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Abstract: Endocrine Disrupting Compounds (EDCs) comprise a class of natural or synthetic molecules
and groups of substances which are considered as emerging contaminants due to their toxicity and
danger for the ecosystems, including human health. Nowadays, the presence of EDCs in water and
wastewater has become a global problem, which is challenging the scientific community to address
the development and application of effective strategies for their removal from the environment.
Particularly, catalytic and photocatalytic degradation processes employing nanostructured materials
based on metal oxides, mainly acting through the generation of reactive oxygen species, are widely
explored to eradicate EDCs from water. In this review, we report the recent advances described by
the major publications in recent years and focused on the degradation processes of several classes
of EDCs, such as plastic components and additives, agricultural chemicals, pharmaceuticals, and
personal care products, which were realized by using novel metal oxide-based nanomaterials. A
variety of doped, hybrid, composite and heterostructured semiconductors were reported, whose
performances are influenced by their chemical, structural as well as morphological features. Along
with photocatalysis, alternative heterogeneous advanced oxidation processes are in development,
and their combination may be a promising way toward industrial scale application.

Keywords: endocrine disruptors; metal oxides; nanomaterials; nanostructured catalysts; photocatalysis;
degradation

1. Introduction

The growing anthropogenic impact of an exacerbated consumption of products in
recent years has induced a continuous discharge into the environment of wastes and new
substances which are increasingly harmful to public, animal, and environmental health.
Endocrine Disrupting Compounds (EDCs) are inserted in this group of contaminants of
emerging concern as recalcitrant and persistent chemicals, which have been widely and
increasingly detected in various water matrices, attracting a great attention due to their
toxicity and danger for all ecosystems [1–3]. Indeed, EDCs are a large and heterogeneous
group of natural or synthetic compounds that are progressively known for their adverse
consequences on the endocrine system. They can act as substitutes for the hormones,
which are an essential part of the suitable functioning of the human and animal organism,
mimicking or inhibiting their effects, thus being able to alter their levels and affect the
health of the endocrine system as well as of other systems linked to it [4,5]. Hormonal
disturbances caused by EDCs may cause long-lasting and irreversible health problems.
Indeed, growing evidence has demonstrated that these compounds contributed to the
rapid increase of metabolic syndromes (i.e., insulin resistance, obesity, type 2 and type 1
diabetes, thyroid diseases) and may be associated with an increased incidence of breast
cancer, abnormal growth patterns, reproductive abnormalities, and neurodevelopmental
delays in children, as well as with changes in immune function [5].
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For these reasons, the presence of EDCs in water and wastewater has become a global
problem, drawing the attention of international agencies and governments, as well as of an
increasing number of research devoted to the identification [2] and abatement/degradation
of EDCs present in waters [6]. A great deal of attention has been directed towards the
development and application of advanced oxidation processes (AOPs) to eradicate EDCs
from various water sources with high efficiency, thus leading to an increase of clean water
supply. Compared with conventional technologies, materials nanotechnology offers very
flexible and efficient remediation options for water pollutants. Nanostructured materials
exhibit a range of features, such as high reactivity, large surface area (surface-to-volume
ratio), tunable porosity and surface properties, which make them valuable in fields like
catalysis, sensing and biomedicine [7–11]. The growing design of novel nano-catalysts,
nano-structured catalytic membranes, and/or nano-sorbents with enhanced efficiency for
contaminants removal is a hopeful strategy to contribute solving the worldwide hazardous
problem of EDCs water pollution [1,12–15].

In this context, an updated overview on the recently designed (photo)catalytic metal-
oxide nanomaterials with highest performances in the EDCs removal appears a useful
tool for the scientific community to strategically direct the academic and technological
research activities in this field. The proposed review is conceived for this purpose and
reports the recent advances, as described by the major publications of the last four years
(2018–2021), in the design and application of metal oxide-based nanomaterials in catalytic
and photocatalytic degradation processes for the removal from wastewater of the most
widespread EDCs belonging to different classes of formulations, such as components and
additives of polymeric materials, agricultural chemicals, pharmaceuticals and personal
care products.

2. Endocrine Disrupting Compounds (EDCs)
2.1. Historical Definition and Regulatory Evolution

The term “endocrine disruptor” was coined for the first time in 1991 at the Wingspread
Conference Center. In 1993, Colborn, T. et al. published a paper [16] focusing on the
disrupting role exerted by environmental chemicals on the development of the endocrine
system, and on the permanent effects induced by a continuous exposure. In the subse-
quent years, great attention was addressed to the endocrine disruption by the scientific
community [17–19], thus generating consensus statements regarding the hazard from en-
docrine disruptors, particularly in wildlife and in humans. In 1998, the United States
Environmental Protection Agency (US EPA) proposed the first definition of Endocrine
Disrupting Compounds (EDCs) as “exogenous agents that interfere with the production, re-
lease, transport, metabolism, binding, action, or elimination of the natural hormones in the
body responsible for the maintenance of homeostasis and the regulation of developmental
processes” [20,21]. In 2002, the World Health Organization (WHO) stated “an endocrine
disruptor is an exogenous substance or mixture that alters function(s) of the endocrine
system and consequently, causes adverse health effects in an intact organism, or its progeny,
or (sub)populations” [20]. In 2013, the WHO and the United Nations Environment Pro-
gramme released a comprehensive report on EDCs to date, calling for more research to fully
understand the associations between EDCs and the risks to health of human and animal
life. This work pointed to wide gaps in knowledge and called for more research to obtain a
complete depiction of the health and environmental impacts of endocrine disruptors. On
October 2020, the European Commission (EU) adopted the “EU Chemicals Strategy for
Sustainability” as the first step towards a toxic-free environment under the European Green
Deal [22]. This Chemicals Strategy proposes to establish endocrine disruptors as a hazard
category in the Classification, Labelling and Packaging (CLP) Regulation. In particular,
the Chemicals Strategy set out a vision to ensure that by 2030 a toxic-free environment
should be achieved, where chemicals are produced and used in a way that maximizes
their contribution to society, while minimizing harm to the planet and current and future
generations. On these bases, a growing attention is addressed to reduce the harmful EDCs
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impact on the environment and public health, thus defining strategic approaches to realize
their removal which is fundamental, together with the reduction of their use, to pursue an
environmental sustainability.

2.2. Main Natural and Synthetic EDCs

From a chemical point of view, EDCs are natural or synthetic substances with different
structural and functional features. Different lists of substances with confirmed or potential
endocrine disrupting activity are available. For example, the European Chemical Agency
(ECHA) reports an endocrine disruptor assessment list including the substances undergoing
an evaluation under REACH (Registration, Evaluation, Authorization and Restriction of
Chemicals) or Biocidal Products Regulations. The U.S. National Institute of Environmental
Health Sciences (NIEHS) and US EPA currently conduct research on EDCs and strategies
to identify them, in the framework of a National Toxicology Program. However, a widely
accepted systematic method to identify EDCs hazards by integrating literature data is still
lacking [23]. Therefore, it should be noted that these lists may differ according to the criteria
used in their definition, and that they are constantly subject to changes and updates as new
evidence is found about the effects of the chemicals concerned. In this review, the most
recent sources and literature reports are taken as reference in the selection of compounds
considered as certain or potential EDCs; however, it does not intend to provide a complete
or definitive list of EDCs.

Natural molecules recognized as EDCs include phytoestrogens, which are plant-
derived hormones and are found in widely consumed food and animal products. These are
less harmful than synthetic EDCs since they commonly have low affinity for estrogen recep-
tors. At the same time, they exhibit low stability compared to many synthetic substances
that are engineered to be stable. However, the potential health risks of phytoestrogens need
to be considered, due to elevated levels in some foods and to that they can bind ERs with
high affinity [24]. Specifically, daidzein and genistein (Figure 1) are the most abundant
natural phytoestrogens detected in all foods. Using an in vitro bioassay, many of these had
higher activation of estrogen beta-receptors than estrogen alpha-receptors.
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Synthetic EDCs are far more diverse, with several hundred identified and classified
as persistent (exhibiting bioaccumulation) or non-persistent in the environment. These
compounds are present in many commonly used household and industrial products. They
include chemicals used as solvents or lubricants, plasticizers, pesticides [25], fungicides,
and pharmaceutical agents, that are present in plastics, detergents, household chemicals
and building products, fire retardants, food, medicines, personal care products, perfume,
and cosmetics. Dichlorodiphenyltrichloroethane (DDT), polychlorinated biphenyls (PCBs),
bisphenol A (BPA), polybrominated diphenyl ethers (PBDEs), perfluoroalkyl compounds,
antibacterial triclosan (TCS) which binds with low affinity to both the androgen and
estrogen receptors in vitro [26], polycyclic aromatic hydrocarbons (PAHs), and a variety of
phthalates are the most detected in people [3,4]. Instead, 17β-estradiol (E2) and ethynyl
estradiol (EE2) are the most diffused synthetic hormones. A summary of the main groups
of molecules with endocrine disrupting activity is reported in Table 1.
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Table 1. Summary of the most used EDCs impacting the immune response.

Endocrine Disrupting Compounds Main Sources Description

Bisphenols
(e.g., BPA)

Epoxy composites, polyester resins,
polycarbonate plastics, conserved food,

dental sealants

Highly pervasive,
estrogen mimic

Phthalates
(e.g., dimethyl phthalate)

Polyvinylchloride (PVC),
personal care products,

medical devices

Effects on endocrine and
reproductive systems

Alkylphenols
(e.g., nonylphenol, octylphenol)

Non-ionic surfactants, industrial
products, cosmetics Lipophilic properties, estrogenic activity

Brominated flame retardants
(polybrominated diphenyl ethers)

Household products,
industrial products Carcinogenicity

Insecticides (e.g., DDT)
Herbicides (e.g., atrazine)
Fungicides (e.g., vinclozolin)

Agricultural and household uses Persistent agents,
estrogen mimic

Parabens
(e.g., methylparaben)

Common preservatives, food,
cosmetics, pharmaceuticals Estrogenic effect

Antibacterial agents (e.g., triclosan) Cosmetics, pharmaceuticals Effects on reproductive hormons

Antibiotics (e.g., cyclines)
Anti-inflammatory drugs
(e.g., paracetamol, ibuprofen, diclofenac)

Pharmaceutical products Effects on the level of estrogen hormones

Synthetic hormones
(e.g., 17β-estradiol)

Oral contraceptive pills,
wastewater contamination Strong estrogenic behavior

2.3. Main EDC Sources as Risks for Natural Ecosystems

Although many countries and relevant international corporations have put restrictions
on the use of many EDCs, the presence of a great amount in the air, soil, and aquatic
environments (i.e., drinking water, industrial and urban wastewaters or underground
water) is a critical ecological issue which can impact the reproductive performance of
the natural ecosystems [27,28]. Nowadays, exposure to EDCs can happen through direct
ingestion of contaminated food and water, inhalation of combusted contaminants, and
direct contact with a variety of consumer products. Water contamination has been one of
the major concerns regarding the overexposure of humans and animals to these compounds.
EDCs can reach water bodies through the inadequate disposal of personal care products and
medicaments, industrial and agricultural wastewater, in natura sewage containing unused
drugs or non-metabolized compounds present in urine and feces. In natural sewage and
treated effluents are the main sources of contamination of water bodies [1]. Additionally,
given the long-term persistence and high bioaccumulation tendency of EDC pollutants,
several efforts have been devoted to defining highly selective and sensitive analytical
approaches for the detection of traces of such harmful pollutants in the environment. At
the same time, many different treatment methods are being widely investigated for the
purification of wastewater from EDCs [29], as described in the following sections.

3. Chemical Degradation Approaches

The strategies for the removal of organic contaminants from water involve physical,
chemical, or biological processes. Physical separation of target compounds from solution,
e.g., by chemical precipitation or adsorption on a porous material, is a simple approach;
however, it implies the issue of the following recovery or disposal of the contaminant.
Chemical degradation by oxidative mechanisms is aimed at transforming the contaminant
into less hazardous products, and ideally results in its complete mineralization to inorganic
compounds such as CO2 and H2O. Biological treatments exploiting bacteria or other
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microorganisms may also achieve decomposition, nonetheless they usually require strictly
controlled operating conditions and offer slow removal kinetics.

Conventional processes carried out in wastewater treatment plants and during the
remediation of polluted water show poor efficiency in the elimination of several persistent
and recalcitrant organic contaminants, as most EDCs. To supplement the well-established
treatment technologies, advanced oxidation processes (AOPs) have emerged in the last
three decades as a series of water purification techniques operating at or near ambient
temperature and pressure, based on the generation of highly reactive and non-selective
species, in particular reactive oxygen species (ROS). The principal ROS are hydroxyl radical
(•OH), superoxide radical (•O2

−), hydrogen peroxide (H2O2) and singlet oxygen (1O2). A
broader definition of ROS includes ozone (O3), widely used for water decontamination
and disinfection, and organic peroxyl radicals (ROO•). Oxidative processes can also be
mediated by other chemical species, among them reactive nitrogen species (e.g., nitric
oxide, NO•), sulfate radicals (SO4•−) and halogen-based oxidants (such as HOCl) [30]. In
living organisms, ROS play important physiological roles; on the other hand, an excess in
their concentration causes oxidative stress and damage to cells. With the aim of exploiting
the oxidative potential of such species against organic pollutants, a variety of methods
for their production or activation is available. AOPs include ozonation, sonolysis, Fenton
processes, low-temperature plasma oxidation, photochemical degradation. A combination
of these techniques is frequently applied to achieve better results, and UV irradiation is a
common way to trigger the formation of ROS or enhance their yield, for example together
with H2O2 and Fe(II) salts (photo-Fenton), O3 (UV/ozonation) or semiconducting solids
(heterogeneous photocatalysis) [1,31].

Most AOPs are homogeneous and require the use of radical precursors, stoichiometric
reactants and/or high energy input. Hence, their full-scale implementation is still hindered
by some practical limitations, for example the high operation cost, large consumption of
reactive compounds, or the sensitivity to various organic and inorganic radical scavengers
naturally present in wastewaters (e.g., humic acids, mineral anions) [32]. Heterogeneous
water purification processes based on efficient solid catalysts that can be easily separated
and reused are considered to offer advantages in terms of environmental sustainability
and cost-effectiveness. Their development is therefore sought in view of scale-up and
industrialization. Metal oxide semiconductors have acquired huge importance in this field,
through photocatalysis as well as different catalytic mechanisms.

3.1. Photocatalytic Processes

Photocatalysis is a low-cost and versatile green technology widely used for the degra-
dation of organic pollutants such as EDCs [33–36]. Photocatalytic processes need a semi-
conductor acting as photocatalyst that absorbs light radiation in a specific wavelength
range, thus resulting in the excitation of electron (e−) from the valence band (VB) to the
conduction band (CB). This jump creates positive holes (h+) in the VB of the photocatalyst,
as shown in Equation (1):

photocatalyst + hν→ h+
VB + e−CB (1)

The holes in the VB split H2O molecules thus resulting in the generation of hydroxyl
free radicals, while electrons in the CB are trapped by oxygen molecules to form superoxide
radicals, as schematized in Equations (2) and (3):

h+
VB + H2O→ H+ + •OH (2)

e−CB + O2 → •O2
− (3)

Other reactions can occur among the various species, producing more •OH radicals,
as shown in Equations (4)–(6).

•O2
− + H+ → HO2• (4)
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2 HO2• → H2O2 + O2 (5)

H2O2 → 2 •OH (6)

The produced hydroxyl radicals can degrade organic pollutants, such as EDCs, which
are adsorbed/absorbed on the catalyst surfaces through a series of controlled steps to give
CO2 and H2O, as schematized in Equation (7):

•OH + EDC→ CO2 + H2O (7)

In addition to the action of ROS, photogenerated holes may directly react with ad-
sorbed organic targets to produce intermediates that can be eventually oxidized to CO2
and H2O.

A huge number of studies have been devoted to the development of efficient and
stable photocatalytic materials, starting from the most commonly studied photoactive
semiconductors, i.e., titanium dioxide and zinc oxide. Notwithstanding the advancement
of both fundamental understanding of photoinduced mechanisms and functional perfor-
mances of a variety of photocatalysts, there are still important challenges to face, the main
being the ineffective use of the solar radiation spectrum and the fast e−/h+ recombination,
whereby the electrons excited to CB recombine with the separated h+ in the VB rapidly
prior to creation of free radicals. In this view, many flexible strategies can be adopted: the
use of specific semiconductors with a low VB-CB band gap energy (Eg), the heterojunction
of semiconductors with different Eg, the doping with metal or non-metal elements, the
modification with organic molecules or carbon materials as photosensitizers or co-dopants,
the engineering of structural defects, such as ion vacancies [35,37–40].

To optimize the decontamination efficiency, photoactive semiconductors can be in-
tegrated in a variety of combined water treatment and environmental remediation tech-
nologies. Among them, intimate coupling of photocatalysis and biodegradation (ICPB) is a
prospective green technique, merging the advantages of both processes without the need
for separate reactors. The key principle of ICPB is the transformation of bio-recalcitrant
pollutants into biodegradable products by photocatalysis on the surface of porous carriers,
which also act as support and protective scaffold for the active microorganisms that can
complete the decomposition and mineralization [41,42]. Further examples of combined
AOPs are described in the next section.

3.2. Other Heterogeneous Catalytic Processes

Although photocatalysis attracts the broadest interest among AOPs, alternative ox-
idative processes based on materials which do not need light irradiation are the object
of growing research efforts. Such approaches allow overcoming the limitations of photo-
induced processes, in particular the use of artificial UV or visible light sources and the
constraints in the design of photoreactors to maximize the penetration and absorption
of radiation.

A relevant case is the heterogenized Fenton and Fenton-like process. Fenton reaction
consists in the oxidation of Fe(II) to Fe(III) inducing the decomposition of H2O2 with
formation of hydroxyl radicals:

Fe2+ + H2O2 → Fe3+ + HO− + •OH (8)

Ferric ions can react with H2O2 as well, producing hydroperoxyl radicals (HO2•) and
ferrous ions, in the so-called Fenton-like reaction:

Fe3+ + H2O2 → Fe2+ + HO2• + H+ (9)

This process can be accelerated by coupling with UV irradiation (photo-Fenton) or
electrocatalysis (electro-Fenton); nevertheless, shortcomings such as the requested optimum
acid pH (around 3), the consumption of reactants, and their separation and subsequent
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sludge management limit its large-scale application [43]. Therefore, heterogeneous Fenton
catalysts, including iron oxides, zerovalent iron and Fe species supported on a solid
matrix, are gaining attention. Some of these materials show a reactivity comparable to
homogeneous Fenton in a broad pH range, requiring low amounts of H2O2, and ensure
high stability (low Fe leaching) [44]. Among iron oxides, magnetite (Fe3O4) is the most
suitable owing to its structure; however, hematite (α-Fe2O3), maghemite (γ-Fe2O3) and
goethite (α-FeOOH) have been found to be useful as well [43].

A promising alternative to Fenton is represented by AOPs (Advanced Oxidative
Processes) based on sulfate radical (SO4•−), which are emerging in recent years, as testified
by the increasing number of related research articles and reviews [45–47]. Compared to
•OH, SO4•− has a similar or even higher oxidation potential (2.5–3.1 V vs. NHE) and
a longer half-life in water (about 30–40 µs vs. 20 ns), so it can migrate longer distances
to reach target contaminants. Moreover, sulfate radicals work in aqueous solution on a
wider pH range (2–8) and are more selective toward organics containing unsaturated or
aromatic bonds [45]. The two major sources of this reactive species are peroxymonosulfate
(PMS, HSO5

−) and persulfate (PS, S2O8
2−) anions. The use of their salts is advantageous

because of the low cost, safety and easy transportation and handling, making the in situ
chemical oxidation feasible for groundwater and soil remediation [46]. PMS and PS can
be activated by various methods, including heating, UV irradiation, ultrasounds, alkaline
medium and some transition metals (Fe, Co, Mn, Cu, Ni, Ce, V, Ag), in homogeneous or
heterogeneous systems [45]. The activation of PMS and PS by a metal ion (Mn+) can be
schematized, respectively, as follows:

HSO5
− + Mn+ →M(n+1)+ + SO4•− + OH− (10)

S2O8
2− + Mn+ →M(n+1)+ + SO4•− + SO4

2− (11)

Oxides of Fe2+, Fe3+, Co3+ and Mn2+, often in mixed heterostructures, are the most
studied solid catalysts for the generation of sulfate radicals in water treatment strategies [47].
The reaction networks in presence of sulfate radicals can involve the formation of ROS like
hydroxyl and superoxide radicals, leading to multifarious oxidation mechanisms [46].

Another attractive strategy to obtain ROS active in the absence of continuous irradi-
ation is the modification of metal oxide semiconductors with suitable organic molecules,
forming interfacial charge transfer complexes. These can give the ability to activate molec-
ular O2 by spontaneous reduction to superoxide, as recently observed for titanium and
zirconium oxides with coordinated diketone ligands [48–51]. On the surface of such hybrid
materials the generated •O2

− radicals can be stabilized for exceptionally long times, leading
to oxidative degradation of organic water contaminants even in dark conditions [50,52].

Electrocatalysis is a well-known technology applicable to the decomposition of pollu-
tants with relatively high concentration. Nanostructured metal oxides can be employed as
electrodes in electrochemical oxidation processes, frequently coupled with light irradiation
(photoelectrocatalysis) or other techniques to enhance the efficiency.

An innovative set of AOPs takes advantage of piezoelectric catalysis, or piezocatalysis,
a field that has emerged in recent years. It is based on the piezoelectric effect, namely
the ability of materials with non-centrosymmetric structure to generate charge separation
because of deformation in the presence of external mechanical energy. The possible sources
of mechanical energy include ultrasonic cavitation, physical bending, and vortex-induced
shearing force. If the potential of the built-in electric field created by the dipole polarization
is sufficient, the charge carriers reaching the surface of the materials can accumulate and in-
duce redox reactions, for example generating ROS or directly oxidizing adsorbed molecules.
This piezo-catalytic effect was therefore proposed as AOP, either by itself or coupled with
irradiation and/or Fenton process [53,54]. Among the piezoelectric ceramics, ZnO and
titanates, BaTiO3 and Pb(Zr,Ti)O3, have been successfully tested for the degradation of or-
ganic pollutants. 1D and 2D nanomaterials possess high flexibility under mechanical forces
and hence are expected to show better piezo-catalytic performances. Beside morphology,
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the presence of defects producing free charge carriers should be another crucial factor in
driving this kind of catalytic activity [53].

Non-thermal plasma technologies, being able to generate reactive species at relatively
low temperature, are emerging as candidates for the treatment of contaminated water.
The combination of non-thermal plasma with other AOPs, in particular, heterogeneous
catalysis, has been proposed to enhance pollutant degradation performances and reduce
the formation of reaction by-products. There are different types of reactor configurations,
the most used being the dielectric barrier discharge. Solid (photo)catalysts can be the
introduced in various forms, as foam, honeycomb monolith, coating on the reactor walls
or electrodes, or as a packed bed [55]. Different metal oxide semiconductors have been
integrated in non-plasma systems, improving the degradation efficiency of emerging
contaminants and thus making the process more economically sustainable [56]. Another
possible advantage is the ability of non-thermal plasma to regenerate the catalyst inserted
in the reactor. Finally, metal oxides can also be employed in catalytic wet air (or peroxide)
oxidation, where oxygen (or H2O2) is dissolved in the liquid phase at high temperatures
and pressures. This review focuses on reactions performed at low temperature and ambient
pressure, so these treatment techniques are not covered.

The research on efficient oxidative processes based on nanomaterials is constantly
evolving, and thus new achievements are expected soon. In the following section, recent
results in the application of metal oxide-based (photo)catalysts in the removal of EDCs
from water are presented.

4. Metal Oxide-Based Nanomaterials for EDCs Removal

This section reports a selection of recent literature studies on metal oxides and related
nanomaterials applied in the heterogeneous degradation of endocrine disruptors in water.
The classification is based on the most extensively represented groups of EDCs considered
as target contaminants, namely, components and additives of plastic materials, chemicals
used in agricultural activities, pharmaceutical, and personal care products and other
relevant compounds not included in these categories.

4.1. Photocatalytic and Catalytic Degradation of Plastic Components and Additives

The awareness about plastic and microplastic pollution is finally rising as the adverse
effects of many components of common polymeric materials are acknowledged. The
massive production and ubiquitous use of plastics (often as disposable items), followed by
frequent incorrect disposal, causes the significant presence of these chemicals in sewage.
Among EDCs, plasticizers, such as phthalates, chlorinated solvents and additives, and
bisphenols (e.g., Bisphenol A (BPA), Bisphenol F (BPF), Bisphenol AF (BPAF) and Bisphenol
S (BPS)), the main monomers of epoxy resins (Figure 2), raise large concern. Among the
bisphenols, BPA is the most used organic compound in the synthesis and manufacturing of
epoxy resins.
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BPA is considered an EDC which negatively affects the environment when it is re-
leased in water or atmosphere [57] and human health when it enters the body, being able to
interfere with the endocrine system, thus possibly causing reproductive and developmental
disorders and diseases of the immune and nervous systems [58]. BPA is widely present
in the aquatic environment, because it is used in the production of polycarbonate, epoxy
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resin and exploited in many plastic products, such as milk packaging and beverage cans
in the food industry [59]. Considering human health, the United States Environmental
Protection Agency (US EPA) strongly recommended a reference limit dose for oral exposure
of 50 µg BPA/kg of body weight/day in 2014 [60]. In view of the above, the removal of
BPA from wastewater is a critical issue at present. Phthalic acid esters (PAEs), or phthalates,
are typical EDCs and a chemical class of plasticizers used in many plastic products. The
ubiquitous presence of PAEs makes them detected everywhere as result of release to water,
atmosphere and soil [61]. The scientific community agrees on the role of anthropogenic
activities as the primary contributor to the occurrence of bisphenols and phthalate mo-
noesters in lakes, lagoons, and their sediments, caused by the discharge of domestic and
industrial waste and wastewater, as well as farming, transportation, etc. [62,63]. The major
species detected between the phthalates in the influents of wastewater treatment plants are
dimethyl phthalate (DMP), diethyl phthalate (DEP), dibutyl phthalate (DBP) (Figure 3).
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DBP has been shown to tend to accumulate in the sludge with a maximum detection
of 2497 µg/L, exceeding acceptable levels for a safe aquatic environment [64]. Promi-
nent levels of typical phthalates, including di-isobutyl phthalate (DiBP), DBP and di(2-
ethylhexyl) phthalate (DEHP) have been found from researchers in both Chinese and
French hospitals [65].

The willingness to move toward a more sustainable society and the increasing demand
of reducing pollution have boosted the synthesis of new more efficient catalysts and
photocatalysts for the degradation of BPA and phthalates. In the recent period, there has
been growing interest in the development of doped and hybrid materials based on metal
oxides with significant performances in degradation of these plastic derivatives. The main
aspects related to oxidative mechanisms as well as chemical features and synthesis of
the most representative nanostructured catalysts and photocatalysts are described in the
next paragraphs.

4.1.1. Bisphenol A

Among the titanium oxide-based photocatalysts, composites with graphene or re-
duced graphene oxide (rGO) were intensively investigated. Xu et al. [66] synthetized
TiO2−x/rGO nanocomposite via hydrothermal-calcination method, where TiO2 was self-
doped by Ti3+ and oxygen vacancies (Ti3+/Ov). The presence of Ti3+/Ov in the oxide
lattice led to enhanced visible light harvesting and the chemical bonds (Ti-O-C) between
TiO2−x and rGO allowed for an efficient charge separation. Furthermore, the coupling
of TiO2−x and rGO prevented the aggregation of TiO2−x particles and thus improved the
adsorption of organic pollutants. TiO2−x/rGO exerted a 6.16-, 2.92- and 2.55-fold faster
reaction rate for BPA degradation than that of unmodified TiO2, TiO2/rGO and TiO2−x, re-
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spectively. Chemical analysis showed that •O2
− radicals were the major oxidizing species,

therefore responsible for a maximum of approximately 91% BPA removal after 60 min.
Wang et al. [67] synthesized a TiO2@aspartic acid-β-cyclodextrin@rGO (TiO2@ACD@rGO)
composite photocatalyst by a photochemical method and applied it in the degradation of
BPA under UV irradiation. TiO2@ACD@rGO exhibited higher photocatalytic efficiency than
TiO2 and TiO2@rGO, resulting in a reaction constant for BPA of 0.739 mg/L·min, which
was almost two times its counterparts. The removal efficiency of BPA by TiO2@ACD@rGO
could achieve a value of 85.6% after 60 min under UV irradiation, which is 10% and 24.2%
higher than that of BPA by TiO2@rGO and TiO2, respectively. TiO2@ACD@rGO exerted
its degradation activity through the release of superoxide radicals and h+, which was
boosted by effective electron and mass transfers at the photocatalyst interface (Figure 4).
Moreover, the composite exhibited good stability and reusability after five cycles. The
chemical investigation revealed that the modified cyclodextrins strengthens the adsorption
of BPA on the photocatalyst surface.
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On the other hand, Wang et al. [68] synthetized via a hydrothermal approach Fe-
doped TiO2/rGO active under visible light. Fe-TiO2/rGO nanocomposites exerted high
photocatalytic performance for BPA and its analogues (Figure 2), especially when BPA
concentration was around 95 ppm and pH in the range 4.5–8.5. The doping Fe as well as GO
significantly boosted photocatalytic activity, resulting in an increase of BPA degradation
rate compared to pristine samples. The photocatalytic degradation, mainly led by •O2

−

radicals, was promoted by the presence of Ti3+ and by the formation of Fe+(C6H5OH)
π-complex. Approximately 25% of BPA was adsorbed by Fe-TiO2/rGO after 30 min in
the dark, and BPA was completely removed within 60 min under visible-light irradiation.
Additionally, BPF and BPAF were completely degraded after 120 min, and 96% of BPS was
removed within 120 min under visible-light irradiation.

Additionally, Garg et al. [69] synthetized via a wet impregnation method TiO2 co-
doped with visible-light photoactive cobalt and nitrogen to enhance pollutants degradation.
The photocatalytic activity on the mineralization of BPA under visible-light irradiation was
compared to commercial TiO2 (Degussa P25). In particular, 1.5% Co and 0.5% N co-doped
TiO2 sample showed the highest degradation activity: the complete mineralization of
BPA and 97% removal of total organic carbon (TOC) were observed. The performances
were associated with alterations in physical properties, crystal structure and energy band
gap induced by the dopants. Zhao et al. [70] prepared Fe3O4@mTiO2/C through the
combination of mesoporous TiO2, Fe3O4 and carbon. It exhibited intense light response
in the visible light region because of the dual sensitization effect and double conductivity,
which was beneficial to the transfer and separation of charge carriers, i.e., photogenerated
electrons and holes (Figure 5). This double conductive structure of Fe3O4@mTiO2/C
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photocatalyst allowed for a significant activity in the complete degradation of BPA in
120 min under visible light and superior stability for its reusability after five cycles.
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He et al. [71] synthetized a magnetic composite material, Ag/Fe,N-TiO2/Fe3O4@SiO2
(AgFeNTFS), for the visible-light-driven photocatalytic disinfection of Escherichia coli
(E. coli) and degradation of BPA. The photocatalyst completely removed BPA (2 mg/L)
and showed 6.3-log reduction in cell density of E. coli within 120 min. In presence of
both BPA and E. coli in the treated water sample (i.e., sewage obtained from a wastewater
treatment plant), the efficiency of AgFeNTFS in the BPA degradation was dropped by 10%,
due to the competition for the same reactive species of O2 and H2O2 between the two
contaminants. However, the treated water sample could meet local disinfection discharge
standard with a 3-log reduction (99.9%) of E. coli after 90 min and a simultaneous complete
removal of BPA after 360 min. Ju et al. [72] prepared ZnAlTi layered double oxide (ZnAlTi-
LDO)-supported C60@AgCl nanoparticles (C60@AgCl-LDO) for the photo-degradation
of BPA under simulated visible-light irradiation. C60@AgCl-LDO showed a characteristic
mesoporous structure. The Ag@AgCl heterostructure boosted the near-field for light
scattering, reflection, and absorption. Fullerene enhanced the stability of Ag-based phase,
so the C60@AgCl reduced the recombination of photo-induced electron–hole pairs, and
therefore increased the efficiency of photocatalysis. The chemical investigation showed that
photogenerated h+, superoxide radical, •OH bulk, and singlet oxygen were responsible for
the extremely fast photodegradation, allowing a BPA removal of 100% by using C60@AgCl-
LDO under ultraviolet light in 5 min. Kumar et al. [73] prepared a graphitic carbon
nitride (g-C3N4)–CaTiO3 (CTCN) organic–inorganic heterojunction photocatalyst through
a mixing methodology and the deposition of calcium titanate (CT) nanoflakes onto the
surface of g-C3N4 (CN) nanosheets. The CTCN heterojunction with 1:1 ratio of g-C3N4/CT
exhibited the highest photocatalytic activity under sunlight irradiation, resulting in the 47%
degradation of BPA after 120 min. The presence of the two-dimensional (2D) morphology
of g-C3N4 nanosheets and CT nanoflakes provided a vast number of reaction sites with
large surface area, and thus enhanced the overall photocatalytic activity. The chemical
analysis of photocatalytic process confirmed that •O2

− radicals exerted the key role in the
degradation of BPA.

Bismuth-based semiconductors are attracting increasing research interest for their tun-
able properties and wide absorption spectrum. Bismuth mixed metal oxides or oxyhalides
are particularly investigated. For example, Ma et al. [74] synthetized a polythiophene
(PTh)/Bi4O5I2 hybrid by sol–gel. The incorporation of conductive polythiophene enhanced
the separation efficiency of photo-charge carriers, boosting the visible light photocatalytic
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ability of Bi4O5I2. This led to a BPA degradation of 99.2% in 30 min with 0.5 wt% of PTh,
with a reaction rate 3.7 times higher than on pristine Bi4O5I2. Wu et al. [75] prepared, by a
wet-chemical methodology, three BiOI samples with different morphologies (nanoplate,
micro-flower, microsphere) and Bi2WO6/BiOI microspheres, by a microwave-assisted syn-
thetic method with different ratios of Bi2WO6. The chemical investigation proved that
BiOI-3 microspheres showed higher photocatalytic activity than other morphologies (BiOI-1
and BiOI-2) in the degradation of BPA and methyl orange, furthermore, Bi2WO6/BiOI
(BWOI-3) with 3% content of Bi2WO6 exhibited the best photocatalytic performance as well
as a good durability. Bi2WO6/BiOI was highly effective due to a significant production of
reactive species (h+, •O2

−) and a synergistic effect between p-type BiOI and n-type Bi2WO6,
which could promote the separation of electron–hole pairs. Finally, BWOI-3 showed a
photodegradation efficiency up to 95.04% for MO and 86.84% for BPA under visible-light
for 60 min and 100 min, respectively. Rao et al. [76] prepared a ternary Pd/PdO/β-Bi2O3
composite photocatalyst with different amounts of Pd/PdO by a simple two-step pro-
cess. The material was characterized by a heterojunction (p-n junction) of PdO/β-Bi2O3
and the Schottky barrier of Pd/β-Bi2O3, which significantly limited the recombination
of photoinduced electron–hole pairs in the composite, increasing visible light absorption
and improving charge separation efficiency between Pd, PdO and β-Bi2O3. In partic-
ular, 1.0 wt% of Pd/PdO/β-Bi2O3 showed an excellent photocatalytic activity for BPA
degradation and nitric oxide (NO) removal, 97.4% and 47.6%, respectively, within 30 min,
outperforming pure β-Bi2O3. Both hydroxyl and superoxide radicals were involved in
the photocatalytic process. Li et al. [77] synthetized via solvothermal-reduction method
Bi4O5Br2 nanosheets loaded with Pd nanoparticles for the of BPA. Pd/Bi4O5Br2 showed
higher photocatalytic activity and photocurrent response than pure Bi4O5Br2. In particular,
1.0 wt% loading of Pd was found to be most effective for improving the BPA removal rate
constant and achieve a degradation of BPA near to 95.8% after 70 min LED visible-light
irradiation. The enhanced performances of Pd/Bi4O5Br2 were attributed to the formation
of a Schottky barrier between the Pd nanoparticle and the Bi4O5Br2 nanosheet, effectively
promoting the separation of photogenerated electrons and holes (Figure 6).
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Xu et al. [78] synthetized different Ag3PO4 structures to degrade BPA under visible-
light irradiation. The degradation of BPA after 30 min was 27% by using cubic Ag3PO4,
whereas it was almost 100% by the nano-flake Ag3PO4 photocatalyst, resulting in a rate
constant 9.71 times higher. The performances were attributed to the action of h+ and
•O2

−. The extended light adsorption and accelerated carrier transfer promoted a high
photocatalytic activity, where both were accounted for by the increasing number of exposed
(111) crystals and catalytic active sites on Ag3PO4 nano-flakes. Selvakumar et al. [79]
prepared by hydrothermal process a Gd2WO6/ZnO/bentonite (GWZB) nanocomposite.
It showed a strong decrease in the rate of electron–hole recombination, resulting in a
higher photocatalytic activity compared to pure GWZ without bentonite. GWZB was
characterized by clustered microsponge-like structure and exerted an effective degradation
under visible light of ciprofloxacin (CF) and BPA with good recycling performance. The
photodegradation of CF and BPA with 20 mg of GWZB were 97.9 and 98.3% respectively,
due to the action of superoxide radicals (Figure 7).
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Figure 7. Proposed mechanism for the photodegradation of organic pollutants on a Gd2WO6/ZnO/
bentonite ternary composite, as described into [79].

Sulfate-based AOPs have become relevant non-photoinduced technologies for the
decomposition of emerging contaminants. Fu et al. [80] prepared three novel compos-
ites of graphitized hierarchical porous biochar (MX) with magnetic manganese ferrite
(MnFe2O4/MX), which could activate peroxymonosulfate (PMS). The material was aimed
at the degradation of a range of contaminants: bisphenol A, orange II, methylene blue,
sulfadiazine, and ciprofloxacin. MX included MS, ML, MC synthesized using corn stems (S),
leaves (L) and cores (C) as raw waste materials, respectively, possessed hierarchical porous
structure, graphitization domains and tremendous surface area. The degradation efficiency
was boosted with increasing PMS dose, catalyst dose, reaction temperature, and reducing
organic pollutant concentration. Three pathways were involved in the catalytic activity
of MnFe2O4/MS, including radical-induced oxidation attained by surface-bound SO4•−
and •OH on MnFe2O4 nanoclusters and hierarchical porous carbon sheets, non-radical
pathway ascribed to •O2

− generated by promoted self-decomposition of PMS, non-radical
pathway achieved through electron transfer from organic compounds to PMS mediated
by graphitized structures. In addition, MnFe2O4/MS has the advantages of wide pH
usable range. MnFe2O4/MS and PMS system could degrade orange II/methylene blue,
bisphenol A, sulfadiazine, and ciprofloxacin with a removal efficiency of 100%, 95%, 91%
and 85%, respectively.

Kong et al. [81] synthetized a stable Cu2O@β-CD through topotaxial conversion of
CuCl assisted by β-CD (β-cyclodextrin) at room temperature. Fenton-like reaction is the
most widespread method for removal of organic pollutants, but their reactivity with H2O2
may be inhibited by natural organic matter (NOM) due to the competition of hydroxyl
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radicals and chelating agents. Covalently linked β-CD could keep humic acid (HA),
which is present in the NOM, from interfering catalytic performance of Cu2O surfaces
and inhibited the leaching of copper. Cu2O@β-cyclodextrin could work in cooperation
with Fenton-like catalysis to destruct aromatic pollutants at neutral pH. β-CD with a
hydrophobic cavity well anchored on Cu2O could exhibit selective adsorption to aromatic
pollutants including bisphenol A and inhibited HA from bonding with available catalytic
(Cu) sites, showing active species •OH on Cu2O surfaces and 83.7% BPA removal efficiency.

In the emerging branch of piezocatalysis applied to water remediation, coupling
with photocatalysis seems extremely promising. ZnO and titanate nanostructures were
modified by the formation of heterojunctions or doping to enhance the piezo photocatalytic
performances and some of these materials were tested in the removal of EDCs from water,
in particular BPA. Zhang et al. coupled ZnO with CdS or BiOI, two semiconductors
responsive to visible light, to promote the separation rate of charge carriers in addition
to the piezoelectric field produced by ZnO under ultrasonication. ZnO/CdS hierarchical
nanofibers with optimal composition could completely remove BPA within 30 min, with a
rate of 0.1557 min−1, many-fold improved compared to the sole photocatalytic effect [82].
Among titanate piezoelectric photocatalysts, SrTiO3 inverse opal doped with rhodium
was found to give visible-light-driven degradation of BPA under ultrasonic vibration.
The 3D ordered inverse opal structure obtained by a hard template method, along with
0.5% Rh doping, contributed to light harvesting, so that almost complete removal of BPA
was attained in 30 min [83]. Mixed titanates were also investigated, e.g., Na0.5Bi0.5TiO3
nanowires, synthesized by an efficient templated hydrothermal method, starting from
Na2Ti3O7 template nanowires subjected to ion-exchange with Bi3+ [84]. The piezocatalytic
activity of these nanomaterials was tested in the degradation of several organic pollutants,
including BPA, tetracycline hydrochloride, phenol, and common dyes.

4.1.2. Phthalates

The removal of various phthalates was investigated principally by means of photo-
catalytic processes. Jing et al. [85] studied the activity of TiO2 prepared by sol–gel against
dimethyl phthalate (DMP). The photodegradation occurred at the surface of the TiO2
particles according to Langmuir–Hinshelwood model and the adsorption constant deter-
mined from the dark adsorption was lower than the one obtained in light condition. In
particular, under the irradiation of UV light, a synergistic mechanism of adsorption and
photocatalysis allowed for the DMP degradation, where •OH radicals were the primarily
responsible species. By adding foreign Cu2+, the •OH radicals were generated by electrons
rather than holes. The highest removal rate of 80.5% was obtained at pH 6–7 after 75 min
of irradiation time. Wang et al. [86] investigated the photolysis and photocatalysis of
typical phthalic acid esters (dimethyl phthalate, DMP; diethyl phthalate, DEP; dibutyl
phthalate, DBP) comparing UV, UV/TiO2, and UV-Vis/Bi2WO6 systems. Both photolysis
and photodegradation reaction were performed for 300 min and the different abilities to
remove DMP, DEP, and DBP were estimated. The UV/TiO2 system showed the highest
degradation capability, with removal efficiencies of up to 93% in 90 min. On the con-
trary, the performance of UV-Vis/Bi2WO6 was not satisfactory in the removal of DMP
and DEP. However, UV, UV/TiO2, and UV-Vis/Bi2WO6 had a strong ability to degrade
DBP. The chemical analysis showed that: (i) UV photolysis attacked the carbon branch and
produced o-hydroxybenzoates, (ii) the hydroxyl radicals attacked both the carbon branch
and the benzene ring. In the case of photocatalytic systems, hydroxylated compounds
and ring-opening byproducts were detected. However, UV/TiO2 system reacted with the
pollutants via hydroxyl radicals, whereas UV-Vis/Bi2WO6 exerted a direct hole oxidation.
You et al. [87] prepared via hydrothermal method Bi2O3-TiO2 composite for the removal
of Pb(II) and refractory organic DBP from wastewater under visible-light irradiation. The
high efficiency of the photocatalyst was due to the presence of various locations on the com-
posite, which allowed the occurrence of the refractory organic oxidation and heavy metal
reduction separately. After 4 h of visible-light irradiation, Bi2O3-TiO2 composite could
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effectively perform 40%-Pb(II) reduction and 45%-DBP oxidation. Particularly, Pb(II) could
be reduced to Pb(0) on the Bi2O3-TiO2 composite in visible light, because of the energy
level adjustment caused by Fermi levels matching at the n–p heterojunction. Additionally,
the presence of DBP in the analyzed water sample significantly increased the removal of
Pb(II), highlighting that the coupling of the reduction of heavy metals and the oxidation of
organics could efficiently enhance the photocatalytic activity of the system.

Meenakshi et al. [88] synthetized through the sol–gel methodology nanorod ZnO/SiC
nanocomposite for the UV and visible light photocatalytic degradation of DEP and other
toxic organic compounds. The as-prepared materials showed a high degree of porosity,
crystallinity, and roughness, and exhibited absorption in the visible light region. A catalyst
dosage of 0.5–1.0 mg/mL allowed for 90% DEP degradation at neutral pH conditions
under UV and visible-light irradiations. Finally, the nanorod ZnO/SiC nanocomposite
could be reused up to three cycles without losing its activity and always following pseudo
first-order kinetics. Li et al. [89] prepared a dual Z-scheme heterostructure photocatalyst,
composed by mesoporous graphitic carbon nitride (mpg-C3N4), BiOBr, polythiophene
(PTh), and magnetic iron oxide, for the photocatalytic degradation of DMP in water under
visible light. The reaction rate constant was 3.7- and 4.5-fold higher than those of pris-
tine g-C3N4 and BiOBr, respectively. The photocatalytic DMP degradation efficiency of
mpg-C3N4/BiOBr/PTh was 40% and 50% higher than that of pristine g-C3N4 and BiOBr,
respectively. The enhanced visible-light photocatalytic performance, which followed a
pseudo first-order kinetic, was attributed to the dual Z-scheme heterostructure generated
between mpg-C3N4, PTh, and BiOBr. The chemical investigation revealed that the active
species h+, •O2

−, and •OH coexisted during the photocatalytic reaction process, and that
h+ exerted the main role in the destruction of DMP species (Figure 8).
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Studies on non-irradiated removal of PAEs relied mainly on sulfate-mediated pro-
cesses. Dong et al. [90] performed the degradation of several phthalates in marine sediments
by sodium persulfate (Na2S2O8, PS) activated by a series of iron–cerium (Fe-Ce) bimetallic
catalysts (FCBCs). With a Fe-Ce molar ratio of 1.5:1 the degradation of DMP, DEP, di-
2-ethylhexyl phthalate, dioctyl phthalate and diisononyl phthalate showed the highest
value over FCBC and an increase of Ce amount resulted in an improvement in oxygen
storage capacity and catalytic activity of bimetallic catalysts. The Fe3+/Fe2+ and Ce4+/Ce3+

redox couples exerted a synergistic catalytic effect in addition to electron transfer of oxygen
vacancies, activated S2O8

2− to release •SO4
− and •OH radicals, which were crucial in

the oxidative degradation process of PAEs. When the PS and FCBC concentrations were
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1.0 × 10−5 M and 1.67 g/L, respectively, the PAE degradation achieved a maximum of 86%
at pH 2 and rate constant of 1.5 × 10−1 h−1. The activation of persulfate was reported also
using some metal-organic frameworks (MOFs). Ding et al. [91] investigated the adsorptive
and catalytic properties of a Fe-based MOF (Fe-MOF-74) for the removal of DMP in water.
The adsorption behaviors were evaluated by the Freundlich and pseudo-second-order
model. The selective adsorption was crucial in combination with molecular imprinting
technique to obtain a 1.5-fold increase in catalytic rate. In particular, DMP was firstly
adsorbed on the surface of the material by physical interactions and then SO4•− and •OH
radicals, generated from PS activation, catalytically oxidized DMP with a degradation rate
in water of around 90% after 30 min.

The main outcomes reported in this section highlight that the most representative
photocatalysts and catalysts used for the degradation of plastic components are hybrid
and/or composite nanomaterials prepared by wet-chemical routes (i.e., sol–gel, hydrother-
mal or mixed) and composed by metal oxides, MyOx, in which M = Ti, Zn, Fe and W are the
principal species. High levels of removal were obtained by using visible light and, in some
cases, solar irradiation. The chief features and performances of these nanomaterials are
summarized in Table 2, including the best achieved removal efficiencies and corresponding
rate constants.

Table 2. Summary of representative metal-oxide-based nanomaterials used for the degradation
processes of bisphenols and phthalates.

Material Preparation Target Conditions Results Ref.

(N, Co)-codoped TiO2
Wet impregnation

method
BPA

(20 mg/L)
Visible-light
irradiation

97% removal,
0.0195 min−1 [69]

TiO2−x/rGO
nanocomposite

Hydrothermal-
calcination

method

BPA
(2.5 mg/L)

Visible-light
irradiation

(60 min)

91% removal,
0.049 min−1 [66]

TiO2@ACD@RGO
composite

Photochemical
method

BPA
(20 mg/L)

UV irradiation
(60 min)

85.6% removal,
0.739 mg/L·min [67]

Fe3O4@mTiO2/C Sol–gel
Methodology BPA

Visible-light
irradiation
(120 min)

100% removal,
0.01045 min−1 [70]

Ag/Fe,N-
TiO2/Fe3O4@SiO2

(AgFeNTFS)

Sol–gel
Methodology

BPA (2 mg/L),
E. coli (106 CFU/mL),

Visible-light
irradiation

(360 min for BPA,
90 min for E. coli)

100% removal [71]

(g-C3N4)–CaTiO3
heterojunction

Mixing
methodology BPA Sunlight irradiation

(120 min) 47% removal [73]

C60@AgCl-ZnAl LDO Sol–gel
Methodology

BPA
(0.5 g/L)

Ultraviolet light
(5 min) 100% removal [72]

Gd2WO6/ZnO/bentonite
(GWZB)

nanocomposite

Hydrothermal
process

Ciprofloxacin (CF)
(4 × 10−5 M), BPA

(4 × 10−5 M)

Visible-light
irradiation

Removal 98.3%
and 97.9%

respectively
[79]

MnFe2O4/MX
magnetic composites

Sol–gel
Methodology

BPA (10 mg/L),
sulfadiazine
(10 mg/L),

ciprofloxacin
(10 mg/L)

PMS activation
Removal of 95%,

91% and 85%,
respectively

[80]
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Table 2. Cont.

Material Preparation Target Conditions Results Ref.

Fe-doped TiO2/rGO Hydrothermal
process

BPA,
Bisphenol F (BPF),

Bisphenol AF (BPAF),
Bisphenol S (BPS)

(20 mg/L)

Visible-light
irradiation

(60 min for BPA,
120 min for BPF, BPAF

and BPS)

Removal of 100%,
100%, 100% and
96% respectively

[68]

Bi2WO6/BiOI
(BWOI-3 morphology)

Microwave-
assisted synthetic

method

Methyl orange (MO),
BPA

Visible-light
irradiation

(60 min for MO,
100 min for BPA)

Removal 95.0%
and 86.8%

respectively, MO:
0.04169 min−1,

BPA: 0.01778 min−1

[75]

Polythiophene
(PTh)/Bi4O5I2

Sol–gel
Methodology BPA

Visible-light
irradiation

(30 min)

Removal 99.2%,
0.194 min−1 [74]

Pd/PdO/β-Bi2O3
composite

Simple two-step
Sol–gel-based

process
BPA

Visible-light
irradiation

(30 min)

Removal of 97.4%,
0.1129 min−1 [76]

Pd/Bi4O5Br2

Solvothermal-
reduction
method

BPA
(20 mg/L)

LED visible-light
irradiation

(70 min)

95.8% removal,
0.0548 min−1 [77]

Nano flake Ag3PO4
Sol–gel

Methodology
BPA

(15 mg/L)

Visible-light
irradiation

(30 min)

100% removal
efficiency,

0.6324 min−1
[78]

Cu2O@β-CD Topotaxial
conversion

BPA
(8 mg/L) Neutral pH 83.7% removal,

0.0196 min−1 [81]

TiO2
Sol–gel

Methodology
DMP

(5.16 µM)
UV irradiation

(75 min) and pH 6–7
80.5% removal,
0.0768 min−1 [85]

TiO2
Sol–gel

Methodology
DMP, DEP, DBP

(6, 6, and 4.128 mg/L)
UV irradiation

(90 min)

Removal 93.0, 92.6,
92.5% respectively,

0.025 min−1
[86]

Bi2O3-TiO2 composite Hydrothermal
process Pb(II), DBP

Visible-light
irradiation

(4 h)

45%-DBP
oxidation,
40%-Pb(II)
reduction

[87]

Nanorod ZnO/SiC
nanocomposite

Sol–gel
Methodology

DEP
(5 ppm)

UV and visible light,
neutral pH

90% removal, UV:
46.86× 10−3 min−1,

Visible:
8.52 × 10−3 min−1.

[88]

mpg-
C3N4/BiOBr/PTh(Z-

scheme)

Sol–gel
Methodology

DMP
(1 g/L)

Visible-light
irradiation

Removal efficiency
of 40% and 50%

higher than
g-C3N4 and BiOBr,

0.193 h−1.

[89]

Iron–cerium (Fe-Ce)
bimetallic catalysts

(FCBCs)

Sol–gel
Methodology

PAEs (DMP, DEP,
DEHP, DINP,
DnOP, DIDP)

PS 1.0 × 10−5 M,
FCBC 1.67 g/L, pH 2

86% removal,
1.5 × 10−1 h−1. [90]

4.2. Photocatalytic and Catalytic Degradation of Agricultural Chemicals

Agricultural chemicals (or agrochemicals) are a variety of synthetic compounds used
to protect crops and increase their yield and quality, including mainly pesticides (herbicides,
insecticides, fungicides, nematicides, and so forth), but also fertilizers, soil conditioners,
and plant growth regulators (Figure 9). Pesticides are meant to eradicate plants, animals,
fungi, and microorganisms that are detrimental to cultures, affecting selected functions
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in target organisms. Nonetheless, they can also exert toxicity toward humans and wild
fauna. The evaluation of these effects is complex, as most toxicity tests are performed in
acute rather than long-term experiments, while endocrine disrupting activity often arises
upon long-term exposure [25]. The growth of the world’s population increases the demand
for farming land and productivity, hence the usage of agrochemicals. According to the
Food and Agriculture Organization of the United Nations (FAO) the global production
of pesticides exceeds 4 million tons per year [92]. These can easily be transferred from
soil to surface waters and groundwater and encounter living beings, causing adverse
effects. Therefore, pesticides represent a chronic and widespread threat to humans and the
ecosystem and their removal from water is a severe concern.
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4.2.1. Atrazine

Atrazine (ATZ) is a chlorinated triazine used as herbicide in the control of broadleaf
and grassy weeds, particularly applied in corn cultivation. The triazine ring structure gives
high chemical stability and a very long half-life in water, so it can be easily transported
through surface water and soil and enter the food chain, becoming a potential threat
to human health and animals, connected with reproductive abnormalities and potential
carcinogenity. Atrazine has been banned in the European Union since 2004 and has been
listed as a prior harmful substance by the U.S. EPA and the Ministry of Ecology and
Environment of China. A large number of works have dealt with the removal of this
herbicide from water [93].

Noticeable performances in the visible light-driven degradation of atrazine were
obtained by coupling two strategies for the modification of TiO2: co-doping with indium
and sulfur and the formation of a heterostructure with rGO [94]. The In,S-TiO2@rGO
nanocomposites were synthesized by an ultrasonic-assisted solvothermal method and
the optimized composition yielded complete degradation and 95.5% mineralization of
20 mg/L ATZ within 20 min and good stability with reuse. Titanate semiconductors with
peroskite structure are promising photocatalytic materials. Shawky et al. prepared LaTiO3
nanowires modified through the photo-assisted deposition of Ag, which resulted in an
improvement of surface texture, light absorption in the visible range, and a reduction of
the electron–hole recombination [95]. The Ag/LaTiO3 nanowires (2.5 wt% optimal Ag
load) could photodegrade ATZ (50 mg/L initial concentration) under visible light after just
40 min at a catalyst dosage of 1.2 g L−1. Additionally, the same authors synthetized novel
spinel-structured NiCo2O4 nanorods that worked as a visible light photocatalyst upon Ag
loading [96]. Particularly, 5 wt% loading of Ag improved the optical and optoelectronic
properties of the photocatalyst, resulting in the minimization of the bandgap from 3.6 down
to 2.57 eV and in the enhancement of visible light absorption. The Ag/NiCo2O4 nanorods
exhibited a boosted photodegradation of ATZ to completion within 20 min at 2.0 g L−1

dosage, with excellent recyclability. Furthermore, in this case, Ag-loaded photocatalyst
showed lower electron–hole recombination and outperformed the pristine sample.
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Majhi et al. developed though a one-step hydrothermal method bismuth-based ternary
heterostructures, CdS/BiOBr/Bi2O2CO3, with a controlled morphology and improved
visible light absorption [97]. The materials consisted of well dispersed CdS nanoparticles
(50–80 nm) anchored over ultrathin BiOBr and Bi2O2CO3 nanoplates, which guaranteed
a high interfacial contact. The photocatalyst showed significant degradation efficiency
(>95% in 30 min) of ATZ herbicide and reduced the cytotoxicity of the treated water
solution. Scavenger and radical (•OH and •O2

−) trapping experiments highlighted that
the photocatalytic degradation occurred by a double Z-scheme electron transfer mechanism.

The combination of heterogeneous Fenton and photocatalysis was investigated by
Yang et al. with a Fe/TiO2 sol–gel material [98]. Using 1 g/L of catalyst, 1.6 mM H2O2 and
visible light, 95% degradation of atrazine (10 mg/L initial concentration) was accomplished
in 30 min at pH 3, and more than 75% degradation was achieved at up to pH 7. Several
intermediate and final products were identified, and the possible degradation mechanism
was inferred. Recently, in the field of sulfate-based AOPs, sulfite was proposed as an
alternative to the common precursors of sulfate radical. Its activation on zinc-copper
ferrites was demonstrated under irradiation by Huang et al. [99]. The ZnxCu1-xFe2O4
mixed oxides, synthesized by a sol–gel combustion method, showed magnetic properties
and excellent ability in the removal of ATZ under UV-visible irradiation with the stepwise
addition of Na2SO3. Zn0.8Cu0.2Fe2O4 gave the highest activity within 30 min and SO4•−
was identified as the main reactive species. Moreover, the catalysts could be magnetically
separated from the solution for its reuse. The influence of several process parameters was
assessed, and a possible reaction pathway was illustrated.

Photoelectrocatalytic systems were also proposed for the degradation of agrochemicals.
For example, Xie et al. examined the mechanism of photoelectrochemical removal of ATZ,
using typical TiO2 nanotube arrays obtained by anodization on Ti plates as working
photoanode and a wide spectrum Xe lamp [100]. The best removal efficiency reached 96.8%
at applied potential of 0.2 V vs. SCE in 2 h, with reaction rate constant of 1.72 h−1. The
results indicated that the of optimal bias (requesting a low electric power input) did not
change the degradation products of atrazine, but it enhanced the removal rate by affecting
the amount and distribution of the ROS generated. Among them, the superoxide radical
seemed to play a central role in ATZ dechlorination, possibly because of its nucleophilicity.

The intimate coupling of photocatalysis and biodegradation (ICPB) approach is promis-
ing for the treatment of emerging contaminants. A valuable example was reported by
Zhang et al., who prepared a heterostructure of Bi2WO6 with carbon nitride by hydrother-
mal method and coated it on a polyurethane sponge cube via powder spraying [101]. A
biofilm derived from active sludge was then cultivated in the inner of the macroporous
sponge carrier. Under UV-visible light, the Bi2WO6/C3N4 heterojunction decomposed
atrazine into biodegradable intermediates, which were successively mineralized by the
microorganisms, increasing the removal of 20% (up to 50% in 8 h with 20 mg/L initial
ATZ concentration).

Technologies independent from light irradiation, especially sulfate-based AOPs, are
increasingly studied for the decomposition of EDCs. For instance, the activation of per-
sulfate was tested for the removal of atrazine using Fe3O4 nanoparticles supported on
sepiolite, a hydrated magnesium silicate clay [102]. Magnetite NPs were synthesized in situ
and loaded onto fibrous sepiolite via a co-precipitation method. The effective adsorption
and alkaline pH values favoured the removal of ATZ, which reached 71.6% after 60 min,
with 92 mmol/L of PS and 10 mmol/L initial pesticide concentration). Although TOC
removal was merely 21% the identified products were nontoxic, and the nanocomposite
maintained structural and functional stability during four consecutive batch runs. Turning
to PMS, a heterogeneous Fenton-like system was realized coupling it with the addition of
hydroxylamine (HA) in the presence of Fe3O4 [103]. HA had a double role, as PMS activator,
which accounted for 40% of the observed ATZ decomposition, and also as promoter of
the Fe(III)/Fe(II) redox cycle on magnetite surface, which additionally generated •OH
radicals. The degradation rate constant of atrazine at near-neutral pH in Fe3O4/PMS/HA
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system (0.152 min−1) was almost 5 times higher than that in the homogeneous PMS/HA
system. PMS was activated also by Cu-doped LaFeO3 perovskites synthesized through a
sol–gel method [104]. The sample with LaFe0.8Cu0.2O3-δ composition exhibited the highest
catalytic activity and stability, completely removing ATZ (23 µM) in 60 min, with the use of
0.5 g/L catalyst and 0.5 mM PMS. Both Fe(III)/Fe(II) and Cu(II)/Cu(I) cycles along with
surface hydroxyl groups contributed to the degradation in a wide pH range (2–10), leading
to different possible reaction pathways. Dong et al. developed a cobalt-nickel mixed
oxide supported on diatomite, preparing by co-precipitation 2D CoNi3O4 nanoribbons
which were vertically aligned on diatomite [105]. The topology of the nanoribbons in
the composite comprised abundant exposed edges and sharp corners, working as active
sites, and open channels, facilitating the migration and reaction of PMS and pollutant
molecules. The 30 wt% CoNi3O4/diatomite/PMS system gave 93% ATZ (5 ppm) removal
and 56% TOC decrease after 30 min (rate constant 0.0842 min−1), with 0.1 g/L of catalyst
and 0.3 mM PMS. Comparable results were recorded in real water samples. The detection
of the involved radicals evidenced that SO4•− was the dominant oxidant, while •O2

−

contributed to the reversible redox cycle of Co2+/Co3+ and Ni2+/Ni3+, supporting the
excellent catalytic efficiency.

Among electrocatalytic processes, a Ti/PbO2 electrode modified with cobalt and
samarium was prepared by one-step electrodeposition on pretreated Ti substrates and
used as anode for the electrocatalytic removal of ATZ in wastewater [106]. Co and Sm
were proved to enhance the catalytic activity and stability, indeed the Ti/PbO2–Co-Sm
electrode displayed higher oxygen evolution potential, lower charge transfer resistance,
longer operative lifetime and higher degradation efficiency compared with bare Ti/PbO2.
92.6% atrazine removal and 84.5% COD decrease were achieved in 3 h under optimized
conditions: current density 20 mA cm−2, pH 5, temperature 35 ◦C. A particularly interesting
three-dimensional electrochemical process, i.e., a system composed of 2D electrode with
particulate electrode suspension between the two main electrodes, was investigated by
Li et al. [107]. They prepared CuFe2O4 magnetic nanoparticles by combustion sol–gel
method and used them simultaneously as particle electrode and catalyst for PS activation
(Figure 10). The best ATZ degradation efficiency (>99%) and TOC removal (22.1%) were
achieved after 35 min with solid dosage of 3.0 g/L, 4.0 mM PS, current density of 4
mA/cm2, and initial pH 6.3. The nanoparticle electrodes maintained stability throughout
five consecutive runs, and sulfate radical was identified as the dominant reactive species in
the degradation process.
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The most representative reports concerning agrochemicals as endocrine disruptors are
summarized in Table 3, including the principal process conditions and results in terms of
removal efficiency and rate constant.

Table 3. Summary of representative metal-oxide-based nanomaterials used for the degradation
processes of agricultural chemicals atrazine (ATZ), glyphosate (PMG), paraquat, dichlorodiphenyl-
trichloroethane (DDT), 2,4-dichlorophenoxyacetic acid (2,4-D) and other pesticides.

Material Preparation Target Conditions Results Ref.

In,S-TiO2@rGO
ultrasonic-assisted

solvothermal
method

ATZ
(20 mg/L)

Visible light
(20 min)

100% removal, 95.5%
mineralization,
k = 0.248 min−1

[94]

Fe-TiO2 Sol–gel method ATZ
(10 mg/L)

Visible light,
1.6 mM H2O2

(30 min)

95% degradation at pH 3
k = 0.1021 min−1 [98]

Ag/LaTiO3
nanowires

Hydrothermal
method

ATZ
(50 mg/L)

Visible light
(40 min)

100% removal
k = 0.0434 min−1 [95]

Ag/NiCo2O4
nanorods Co-precipitation ATZ

(50 mg/L)
Visible light

(20 min)
100% removal,

k = 0.049 min−1 [96]

CdS/BiOBr/Bi2O2CO3
Hydrothermal

method
ATZ

(50 mg/L)
Visible light

(30 min)
95% removal,

k = 0.122 min−1 [97]

ZnxCu1−xFe2O4

Sol–gel
combustion

process

ATZ
(4.4 µM)

UV-vis light
(30 min),

Na2SO3 0.5 mM

95% removal,
k = 0.195 min−1 [99]

TiO2 nanotubes Electrochemical
anodization

ATZ
(2 mg/L)

UV-vis light,
bias 0.2 V vs. SCE (2 h)

96.8% removal,
k = 1.72 h−1 [100]

Bi2WO6/C3N4
Hydrothermal

method
ATZ

(20 mg/L)
Visible light,
biofilm (8 h) >50% removal [101]

Fe3O4-sepiolite Co-precipitation ATZ
(10 mM) PS 92 mM (1 h)

71.6% removal,
21% mineralization

k = 0.0108 min−1
[102]

Fe3O4 Commercial ATZ
(23 µM)

PMS 0.4 mM
hydroxylamine
0.3 mM (15 min)

100% degradation,
k = 0.152 min−1 [103]

Cu-doped LaFeO3 Sol–gel method ATZ
(23 µM)

PMS 0.5 mM
(1 h)

100% degradation, 52%
mineralization

k = 0.1406 min−1
[104]

CoNi3O4 nanorib-
bons/diatomite Co-precipitation ATZ

(5 mg/L)
PMS 0.3 mM

(30 min)
93% removal,

56% mineralization
k = 0.0842 min−1

[105]

Co,Sm-Ti/PbO2
electrode

Electrochemical
deposition

ATZ
(20 mg/L)

Current density
20 mA cm−2 (3 h)

92.6% removal,
84.5% COD decrease [106]

Ti/RuO2-IrO2 anode,
CuFe2O4 particles

Sol–gel
combustion

process

ATZ
(46 µM)

Current density
20 mA cm−2,
PS 4.0 mM

(35 min)

99% removal,
22.1% mineralization

k = 0.0186 min−1
[107]

Faceted TiO2
Hydrothermal

method
PMG

(10 mg/L) UV light 100% removal in 50 min,
k = 3.0 h−1 on {201}-TiO2

[108]

CeO2 NPs Solution synthesis PMG
(25 mg/L) UV or visible light

100% removal in 5 min
(UV, k = 0.6601 min−1) or

20 min (visible,
0.3028 min−1) at pH 4

[109]

W/ZnO Precipitation PMG
(20 mg/L)

Simulated solar light
(3 h)

74% removal,
30% mineralization [110]
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Table 3. Cont.

Material Preparation Target Conditions Results Ref.

BiOBr/Fe3O4
Solvothermal

method
PMG

(100 mg/L)
Visible light

(1 h) 97% removal [111]

MoSe2/BiVO4
Hydrothermal

method
PMG

(10−4 M)
Visible light

(3 h) 86.1% removal [112]

Cu2S/Bi2WO6
Hydrothermal

method
PMG

(10−4 M)
Visible light

(3 h) 73.2% removal [113]

Fe3CeOx Co-precipitation PMG
(100 mg/L)

PMS 0.5 mM
(15 min)

100% removal,
85.6 TOC decrease

400 mg L−1 h−1
[114]

TiO2 P25 on SiC Dip coating Paraquat
(5–40 mg/L) UV-C light 90% mineralization [115]

TiO2 on SBA-16 SiO2 Sol–gel method Paraquat
(50 mg/L) UV light (24 h) 70% removal,

k = 0.0431 min−1 [116]

N-TiO2
Hydrothermal

method
Paraquat

(20 mg/L)
UV or visible light (120

min)

Removal 86% (UV,
k = 0.0230 min−1), 62%

(visible, k = 0.0074 min−1)
[117]

N-
TiO2@SiO2@Fe3O4

Sol–gel method Paraquat
(10–40 mg/L)

Visible light
(3 h)

98.7% removal,
84.7% mineralization [118]

B-TiO2-
SiO2/CoFe2O4

Sol–gel,
hydrothermal

method

Paraquat
(300 mg/L

COD)

Visible light
(3 h)

82% COD removal
k = 0.89 h−1 [119]

TiO2@MIL-
101(Cr)@Fe3O4

Solution synthesis Paraquat
(20 mg/L)

UV light
(45 min)

87% removal,
k = 0.0126 min−1 [120]

g-
C3N4/Bi2O2CO3/CoFe2O4

on biochar
Solution synthesis Paraquat

(20 mg/L)

Visible light, sunlight,
photo-ozonation,

PMS

99% removal in 1.5 h (vis,
0.0596 min−1), 100%

mineralization in 30 min
(visible-O3-PMS)

[121]

CeO2–Bi2O3 Co-precipitation 2,4-D Visible light
(13 h)

90% removal and COD
decrease [122]

Fe3O4@WO3/SBA-
15

Co-precipitation
hydrothermal

method

2,4-D
(10−6 M)

UV light
(4 h) 90.7% removal [123]

TiO2 nanotubes Anodization 2,4-D
(10 mg/L)

Simulated sunlight,
bias 2.4 V (2 h)

97% removal,
k = 0.0295 min−1 [124]

TiO2-acetylacetone Sol–gel method
2,4-D, 4-CPA,

MCPA, MCPB
(≥0.2 mM)

Dark (1 h) 80–90% removal [50]

Co–
Ni@chitosan@Fe3O4

Co-precipitation,
reduction

2,4-D
(100 mg/L) H2O2 1–2 mL 95.5% removal,

k = 0.07517 min−1 [125]

polyaniline/SnO2
Polymerization,

precipitation
DDT

(100–500 mg/L)
Microwave irradiation

(12 min)
80% removal,

k = 0.20 min−1 [126]

MnO2 Oxidation DDT
(0.5 mg/L) PMS (4 h) 100% removal [127]

TiO2,ZnO Commercial

vinclozoline
fenarimol,
malathion,

fenotrothion,
quinalphos,
dimethoate
(0.3 mg/L)

UV light or sunlight,
PS (250 mg/L

Na2S2O8),
4 h

70–100% removal, except
for fenarimol,

0.0018–0.0292 min−1

(TiO2);
0.0023–0.0872 min−1

(ZnO)

[128,129]

4.2.2. Glyphosate

Glyphosate, N-(phosphonomethyl)glycine (PMG), an organophosphate compound, is
a highly effective broad-spectrum herbicide, such that glyphosate-based herbicides are the
most widely used pesticides worldwide. Several studies have put attention on risks related
to the possible carcinogenic, neurotoxic, and endocrine-disrupting effects of glyphosate,
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and to its impact on the aquatic environment [130], giving rise to a strong controversy from
the viewpoint of scientific evaluation and legislation. Disagreements in the assessment
of the results are mainly related to methodological differences in the evaluation of the
available evidence [131]. In the EU, glyphosate approval has been renewed until December
2022; however, the debate remains open.

Crystalline semiconductors with different exposed facets may show substantial varia-
tions in adsorption and photocatalytic efficiency. This was demonstrated for anatase TiO2
nanomaterials, exposing a high or low fraction of specific facets. The surface energy of
different facets dominated the adsorption of PMG, and the highest Langmuir adsorption
capacity (0.88 molecules/nm2) was observed on {201}-TiO2, with the sample also exhibiting
the highest photodegradation reaction constant [108]. The better photoactivity was at-
tributed to a more efficient ROS generation, a larger electron transfer and oxygen reduction
reaction (ORR) rate. Two-dimensional correlation spectra (2D-COS) and ATR-FTIR analysis
proved that each functional group of PMG adsorbed on TiO2 underwent a transformation
sequence of a different order.

The size of nanoparticles is another factor that can have a great influence on photocat-
alytic activity, particularly when approaching extremely small sizes. Investigating cerium
dioxide nanoparticles with ultrasmall controllable diameter, synthesized with citric acid
as capping agent, Wu et al. observed a significantly size-dependent activity in glyphosate
degradation [109]. The finest CeO2 NPs (2.1 nm) provided several times higher degradation
rates compared to 4.8 nm NPs, achieving PMG removal in 5 min under UV irradiation and
20 min under visible light, at pH 4. These hybrid CeO2 nanomaterials exhibited high surface
areas, abundant oxygen defects and a good stability of dispersion in water. The excellent
photocatalytic efficiency was explained as due not only to the morphology and defectivity,
but also on the role of bonded citric acid as electron donor, fostering the regeneration of
Ce3+ sites by ligand-to-metal charge transfer. On the other hand, W-doped ZnO showing
large wurtzite crystallites was prepared by a simple precipitation method and tested in
PMG photodegradation under simulated solar light [110]. The optimal doping amount
was found to be 1.5 mol%, providing 74% removal and 30% mineralization in 180 min with
1.5 g/L catalyst dosage.

Among the bismuth-based semiconductors emerging as photocatalysts, bismuth vana-
date and tungstate possess a relatively low band gap (about 2.4 and 2.7 eV, respectively),
resulting in visible light response, and chemical stability against photo-corrosion. Het-
erojunctions with other semiconductors are frequently examined to enhance their activity.
Luo et al. fabricated via a facile two-step hydrothermal method, peanut-like shaped
MoSe2/BiVO4 composites responsive to visible light [112]. The coupling of MoSe2 and
BiVO4, forming a heterojunction, enhanced the photocatalytic activity, transfer of photo-
generated carriers and the charge separation. The highest photocatalytic performance for
the degradation of PMG was observed for 0.15MoSe2/BiVO4 sample, which also presented
high stability and good reusability in the photocatalytic reactions among all the as-prepared
composites. Cu2S/Bi2WO6 composites synthesized by a three-step route, including hy-
drothermal treatments for the two semiconductors and a subsequent ultrasound-assisted
stage for their coupling, displayed a hierarchical flower-like nanostructure, with Cu2S
nanoparticles deposited on the surface of Bi2WO6 nanosheets [113]. These materials
proved considerable and stable activity in PMG degradation under visible light, which was
explained according to a Z-scheme mechanism that maximizes charge separation, with
optimum loading of Cu2S equal to 1 wt%. Cao et al. prepared magnetic BiOBr/Fe3O4
nanocomposites photocatalysts via a facile solvothermal process [111]. These catalysts
showed excellent photocatalytic activity toward glyphosate degradation in water under
visible-light irradiation and magnetic recyclability. The degradation reached 97%, which
was higher than that of the pure BiOBr nanosheets (85%) within 60 min. In particular,
BiOBr/Fe3O4 nanocomposites exhibited high reusability, as after five repeated trials, the
percent of degradation of PMG was still more than 90%. The higher photocatalytic activity
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than that of pure BiOBr was attributed to the efficient separation of photoinduced charge
carriers, where h+ was shown to be the dominant reactive species in the photodegradation.

Electrochemical oxidation systems were also tested for glyphosate decomposition. A
TiO2 photoanode was deposited on boron doped diamond (BDD) by sol–gel coupled with
spin coating, using titanium oxysulfate as precursor and obtaining aggregates of anatase
nanoparticles [132]. The removal of PMG electrocatalysis in the dark reached 91% in 5 h,
with significant TOC and COD abatement. The photoelectrocatalytic performances under
UV irradiation were higher, as expected, and allowed a virtually complete PMG removal in
less than 4 h with lower current density (3 mA cm−2). Non-irradiated PMS activation was
studied on Fe3CeOx prepared by a simple co-precipitation procedure, observing rapid and
complete degradation of glyphosate (100 mg/L) within 15 min, with 85.6% TOC removal
and 80.8% total nitrogen (TN) removal, using 0.5 mM PMS and 3 g/L of catalyst [114]. The
outstanding catalytic activity and stability of the material originate from the synergy of iron
and cerium, in particular the reductive action of Fe2+ and Ce3+. The C–N and C–P bonds of
glyphosate appeared susceptible to attack by sulfate and hydroxyl radicals, resulting the
formation of aminomethylphosphonic acid (AMPA), a typical by-product, and PO4

3− by
dephosphorylation, and ultimately driving mineralization.

4.2.3. Paraquat

Paraquat (also known as methyl viologen) is a bypiridinium compound, widespread
as a fast-acting and non-selective herbicide. It exerts significant toxicity in humans and
animals, and recent studies have demonstrated adverse effects on the endocrine system
of mammals and on neurogenesis (the generation of new neurons), indicating it as an
etiological factor of Parkinson’s disease [130].

Supported photocatalysts were prepared depositing P25 TiO2 nanopowder on SiC
foam cylinders (16 wt% loading), by repeated dipping and final annealing [115]. Tests
of paraquat (5–40 mg/L) degradation were conducted in a photocatalytic tubular reactor
equipped with a UV-C lightning system (254 nm), showing improved efficiency of the pho-
tocatalytic system compared to photolysis, particularly in the mineralization, which was
90% after 180 min. Carboxylic acids were identified as the main reaction intermediates. TiO2
was also supported on highly ordered mesoporous silica (SBA-16), preparing nanocompos-
ites with large specific surface area via templated sol–gel route [116]. Batch tests showed
that paraquat (50 mg/L) mixed with a dye was adsorbed and gradually decomposed by
SBA-16/TiO2 (0.4 g/L) under UV illumination, reaching 70% removal after a prolonged
reaction time of 24 h. Carbon-modified titania nanomaterial synthesized by hydrolytic
sol–gel in the presence of coffee extract was tested in the photodegradation of paraquat (5
to 50 mg/L) under UV light, observing a moderate activity with 0.6 g/L of TiO2/C, which
was manifold increased with the addition of 10 mM H2O2 [133]. However, the lack of
characterization of the materials prevented the evaluation of the influence of the carbona-
ceous phase on the functionality. In the extensively studied branch of non-metal doping of
TiO2, nitrogen is the reference element, inducing a moderate band gap reduction. N-doped
TiO2 samples with nanorice-like morphology, synthesized via hydrothermal method and
calcined at different temperatures, were tested in paraquat (20 mg/L) photodegradation
with 1 g/L of catalyst [117]. The removal over the uncalcined sample was about 86% and
62% after 120 min of UV and visible irradiation, respectively. The decrease of the photoac-
tivity with the treatment temperature was explained as due to the gradual reduction of
specific surface area and nitrogen content. These results are comparable to those reported
for a N-doped TiO2-based magnetic nanomaterial with a Fe3O4 core (N-TiO2@SiO2@Fe3O4)
synthesized by sol–gel and used in paraquat decomposition, showing visible light activity
with TOC removal up to 85% in 180 min and good reusability [118]. Boron-doped TiO2-SiO2
prepared by sol–gel was coupled with cobalt ferrite nanoparticles through hydrothermal
process [119]. The so-obtained magnetically separable composite, B-TiO2-SiO2/CoFe2O4,
exhibiting low band gap and long charge carrier lifetime, was applied for the decontamina-
tion of real and synthetic wastewaters containing recalcitrant compounds, among them the
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pesticides diazinon and paraquat. The latter was completely removed under visible light at
the optimized conditions, i.e., COD concentration of 300 mg/L, catalyst loading of 2.5 g/L
and pH 3, in 3.5 h, with degradation rate constant 0.89 h−1. Another magnetic photocatalyst
was prepared coupling TiO2 with α-Fe2O3 and MIL-101(Cr) metal-organic framework in
a three-step solution synthesis procedure [120]. The operating parameters for paraquat
photodegradation were optimized, achieving 87% removal at 20 ppm initial concentration
with 0.2 g/L of catalyst in 45 min, nonetheless the role of the MOF component was not
clearly defined.

Kumar et al. prepared a biochar-supported magnetic ternary heterojunction, g-
C3N4/Bi2O2CO3/CoFe2O4 (BCBF), through a multistep precipitation–hydrothermal
method [121]. The nano-assembly exhibited high quantum efficiency, charge separation
and transport and ROS generation, as revealed by photoluminescence and electrochemical
analyses, resulting in excellent visible light activity. The degradation of paraquat was tested
in various conditions: visible radiation, natural sunlight, photo-ozonation and presence
of peroxymonosulfate. The removal of 20 ppm paraquat with 0.5 g/L of BCBF reached
99.3% under visible radiation in 90 min and 92.1% under solar light in 120 min, being
manifold faster on the ternary junction than on its single components or binary composites.
A combined experiment BCBF/PMS/O3/visible led to complete mineralization in less than
30 min. Moreover, the absence of cyto-toxicity of the nanomaterial was checked by cell
viability assay.

4.2.4. Chlorinated Phenoxyalkanoic Herbicides

Chlorinated phenoxyalkanoic acids are a family of widespread herbicides considered
as priority pollutants. Their most common representative is 2,4-dichlorophenoxyacetic acid
(2,4-D), an EDC with toxic and carcinogenic effects, whose partial breakdown can originate
other harmful compounds, such as 2,4-dichlorophenol. The photodegradation of 2,4-D was
tested under UV irradiation over Fe3O4@WO3 nanomaterials supported on mesoporous
silica SBA-15, prepared by the co-precipitation, solvothermal and hydrothermal meth-
ods [123]. The magnetic photocatalyst with 5% Fe3O4@WO3 loading gave 91% degradation
of the herbicide in 4 h. Cerium dioxide and a CeO2-Bi2O3 mixed oxide synthesized through
co-precipitation method were tested in the degradation of 2,4-D under visible light [122].
The mixed catalyst with 30 wt% Bi2O3 showed slightly increased photodegradation rate,
with a removal of the herbicide of 91% after 13 h.

The photoelectrochemical oxidation of 2,4-D was investigated on blue TiO2 nanotube
(TNT) arrays, fabricated via an electrochemical reduction method with formic acid as the
electrolyte [124]. These TNT contained Ti3+ sites responsible for increased conductivity
and visible light absorption. Their use as electrodes under simulated solar radiation gave
2,4-D degradation rate constant (0.0295 min−1) more than twice the sum of the rates of
electrocatalytic and photocatalytic processes alone.

TiO2-based amorphous hybrid materials synthesized by hydrolytic sol–gel route
with the addition of a diketone (acetylacetone) were studied by Pirozzi et al. for the
catalytic removal of four related chlorinated aromatic herbicides: 2,4-D, MCPA (4-chloro-2-
methylphenoxyacetic acid), 4-CPA (4-chlorophenoxyacetic acid), and MCPB (4-(4-chloro-
2-methylphenoxy) butanoic acid) [50]. The ligand-to-metal interfacial charge transfer
complexes (acetylacetonate-Ti) allowed the generation in ambient conditions of extremely
stable superoxide radicals. These ROS induced strong oxidative activity in water in the
absence of light irradiation or additional oxidants, also by producing •OH radicals. Re-
moval efficiencies between 80% and 90% were observed in 60 min using 0.2 mM initial
herbicide concentration and 1 g/L of catalyst. At higher concentrations some differences
in the process rates were observed; however, the removal of all contaminants tended to
be completed in short times, leading to a distribution of oxidation by-products and sug-
gesting a consecutive adsorption–degradation process, supported by the good fitting of the
concentration decay curves obtained by double-exponential model. •O2

− radicals were
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easily regenerated on the surface of the hybrid catalyst, allowing its efficient reuse. The
same catalyst proved effective also in the removal of phenanthrene [50].

The synergy between cobalt and nickel was exploited by Sharma et al., who prepared
a bimetallic catalytic system comprising a polymeric chitosan support decorated with
redox couple Co–Ni nanoparticles [125]. The magnetically recoverable Co–Ni@CS@Fe3O4
nanocomposite was obtained by anchoring Co and Ni catalytic centers onto the surface of
chitosan. The bimetallic nanocomposite fostered the in situ generation hydroxyl radical
species with the addition of H2O2, catalyzing the oxidative degradation of water contam-
inants, including 2,4-D. In comparison to its monometallic counterparts, the bimetallic
nanocomposite resulted in an enhanced degradation efficiency toward 2,4-D (95.50%) and
methyl orange dye (93.14%) due to a synergistic effect produced by the combination of
two metals, and a significant reusability in eight consecutive cycles.

4.2.5. Other Pesticides

Dichlorodiphenyltrichloroethane (DDT) was an extremely widespread insecticide
that was banned in most countries decades ago, because of its environmental and human
toxicity, including endocrine disrupting activity and probable carcinogenity. Nonetheless,
its production has decreased but not ceased, as DDT is allowed for disease vectors control
(like malaria-transmitting mosquitoes) and is still used locally. Moreover, its chemical
stability and lipophilicity make it a persistent organic pollutant with high bioaccumulation
tendency, still found in waters and soils. In recent years few works have dealt with the
heterogeneous chemical degradation of DDT. Tin dioxide was coupled with a conductive
polymer, polyaniline (PANI), to enhance its catalytic activity [126]. PANI/SnO2 nanohy-
brids with different compositions were prepared via ultrasound-assisted polymerization of
aniline in the presence of SnO2 nanoparticles synthesized by precipitation using Guava
extract. Microwave-assisted catalytic degradation of DDT resulted in a fast removal of more
than 80% DDT in very short times (12 min of microwave irradiation), even with pollutant
concentrations as high as 500 mg/L on PANI/SnO2-50/50. A variety of by-products was
detected, including relatively low molecular weight ones produced by dechlorination.
Three different structures of MnO2 synthesized by an oxidation method in liquid phase
were tested in PMS activation for the degradation of DDT [127]. The crystal structure,
surface area and Mn(III) content were individuated as the main properties affecting the
catalytic activity. α-MnO2 was the most efficient polymorph, followed by γ-MnO2 and
β-MnO2. Almost complete removal of DDT (0.5 mg/L) was attained in about 4 h with
0.5 g/L catalyst load, and higher temperature and acidic pH were observed to increase
the efficiency. Sulfate radical was confirmed to be the principal oxidant involved in the
process and some breakdown products were identified, resulting from dechlorination
and hydroxylation.

Some studies have focused on less widely known agrochemicals with ascertained or
likely endocrine disrupting effects. TiO2 and ZnO are still the most studied photocatalysts
and the comparison of their efficiency may give variable results, depending on factors
like the considered structure and morphology, besides the chosen target substrate and
reaction conditions. Vela et al. studied the combination of persulfate with commercial
TiO2 [128] or ZnO [129] in the degradation of two fungicides (vinclozoline and fenarimol)
and four insecticides (malathion, fenotrothion, quinalphos, and dimethoate) with endocrine-
disrupting activity. After optimizing the process conditions in a lab photoreactor, they
tested it in a pilot-scale plant under natural sunlight, using 200 mg/L of photocatalyst,
250 mg/L of Na2S2O8 and 0.3 mg/L of each pesticide. In 4 h the target contaminants
were in most part removed, except for fenamirol, and a substantial reduction of dissolved
organic carbon indicated complete mineralization. The authors reported a higher efficiency
of ZnO compared to TiO2, anyway they did not discuss more in depth the origin of the
differences in the behavior of the two materials.

Sharma et al. synthetized porous WO3/SiO2 monoliths, by vacuum impregnation
of sodium tungstate in silica monoliths and calcination [134]. The composite monoliths
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exhibited a connected porous network structure, high surface area and 2.5 eV band gap.
Degradation of imidacloprid insecticide (59%) and methylene blue (97%) was recorded
under visible-light illumination in 60 min, with good reuse stability.

The problem of the detection of pesticide residuals in liquid matrices was faced by
Quan et al., coupling their sensing with the removal [135]. They prepared arrays of 3D
tilted ZnO microrods by chemical bath deposition, following by Ag sputtering, which de-
tected small concentrations of pesticides (the fungicide thiram and some methamidophos
compounds) in fruit juices by a surface-enhanced Raman spectroscopy (SERS) method. The
same ZnO/Ag material revealed promising performance in the degradation of the contam-
inant under visible irradiation, owing to the Schottky barrier formed by Ag nanoparticles,
acting as electron collectors.

4.3. Photocatalytic and Catalytic Degradation of Pharmaceuticals and Personal Care Products

The awareness of the pollution caused by pharmaceuticals and personal care products
is growing rapidly, as the negative effects of many active ingredients in drugs or com-
ponents of the most common personal care products are increasingly being recognized.
Massive production and ubiquitous use (often individual use), followed by frequent and
incorrect disposal, results in the significant presence of these chemicals in wastewater.
Among these classes of EDCs, antimycotic triclosan, parabens, and hormones (Figure 11),
as well as other pharmaceuticals, such as anti-inflammatory and antibiotic ones, are of
great concern.
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4.3.1. Triclosan

Triclosan (5-Chloro-2-(2,4-dichlorophenoxy) phenol, TCS) is an antimicrobial agent
contained in some detergents, toothpastes, and other PCPs. Its use has been restricted in
several counties because of concerns about bacterial resistance and endocrine disruption
activity. The worries about the environmental consequences of the presence of triclosan
(TCS) in water are also related to harmful by-products, such as polychlorinated dibenzodi-
oxins [136].

A TiO2-rGO composite prepared by hydrothermal method was tested in the pho-
todegradation of triclosan under solar light [137]. At the optimal rGO content of 10 wt%,
the catalyst could remove 1 mg/L of triclosan in 24 h exposure to sunlight and performed
effectively also in secondary-treated effluent matrix, at ambient pH conditions. Based on
scavenging and mineralization experiments the authors proposed a degradation mecha-
nism implying the action of hydroxyl radicals and the removal of chloride. About 85%
of TCS degradation was achieved in the secondary effluent, while 100% was obtained
in pure water after 16 h of irradiation. A similar nanomaterial produced through a hy-
drothermal route was proposed by Ojha et al. for triclosan removal [138]. In particular,
the authors explored the use of two semiconductor materials (TiO2 and cadmium sulfide
nanoparticles, CdS), connected through a charge transfer system (graphene) with the aim
of enhancing photocatalytic degradation. Triclosan was completely degraded after 6.5 h of
reaction, followed by an overnight irradiation step. The obtained results were attributed to
the enhanced charge transfer as well as separation of the photogenerated charge carriers
observed in the ternary CdS@TiO2-rGO nanocomposite.

A Fe2O3-TiO2/PVP composite layer was prepared by spray coating a mixture of the
commercial oxides and polyvinylpyrrolidone on a glass pipe and tested in triclosan degra-
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dation under solar light in deionized water and simulated greywater effluent [139]. The
authors found this immobilization procedure effective, leading to a removal up to 83%,
and proposed a decomposition pathway based on the intermediates detected by LC-MS. A
similar spray coating technique was used for the deposition of magnetic composites of iron
oxide (α-Fe2O3 and Fe3O4) and carbon nitride (C3N4) synthesized via a microwave-assisted
hydrothermal route [140]. Such catalyst showed interesting results in the degradation of tri-
closan and ethinylestradiol under visible-light irradiation, particularly a TCS was degraded
with up to 46% of the initial concentration within 8 h, under visible-light irradiation. A
Fe/Nb2O5 catalyst, prepared by impregnation of iron (1.5 wt% nominal load) on hydrated
niobia and immobilized on calcium alginate spheres, was tested in triclosan degradation
in a continuous flow photoreactor, under solar and artificial radiation [136]. The authors
showed a promising removal of triclosan and 2,8-dichlorodibenzo-p-dioxin formed as
intermediate, with a degradation efficacy up to 80% being achieved in the best operational
conditions; however, they recorded a rapid loss of activity and did not investigate the
relationships between properties and functionality.

Highly efficient thin film photocatalysts were investigated by Katal et al. [141]. CuO
films were developed through rapid thermal annealing and decorated with Pd nanos-
tructures, which considerably increased optical absorption, improving the photocatalytic
performance through the enhancement of surface plasmon resonance, ultimately reach-
ing a value of 99% in TCS degradation. Thin film photocatalysts were also synthesized
by Tiwari et al. [142]. The authors produced nanocomposite mesoporous Ag(NPs)/TiO2
thin films through a template assisted synthesis. The oxidative elimination of TCS, under
UV-A irradiation, was demonstrated as a function of pH, concentration of triclosan and
presence of several co-existing ions. Furthermore, good stability in the multiple use of the
obtained nanocomposites was assessed. In addition, the thermal assisted preparation led
to a significant enhancement of both charge generation and separation efficiency through
improvement of crystallinity and reduction of recombination centers.

Cobalt-doped (Co-TiO2) and cobalt and nitrogen co-doped (Co-TiO2-N) anatase nano-
catalysts were synthesized by an improved hydrothermal method by Ferreira et al. [143].
The Co-TiO2-N catalyst displayed the best photocatalytic activity in the degradation of TCS
achieving, under UV (365 nm) and Vis (450 nm) LED lights irradiation, nearly complete
(>99%) TCS degradation (10 mg/L) in 20 min. The reduction of bandgap energies combined
with the electron trapping phenomenon, promoted by both Co3+/Co2+ redox pair and
the energy level transitions for the nitrogen-related conduction band, improved catalytic
performance. In addition, a mechanism involving mineralization of TCS was reported.

Chen et al. successfully synthesized through solution-based oxidation–precipitation
and insertion–crystallization processes spinel-type oxide CoxMn2-xO4 to catalyze perox-
ymonosulfate in the heterogenous degradation of TCS [144], as schematically described
in Figure 12. In addition to sulfate radical, the generation of singlet oxygen from lattice
oxygen facilitated the metal redox cycle and promoted the heterogeneous PMS activation
in TCS oxidation. At initial pH of 6.8, the authors reported a degradation efficiency up
to 96.4% within 30 min of reaction. Furthermore, degradation pathways of TCS which
involved the breakage of ether bond or cycloaddition reaction were reported.

A green option for TCS removal was proposed by So et al. using recyclable commer-
cial magnetic nanoparticles, which acted as both adsorbent and catalyst component in a
Fenton-like process [145]. PMS was used as source of radicals and the effects of Fe3O4
and PMS dosage, adsorption, pH, and catalyst surface charges were studied. Under the
optimum conditions, TCS was completely removed in less than 60 min. The same authors
implemented their operational conditions avoiding the use of PMS that showed toxic effect
on aquatic animals [146]. Indeed, they demonstrated that PMS can be used to pre-activate
catalytic MnFe2O4 nanoparticles, during this activation step Mn2+ was altered into man-
ganese oxides which oxidize TCS in the succeeding degradation reactions; hence, the direct
addition of PMS is no longer required. The results showed that the preactivated catalyst
provides satisfactory results with the total removal of TCS in 20 min at neutral pH.



Catalysts 2022, 12, 289 29 of 50

With a similar purpose, Huang et al. investigated the catalytic performance of CuO
loaded halloysite nanotubes to activate persulfate (PS) to degrade and mineralize TCS [147].
Total removal was achieved in 180 min under optimized conditions. The mechanism study
demonstrated that even if radical reactions pathway (•OH and •O2

−) existed and the
non-radical mechanism (1O2 and surface electron transport) was dominant to the efficient
TCS degradation. A detailed investigation on the degradation intermediates indicated that
TCS began to break from the aromatic ring containing monochlorine, and the Cl functional
group was gradually substituted. CO2 and H2O were generated with breaking of ether
bonds. A simultaneous removal of heavy metal, Cr(VI), and TCS was proposed by Song
et al. through an Fe3O4-activated PS oxidation process [148]. The catalyst was prepared
through ultrasonic-assisted reverse coprecipitation, a removal of 87.5% and 99.5% was
achieved within 120 min for TCS and Cr(VI), respectively. The proposed degradation
pathways indicated that sulfate radicals are the primary radical species responsible for TCS
degradation, followed by the breakage of ether bond, de-chlorination, and hydroxylation.
The study proved that the Fe3O4-activated PS oxidation process could be used as an
effective technique for the simultaneous removal of heavy metal and organic pollutants.

Overall, triclosan contamination has recently been treated by sulfate radical generation,
in addition to photocatalysis, often relying on iron compounds, as summarized in Table 4.

Table 4. Summary of representative metal-oxide-based nanomaterials used for the degradation
processes of triclosan.

Material Preparation Target Conditions Results Ref.

TiO2-rGO Hydrothermal route TCS
(100 mg/L) Solar light 85/100% removal

0.251 h−1 [137]

CdS@TiO2-rGO
nanocomposite Hydrothermal route TCS

(40ppm) visible light 100% removal
2.7 × 10−3 min−1 [138]

Ag (NPs)/TiO2
film

Template assisted
synthesis

TCS
(1.0 mg/L) UV-A 75% removal

0.992 mg/L/min [142]

Co,N-codoped TiO2
nanoparticles Hydrothermal route TCS

(10mg/L)
UV/Vis LED lights

irradiation
>99% removal

0.2340 ± 0.006 min−1 [143]

Fe2O3-TiO2/PVP
composite Spray coating TCS

(1–10 mg/L) Solar light 83% removal
0.3405–0.0687 min−1 [139]

Fe3O4/C3N4
Microwave-assisted
hydrothermal route

TCS
(4 × 10−5 M) Visible-light 46% removal

2.3 × 10−5 s−1 [140]

Fe/Nb2O5 Impregnation TCS Solar/artificial
irradiation 80% removal [136]

CuO-loaded halloysite
nanotubes Hydrothermal route TCS

(2 mg/L) activated PS 100% removal [147]

CoxMn2-xO4

Solution-based oxida-
tion/precipitation

process

TCS
(10 mg/L) activated PMS 96.4% removal

0.106 min−1 [144]

Fe3O4 commercial TCS
(0.03mM) activated PMS 100% removal [145]

MnFe2O4 commercial TCS
(0.03 mM) activated PMS 100% removal [146]

Fe3O4
Ultrasonic-assisted

reverse coprecipitation
TCS

(5 mg/L) activated PS ~88% removal
0.022 min−1 [148]
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4.3.2. Parabens

Parabens are alkyl esters of 4-hydroxybenzoic acid widely used as preservatives in
pharmaceutical and personal care products (PCPs) due to their useful properties, such as
good water solubility, chemical stability, low production cost combined with antimicrobial
activity. The continuous increase in parabens and their metabolites in water bodies cause
adverse health effects including inhibition of thyroid gland, hindrance of reproduction,
endocrine disruption. Generally, the most used methods of removing parabens from water
and wastewaters just transfer them into another medium, without any degradation. In
contrast, photocatalysis represents an alternative technique capable of degrading parabens
by using cheaply available solar energy and light-sensitive catalysts [149–151].

Foszpańczyk et al. proved that solar energy, instead of expensive UV light, may be ap-
plied either as photocatalytic oxidation or as photosensitized oxidation [152]. The efficiency
of noble metal-doped TiO2 nanoparticles in degrading a mixture of parabens (methyl-,
ethyl-, propyl, butyl- and benzyl-parabens, MP, EP, PP, BuP and BeP) by simulated and
natural sunlight radiation was compared in various water matrixes. They identified the
singlet oxygen and hydroxyl radicals as oxidant species for photosensitized and photocat-
alytic oxidation, respectively. Application of sunlight for both processes led to degradation
of parabens which increased with increasing length of the hydrocarbon chain and reached
about 90% of degradation efficacy when tap water was used as matrix.

Self-organized TiO2 supported nanotubes were recently evaluated by Gomes et al. for
the photocatalytic degradation of parabens mixtures (MP, EP, PP) [153]. In particular, a
one-step anodization method was applied for the TiO2 systems production with the aim
to improve the possibility to easily reuse and recover the catalysts. The photocatalytic
oxidation was evaluated using two different irradiation sources, UVA, and sunlight. The
sunlight radiation, using the most suitable reactor configuration, accounted for 35% of
parabens removal in 60 min. The same authors implemented paraben mixture degradation
comparing the ozone-based technologies with photocatalysis [154]. The experiments
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involving UVA with ozone should enhance the parabens’ degradation leading to a total
removal in about 15 min, while photocatalysis only led to a best result of about 50%
degradation in 120 min. Methyl and ethyl paraben degradation was investigated by
Vela et al. [155], with the purpose of assessing the treatment strategy using commercial TiO2
nanopowders (P25, Alfa Aesar and Kronos vlp 7000) in tandem with Na2S2O8 as electron
acceptor under natural sunlight. The degradation rate of the studied EDCs was enhanced
compared with photolytic tests. In addition, more than 90% of the TiO2 nanopowders can
be easily recovered through ultrafiltration for reuse in further photocatalytic processes.

A series of CoOx/BiVO4 catalysts with variable cobalt content were synthesized by
Petala et al. [156] and tested for the degradation of PP under simulated solar irradiation.
Catalysts were synthesized through wet impregnation method and the cobalt addition
improved the absorbance in the visible region of BiVO4. Th efficient electron–hole separa-
tion, achieved at the p-n junction formed between the p-type Co3O4 and the n-type BiVO4
semiconductors resulted in an impressive enhancement of the photocatalytic performance.
The catalyst loaded with 0.5 wt.% Co allowed to obtain an almost complete degradation of
PP (97%) after 150 min under simulated solar irradiation.

Porous quaternary titanate nanorods, as efficient catalyst for parabens degradation,
were successfully synthesized for the first time by Moschogiannaki at al. [157]. A solution-
based method following an ethylene glycol route at room temperature was exploited
to produce CoxNi1-xTiO3 nanorods assessed for the photocatalytic degradation of ethyl
paraben under both simulated solar and visible-light irradiation. Again, the reduced
recombination rates of the photogenerated electrons and holes, given by the synergy
between nickel and cobalt cations, resulted in enhanced degradation activity. All nanorods
with Co0.5Ni0.5TiO3 composition were capable of degrading paraben under simulated
solar radiation, with the sample exhibiting the best photocatalytic activity: 92% paraben
degradation occurred after 5 h of solar irradiation.

To solve the main problem in the photocatalysis processes related to the recombina-
tion of the electron–hole pair Sheikhmohammadi et al. investigated the photocatalytic
removal of benzylparaben (BzP) using nano-ZnO catalysts in the presence of hydrogen
peroxide [158]. H2O2 was proposed as exogenous oxidant to generate •OH extra radi-
cals by reacting with e−. The BzP removal was conducted under UV irradiation and the
degradation efficiency was evaluated with and without the presence of H2O2. More than
65% of BzP was degraded within 90 min under UV irradiation; under the same operation
conditions, the addition of H2O2 resulted in 100% degradation efficiency. With the same
purpose, Asgari et al. proposed a photocatalytic ozonation treatment of different types of
parabens (MP, EP, PP, BuP and BeP) using a combination of ZnO, ozone techniques and UV
light source [159]. The results discussed in the study proved that the proposed combined
technique, in the best operational condition, enhanced the degradation rate leading to 100%
removal for MP, EP, PP, BuP, and 94% for BeP in 20 min.

The main outcomes reported in this section highlight that high percentages of parabens
were removed by principally using TiO2- and ZnO-based nanostructured materials, ob-
tained through different synthetic approaches, and acting under UV and sunlight irradia-
tion. The features and performances of these nanomaterials are summarized in Table 5.
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Table 5. Summary of representative metal-oxide-based nanomaterials used for the degradation
of parabens.

Material Preparation Target Conditions Results Ref.

Ag/Pd/Au/Pt-doped
TiO2

photodeposition/sol–gel
method

Paraben mixture
MP, EP, PP,
BuP, BeP

(10 mg/L)

Sunlight 90% removal [152]

TiO2 supported
nanotubes

one-step anodic
oxidation method

Paraben mixture
MP, EP, PP
(1 mg/L)

UV/Sunlight 35%r emoval [153]

TiO2 supported
nanotubes

one-step anodic
oxidation method

Paraben mixture
MP, EP, PP
(1 mg/L)

UV/ozone 100% removal [154]

TiO2
nanopowder commercial MP, EP

(300 g/L)
PS,

natural sunlight
90% removal

(0.006 ± 0.005 min−1) [155]

CoOx/BiVO4 wet impregnation PP
(200–400 µg/L) simulated sunlight 97% removal

(0.025 ± 0.001 min−1) [156]

CoxNi1-xTiO3
nanorods solution-based method EP

(250 g/L)
simulated

solar/visible light 92% removal [157]

nano-ZnO commercial BzP
(15 mg/L) UV/H2O2

100% removal
(0.3305 min−1) [158]

nano-ZnO commercial
MP, EP, PP, BuP

and BeP
(10 mg/L)

UV/ozone 100%, 100%, 100%,
100% and 94% removal [159]

4.3.3. Steroid Hormones

Steroid hormones also directly interact with the normal functioning of endocrine
systems. At present, waste generated by pharmaceutical industries and human and an-
imal excretions (urine and feces) represent the major source of hormone pollution. The
most common natural and synthetic hormones found in the environment include estrone
(E1), 17β-estradiol (E2), estriol (E3), 17α-ethinylestradiol (EE2). All these compounds are
constituted by a tetracyclic network consisting of a phenolic, two cyclohexane, and one
cyclopentane ring [160].

A new class of ‘sea-buckthorn-like’ composite material, constituted by amorphous
MnO2 NPs decorated titanate nanotubes (TNTs) was developed by Du et al. and used for
17β-estradiol (E2) degradation [161]. MnO2 was exploited to pre-activate E2 through one-
electron oxidation, while TNTs as the primary photocatalytic center. The synergetic effect
of these two processes leads to efficient E2 removal by MnO2/TNTs under simulated solar
light, with a TOC elimination rate of 82.6% in 1 h. In addition, a dual-enhanced mechanism
was proposed by the authors to interpret the high degradation efficiency: (1) heterojunction
structure of MnO2 and TNTs inhibited electron−hole recombination and promoted visible-
light-driven photocatalytic activity, and (2) synergy of pre-oxidation and photocatalysis
led to high reactivity on activated E2 radical and •OH coupling (see Figure 13). MnO2
nanozyme was also selected by Sun et al. for its intrinsic enzyme-like activity to remove
17β-estradiol [162]. The reported results indicated that the system removed up to 97.3%
of E2 at pH 6. In addition, the authors demonstrated that the presence of humic acid, the
major component of natural organic matter in aquatic ecosystems, negatively influenced
E2 removal. Indeed, humic acid competed with E2 for the catalytic sites of the MnO2
nanozyme surface and thus decreased the affinity between MnO2 and E2.
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Immobilized titanium oxide-based composites, made by coupling TiO2 and iron-
exchanged zeolite (FeZ) and semiconductor SnS2, were applied as solar active photocata-
lysts for the treatment of 17β-estradiol (E2) in water and in the presence of H2O2 [163]. The
influence of pH, [H2O2], and composite formulation on the effectiveness of E2 degrada-
tion was deeply investigated. The highest degradation efficacy of 78.1% was achieved by
solar/TiO2-FeZ/H2O2 process. In addition, the influence of real water matrix constituents
such as natural organic matter, nitrates, and carbonates on the effectiveness of E2 degrada-
tion was investigated. The authors found that the removal was enhanced in the presence of
natural organic matter, while the inhibitory effect was observed in the case of nitrates and
carbonates presence. A novel hybrid photocatalyst, made of zinc oxide functionalized with
aluminum and polythiophene (Pth), was proposed by Majumder et al. for the photocat-
alytic degradation of E2 under UVA irradiation [164]. A removal efficiency of about 96%
was achieved in this case. The authors demonstrated that the addition of Pth increased the
light-absorbing capacity, while Al doping reduced electron–hole recombination improving
the photocatalytic activity. In addition, the choice of the calcination temperature allowed to
easily tune crystals size ultimately varying catalyst bandgap.

In the study of Wei et al., a novel synthesis of silver and strontium modified TiO2
nanocomposite, through a sol–gel method, was proposed [165]. Reported results indicated
that co-doping remarkably narrowed the band gap of catalyst and inhibited the recom-
bination of electrons and positive holes, enhancing the visible light degradation of the
synthetic estrogen 17α-ethinylestradiol (EE2). A photocatalytic degradation performance
of 94% was found, and no decrease in the catalyst activity was observed after four cycles,
demonstrating high photocatalytic stability coupled with excellent reusability. TiO2–ZnO
nanocomposites were tested by Menon et al. in the photocatalytic removal of both 17β-
estradiol and 17α-ethinylestradiol under UV and visible irradiation [166]. A detailed study
of the decomposition of both estrogenic compounds was conducted over a range of differ-
ent initial ECs concentrations and 100% transformation was obtained in the best conditions
under visible irradiation. The authors proved that degradation was accompanied by break-
down of the fused ring structure of E2 and EE2, generating smaller molecular weight
by-products. Niobium pentoxide was tested in the UV photodegradation of EE2 and three
other pharmaceuticals, acetylsalicylic acid, ibuprofen and paracetamol [167]. The effect of
calcination temperature of commercial Nb2O5, pH and catalyst dosage were assessed. The
higher degradation results were achieved at pH 4, with removal greater than 85% at the
end of 120 min of photocatalytic reaction.

A novel catalyst based on the combination of α-FeOOH and MnO2@MnCO3 was
tested for the first time in the photo-Fenton-like degradation of EE2 [168]. α-FeOOH
nanoparticles were deposited on the surface of MnO2@MnCO3 microspheres. The com-
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bination of these two components results in a great enhancement of the overall catalytic
process, indeed almost total degradation of EE2 hormone was achieved after only 2 min of
simulated solar irradiation at neutral pH. The high degradation efficacy was attributed to
the larger generation of hydroxyl radicals, the primary mediators of the total oxidation for
this hormone.

On the other hand, Zhu et al. developed a bismuth-containing photocatalytic biochar
(BiPB) using Bi/Bi2O3 for the degradation of estrone (E1) [169]. The reaction rate constant
inherent to the degradation process was almost tenfold and more than 20 times than that of
biochar without bismuth impregnation and pristine Bi/Bi2O3, respectively. The chemical
investigation revealed that the photocatalytic performance of BiPB composites could be
mainly attributed to generation of •OH, which were effectively stabilized in the hierarchical
porous structure of biochar. The pre-concentration of estrone on BiPB was catalyzed by
the presence of biochar. This latter also improved the separation and transfer efficiency of
charge carriers.

High and low UV irradiation conditions were investigated for the degradation of
estriol (E3) using iron doped TiO2 nanoparticles [170]. Interestingly, the presence of fer-
ric ion (Fe3+), unintentionally added because of the precursors of the synthetic method,
played a key role in the photocatalytic generation of hydroxyl radicals (•OH) and estriol
(E3) degradation. An efficiency of up to 80% of E3 degradation was achieved in both
irradiation regimes [166]. To obtain a fast and efficient degradation of estrone (E1) and
17α-ethinylestradiol (EE2), de Oliveira et al. proposed the use of nanotubular oxide arrays
grown on Ti-0.5wt% W under irradiation with ultraviolet (UV) and visible light [171].
The presence of WOx species and amorphous WO3 in the oxide layer resulting from the
doping of TiO2 with tungsten allowed to obtain a reduction in charge separation and an
extended wavelength range for photoexcitation, ultimately leading to percentage removals
of EE2 and E1 were 66% and 53.4%, respectively, after only 2 min of treatment and under
UV irradiation.

The application of magnetite nanoparticles coated with polyacrylic acid and immo-
bilized on mesoporous silica matrix support was investigated as alternative catalysts to
conventional Fenton processes for the removal of estrogens (E1, E2, EE2) by González-
Rodríguez et al. [172]. After the optimization of the operational variables, high removal
percentages (above 90%) were obtained. Furthermore, the ease of catalyst recovery, due to
their superparamagnetic properties, represented a significant advantage for their separation
and reuse in different successive sequential cycles. Bayode et al. proved the efficiency of a
new sustainable visible-light active p-n heterojunction composite with carbon interlayer
from ZnO, GO and Carica papaya seeds as carbon source prepared via microwave assisted
technique [173]. The degradation of four steroid estrogens, E1, E2, E3 and EE2, was investi-
gated. A degradation efficacy > 89%, as high as 98%, was obtained in single solute systems,
while in real wastewater samples, efficiency of 63–78% estrogen removal was achieved.
Moreover, the addition of 1% H2O2 further raised photodegradation of estrogens to 100%
in 10 min.

Finally, WO3 films, functionalized with silver and platinum metal nanoparticles,
were successfully synthesized by a simple drop-casting method by Costa et al. [174].
The photoinduced activity of the obtained systems was investigated for progesterone
hormone degradation in aqueous solution under polychromatic irradiation, exploring also
electrochemical assisted configuration. Photoelectrochemical characterization showed that
the functionalization with metallic NPs accelerates electron transport and increases the
separation of the photogenerated electrons and holes. The highest photocatalytic activity,
about 27% of degradation efficacy, was obtained for the Pt/WO3 system in the irradiated
electrochemical configuration.

The main outcomes reported in this section highlight that high removal percentages of
steroid hormones were obtained under different conditions, in terms of chemical nature and
preparation method of MexOy photocatalysts as well as type of irradiation, as schematically
reported in Table 6.
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Table 6. Summary of representative metal-oxide-based nanomaterials used for the degradation of
steroid hormones.

Material Preparation Target Conditions Results Ref.

MnO2 NPs
decorated titanate

nanotubes
hydrothermal method E2

(4 µM)
simulated solar

light
82.6% removal
(0.198 min−1) [161]

MnO2 nanozyme commercial E2
(1 mg/L)

Enzyme-like
activity

97.3% removal
(0.0131 min−1) [162]

TiO2-Fe
zeolite/SnS2

Low T/solution method E2
(5 µM) Solar light/H2O2

78.1% removal
(0.01539 min−1) [163]

Al-polythiophene
doped ZnO Co-precipitation E2

(1 mg/L) UV-A irradiation 96% removal
(0.4451 h−1) [164]

Ag, Sr-modified
TiO2

Sol–gel EE2
(10 mg/L) Visible light 94% removal

(0.1699 min−1) [165]

Nb2O5 commercial EE2
(10 mg/L) UV irradiation 85% removal [167]

a-FeOOH doped
MnO2@MnCO3

microsphere

surface oxida-
tion/hydrothermal

reaction

E3
(0.5 mg/L)

simulated solar
irradiation 90% removal [168]

Fe-doped TiO2 Hydrothermal/sol–gel E3
(10 µM)

High/low UV
irradiation

80% removal
(0.009–0.003 min−1/
0.005–0.016 min−1)

[170]

Bi/Bi2O3 Impregnation method E1
(10.4 µmol/L)

UV–vis light
irradiation

~95% removal
(0.045 min−1) [169]

TiO2–ZnO
nanocomposite

non-aqueous sol–gel
process

E2, EE2
(0.05–10 mg/L)

UV and visible
irradiation

~100% removal
(E2: 0.022 min−1,
EE2: 0.013 min−1)

[166]

W-doped
nanotubular TiO2

Electrochemical
synthesis

E1, EE2
(10 mg/L)

UV and visible
light

53.4%, 66% removal
(EE2: 0.001215 min−1) [171]

Fe3O4 @ SBA15
water-in-oil

microemulsion/sol–gel
techniques

E1, E2, EE2
(100–500 µg/L) Fenton-like

~90% removal
(E1: 0.160–2.708 h−1

E2: 0.228–2.713 h−1

EE2: 0.214–3.211 h−1)

[172]

(GO)-Carbon-ZnO
nanostructures

microwave assisted
technique

E1, E2, E3, EE2
(5 mg/L) visible light

89–98% removal
(E1: 0.01019 min−1

E2: 0.01236 min−1

E3: 0.01286 min−1

EE2: 0.01567 min−1)

[173]

Ag/Pt
functionalized

WO3 films
Drop casting Progesterone

(0.35 mg/L)

polychromatic
irradiation,

bias +0.7 V vs.
Ag/AgCl

~27% removal
(Ag/WO3: 0.001061 min−1

Pt/WO3: 0.001086 min−1)
[174]

4.3.4. Other Pharmaceuticals

Pharmaceutical compounds, such as antibiotics, as well as antiviral, anti-inflammatory,
analgesic, and hormone drugs, are mostly found in water ecosystems because of their
difficult removal through traditional techniques. These classes of drugs are designed to
have biological effects, so they the undesired exposure can have serious implications for
human health and fauna, including interference with the endocrine system. Another risk
related to antibiotics is the development of antibiotic resistance by bacteria and other
microorganisms. Sources of environmental contamination by pharmaceuticals include
municipal wastewater, improper disposal of drugs, human excretion, livestock farming,
hospitals effluents, and pharmaceutical industry [37]. Therefore, these chemicals are widely
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studied in terms of toxicological risks, as well as degradation strategies. In recent years, a
large number of research works and reviews have been dedicated to the removal of these
contaminants from water and wastewater by means of processes based on metal oxide
nanomaterials [37,175,176]. Here, an overview is presented with some examples related to
drugs of significant concern.

TiO2-based nanostructured materials and membranes have mostly been applied
in photocatalytic systems for the removal of antibiotics, such as amoxicillin [177], ery-
thromycin [178], and tetracycline [179]. However, the degradation of tetracycline has been
explored using a variety of other metal oxide nanomaterials, often in photo-responsive het-
erojunctions, such as those based on ZnO [180,181], tungsten oxides [182,183], or bismuth-
molybdenum mixed oxide [184]. Other antibiotics raising interest as water contaminants are
levofloxacin [185], nitrofurantoin [186], metronidazole [187], and sulfamethoxazole [188].
Metal oxide nanomaterials have been also used in the catalytic and photocatalytic degra-
dation of several anti-inflammatory and analgesic compounds, such as acetaminophen
(well-known as paracetamol) through catalysts based on TiO2 [189], WO3 [190], ZnO [191],
CuO FexOy or Co3O4 [141,192]. Similarly, TiO2 and ZnO-based photocatalysts were em-
ployed for the degradation of anti-inflammatory compounds diclofenac [193,194] and
ibuprofen [195]. In most of these cases, the photocatalytic performances of the oxides were
enhanced by doping or coupling with other semiconductors.

4.4. Degradation of Other EDCs

Important groups of EDCs not belonging to the previously presented classes include
polyhalogenated biphenyls and diethyl ethers, polyaromatic hydrocarbons and substituted
phenols (Figure 14). Polychlorinated biphenyls (PCBs) are a group of environmentally
persistent halogenated organic compounds that had been massively produced in past
decades for use as insulators, coolants, and lubricants in transformers, capacitors, and
other electrical equipment, owing to their chemical stability, low inflammability, and good
miscibility. The hazards for human health and the environment related to PCBs and to some
carcinogenic derivatives (such as polychlorinated dibenzo-p-dioxins and dibenzofurans)
imposed the discontinuance of their production and the disposal within 2028. However,
large amounts of PCBs are still used or stored, thus causing severe pollution upon losses,
also because of their long half-lives [196,197]. The hydrophobic structure of biphenyls
and polyaromatic hydrocarbons hinders their interaction with substantially hydrophilic
metal oxide nanomaterials. In fact, in a heterogeneous degradation process, although the
ROS generated on the catalyst’s surface can diffuse in solution to short distances, allowing
oxidation reactions also in homogeneous phase, the adsorption of the target molecule on
the surface is generally a fundamental step. The modification of the surface properties to
improve its affinity toward the target contaminant is often a fruitful strategy to enhance
the process rate and selectivity. To this aim, the use of cyclodextrins has been proposed,
since these cyclic oligosaccharides possess a rather lipophilic inner cavity, a hydrophilic
outer surface and a truncated-cone shape that enable them to form inclusion complexes
with hydrophobic organic pollutants through host-guest interactions. Khammar et al.
grafted carboxymethyl-β-cyclodextrin on hydrothermal Fe3O4@TiO2 nanoparticles and
evaluated the photocatalytic performance of this hybrid nanomaterial in the removal of
PCBs from transformer oil with UV light [196]. Cyclodextrin functionalization promoted
the adsorption and successive degradation of PCBs with a yield up to 83% in 16 min,
with oil:ethanol ratio of 1:5, and the photocatalyst maintained a sufficient stability in five
reuses after a simple regeneration by washing in water. The UV-photoinduced degradation
process of planar and non-planar PCBs was studied over TiO2 and CdS/TiO2 nanomaterials
obtained by Ti(IV) butoxide hydrolysis on CdS quantum dots. Interestingly, some of the
PCBs were removed faster by the heterostructure, while others by bare TiO2, which was
explained by the differences in the interactions between the respective radical intermediates
and the surface of the photocatalysts [197].
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Plasma treatment was also applied for the removal of polychlorobiphenyls, using
an electrode composed of sponge modified by multi-walled carbon nanotubes, on which
CuO@Cu and Ag nanowires were attached [198]. The efficiency of the dielectric barrier
discharge was improved by the synergistic effects of all components, leading to promising
and stable removal efficiency of phenol and 2,4,5-trichlorobiphenyl. The degradation of the
latter contaminant reached 65% in 60 min of reaction at an input voltage of 30 V.

It was suggested that in order to push the degradation of recalcitrant pollutants such
as halogenated aromatics toward mineralization, oxidative processes should be coupled
with reductive ones. A novel method of Advanced Oxidation/Reduction Processes was
therefore proposed, relying on the simultaneous generation of both oxidative and reductive
agents. For PCBs degradation, sulfite was added together with TiO2 under UV irradiation
to form SO3•− reductive radicals. The degradation performances of PCBs (12 mg/L) were
improved up to 98.5% degradation in 60 min at pH 7 and at the optimal sulfite/TiO2 ratio
of 1:1 [199].

Polybrominated diphenyl ethers (PBDEs) are a series of aromatic compounds com-
monly added as flame retardants in the production of electronic equipment, building
materials and textiles. The widespread use of PBDEs makes them ubiquitous in the envi-
ronment. They are classified as persistent organic pollutants and pose health risks related
to their bioaccumulation and ability to cause thyroid dysfunctions and developmental
neurotoxicity like PCBs. In the challenging decomposition of PBDEs the need for reduc-
tive mechanisms seems to acquire great importance, for debromination. A photocatalytic
consecutive reduction-oxidation one-pot method was applied by Lei et al. to remove
2,2′,4,4′-tetrabromodiphenyl ether (BDE47) in the presence of a rGO/TiO2 composite in
anoxic conditions (Ar purging) [200]. The reduction became faster in acetonitrile–water
solution; however, the key for successful debromination was the addition of a small amount
of methanol to the water solution. This system yielded the complete debromination and
mineralization of BDE47 within 14 h. Methanol inhibited the recombination of e−/h+

pairs, accelerating the formation of hydroxyl radicals by h+ consumption, thus promoting
the direct reduction of BDE47 by photogenerated electrons. The same authors reported
complete debromination of BDE47 also without light irradiation, by Cu/TiO2 in the pres-
ence of hydrazine and by 1% Pd/TiO2 in isopropanol containing NaOH at 40 ◦C. Metallic
Pd activated a catalytic transfer hydrogenation mechanism. Two Br-free products were
obtained, diphenyl ether and dibenzofuran, attributed to the hydrogenation and coupling
reactions, respectively [201]. A composite photocatalyst with Z-scheme charge transfer
was developed through a three-step approach: Cu2O films prepared by electrochemical
deposition were coated with rGO and TiO2 (P25) [202]. BDE47 reductive removal tested
under simulated solar irradiation showed that 1% rGO gave the best enhancement of charge
transfer in combination with 70% TiO2. However, the removal reached only 56% in 3 h,
confirming the recalcitrance of PBDEs to degradation.

Polycyclic aromatic hydrocarbons (PAHs) are a large group or molecules generally
originated from combustion processes and widely distributed in the environment because
of atmospheric transport, wet and dry deposition, and exchange processes between envi-
ronmental matrices. Other sources of contamination include oil spills and water production.
Acute or chronic exposure to PAHs causes risks to humans, animals, and plants, including
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inflammatory response, carcinogenity, endocrine and reproductive disorders [203]. The
high stability of PAHs makes them recalcitrant to biological degradation and also hampers
their chemical degradation. In recent years, an increasing number of works have dealt with
photocatalytic removal of PAHs from water or soil samples, using mainly modified TiO2 or
ZnO [204]. ZnO-based nanocomposites were prepared by one-pot co-precipitation with
small fractions of MnO (a p-type semiconductor), obtaining p-n junctions, as demonstrated
by a thorough electrochemical characterization, which evidenced changes in the flat band
potential of ZnO and an increase in the transient time constant related to the electron trans-
port [205]. Photodegradation tests of anthracene in alkaline ethanol–water solution under
UV irradiation showed a fast removal with the optimal MnO content (2.25 wt%), although
anthraquinone was identified as the main product, indicating only partial degradation.
The adsorption of PAHs can be greatly promoted by the presence of graphene or similar
structures, owing to π-π interactions. For instance, ZnO/Ag/GO nanocomposite obtained
by precipitation of Ag and ZnO in a graphene oxide suspension adsorbed naphthalene
with a remarkable adsorption capacity, estimated as 500 mg g−1. In a successive stage
under visible-light irradiation, adsorbed naphthalene was photodegraded, resulting in
a high removal of the pollutant (50 mg/L) with a relatively low dosage of nanomaterial
(0.25 g/L) [206].

Metal hexacyanoferrates (HCF), with general formula Mk[Fe(CN)6]·xH2O, have been
proposed as photocatalytic compounds, coupled with oxide semiconductors. For example,
Rachna et al. prepared nanocomposites of encapsulated TiO2, ZnO or Fe2O3 nanoparti-
cles with ZnHFC nanocubes, adopting simple precipitation procedures assisted by plant
extracts [207,208]. These materials were found effective in the degradation and mineraliza-
tion of 3-, 4- and 5-cyclic aromatic hydrocarbons, such as chrysene, benzanthracene and
benzopyrene, under sunlight exposure for 24 h. The enhanced photocatalytic activity was
attributed to the reduced band gap, increased surface area and enhanced charge separation
in the formed heterostructures. Interestingly, a significant activity was also detected in the
dark, which was not further examined by the authors. A catalytic system composed of
Fe3O4 particles incorporated into wood biomass and added persulfate was tested for the
remediation of real sediments contaminated with 16 different PAHs [209]. The oxidation
efficiency was related to the number of rings in their structure, and the faster removal of
high-ring PAHs (with four to six rings) was attributed to their stronger affinity for biochar.

The intimate coupling of photocatalysis and biodegradation approach was also ap-
plied for the decontamination of water from PAHs. The investigation of Cu/N-codoped
TiO2 nanoparticles prepared by a sol–gel method and coated on PTFE carriers along with a
suitable bacterial consortium [210] showed a slight contribution of biodegradation in the
conversion and mineralization of pyrene under UV and visible irradiation and revealed
alterations the composition and structure of the bacterial community during the process,
especially with UV light. Composites of manganese oxide nanosheets with cubic silver
orthophosphate (Mn3O4/MnO2-Ag3PO4), prepared by precipitation, exhibited high photo-
catalytic activity in the degradation of phenanthrene under visible-light irradiation [211].
The efficiency was improved applying ICPB systems fabricated by coating polyurethane
porous carriers with the photocatalyst and then forming biofilms from an activated sludge
(Figure 15).

Alkylphenols, especially 4-nonylphenol (4-NP), are strong endocrine disruptors with
estrogen-like action. They are often found in water as breakdown product of alkylphenol
ethoxylates, nonionic surfactants with wide domestic, industrial, and agricultural use [212].
In the case of nonylphenol removal, a viable approach to improve the affinity of the catalyst
surface toward the target is the functionalization with non-polar groups, as demonstrated
by Tang et al., who obtained hydrophobic titanium oxide nanotubes by reaction with
perfluorooctyl triethoxysilane [213]. The introduction of exposed perfluorooctyl groups
induced an increase of the water contact angle on the surface from 21.1◦ to 128.4◦. The
adsorption rate of the hydrophobic 4-NP on the modified TiO2 nanotubes was 4 times
higher than on bare ones, which resulted in a moderate increase of photodegradation
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efficiency of about 15%. The degradation performances were also tested in the presence
of other hydrophilic pollutants, namely atrazine, paraquat and potassium butylxanthate,
to compare the results and check the interference effects, confirming the efficiency of the
modified photocatalyst. The molecular imprinting approach was adopted in the design of a
tin (IV) oxide electrode exposing high-energy facets for 4-NP electrocatalytic oxidation [214].
4-NP molecules were immobilized on carboxylated SiO2 and then immersed in a SnO2
sol derived from SnCl4. After hydrothermal process etching of SiO2 and calcination at
400 ◦C, the obtained SnO2 nanoparticles were coated on FTO. Such electrode effectively
removed 4-NP from industrial wastewater at applied potential of 1.8 V, suppressing human
estrogenic activity and enhancing the biodegradability of the treated water. Nonylphenol,
being more persistent, lipophilic, and toxic than the parent chemicals, is often found in
rivers and lakes and is an indicator of contamination of sediments [215]. The treatment
of real river sediments containing 4-NP was studied using Fe3O4 particles deposited by
co-precipitation on a bio-derived support, bamboo biochar, and sodium persulfate. The
catalytic performance of the system was highly dependent on pH and catalyst dosage: 85%
degradation of 4-NP was achieved at pH 3 using a load of 3.33 g/L, 2.3 × 10−5 M PS and
equimolar initial concentration (2.3 × 10−5 M) of the contaminant. An analogous system
(Fe3O4 particles supported on wood biomass used with PS) was tested in similar conditions
for the removal of 16 PAHs from real sediments [209].
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mersed in a SnO2 sol derived from SnCl4. After hydrothermal process etching of SiO2 and 
calcination at 400 °C, the obtained SnO2 nanoparticles were coated on FTO. Such electrode 
effectively removed 4-NP from industrial wastewater at applied potential of 1.8 V, sup-
pressing human estrogenic activity and enhancing the biodegradability of the treated wa-
ter. Nonylphenol, being more persistent, lipophilic, and toxic than the parent chemicals, 
is often found in rivers and lakes and is an indicator of contamination of sediments [215]. 
The treatment of real river sediments containing 4-NP was studied using Fe3O4 particles 
deposited by co-precipitation on a bio-derived support, bamboo biochar, and sodium per-
sulfate. The catalytic performance of the system was highly dependent on pH and catalyst 
dosage: 85% degradation of 4-NP was achieved at pH 3 using a load of 3.33 g/L, 2.3 × 
10−5 M PS and equimolar initial concentration (2.3 × 10−5 M) of the contaminant. An analo-
gous system (Fe3O4 particles supported on wood biomass used with PS) was tested in 
similar conditions for the removal of 16 PAHs from real sediments [209].  

Figure 15. Sketch of the preparation of MnOx on Ag3PO4 cubes (MnOx-cAP), followed by coating
on polyurethane sponge (a); SEM micrograph of the MnOx-cAP isolated (b) and coated (c), along
with the biofilm (d); scheme of the coupled visible light photocatalysis and biodegradation (VPCB)
process (e). Adapted with permission from [211], Copyright (2019), Elsevier.

An interdisciplinary study [216] focused on the effects of typical nanomaterials em-
ployed in water treatment, i.e., Fe2O3 and Fe3O4 nanoparticles and multi-wall carbon
nanotubes, on the degradation of 4-NP at the water-sediment interface and on the functions
of the natural bacterial communities in sediments. It demonstrated that iron oxides pro-
moted the direct 4-NP degradation, moreover their incorporation by bacteria enhanced the
biodegradation processes by bacterial enzymes. Therefore, the presence of biocompatible in-
organic nanomaterials can reveal a synergistic effect in the decontamination, promoting the
microbial activity. This kind of study evidences the limited knowledge currently available
on the fate of nanomaterials accidentally released in water and on their interactions with
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the biosphere, suggesting a direction for future research integrating chemistry, material
science, and environmental science.

5. Conclusions and Perspectives

Endocrine Disrupting Compounds (EDCs) comprise a lot of chemicals such as sex-
steroid hormone mimics, pesticides, fertilizers, medicinal drugs, plasticizers, derived from
the waste of industries, agriculture, pharmaceutics, and sewage treatment plants. The
rising concerns of worldwide use of EDCs and their dangerous effects on human health
are continuously attracting increasing attention due to their gradual accumulation and
persistence in the environment. Therefore, the issues originating from the contamination
of water resources (freshwater, seawater, wastewater and drinking water) are stimulating
several research groups to define and develop strategies for an effective removal of EDCs
from water. The main ones include physical, chemical, or biological processes. Among
them, chemical degradation, which is based on oxidative mechanisms, is aimed at trans-
forming the organic pollutants in less hazardous products and ideally arises in its complete
mineralization to H2O, CO2 and other inorganic molecules. In this context, photocatalysis
has emerged as a fascinating process for the removal of EDCs from wastewater. How-
ever, other heterogeneous catalytic processes were also defined for their degradation, such
as those founded on Fenton reaction, generation of sulfate radicals, electrochemical and
piezocatalytic processes. Further techniques to enhance the production of ROS include low
temperature plasma, ozonation and the use of radical precursors.

In all cases, a key role is played by the designed materials employed as catalysts.
Research on the design and use of new and effective nanostructured materials aimed at
EDCs decontamination has prospered because of the growing awareness of this problem.
From the outline offered in this review on metal oxide-based nanomaterials reported in
recent years, it emerges that beside the well-studied TiO2, ZnO, suitably modified by
doping or coupling with other semiconductors, relatively innovative materials such as
WO3, CuxO, MnOx, and bismuth oxides are gaining attention, especially as photocatalysts,
and frequently mixed as heterojunctions, allowing for a wider visible light absorption
and more effective charge separation. On the other hand, iron oxides and other redox-
active semiconductors show remarkable results in non-irradiated AOPs, e.g., Fenton-like
mechanism and the activation of persulfate or peroxymonosulfate, that make it possible to
overcome the restrictions related to photoreactors. The synthesis procedure and conditions
have a crucial role in determining the structure and functional properties of complex
nanomaterials. Wet chemical methods, in particular, hydrothermal and sol–gel, offer great
flexibility and as a result are the most widely applied.

Although many advances have been made by virtue of the design and use of these
new nanostructured materials based on hybrid, composite or co-doped metal oxides,
some questions remain open yet. Therefore, the enhancement of nanomaterial stability
and the feasibility of (photo)catalysts separation and reuse are both challenging tasks to
improve their use and potential commercialization for this aim. Indeed, large investments
are necessary to produce these semiconductor metal oxide-based nanomaterials for their
application in large-scale processes of water treatment. Consequently, important goals
should be to define useful and sustainable strategies to prepare low-cost nanomaterials
through simple steps, following the principles of green chemistry, as well as to recuperate
and regenerate the (photo)catalysts for subsequent reuses. Indeed, the dispersed form
of the nanostructures in water is highly appreciable for degradation, then the immediate
separation of used nanomaterials by centrifugation or filtration after EDCs degradation
is recommended to avoid long-term contact with decontaminated water. Anyway, such
separation steps can be expensive or difficult to operate on a large scale; therefore, the
fabrication of catalysts supported on suitable scaffolds or coated on reactive surfaces and
membranes, assuring an optimal dispersion of the active phase may result advantageous,
even though it may decrease the catalytic efficiency.
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Moreover, a growing number of works deal with the mechanism, pathway, and by-
products of the contaminant degradation process. These key aspects should always be
considered to understand the relationships between the properties and activity and to
evaluate the environmental impact of the treatment, aiming to maximize the mineralization
of the pollutants, avoiding the risk of secondary contamination by harmful or unknown
products. Such a holistic approach may assist the development of materials optimized
either for specific target contaminants or for the removal of wide range of undesired species.
It is envisioned that in the future, more research will be devoted to the combination of
different AOPs, boosting the overall efficiency and facilitating the integration of these steps
in water treatment plants or water remediation systems. Such combined systems should
be designed so to enhance the synergism between their components. The achievement
of these goals should not be separated from the optimized design of the (photo)reactors,
which is decisive for efficient catalytic and photocatalytic degradation processes, preferably
exploiting as well as possible the energy of natural sunlight. For these reasons, future
works should be more focused on a complete assessment of the water treatment issue and
on the prospective technological implementation, and the collaborative efforts between
chemists, environmental scientists, material scientists and chemical engineers could pave
and manage the way in this direction.
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