very
quick, attaining around 90% of the entire capacity of the material in a couple of
minutes. As a result, the above-mentioned products offer a feasible replacement for
the classical capture of carbon dioxide by aqueous amines and other silica-supported
amines since they are simpler to prepare, less costly, and offer higher stability and
performance. Nevertheless, this may restrict some of their applications to capture
pollutants that do not react with amines. Amine-functionalized porous silica is
employed as an aldehyde abatement product to trap aldehydes with low-molecular-
weight (like formaldehyde). The obtained findings implied that primary and second-
ary amines, rather than tertiary amines, are more appropriate to capture aldehydes,
which is in accordance with the covalent capturing of the desired pollutant through
the creation of imine and hemiaminal intermediates.

An example of mesoporous silica materials and surface properties relevant to
adsorption applications is depicted in Fig. 17.6.

In addition to the capture of gases, silica-based compounds are applied for the
elimination of organic dyes from wastewater. Numerous research groups [133—136]
successfully functionalized mesoporous silica with carboxylic acid groups (-COOH)
because the latter may establish hydrogen bonds with a variety of substances,
including contaminants, dyes, and metal ions. The best performance for the degra-
dation of methylene blue was attained at a pH of 9. Although these products are good
adsorbents under basic circumstances, the pH dependence probably limits their
practical applicability. Moreover, other research groups examined the applications
of thiol-functionalized silica materials [137-140] and aminopropyl or amino-
functionalized silica materials [127, 141-145] in remediating numerous kinds of
metal ions like U%*, Hg2+, Pb%*, Cr*, A%, NiZ*, Zn*, Cu®*, Co®*, and Cd** as well
as for degrading dyes.

17.3.2 Carbon-Based Nanomaterials
Carbon-based nanostructured materials are also utilized for the remediation of

pollutants via photocatalysis and adsorption processes. Indeed, carbon-based
nanostructured materials possess distinctive chemical, physical, and electronic
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Fig. 17.6 A case of functionalized mesoporous silica materials applied in environmental remedia-
tion of pollutants. (Reproduced from [117])

features. Graphene, multi-walled carbon nanotubes (MW-CNTs), single-walled
carbon nanotubes (SW-CNTs), and fullerenes Csyo and Cgy could all be formed
through adjustable hybridization states [146—148]. Some studies reported that the
surface modifications, functionalization, or activation of the virgin carbon material
are initially needed for the feasibility of graphene and carbon nanotubes (CNTSs) in
environmental remediation applications. Many investigations have been conducted
on MW-CNTs and SW-CNTs. The materials’ adsorption capabilities render them
especially suitable for removing inorganic and organic contaminants from large
volumes of aqueous solutions and from the air.

Numerous papers have been published that detail the application of graphene to
create nanocomposite photocatalysts. Pure graphene could be employed as an
efficient adsorbent to remove contaminants from aqueous mediums like fluoride.
At ambient temperature and pH of 7, graphene’s monolayer adsorption capacity for
fluoride is about 35.6 mg/g [149]. Although pure graphene could potentially be
utilized for the remediation of the environment, a range of strategies depend on the
usage of modified graphene to remediate various substances. Surface alterations



17 Nanomaterials for Environmental Applications 373

reduce graphene layers’ aggregation and hence improve the effective surface area,
rendering the modified graphene potentially better than pure graphene
[150]. Graphene oxide (GO) is a kind of modified graphenes that has been reported
for the remediation of the environment by the adsorption of a number of water and
gaseous pollutants, like pharmaceuticals, heavy metal ions (like Pb%*, Cd**, As>,
and Cr6+), organic (cationic and anionic) dyes, CO, separation, NO, detection, etc.
[151-156]. On the surface of the carbon of graphene oxides, numerous functional
groups that contain oxygen, like hydroxyls, epoxides, and carboxylic acids exist,
which play a great role in adsorption. Several researchers demonstrated that
nanocomposites comprising of graphene and semiconducting nanoparticles (TiO,,
Zn0, CeO,, W03, etc.) revealed higher photocatalytic activities in comparison to
pristine nanoparticles alone (TiO,, ZnO, CeO,, WO;, etc.) [157-162]. These
nanocomposites were examined, for example, for the reduction/removal of heavy
metal ions (like Cr6+), degradation of dyes (like MG, MB, RhB), antibacterial
agents, as well as gas sensors. This could be ascribed to the rise in conductivity.
Even magnetic iron oxide-based nanomaterials are combined with graphene oxide to
form new potential nanocomposites for environmental remediation applications
[163—165]. One should note here that the control of the composition ratio in the
nanocomposites between the graphene and the nanoparticles is important to achieve
optimal photocatalytic activity. Indeed, exceeding a certain graphene content, a
reduction in photocatalytic activity could be noticed. Table 17.3 summarizes some
examples of graphene-based nanocomposites used for environmental remediation
applications.

Conversely, great efforts have been done to improve the adsorption capabilities of
pure CNTs by opening the closed ends. Indeed, unaltered carbon-based
nanostructured materials are frequently inert to environmental pollutants. To boost
their performance, they are usually altered or coated by other reactive compounds
that have the required functional groups or charges. As a result, these hybrid
nanomaterials combine numerous properties within a single framework to achieve
the required efficiency. SW-CNTs are often organized in a hexagonal pattern where
each nanotube is encircled by six others, which results in packages of aligned tubes
with a heterogeneous porous framework. Adsorption may occur in four distinct
accessible sites for an ordinary open-ended CNT bundle, which are of two sorts:
(1) those that have greater energy of adsorption, localized either among two adjacent
nanotubes or inside an individual nanotube, and (2) those that possess lower energy
of adsorption, localized on the outside surfaces of the external CNTs making up the
bundle [179]. Because the exterior sites are directly exposed to the adsorbing
substance, adsorption on outside surfaces approaches equilibrium considerably
quicker than adsorption on internal sites. MW-CNTs are seldom found in bundles
unless particular techniques of synthesis are applied to generate such arrangements.
Via nitrogen adsorption—desorption isotherm measurements, Zhong et al. [180]
proved that distinct kinds of pores (i.e., inner and aggregated) form a multi-stage
process of adsorption. Aggregated pores have been found to be more substantially
responsible for the adsorption capabilities of these products than the less available
interior pores. Moreover, the oxygen concentration of CNTs might have an impact
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Table 17.3 Graphene and CNT-based nanocomposites used for environmental remediation
applications

Products Applications References

Pristine graphene Treatment of aqueous solutions (like [149]
adsorption of fluoride)

Graphene oxide Adsorption of a number of water and [151-156]

gaseous pollutants, like

pharmaceuticals, heavy metal ions (like

Pb%*, Cd**, As>*, and Cr®"), organic

(cationic and anionic) dyes

CO, separation

NO, detection
Semiconductor-graphene oxide Gas sensing [157-162]
nanocomposites (semiconductors like Removal of metal ions
ZnO, Ti0,, WO;, or Ce0,) Dye degradation (like MG, MB, RhB)

Water disinfection (antibacterial

activity)
Spinel ferrite-graphene oxide Removal of heavy metal ions [163-165]
nanocomposites Degradation of synthetic dyes

Antibacterial applications
Oxidized CNTs Adsorption of metal ions [166-170]
CNT-based nanocomposites: Dye degradation [171-178]

* Metal oxide semiconductor-CNTs Metal ions removal
nanocomposites

* Non-oxide semiconductor-CNTs
nanocomposites

* Magnetic iron oxide-CNTs
nanocomposites

* Bimetallic NMs-CNTs
nanocomposites

on their adsorption ability. CNTs that possess -COOH, —C=0, and —OH groups
might favorably influence adsorption capabilities. This could be done based on the
particular synthesis techniques and the associated purifying operations. CNTs could
be oxidized using a variety of chemicals, including NaOH, KOH, H,SO,4, NaOCl,
H,O,, KMnQO,4, HNO;, etc., which could significantly enhance the adsorption
capacities of metal ions like Cu®*, Ni**, Cd**, and Pb** [166—170].

Recently, several attempts are focused on the combination of CNTs with other
kinds of photocatalysts/adsorbents to further enhance their performances, for exam-
ple, metal oxide semiconductors like TiO,, ZnO, and WOj3; [171-173], titanates
[174, 175], non-oxide semiconductors like CdS [176], magnetic iron oxide-based
NMs [177], bimetallic NMs [178], and so on. These nanocomposites demonstrated
enhanced adsorption and photocatalytic performances in comparison to individual
nanomaterials.
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17.3.3 Polymer-Based Nanomaterials

Polymers are largely employed to detect and remove organic contaminants (such as
volatile organic compounds, pharmaceuticals, and aromatic hydrocarbons), gases
(such as NO,, SO,, and CO), pollutant chemicals (such as heavy metals, arsenic,
iron, nitrate, and manganese), and a broad range of biologics (such as viruses,
parasites, and bacteria). Polymeric hosts (such as surface functionalized ligands,
stabilizing agents, emulsifiers, and surfactants) are often employed to enhance the
stability and surpass certain limitations of pristine nanoparticles, and they also
provide other beneficial characteristics like recyclability, durability, thermal stabil-
ity, and boosted mechanical strength. Table 17.4 summarizes a few examples of
polymer-based nanostructured materials employed for the treatment of environmen-
tal pollutants.

Amphiphilic polyurethane nanomaterials have been produced for the removal of
polynuclear aromatic hydrocarbons (PAHs) from soils, proving that organic
nanomaterials may be tailored to have desirable features [181]. Amphiphilic poly-
urethane nanomaterials recovered about 80% of the phenanthrene from polluted
aquifer sand. An examination of diverse compositions revealed that the affinity of
amphiphilic polyurethane nanomaterials for phenanthrene improved as the size of
the hydrophobic core rose. In addition, rising the amount of ionic groups on the
precursor chains reduced the agglomeration of amphiphilic polyurethane particles in
the existence of polyvalent cations [181]. After that, numerous researchers devel-
oped diverse potential polyurethane-based nanocomposites for the removal of
contaminants from water and soil, as well as for oil separation, by incorporating
diverse kinds of oxide NMs like GO, ZnO, and SiO, [182-184]. Dendrimers,
including, for example, poly(amidoamine) (PAMAM), have been employed in
contaminated wastewater treatment [185-189]. These nano-dendritic polymers
include functional groups like hydroxamates, carboxylates, and primary amines
that may encapsulate a wide variety of solutes in water, such as cations (U®*,
Zn**, Ni**, Fe’*, Fe?*, Au*, Ag*, and Cu®"), as well as they effectively degrade

Table 17.4 Some examples of polymer-based nanomaterials employed for environmental reme-
diation of pollutants

Products Applications References
Amphiphilic polyurethane NPs Removal of polynuclear aromatic [181]
hydrocarbons from soils
Polyurethane-based Oil adsorption and separation [182—-184]
nanocomposites Dye degradation
Removal of metal ions
Dendrimers Wastewater treatment (degradation of dyes [185-189]
and removal of heavy metal ions)
Functionalized biodegradable Removal of metal ions, dyes, and oils from [190-194]
polymeric nanomaterials water
Polymeric-based Catalytic degradation of dyes [195-202]

nanocomposites Removal of heavy metals
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Fig. 17.7 Mechanism of PDLLA-PEG-PEI for aldehydes and carboxylic acid gaseous capturing.
(Reproduced from [203])

the dyes. They could be employed as chelating agents and ultrafilters or microfilters
that attach with metal ions, to facilitate the purification of water. Functionalized
biodegradable and non-toxic polymeric nanomaterials, including cellulose, chitosan,
polylactic acid (PLA), gelatin, etc., have been also utilized for specifically capturing
volatile organic compounds and removing metal ions, dyes, and oils from water
[190-194]. The modified target-specific reactivity of materials enabled the quick and
selective capturing or removing of desirable pollutants. The development of ionic or
covalent connections among the amine functional groups and the intended aldehydes
and/or carboxylic groups is the basis for this technique, which could lead to a more
selective and efficient capturing technology. As an example, Fig. 17.7 shows the
mechanism of aldehydes and carboxylic acid gaseous captured by poly (p,L-lactic
acid)-poly(ethylene glycol)-poly(ethyleneimine) (PDLLA-PEG-PEI) [203].
Polymer-supported nanocomposites (PNCs) are products that use a polymer as a
base material and have nano-entities dispersed in or coated on it. These products
combine the desired features of the nanomaterials (like high reactivity) and the base
polymer (like exquisite mechanical strength). Biodegradability and biocompatibility
are the two important factors in the utilization of polymer-supported
nanocomposites. Numerous polymers have also been employed for environmental
remediation applications by the construction of membranes that include metal and
metal oxide nanomaterials [195-198]. Polymers are often utilized as base
components in polymeric nanocomposites, while other elements of the
nanocomposite, like nanomaterials, take the responsibility of remediating the
pollutants. Nevertheless, in some studies, functionalized polymeric nanocomposites
have been also identified to be the possible principal agent in the remediation
process. Green hybrid polymeric-based nanocomposites, made of ZnO NPs loaded
into a hydrogel, have been created by employing acrylamide-grafted on the poly-
meric chains of gelatin and chitosan [202]. These hydrogel nanocomposites showed
a successful degradation of about 91% of Congo red dye in wastewater and under
sunlight. Magnetic polymeric-based nanocomposites made of alginate and poly
(vinyl alcohol) (PVA) hydrogels and Fe;O, NPs have been prepared by Zhang
et al. [204]. The prepared products demonstrated good catalytic performances for
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the Fenton degradation of organic dyes. Remarkably, the double-cross-linked struc-
ture provides the iron oxide NPs much more stability and recyclability in comparison
to the conventional Fenton catalytic process. The mass loss of these polymeric-based
nanocomposites is about 10% after six cycles. This could prevent the creation of Fe
sludge in Fenton-like reactions to the utmost level and offers widespread potential
applications for the remediation of wastewater. In another study, biopolymeric
hydrogel nanocomposites composed of gelatin-supported Sn-doped Gd,Os have
been prepared [199]. The existence of many functional groups on the gelatin’s
framework, like hydroxyl (-OH) and carboxylic acid (-COOH), facilitates the
cross-linking with formaldehyde. These nanocomposites were employed for the
catalytic degradation of different dyes (like 2-nitrophenol, 4-nitrophenol, CR, MO,
and MB dyes) in aqueous medium NaBH, reducing agents. For instance, the
catalytic degradation of CR dye was successfully performed with a reaction rate of
about 0.915 min . It has been also stated that these biopolymeric hydrogel
nanocomposites can be recycled recovered by a simple discharge of the reduced
dye and reutilized for another time. Ibeaho et al. [200] developed multifunctional
magnetic hydrogels fabricated by Fe;O0, NPs-mediated radical polymerization of
poly (ethylene glycol) diacrylate. The obtained products display multifunctional
properties integrating photothermal response, superwettability, and magnetism, in
addition to the rapid degradation of organic dyes with excelled recyclability. In
another study, hydrogel nanocomposites of polyethyleneimine and magnetic NPs
have been synthesized [201]. The resultant materials display a rough surface and
high porosity, leading to a fast adsorption rate and great adsorption capacity of heavy
metals like Pb>*, Cd**, and Cu®*, which could be further enhanced by raising the pH
value of the initial solution.

17.4 Conclusions and Future Perspectives

Nowadays, our ecological equilibrium is being considerably disturbed by the rapid
growth in population and in the amount of residues emitted by a large number of
industries. The subject of environmental pollution and climate change is one of the
dangerous issues of concern worldwide. The pollution of our environment is being a
risk to our lives since it could be the main sources of a variety of undesirable
diseases. Therefore, an immediate degradation (reduction or removal) of these
contaminants is needed. Nevertheless, certain contaminants are extremely difficult
to breakdown and require a long period of treatment. The unique function of
nanotechnology could be employed for this purpose, and contaminants are able to
be changed into safe ones or properly removed, which is attributed to their high
surface area, adequate functional groups, and active sites. Additionally, nanotech-
nology can change strong surface complexes with many types of contaminants and
so effectively remove the contaminants from the environment (like an aqueous
solution). Accordingly, nanostructured materials and composites could be employed
in the environmental remediation processes. For the remediation of environmental
pollutants, many types of nanostructured materials and composites are utilized, such
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as inorganic-based, carbon-based, and polymer-based nanomaterials. Contaminants
such as halogenated herbicides, volatile organic compounds, organophosphorus
compounds, chlorinated organic chemicals, dyes, heavy metals, pharmaceuticals,
etc. could be effectively remediated by wusing these nanomaterials and
nanocomposites. Moreover, processes such as photocatalytic reduction, catalysis,
adsorption, (nano)filtration, nanosensing, etc., of pollutants are frequently identified
as significant technologies for reducing or removing or capturing pollutants in the
environment. In light of this, the current chapter will focus on the important
nanotechnologies and nanomaterials employed in environmental remediation
applications, as well as their advantages and limitations that must be overcome to
achieve a clean and safe environment in the future.

The use of nanostructured materials and composites in the identification and
elimination of diseases offers in-line and real-time detection, smaller sizes of
samples, reduced costs, quicker treatment period, higher degradation yields, lesser
toxicity (even nontoxicity), improved sensitivity and selectivity, and so on. Indeed,
nanomaterials of metal and metal oxides have been widely utilized to eliminate
heavy metals and organic contaminants by the oxidation or reduction of NMs. The
level of degradation could be further improved by functionalizing these NMs with
chemical groups capable of selectively capturing specific contaminants in the pol-
luted medium. This technology is efficient and exciting, and it could potentially be
employed in the treatment of air and water.

Nanomembranes have been used in the treatment of drinkable water, wastewater
reclamation, and reuse, as well as the elimination of pesticides, natural organic
matter, pharmaceuticals, dyes, and heavy metals from polluted water. Additional
improvements should be done within environmental remediation applications to
selectively eliminate the nanomaterials and nanocomposites after use, which should
also possess stronger resistance to variations in pH values and concentrations of
contaminants existing in polluted water, higher stability over very long durations,
and lowest costs. Because of their low basic weight, small size of pores, and large
permeability, nanofibrous media are also suitable for a broad variety of applications
as filters. Furthermore, nanofibrous membranes exhibit distinctive characteristics
including large specific surface area, strong connectivity between pores, and the
ability to include active sites or functional groups at the nanoscale. Nanofiber filters
could be utilized in a variety of applications, including the extraction of
microparticles from wastewater. To extend the lifespan of the membranes,
nanofiltration or ultrafiltration could be used. Some research activities are under
examination to produce nanostructured materials with different fiber geometries and
diameters in order to determine their influence on the efficiency of nano-fibers.

Polymer-supported nanocomposites have been also employed for environmental
remediation applications, such as monitoring and detection (sensors) of pollutants,
adsorption of contaminants, chemical catalysis degradation, and photocatalytic
degradation, which provide a greener environment perspective. Nevertheless, an
investigation of the relationship among the surrounding polymers and the
encapsulated nanomaterials, as well as their dispersion in contaminated water and
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air, should be conducted. Furthermore, the manufacture of polymeric-based
nanomaterials for large-scale applications is still in progress.

The widespread use of sorbents in the remediation of the environment has
revealed their potential to adsorb metals and organic contaminants from polluted
air and water. High adsorption selectivity and capacity have been achieved by the
use of nanostructured materials like titanate-based NMs, iron-based NMs, and
polymeric nano-adsorbents. Sorbent surface modification is being investigated to
improve process performances. Improving sorbent reusability and extending their
lifetime should be also investigated in order to minimize their costs.

Nano-sensors that are able to detect and identify volatile organic compounds,
contaminant chemicals, and toxic gases, as well as bacteria, have been created.
Additional improvements in the multifunctional characteristics of nanostructured
materials are needed to fulfill requirements for the detection and remediation of
contaminants in air and water. Also, fundamental investigations are needed to
understand well their capabilities.

Because of their fibrous body and large surface area, SW-CNTs and MW-CNTs
have demonstrated outstanding adsorption capabilities to remove numerous chemi-
cal and biological pollutants. Tiny NMs made of carbon nanotubes are hard to be
separated from aqueous solutions. To achieve this, an ultracentrifugation separation
process would be preferably applied, nevertheless, such a procedure requires high
energy. Filtration by membranes is an alternate and effective approach for separating
carbon nanotubes from an aqueous solution. Nevertheless, these membranes could
be easily plugged. Nanocomposites made of carbon nanotubes and magnetic NMs or
metal oxide NMs are interesting products for large-scale environmental pollution
control. Further attempts will be necessary to design and develop CNT-based
nanocomposites for real applications. Nano-dendritic polymers have been created
for use in filtering techniques that need low pressure to eliminate or recover
contaminants from polluted water, wastewater, and soil, like metal ions, uranium,
and perchlorate. The efficiency of composites based on nano-dendritic polymer has
not been yet documented and needs to be studied in the future.

References

1. Mohanapriya V, Sakthivel R, Pham NDK, Cheng CK, Le HS, Dong TMH (2022)
Nanotechnology-a ray of hope for heavy metals removal. Chemosphere 311:136989

2. Newman L, Ansari AA, Gill SS, Naecem M, Gill R (2023) Phytoremediation: management of
environmental contaminants, Volume 7. Springer

3. Chausali N, Saxena J, Prasad R (2023) Nanotechnology as a sustainable approach for
combating the environmental effects of climate change. J Agric Food Res 12:100541

4. Thakur A, Thakur P, Khurana S M P, (2022) Synthesis and Applications of Nanoparticles,
Springer Singapore:1-544

5. Ilaria C, Iole V, Francesco T, Carlo P (2023) Environmental safety of nanotechnologies: the
eco-design of manufactured nanomaterials for environmental remediation. Sci Total Environ
864:161181

6. Bhandari G, Dhasmana A, Chaudhary P, Gupta S, Gangola S, Gupta A, Rustagi S, Shende SS,
Rajput VD, Minkina T, Malik S, Slama P (2023) A perspective review on green



380

~

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Y. Slimani and E. Hannachi

nanotechnology in agro-ecosystems: opportunities for sustainable agricultural practices &
environmental remediation. Agriculture 13(3):668

. Feijoo S, Kamali M, Dewil R (2022) A review of wastewater treatment technologies for the
degradation of pharmaceutically active compounds: carbamazepine as a case study. Chem Eng
1 455:140589

. Firoozi M, Hashemi M, Narooie MR, Daraei H (2023b) Evaluation of phenol degradation rate
using advanced oxidation/reduction process (AO/RP) in the presence of sulfite and zinc oxide
under UV. Optik 279:170787

. Barroso-Martinez JS, Romo AIB, Pudar S, Putnam ST, Bustos E, Rodriguez-Lépez J (2022)
Real-time detection of hydroxyl radical generated at operating electrodes via redox-active
adduct formation using scanning electrochemical microscopy. J Am Chem Soc 144(41):
18896-18907

. Armstrong DG, Huie RE, Koppenol WH, Lymar SV, Merenyi G, Neta P, Ruscic B, Stanbury
DM, Steenken S, Wardman P (2015) Standard electrode potentials involving radicals in
aqueous solution: inorganic radicals (JUPAC Technical Report). Pure Appl Chem
87(11-12):1139-1150

. Barakat M, Kumar R (2021) Nanomaterials for environmental applications. CRC Press, Boca
Raton

. Huang L, Huang X, Yan J, Liu Y, Jiang H, Zhang H, Steenari B, Liu Q (2022) Research

progresses on the application of perovskite in adsorption and photocatalytic removal of water

pollutants. J Hazard Mater 442:130024

Martemucci G, Costagliola C, Mariano MS, D’Andrea LD, Napolitano P, D’Alessandro A

(2022) Free radical properties, source and targets, antioxidant consumption and health.

Oxygen 2(2):48-78

Zeng G, Shi M, Dai M, Zhou Q, Luo H, Lin L, Zang K, Meng Z, Pan X (2023) Hydroxyl

radicals in natural waters: light/dark mechanisms, changes and scavenging effects. Sci Total

Environ 868:161533

Kerkez D, Beceli¢c-Tomin M, Gvoi¢ V, Mandi¢ AK, Macerak AL, Pilipovi¢ DT, Pesi¢ V

(2023) Pyrite cinder as an effective fenton-like catalyst for the degradation of reactive azo dye:

effects of process parameters and complete effluent characterization. Catalysts 13(2):424

Poonia K, Patial S, Singh P, Ahamad T, Khan AAP, Van Le Q, Nguyen VT, Hussain CM,

Singh P (2023) Recent advances in Metal Organic Framework (MOF)-based hierarchical

composites for water treatment by adsorptional photocatalysis: a review. Environ Res 222:

115349

Shan A, Lu Y, Cheng L, Hou Z, Xili D, Li Y, Liu J, Ma H, Yang J (2023) Enhanced direct

degradation of photogenerated holes induced by dissolved O2 chemisorbed on oxygen-

deficient nano-TiO2. Mater Today Sustain 22:100391

Lin L, Liu C, Dang VD, Fu H (2022) Atomically dispersed Ti-O clusters anchored on

NH2-UiO-66(Zr) as efficient and deactivation-resistant photocatalyst for abatement of gaseous

toluene under visible light. J Colloid Interface Sci 635:323-335

Sinha R, Ghosal PS (2023) A comprehensive appraisal on status and management of remedia-

tion of DBPs by TiO2 based-photocatalysts: insights of technology, performance and energy

efficiency. J Environ Manage 328:117011

Akhter P, Nawaz S, Shafiq I, Nazir A, Shafique S, Jamil F, Park Y, Hussain M (2023) Efficient

visible light assisted photocatalysis using ZnO/Ti02 nanocomposites. Mol Catal 535:112896

Suhan MBK, Shuchi SB, Al-Mamun MR, Roy H, Islam MS (2023) Enhanced UV light-driven

photocatalytic degradation of methyl orange using MoO3/WO3-fluorinated TiO2

nanocomposites. Environ Nanotechnol Monit Manag 19:100768

Wang Q, Zhao Y, Zhang Z, Liao S, Deng Y, Wang X, Ye Q, Wang K (2022) Hydrothermal

preparation of Sn304/TiO2 nanotube arrays as effective photocatalysts for boosting

photocatalytic dye degradation and hydrogen production. Ceram Int 49(4):5977-5985

Cuadra JG, Molina-Prados S, Minguez-Vega G, Estrada AC, Trindade T, Oliveira C, Seabra

MP, Labrincha J, Porcar S, Cadena R, Fraga D, Carda JB (2023) Multifunctional silver-coated



24.

25.

26.

217.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Nanomaterials for Environmental Applications 381

transparent TiO2 thin films for photocatalytic and antimicrobial applications. Appl Surf Sci
617:156519

Sepilveda M, Saldan I, Mahnaz A, Cicmancova V, Michalicka J, Hromadko L, Bulanek R,
Sopha H, Macak JM (2022) Magnetically guidable single TiO2 nanotube photocatalyst:
Structure and photocatalytic properties. Ceram Int 49(4):6764—6771

Wang C, Liu Y, Li Y, Sun X, Xu L, Huang W (2023) Facile defect construction of TiO2
nanotube for excellent photocatalytic degradation of tetracycline under visible light. J
Photochem Photobiol A Chem 437:114475

Rizwan K, Bilal M, Slimani Y, Show PL, Rtimi S, Roy A, Igbal HM (2022) Hydrogen-based
sono-hybrid catalytic degradation and mitigation of industrially-originated dye-based
pollutants. Int J Hydrogen Energy 48(17):6597-6612

Dey C, Nandi M, Goswami MM (2022) pH dependent enhanced synchronous photocatalytic
removal of cationic and anionic dyes by CoFe204 magnetic nanoparticles. J Mol Struct
134859

Franz S, Bestetti M (2023) Kinetic models in photoelectrocatalysis. Elsevier, Amsterdam, pp
217-263

Ahmed MA, Ahmed MA, Mohamed AA (2023) Synthesis, characterization and application of
chitosan/graphene oxide/copper ferrite nanocomposite for the adsorptive removal of anionic
and cationic dyes from wastewater. RSC Adv 13(8):5337-5352

Hu Q, Lan R, He L, Liu H, Pei X (2023) A critical review of adsorption isotherm models for
aqueous contaminants: Curve characteristics, site energy distribution and common
controversies. J Environ Manage 329:117104

Sharma A, Kumar N, Mudhoo A, Garg VK (2023) Phytobiomass-based nanoadsorbents for
sequestration of aquatic emerging contaminants: an overview. J Environ Chem Eng 11(2):
109506

Candido JDC, Weschenfelder SE, Ferraz HC (2023) A review on the synthesis and application
of magnetic nanoadsorbents to the treatment of oilfield produced water. Braz J] Chem Eng.
https://doi.org/10.1007/s43153-023-00331-0

Slimani Y, Hannachi E (2021) Green chemistry and sustainable nanotechnological
developments: principles, designs, applications, and efficiency. Apple Academic Press, Palm
Bay, pp 1-18

Shi Y, Ni R, Zhao Y (2023) Review on multidimensional adsorbents for CO, capture from
ambient air: recent advances and future perspectives. Energy Fuel 37:6365-6381

Naghdi S, Shahrestani MM, Zendehbad M, Djahaniani H, Kazemian H, Eder D (2022) Recent
advances in application of metal-organic frameworks (MOFs) as adsorbent and catalyst in
removal of persistent organic pollutants (POPs). J Hazard Mater 442:130127

Ahmed Y, Zhong J, Yuan Z, Guo J (2022) Roles of reactive oxygen species in antibiotic
resistant bacteria inactivation and micropollutant degradation in Fenton and photo-Fenton
processes. J Hazard Mater 430:128408

Kumar V, Sharma N, Umesh M, Chakraborty P, Kaur K, Duhan L, Sarojini S, Thazeem B,
Pasrija R, Vangnai AS, Maitra SS (2023) Micropollutants characteristics, fate, and sustainable
removal technologies for landfill leachate: a technical perspective. ] Water Process Eng 53:
103649

Zhu L, Sun Z, Wen J, Wang X, Liu Y, Zhao X, Liu Y (2022) Quantitative structure-activity
relationship study on the degradation of polyhalogenated carbazoles by sulfidated zero-valent
iron/peroxymonosulfate system. J Environ Chem Eng 10(2):107244

Barka E, Noutsopoulos C, Galani A, Panagou I, Kalli M, Koumaki E, Malamis S, Mamais D
(2023) Removal of contaminants of emerging concern from wastewater using an integrated
column system containing zero valent iron nanoparticles. Water 15(3):598

Vu KA, Mulligan CN (2023) Remediation of organic contaminated soil by Fe-based
nanoparticles and surfactants: a review. Environ Technol Rev 12:60-82

Annapureddy V, Na S, Hwang G, Kang MH, Sriramdas R, Palneedi H, Yoon W, Hahn B, Kim
IM, Ahn C, Park D, Choi J, Jeong D, Flatau AB, Peddigari M, Priya S, Kim KS, Ryu J (2018)


https://doi.org/10.1007/s43153-023-00331-0

382

42.

43.

44

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

Y. Slimani and E. Hannachi

Exceeding milli-watt powering magneto-mechano-electric generator for standalone-powered
electronics. Energy Environ Sci 11(4):818-829

Sun H, Lee S, Park S (2022) Bimetallic CuPd alloy nanoparticles decorated ZnO nanosheets
with enhanced photocatalytic degradation of methyl orange dye. J Colloid Interface Sci 629:
87-96

Ayodhya D, Sumalatha V, Gurrapu R, Sharath Babu M (2023) Catalytic degradation of HIV
drugs in water and antimicrobial activity of Chrysin-conjugated Ag-Au, Ag-Cu, and Au-Cu
bimetallic nanoparticles. Results Chem 5:100792

. Elsaid K, Olabi A, Abdel-Wahab A, Elkamel A, Alami AH, Inayat A, Chae K, Abdelkareem

MA (2023) Membrane processes for environmental remediation of nanomaterials: Potentials
and challenges. Sci Total Environ 879:162569

Liao Y, Loh CH, Tian M, Wang R, Fane AG (2017) Progress in electrospun polymeric
nanofibrous membranes for water treatment: fabrication, modification and applications. Prog
Polym Sci 77:69-94

Gao Y, Yang J, Song X, Li N, Guo C, Shi H, Chadha U, Selvaraj SK, Thanu SV,
Cholapadath V, Abraham AM, Zaiyan MM, Manoharan M, Paramsivam V (2022) A review
of the function of using carbon nanomaterials in membrane filtration for contaminant removal
from wastewater. Mater Res Express 9:012003

Abushawish A, Bouaziz I, Almanassra IW, Al-Rajabi MM, Jaber L, Khalil AKA, Takriff MS,
Laoui T, Shanableh A, Atiech MA, Chatla A (2023) Desalination pretreatment technologies:
current status and future developments. Water 15:1572

Ma B, Ulbricht M, Hu C, Fan H, Wang X, Pan Y, Hosseini SS, Panglisch S, Van Der
Bruggen B, Wang Z (2023) Membrane life cycle management: an exciting opportunity for
advancing the sustainability features of membrane separations. Environ Sci Technol 57(8):
3013-3020

Slimani Y, Hannachi E, Yasin G (2022) Air pollution management by nanomaterials. Apple
Academic Press, Palm Bay, pp 409441

Lavate S, Kumar S, Seena S, Srivastava R (2023) Recent advances in environmental nano-
technology. Elsevier, Amsterdam, pp 293-318

Ku C, Chung C (2023) Advances in humidity nanosensors and their application: review.
Sensors 23(4):2328

Slimani Y, Hannachi E (2020) Magnetic nanosensors and their potential applications. In:
Nanosensors for smart cities. Elsevier, pp 134—155

Tasic L, Stanisic D, Barros CHN, Covesi LK, Bandala ER (2022) Inactivation of Escherichia
coli using biogenic silver nanoparticles and ultraviolet (UV) radiation in water disinfection
processes. Catalysts 12(4):430

Basumatary S, Kumar KJ, Daimari J, Mondal A, Kalita S, Dey KS, Deka AK (2023)
Biosynthesis of silver nanoparticles using Antidesma acidum leaf extract: its application in
textile organic dye degradation. Environ Nanotechnol Monit Manag 19:100769

Chen HS, Qiu C, Jiang Y, Liao X, Wu D, Shen M, Ding T (2022) Silver nanoparticles on
Ui0-66 (Zr) metal-organic frameworks for water disinfection application. Food Sci Human
Wellness 11(2):269-276

Hu G, Jin W, Chen Q, Cai Y, Zhu Q, Zhang W (2016) Antibacterial activity of silver
nanoparticles with different morphologies as well as their possible antibacterial mechanism.
Appl Phys A 122:874

Moond M, Singh S, Sangwan S, Devi P, Beniwal A, Rani J, Kumari A, Rani S (2023)
Biosynthesis of silver nanoparticles utilizing leaf extract of Trigonella foenum-graecum
L. for catalytic dyes degradation and colorimetric sensing of Fe3+/Hg2. Molecules 28(3):
951. PMID: 36770623; PMCID: PMC9919385.

Elbadawy HA, Elhusseiny AF, Hussein SM, Sadik WA (2023) Sustainable and energy-
efficient photocatalytic degradation of textile dye assisted by ecofriendly synthesized silver
nanoparticles. Sci Rep 13(1):2302



59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Nanomaterials for Environmental Applications 383

Sartori P, Delamare APL, Machado G, Devine DM, Da Silva Crespo J, Giovanela M (2023)
Synthesis and characterization of silver nanoparticles for the preparation of chitosan pellets
and their application in industrial wastewater disinfection. Water 15(1):190

Sultan MA, Nagieb ZA, ElI-Masry HM, Taha GR (2022) Physically-crosslinked hydroxyethyl
cellulose-g-poly (acrylic acid-co-acrylamide)-Fe3+/silver nanoparticles for water disinfection
and enhanced adsorption of basic methylene blue dye. Int J Biol Macromol 196:180-193

Li L, Yu S, Zheng R, Li P, Li Q, Liu J (2022) Removal of iodide anions in water by silver
nanoparticles supported on polystyrene anion exchanger. J Environ Sci China 128:45-54
Yu D, Liu L, Ding B, YuJ, Si Y (2023) Spider-Web-Inspired SiO2/Ag nanofibrous aerogels
with superelastic and conductive networks for electroporation water disinfection. Chem Eng J
461:141908

Al-Hamoud K, Shaik MR, Khan M, Khan M, Adil SF, Kuniyil M, Assal ME, Al-Warthan A,
Tahir M, Khan ST, Mousa AA (2022) Pulicaria undulata extract-mediated eco-friendly
preparation of TiO2 nanoparticles for photocatalytic degradation of methylene blue and
methyl orange. ACS Omega 7(6):4812—4820

Kong CPY, Suhaimi NSM, Shahri NNM, Lim JW, Nur M, Hobley J, Usman A (2022)
Auramine O UV photocatalytic degradation on TiO2 nanoparticles in a heterogeneous aque-
ous solution. Catalysts 12(9):975

Balaraman P, Balasubramanian B, Liu W, Kaliannan D, Durai M, Kamyab H, Alwetaishi M,
Maluventhen V, Ashokkumar V, Chelliapan S, Maruthupandian A (2022) Sargassum
myriocystum-mediated TiO2-nanoparticles and their antimicrobial, larvicidal activities and
enhanced photocatalytic degradation of various dyes. Environ Res 204:112278

Mousa SM, Shalan AE, Hassan H, Ebnawaled A, Khairy SA (2021) Enhanced the
photocatalytic degradation of titanium dioxide nanoparticles synthesized by different plant
extracts for wastewater treatment. J Mol Struct 1250:131912

Da Silva MV, Abrantes N, Nogueira V, Gongalves F, Pereira R (2016b) TiO 2 nanoparticles
for the remediation of eutrophic shallow freshwater systems: Efficiency and impacts on aquatic
biota under a microcosm experiment. Aquat Toxicol 178:58-71

Sukhadeve GK, Bandewar H, Janbandhu SY, Jayaramaiah J, Gedam RS (2023) Photocatalytic
hydrogen production, dye degradation, and antimicrobial activity by Ag-Fe co-doped TiO2
nanoparticles. J Mol Liq 369:120948

Slimani Y, Almessiere MA, Sadiqg MMJ, Hannachi E, Caliskan S, Akhtar S, Baykal A, Gondal
MA (2023) Synthesis of Ce and Sm Co-doped TiO2 nanoparticles with enhanced
photocatalytic activity for rhodamine B dye degradation. Catalysts 13(4):668

Niknam H, Sadeghzadeh-Attar A (2023) Mg-doped TiO2 nanorods-SrTiO3 heterojunction
composites for efficient visible-light photocatalytic degradation of basic yellow 28. Opt Mater
136:113395

Zhao Q, Ren Y, Huang L, Chen YS, Bian Z (2022) In situ Fe(IlI)-doped TiO2 mesocrystals
catalyzed visible light photo-Fenton system. Catal Today 410:309-316

Chen Y, Li A, Fu X, Peng Z (2022) Electrospinning-based (N,F)-co-doped TiO2-6 nanofibers:
an excellent photocatalyst for degrading organic dyes and heavy metal ions under visible light.
Mater Chem Phys 291:126672

Mathiarasu RR, Manikandan A, Panneerselvam K, George MA, Raja KK, Slimani Y,
Baykal A, Asiri AM, Kamal T (2021) Photocatalytic degradation of reactive anionic dyes
RBS5, RR198 and RY 145 via rare earth element (REE) lanthanum substituted CaTiO3 perov-
skite catalysts. J] Mater Res Technol 15:5936-5947

Xiongbo C, Cen C, Zhixiong T, Zeng W, Chen D, Fang P, Chen Z (2013) The key role of pH
value in the synthesis of titanate nanotubes-loaded manganese oxides as a superior catalyst for
the selective catalytic reduction of NO with NH3. J Nanomater 2013:1-7

Djellabi R, Ordonez MF, Conte F, Falletta E, Bianchi CL, Rossetti I (2022) A review of
advances in multifunctional XTiO3 perovskite-type oxides as piezo-photocatalysts for envi-
ronmental remediation and energy production. J Hazard Mater 421:126792



384

76

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Y. Slimani and E. Hannachi

. Rasalingam S, Peng R, Koodali RT (2014) Removal of hazardous pollutants from
wastewaters: applications of TiO2-SiO2 mixed oxide materials. J Nanomater 2014:1-42
Lissarrague MHS, Alshehri S, Alsalhi A, Lassalle VL, Lépez-Corral 1 (2023) Heavy metal
removal from aqueous effluents by TiO2 and ZnO nanomaterials. Adsorp Sci Technol 2023:1—
15

Sharma S, Kumar N, Makgwane PR, Chauhan NS, Kumari K, Rani M, Maken S (2022) TiO2/
SnO2 nano-composite: new insights in synthetic, structural, optical and photocatalytic aspects.
Inorg Chim Acta 529:120640

Navarro-Gazquez P, Muiioz-Portero M, Blasco-Tamarit E, Sanchez-Tovar R, Garcia-Antén J
(2022) Synthesis and applications of TiO,/ZnO hybrid nanostructures by ZnO deposition on
TiO, nanotubes using electrochemical processes. Rev Chem Eng. https://doi.org/10.1515/
revce-2021-0105

Litynska M, Dontsova T, Gusak A (2023) Nanostructured iron-based sorption materials for
drinking water and wastewater treatment. In: Springer proceedings in physics. Springer
Nature, Singapore, pp 243-255

Gindaba GT, Demsash HD, Jayakumar M (2022) Green synthesis, characterization, and
application of metal oxide nanoparticles for mercury removal from aqueous solution. Environ
Monit Assess 195(1):9

Wu S, Xiong W, Li H (2022) Insights into the Fe oxidation state of sphere-like Fe203
nanopatrticles for simultaneous Pb2+ and Cu2+ detection. J Alloys Compd 934:167863
Ashraf I, Singh N, Agarwal A (2022) Green synthesis of iron oxide nanoparticles using Amla
seed for methylene blue dye removal from water. Mater Today Proc 72:311-316

Isik Z, Bouchareb R, Arslan H, Ozdemir S, Gonca S, Dizge N, Deepanraj B, Prasad S (2022)
Green synthesis of iron oxide nanoparticles derived from water and methanol extract of
Centaurea solstitialis leaves and tested for antimicrobial activity and dye decolorization
capability. Environ Res 219:115072

Manikandan A, Thanrasu K, Dinesh A, Raja KK, Durka M, Almessiere MA, Slimani Y,
Baykal A (2022) Photocatalytic applications of magnetic hybrid nanoalloys and their
nanocomposites. Springer, Berlin, pp 1-33

Wang S, Wang J (2023) Bimetallic and nitrogen co-doped biochar for peroxymonosulfate
(PMS) activation to degrade emerging contaminants. Sep Purif Technol 307:122807

Xing X, Ren X, Alharbi NS, Chen C (2022) Efficient adsorption and reduction of Cr (VI) from
aqueous solution by Santa Barbara Amorphous-15 (SBA-15) supported Fe/Ni bimetallic
nanopatrticles. J Colloid Interface Sci 629:744-754

Kai B, Zhang G, Zhu J, Wang X, Wang M, Lou F, Liu Y, Song C, Guo X (2022) Promoting
propane dehydrogenation with CO2 over the PtFe bimetallic catalyst by eliminating the
non-selective Fe (0) phase. ACS Catal 12(11):6559-6569

Malik MA, Alshehri AA, Patel R (2021) Facile one-pot green synthesis of Ag—Fe bimetallic
nanoparticles and their catalytic capability for 4-nitrophenol reduction. J Mater Res Technol
12:455-470

Bahadoran A, Liu Q, Liu B, Gu J, Zhang D, Fakhri A, Gupta VK (2021) Preparation of Sn/Fe
nanoparticles for Cr (III) detection in presence of leucine, photocatalytic and antibacterial
activities. Spectrochim Acta A Mol Biomol Spectrosc 253:119592

Lien HL, Zhang W (2005) Hydrodechlorination of chlorinated ethanes by nanoscale Pd/Fe
bimetallic particles. J Environ Eng 131(2005):4-10

Wang X, Chen C, Chang Y, Liu H (2009) Dechlorination of chlorinated methanes by Pd/Fe
bimetallic nanoparticles. J Hazard Mater 161(2-3):815-823

Khan SB, Jain M, Pandey A, Pant KK, Ziora ZM, Blaskovich MAT, Shetti NP, Aminabhavi
TM (2022) Leveraging the potential of silver nanoparticles-based materials towards sustain-
able water treatment. J Environ Manage 319:115675

Yu Y, Zhou Z, Huang G, Cheng H, Han L, Zhao S, Chen Y, Meng F (2022) Purifying water
with silver nanoparticles (AgNPs)-incorporated membranes: Recent advancements and critical
challenges. Water Res 222:118901


https://doi.org/10.1515/revce-2021-0105
https://doi.org/10.1515/revce-2021-0105

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Nanomaterials for Environmental Applications 385

Deshmukh SP, Patil S, Mullani SB, Delekar SD (2019) Silver nanoparticles as an effective
disinfectant: A review. Mater Sci Eng C 97:954-965

Gogoi SK, Gopinath P, Paul A, Ramesh A, Ghosh SS, Chattopadhyay A (2006) Green
fluorescent protein-expressing Escherichia coli as a model system for investigating the antimi-
crobial activities of silver nanoparticles. Langmuir 22(22):9322-9328

Tripathi N, Goshisht MK (2022) Recent advances and mechanistic insights into antibacterial
activity, antibiofilm activity, and cytotoxicity of silver nanoparticles. ACS Appl Biomater
5(4):1391-1463

Jameel MS, Aziz AA, Dheyab MA, Khaniabadi PM, Kareem AA, Alrosan M, Ali AS, Rabeea
MA, Mehrdel B (2022) Mycosynthesis of ultrasonically-assisted uniform cubic silver
nanoparticles by isolated phenols from Agaricus bisporus and its antibacterial activity. Surf
Interfaces 29:101774

Hoai PTT, Huong NTM (2023) Latest avenues on titanium oxide-based nanomaterials to
mitigate the pollutants and antibacterial: Recent insights, challenges, and future perspectives.
Chemosphere 324:138372

Aravind M, Amalanathan M, Aslam S, Noor A, Jini D, Majeed S, Velusamy P, Alothman AA,
Alshgari RA, Mushab MSS, Sillanpaa M (2023) Hydrothermally synthesized Ag-TiO2
nanofibers (NFs) for photocatalytic dye degradation and antibacterial activity. Chemosphere
321:138077

Park J, Lee I (2014) Photocatalytic degradation of 2-chlorophenol using Ag-doped TiO2
nanofibers and a near-UV light-emitting diode system. J Nanomater 2014:1-6

Hannachi E, Slimani Y, Nawaz M, Sivakumar R, Trabelsi Z, Vignesh RV, Akhtar S,
Baykal A, Yasin G (2022) Preparation of cerium and yttrium doped ZnO nanoparticles and
tracking their structural, optical, and photocatalytic performances. J Rare Earths 41(5):
682688

Hannachi E, Slimani Y, Nawaz M, Trabelsi Z, Yasin G, Bilal M, Almessiere MA, Baykal A,
Thakur A, Thakur P (2022) Synthesis, characterization, and evaluation of the photocatalytic
properties of zinc oxide co-doped with lanthanides elements. J Phys Chem Solid 170:110910
Geetha GV, Sivakumar R, Slimani Y, Sanjeeviraja C, Kannapiran E (2022) Rare earth (RE: La
and Ce) elements doped ZnWO4 nanoparticles for enhanced photocatalytic removal of
methylene blue dye from aquatic environment. Phys B Condens Matter 639:414028
Magbool H, Bibi I, Nazeer Z, Majid F, Ata S, Raza MQ, Igbal M, Slimani Y, Khan MI, Fatima
M (2022) Effect of dopant on ferroelectric, dielectric and photocatalytic properties of Co—La-
doped dysprosium chromite prepared via microemulsion route. Ceram Int 48(21):
31763-31772

Manikandan A, Slimani Y, Dinesh A, Asiri AM, Thanrasu K, Baykal A, Jaganathan SK,
Dzudzevic-Cancar H (2021) Perovskite’s potential functionality in a composite structure.
Elsevier, Amsterdam, pp 181-202

Ajeesha T, George AAM, Manikandan A, Mary JA, Slimani Y, Almessiere MA, Baykal A
(2020) Nickel substituted MgFe204 nanoparticles via co-precipitation method for
photocatalytic applications. Phys B Condens Matter 606:412660

Nawaz M, Slimani Y, Almofty SA, Gungunes CD, Baykal A (2019) Exploration of catalytic
and cytotoxicity activities of CaxMgxNil-2xFe204 nanoparticles. J Photochem Photobiol B
Biol 196:111506

George MA, Ajeesha TL, Manikandan A, Anantharaman A, Jansi R, Kumar ER, Slimani Y,
Baykal A (2021) Evaluation of Cu—MgFe204 spinel nanoparticles for photocatalytic and
antimicrobial activates. J Phys Chem Solid 153:110010

Ata S, Shaheen I, Majid F, Bibi I, [jaz-ul-Mohsin J, K., Slimani, Y. & Igbal, M. (2021)
Hydrothermal route for the synthesis of manganese ferrite nanoparticles and photocatalytic
activity evaluation for the degradation of methylene blue dye. Z Phys Chem 235(11):
1433-1445

Al-Zahrani SA, Manikandan A, Thanrasu K, Dinesh A, Raja KK, Almessiere MA, Slimani Y,
Baykal A, Bhuminathan S, Jayesh SR, Ahmed J, Alorfi HS, Hussein MA, Khan I, Asiri AM



386

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Y. Slimani and E. Hannachi

(2022) Influence of Ce3+ on the structural, morphological, magnetic, photocatalytic and
antibacterial properties of spinel MnFe204 nanocrystallites prepared by the combustion
route. Crystals 12(2):268

Dinesh A, Raja KK, Manikandan A, Almessiere M, Slimani Y, Baykal A, Alorfi HS, Hussein
MA, Khan A (2022) Sol-gel combustion synthesis and photocatalytic dye degradation studies
of rare earth element Ce substituted Mn—Zn ferrite nanoparticles. J Mater Res Technol 18:
5280-5289

Aamir M, Bibi [, Ata S, Majid F, Alwadai N, Almugqrin AH, Albalawi H, Slimani Y, Bashir M,
Igbal M (2021) Micro-emulsion approach for the fabrication of Lal—xGdxCrl—yFeyO3:
Magnetic, dielectric and photocatalytic activity evaluation under visible light irradiation.
Results Phys 23:104023

Ghafoor A, Bibi I, Ata S, Majid F, Kamal S, Rehman F, Igbal S, Aamir M, Slimani Y, Igbal M,
Mailk A (2021) Synthesis and characterization of magnetically separable Lal—x Bi x Crl—y
Fe y O3 and photocatalytic activity evaluation under visible light. Z Phys Chem 235(11):
1413-1431

Bibi I, Muneer MA, Igbal M, Alwadai N, Almuqrin AH, Altowyan AS, Alshammari FH,
Almuslem AS, Slimani Y (2021) Effect of doping on dielectric and optical properties of
barium hexaferrite: Photocatalytic performance under solar light irradiation. Ceram Int 47(22):
31518-31526

Zhang X, Xu H, Xi M, Jiang Z (2023) Removal/adsorption mechanisms of Cr(VI) and natural
organic matter by nanoscale zero-valent iron-loaded biochar in their coexisting system. J
Environ Chem Eng 11(3):109860

Guerra FD, Attia MI, Whitehead DC, Alexis F (2018) Nanotechnology for environmental
remediation: materials and applications. Molecules 23(7):1760

Hooshyar Z, Bardajee GR, Ghayeb Y (2013) Sonication enhanced removal of nickel and
cobalt ions from polluted water using an iron based sorbent. ] Chem 2013:1-5

Tang C,He Z, Liu Y, He X, Chen G, Xie C, Huang J (2022) AuPd nanoporous dendrites: High
electrocatalytic activity and surface plasmon-enhanced stability for ethanol electrooxidation.
Chem Eng J 453:139962

Naz S, Kalsoom R, Ali F, Amjed N, Younas U, Pervaiz M, Alsaiari MA, Faisal M, Harraz FA,
Luque R (2022) Photocatalytic removal of dyes from aqueous medium by Fe, Mn and Fe-Mn
nanoparticles synthesized using Cannabis sativa leaf extract. Water 14(21):3535
Poguberovi¢ SS, Kr¢mar D, Maleti¢ S, Kénya Z, Pilipovi¢ DT, Kerkez D, Roncevié S (2016)
Removal of As(Ill) and Cr(VI) from aqueous solutions using “green” zero-valent iron
nanoparticles produced by oak, mulberry and cherry leaf extracts. Ecol Eng 90:42-49

Tripta N, Rana PS (2022) Structural, optical, electrical, and photocatalytic application of
NiFe204 @NiO nanocomposites for methylene blue dye. Ceram Int 49(9):13520-13530
Rahman ZU, Shah U, Alam A, Shah Z, Shaheen K, Khan SB, Khan SA (2022) Photocatalytic
degradation of cefixime using CuO-NiO nanocomposite photocatalyst. Inorg Chem Commun
148:110312

Rehman WU, Khattak MTN, Saeed A, Shaheen K, Shah Z, Hussain S, Bakhsh EM, Alraddadi
HM, Fagieh TM, Akhtar K, Khan SB, Khan SB (2023) C0o304/NiO nanocomposite as a
thermocatalytic and photocatalytic material for the degradation of malachite green dye. J Mater
Sci Mater Electron 34(1):15

Ayub A, Ahsan S, Meeroff DE, Lashaki MJ (2022) Amine-grafted mesoporous silica materials
for single-stage biogas upgrading to biomethane. Chem Eng J 445:136497

Anyanwu J, Wang Y, Yang RT (2022) Tunable amine loading of amine grafted mesoporous
silica grafted at room temperature: Applications for CO2 capture. Chem Eng Sci 254:117626
Lin Y, Xu J, Sudhakar BS, Gu J, Hong R (2019) Preparation of spherical aminopropyl-
functionalized MCM-41 and its application in removal of Pb(Il) ion from aqueous solution.
Nanotechnol Rev 8(1):275-284

Anyanwu J, Wang Y, Yang RT (2020) Amine-grafted silica gels for CO2 capture including
direct air capture. Ind Eng Chem Res 59:7072-7079



129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Nanomaterials for Environmental Applications 387

Bai F, Liu X, Liu Y, Li M, Sani S, Guo W, Sun C (2022) CO2 capture from dilute sources
using triamine functionalized MCEF silica at ambient temperature. Micropor Mesopor Mater
349:112370

Okonkwo CN, Lee JT, Thybaut J, Chiang Y, Jones CW (2020) Selective removal of hydrogen
sulfide from simulated biogas streams using sterically hindered amine adsorbents. Chem Eng J
379:122349

Nomura A, Jones CW (2013) Amine-functionalized porous silicas as adsorbents for aldehyde
abatement. ACS Appl Mater Interfaces 5(12):5569-5577

Drese JH, Talley AD, Jones CW (2011) Aminosilica materials as adsorbents for the selective
removal of aldehydes and ketones from simulated bio-oil. ChemSusChem 4(3):379-385
Zhang Y, Qian C, Shi R, Li S, Shi F, Hu J, Khan S, Yang X (2022) In-situ synthesis of metal-
organic framework embedded in ordered mesoporous silica functionalized with carboxyl
groups for 4-nitrophenol to 4-aminophenol. Appl Surf Sci 597:153720

Zhang Y, Qian C, Duan J, Liang Y, Luo J, Han Y, Hu J, Shi F (2022) Synthesis of HKUST-1
embedded in SBA-15 functionalized with carboxyl groups as a catalyst for 4-nitrophenol to
4-aminophenol. Appl Surf Sci 573:151558

Wang S, Ning S, Zhang W, Zhang S, Zhou J, Wang X, Wei Y (2020) Synthesis of carboxyl
group functionalized silica composite resin for strontium removal. Mater Des 185:108224
Ehgartner CR, Werner V, Selz S, Hiising N, Feinle A (2021) Carboxylic acid-modified
polysilsesquioxane aerogels for the selective and reversible complexation of heavy metals
and organic molecules. Micropor Mesopor Mater 312:110759

Xu R, Tan H, Guo M, Zuo S, Sun X (2022) Ultra-fast synthesis of thiol-functionalized
organosilica (OS-SH) for adsorption of Hg(II) from aqueous solution. Russ J Phys Chem A
96(7):1561-1566

Tang N, Liu X, Jia M, Shi XH, Fu J, Guan D, Ma QL (2022) Amine- and thiol-bifunctionalized
mesoporous silica material for immobilization of Pb and Cd: Characterization, efficiency, and
mechanism. Chemosphere 291:132771

Liang R, Zou H (2020) Removal of aqueous Hg(ii) by thiol-functionalized nonporous silica
microspheres prepared by one-step sol-gel method. RSC Adv 10(31):18534-18542

Lian M, Wang L, Feng Q, Niu L, Zhao Z, Alam T, Song C, Li X, Zhang Z (2021) Thiol-
functionalized nano-silica for in-situ remediation of Pb, Cd, Cu contaminated soils and
improving soil environment. Environ Pollut 280:116879

Xu S, Ning S, Wang Y, Wang X, Dong H, Chen L, Yin X, Fujita T, Wei Y (2023) Precise
separation and efficient enrichment of palladium from wastewater by amino-functionalized
silica adsorbent. J Clean Prod 396:136479

Zhang X, Wen H, Huang Q, Tan Y, Sun Z, Hua Y, Wu X, Li M (2023) Selective removal and
long-term immobilization of uranium by ultralow content FeO in the pores of amino
functionalized silica gel. Chem Eng J 461:142015

Shafqat SS, Khan A, Zafar M, Alhaji MM, Sanaullah K, Shafqat SS, Murtaza S, Pang SC
(2019) Development of amino-functionalized silica nanoparticles for efficient and rapid
removal of COD from pre-treated palm oil effluent. J] Mater Res Technol 8(1):385-395
Perrotti TC, De Freitas NC, Alzamora M, Sanchez DR, Carvalho NM (2019) Green iron
nanoparticles supported on amino-functionalized silica for removal of the dye methyl orange. J
Environ Chem Eng 7(4):103237

Han Y, Chen J, Gu X, Chen J (2021) Adsorption of multi-bivalent heavy metal ions in aqueous
solution onto aminopropyl-functionalized MCM-48 preparation by co-condensation. Sep Sci
Technol 56(11):1819-1829

Mohapatra L, Cheon D, Yoo S (2023) Carbon-based nanomaterials for catalytic wastewater
treatment: a review. Molecules 28(4):1805

Baraneedharan P, Paul B, Anil AC, Mohammed SB, Rajendran S (2022) Advances in
preparation, mechanism and applications of various carbon materials in environmental
applications: A review. Chemosphere 300:134596



388

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

Y. Slimani and E. Hannachi

Devi MK, Yaashikaa PR, Kumar PS, Manikandan S, Oviyapriya M, Varshika V, Rangasamy
G (2023) Recent advances in carbon-based nanomaterials for the treatment of toxic inorganic
pollutants in wastewater. New J Chem 47:7655-7667

LiY, Zhang P, Du Q, Peng X, Liu T, Wang Z, Xia Y, Zhang W, Wang K, Zhu H, Wu D (2011)
Adsorption of fluoride from aqueous solution by graphene. J Colloid Interface Sci 363(1):
348-354

Pang H, Wu Y, Wang X, Hu B (2019) Recent advances in composites of graphene and layered
double hydroxides for water remediation: a review. Chemistry 14(15):2542-2552

Janwery D, Memon FH, Memon AA, Igbal M, Memon FN, Ali W, Choi K, Thebo KH (2023)
Lamellar graphene oxide-based composite membranes for efficient separation of heavy metal
ions and desalination of water. ACS Omega 8:7648-7656

Lin X, Gan L, Owens G, Chen Z (2022) Removal of cadmium from wastewater using
biofunctional reduced graphene oxide synthesized by Lysinibacillus sphaericus. J Clean
Prod 383:135369

Das TK, Ghosh SK, Das NC (2023) Green synthesis of a reduced graphene oxide/silver
nanoparticles-based catalyst for degradation of a wide range of organic pollutants. Nano-Struct
Nano-Objects 34:100960

Wang W, Zhang J, Xiao G, Liu X, Qu H, Zhou S (2023) Preparation of magnetic porous
graphene oxide by intercalating rigid molecule and subsequent magnetization for enhancing
pharmaceuticals removal from water. Mater Today Commun 34:105119

Chu Z, Xiao M, Dong Q, Li G, Hu T, Zhang Y, Zhang H (2022) Porous reduced graphene
oxide for ultrasensitive detection of nitrogen dioxide. Chin Chem Lett 34(1):107197
Jayawardena R, Eldridge DS, Malherbe F (2022) Sonochemical synthesis of improved
graphene oxide for enhanced adsorption of methylene blue. Colloids Surf A Physicochem
Eng Asp 650:129587

LiJ, Jin Z, Chao Y, Wang A, Wang D, Chen S, Qian Q (2023) Synthesis of graphene-oxide-
decorated porous ZnO nanosheet composites and their gas sensing properties. Chemosensors
11(1):65

Verma N, Chundawat TS, Chandra H, Vaya D (2022) An efficient time reductive
photocatalytic degradation of carcinogenic dyes by TiO2-GO nanocomposite. Mater Res
Bull 158:112043

Rajkumari NP, Rouf A, Dutta P, Goswami P (2023) Synchronizing charge-carrier capacity and
interfacial morphology of green rGO modified ZnO and TiO2 heterojunctions and study of
their photocatalytic behaviour towards UV and visible light active drug and dye. Mater Sci
Eng B 287:116094

Mashhoor H, Eftekhari M, Rezazadeh N, Nazarabad MK (2022) Graphene oxide—tungsten
oxide (GO-WO3) adsorbent for the removal of copper ion. Nanotechnol Environ Eng 8(1):
75-86

Afza N, Shivakumar A, Waqas M, Kumar AN, Bhatt AS, Murthy HA, Ravikumar C,
Mylarappa M, Selvanandan S (2022) Facile hydrothermal synthesis of cerium oxide/rGO
nanocomposite for photocatalytic and supercapacitor applications. Appl Surf Sci Adv 11:
100307

Rajapaksha P, Orrell-Trigg R, Shah D, Cheeseman S, Vu K, Ngo ST, Murdoch B,
Choudhury N, Yin H, Cozzolino D, Truong Y, Lee AF, Truong VK, Chapman J (2023)
Broad spectrum antibacterial zinc oxide-reduced graphene oxide nanocomposite for water
depollution. Mater Today Chem 27:101242

Lingamdinne LP, Reddy LV, Koduru JR, Chang Y (2022) Insights into manganese ferrite
anchored graphene oxide to remove Cd(II) and U(VI) via batch and semi-batch columns and
its potential antibacterial applications. Chemosphere 310:136888

Kadari M, Makhlouf M, Khaoua OO, Kesraoui M, Bouriche S, Benmaamar Z (2023) The
removal efficiency of cadmium (Cd2+) and lead (Pb2+) from aqueous solution by graphene
oxide (GO) and magnetic graphene oxide (a-Fe203/GO). Chem Afr 6:1515



165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

Nanomaterials for Environmental Applications 389

Sidiqua MA, Priya VS, Begum N, Aman N (2023) Synthesis of magnetic ZnFe204- reduced
graphene oxide nanocomposite photocatalyst for the visible light degradation of cationic
textile dyes. Nanotechnol Environ Eng 579:336

Wang X, Guo D, Zhang J, Yao Y, Liu Y (2023) Insights into the electron transfer mechanisms
of permanganate activation by carbon nanotube membrane for enhanced micropollutants
degradation. Front Environ Sci Eng 17(9):106

Fu Q, LouJ, Shi D, Zhou S, Hu J, Wang Q, Huang W, Wang K, Yan W (2022) Adsorption and
removal mechanism of Pb (II) by oxidized multi-walled carbon nanotubes. J Iran Chem Soc
19(7):2883-2890

Sajid M, Asif M, Baig N, Kabeer M, Thsanullah I, Mohammad AW (2022) Carbon nanotubes-
based adsorbents: Properties, functionalization, interaction mechanisms, and applications in
water purification. ] Water Process Eng 47:102815

LiZ, Liu F, Zhu S, Liu Z, Zhang F, Ni P, Chen C, Jiang Y, Lu Y (2022) Carbon nanotubes
regulated by oxidizing functional groups as peroxidase mimics for total antioxidant capacity
determination. Biosens Bioelectron 11:100190

Rodriguez C, Leiva E (2019) Enhanced heavy metal removal from acid mine drainage
wastewater using double-oxidized multiwalled carbon nanotubes. Molecules 25(1):111

Tian S, He Y, Zhang L, Li S, Bai Y, Wang Y, Wu J, Yu J, Guo X (2022) CNTs/TiO2- loaded
carbonized nanofibrous membrane with two-type self-cleaning performance for high effi-
ciency oily wastewater remediation. Colloids Surf A Physicochem Eng Asp 656:130306
Yang Y, Liu K, Sun F, Liu Y, Chen J (2022) Enhanced performance of photocatalytic
treatment of Congo red wastewater by CNTs-Ag-modified TiO2 under visible light. Environ
Sci Pollut Res 29(11):15516-15525

Abo-Dief HM, Hussein OBH, Ihsan A, El-Bahy SM, Raslan AM, Shahid M, Warsi MF (2022)
Ternary metal oxide WO3.NiO.ZnO nanoparticles and their composite with CNTs for organic
dye photocatalytic degradation. Ceram Int 48(15):22228-22236

Zhuang W, Zheng Y, Xiang J, Zhang J, Wang P, Zhao C (2022) Enhanced Hydraulic-driven
piezoelectric ozonation performance by CNTs/BaTiO3 nanocatalyst for Ibuprofen removal.
Chem Eng J 454:139928

Alimohammadi E, Mahdikhah V, Sheibani S (2022) Type-II band alignment in CNT-modified
SrTiO3-Fe,TiOs heterostructure nanocomposite for photocatalytic degradation of organic
dyes. Appl Surf Sci 598:153816

Jia Y, Zhang Y, Zhang X, Cheng J, Xie Y, Zhang Y, Yin X, Song F, Cui H (2022) Novel
CdS/PANI/MWCNTs photocatalysts for photocatalytic degradation of xanthate in wastewater.
Sep Purif Technol 309:123022

Al-Musawi TJ, McKay G, Rajiv P, Mengelizadeh N, Balarak D (2022) Efficient
sonophotocatalytic degradation of acid blue 113 dye using a hybrid nanocomposite of
CoFe204 nanoparticles loaded on multi-walled carbon nanotubes. J Photochem Photobiol A
Chem 424:113617

De La Flor MPP, Camarillo R, Martinez F, Jiménez C, Quiles RA, Rincén J (2022) Synthesis
and characterization of bimetallic TiO2/CNT/Pd-Cu for efficient remediation of endocrine
disruptors under solar light. J Environ Chem Eng 10(2):107245

Onyancha RB, Aigbe UO, Ukhurebor KE, Muchiri PW (2021) Facile synthesis and
applications of carbon nanotubes in heavy-metal remediation and biomedical fields: A com-
prehensive review. J Mol Struct 1238:130462

Zhong R, Tao J, Yang X, Fu Z, Yang H, Zhoumeng P, Bao R, Liu Y, Yi J (2022) Preparation
of carbon nanotubes with high filling rate of copper nanoparticles. Micropor Mesopor Mater
344:112231

Tungittiplakorn W, Lion LW, Cohen C, Kim J (2004) Engineered polymeric nanoparticles for
soil remediation. Environ Sci Technol 38(5):1605-1610

Morsy M, Abdel-Salam AH, Gomaa IA, Moustafa H, Kalil H, Helal A (2022) Highly efficient
photocatalysts for methylene blue degradation based on a platform of deposited GO-ZnO
nanoparticles on polyurethane foam. Molecules 28(1):108



390

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

Y. Slimani and E. Hannachi

WuJ, Ma X, Gnanasekar P, Wang F, Zhu J, Yan N, Chen JM (2022) Superhydrophobic lignin-
based multifunctional polyurethane foam with SiO2 nanoparticles for efficient oil adsorption
and separation. Sci Total Environ 860:160276

Zuliani A, Chelazzi D, Mastrangelo R, Giorgi R, Baglioni P (2023) Adsorption kinetics of
acetic acid into ZnO/castor oil-derived polyurethanes. J Colloid Interface Sci 632:74-86
Khezraga H, Etemadi H, Salami-Kalajahi M (2023) Investigating the effect of
polyamidoamine generation 2 (PAMAM-G2) polymeric nanostructures dendrimer on the
performance of polycarbonate thin film nanocomposite membranes for water treatment. J
Polym Environ 31:3604-3618

Afshar EG, Taher MA (2022) New fabrication of CuFe204/PAMAM nanocomposites by an
efficient removal performance for organic dyes: Kinetic study. Environ Res 204:112048
Khosravi MJ, Hosseini SM, Vatanpour V (2022) Polyamidoamine dendrimers-Mil-125
(Ti) MOF embedded polyethersulfone membrane for enhanced removal of heavy metal,
antibiotic and dye from water. J Environ Chem Eng 10(6):108644

Ranjbaran H, Ameri E, Dehghani B (2023) Preparation of dendrimer/TiO2 polysulfone
nanofiltration membrane to improve antibacterial, antifouling and separation performance of
contaminants (heavy metals, salts, dyes). Polym Bull. https://doi.org/10.1007/s00289-023-
04785-7

Zaoui F, Daouadji BE, Beldjilali M, Hachemaoui M, Sebba FZ, Mokhtar A, Boukoussa B
(2023) Classical and ultrasonic preparation of new dendrimer-CuNPs nanocomposites: appli-
cation in the catalytic reduction, antioxidant and antimicrobial activities. Appl Organomet
Chem 37(6):¢7099

Sugashini S, Gomathi T, Devi RA, Sudha P, Rambabu K, Banat F (2022) Nanochitosan/
carboxymethyl cellulose/TiO2 biocomposite for visible-light-induced photocatalytic degrada-
tion of crystal violet dye. Environ Res 204:112047

Fijot N, Aguilar-Sanchez A, Ruiz-Caldas M, Redlinger-Pohn J, Mautner A, Mathew AP
(2023) 3D printed polylactic acid (PLA) filters reinforced with polysaccharide nanofibers for
metal ions capture and microplastics separation from water. Chem Eng J 457:141153

Amjad M, Mohyuddin A, Nadeem S, Ulfat W, Saeed S, Asghar N, Ahmed S (2023)
Development of biodegradable vinyl acetate and acrylic acid grafted gelatin copolymer for
dye adsorption. Polym Bull. https://doi.org/10.1007/s00289-023-04782-w

Krishnamoorthi R, Anbazhagan R, Tsai H, Wang C, Lai J (2022) Biodegradable,
superwettable caffeic acid/chitosan polymer coated cotton fibers for the simultaneous removal
of oils, dyes, and metal ions from water. Chem Eng J 427:131920

Sarkhel R, Ganguly P, Das P, Bhowal A, Sengupta S (2022) Synthesis of biodegradable
PV A/cellulose polymer composites and their application in dye removal. Environ Qual Manag
32(3):313-323

Meena PL, Saini JK (2023) Synthesis of polymer-metal oxide (PANI/ZnO/MnO2) ternary
nanocomposite for effective removal of water pollutants. Results Chem 5:100764
Sawunyama L, Oyewo OA, Seheri N, Onjefu SA, Onwudiwe DC (2023) Metal oxide
functionalized ceramic membranes for the removal of pharmaceuticals in wastewater. Surf
Interfaces 38:102787

Izadkhah V, Ghorbani-Vaghei R, Alavinia S, Asadabadi S, Emami N, Jamehbozorgi S (2023)
Fabrication  of  zirconium  metal-organic-framework/poly  triazine-phosphanimine
nanocomposite for dye adsorption from contaminated water: Isotherms and kinetics models.
J Mol Struct 1275:134691

Gelaw TB, Sarojini BK, Kodoth AK (2022) Chitosan/hydroxyethyl cellulose gel immobilized
polyaniline/CuO/ZnO adsorptive-photocatalytic hybrid nanocomposite for congo red removal.
J Polym Environ 30(10):4086—4101

Marwani HM, Ahmad S, Rahman MM (2022) Catalytic reduction of environmental pollutants
with biopolymer hydrogel cross-linked gelatin conjugated tin-doped gadolinium oxide
nanocomposites. Gels 8(2):86


https://doi.org/10.1007/s00289-023-04785-7
https://doi.org/10.1007/s00289-023-04785-7
https://doi.org/10.1007/s00289-023-04782-w

200.

201.

202.

203.

204.

Nanomaterials for Environmental Applications 391

Ibeaho WF, Chen M, Shi J, Chen C, Duan Z, Wang C, Xie Y, Chen Z (2022) Multifunctional
magnetic hydrogels fabricated by iron oxide nanoparticles mediated radical polymerization.
ACS Appl Polym Mater 4(6):4373-4381

Wan T, Tang Q, Wang T, Wang J, He S, Jia Y, Yu M (2022) Adsorption behaviours of copper
(D), lead(Il), and cadmium(Il) ions from aqueous solution by polyethylenimine -modified
magnetic hydrogel nanocomposites. J Polym Res 29(12):520

Sethi S, Medha N, Thakur S (2022) Synthesis and characterization of nanocomposite chitosan-
gelatin hydrogel loaded with ZnO and its application in photocatalytic dye degradation. Mater
Today Proc 78:815-824

Campbell ML, Guerra FD, Dhulekar J, Alexis F, Whitehead DC (2015) Target-specific capture
of environmentally relevant gaseous aldehydes and carboxylic acids with functional
nanoparticles. Chemistry 21(42):14834—-14842

Zhang M, Ling X, Zhang X, Han G (2022) A novel alginate/PVA hydrogel -supported Fe304
particles for efficient heterogeneous Fenton degradation of organic dyes. Colloids Surf A
Physicochem Eng Asp 652:129830



	17: Nanomaterials for Environmental Applications
	17.1 Introduction
	17.2 Nanotechnologies Used for Environmental Remediation
	17.2.1 Photocatalysis
	17.2.2 Adsorption
	17.2.3 Chemical Redox Processes
	17.2.3.1 Fenton and Photo-Fenton Processes
	17.2.3.2 Metal-Based Processes

	17.2.4 Nanofiltration
	17.2.5 Nano-Sensors

	17.3 Examples of Nanomaterials Used for Environmental Remediation
	17.3.1 Inorganic Nanomaterials
	17.3.2 Carbon-Based Nanomaterials
	17.3.3 Polymer-Based Nanomaterials

	17.4 Conclusions and Future Perspectives
	References




