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Abstract: Nowadays, water pollution is one of the most dangerous environmental problems in the
world. The presence of the so-called emerging pollutants in the different water bodies, impossible
to eliminate through conventional biological and physical treatments used in wastewater treatment
plants due to their persistent and recalcitrant nature, means that pollution continues growing through-
out the world. The presence of these emerging pollutants involves serious risks to human and animal
health for aquatic and terrestrial organisms. Therefore, in recent years, advanced oxidation processes
(AOPs) have been postulated as a viable, innovative and efficient technology for the elimination
of these types of compounds from water bodies. The oxidation/reduction reactions triggered in
most of these processes require a suitable catalyst. The most recent research focuses on the use and
development of different types of heterogeneous catalysts, which are capable of overcoming some
of the operational limitations of homogeneous processes such as the generation of metallic sludge,
difficult separation of treated water and narrow working pH. This review details the current advances
in the field of heterogeneous AOPs, Fenton processes and photocatalysts for the removal of different
types of emerging pollutants.

Keywords: Fenton; electro-Fenton; photo-electro-Fenton; photocatalysis; membrane

1. Introduction

In recent years, the indiscriminate use of raw materials, as well as industry itself,
has generated numerous problems in terms of environmental contamination of soils and
water bodies [1,2]. Many different types of highly toxic compounds, known as emerging
pollutants, such as pesticides from the agri-food industry, persistent organic pollutants, food
additives, pharmaceuticals (human and animal antibiotics, analgesics, chemotherapeutic
agents, anxiolytics, etc.) and personal care products (PPCPs), have been detected in surface
waters, river effluents, wastewater treatment plants (WWTPs), groundwater, sewage sludge
and even in potable water [3,4].

Conventional biological treatments used in wastewater treatment plants are not able to
eliminate these pollutants from water, leading to the uninterrupted entry of these pollutants
into the environment, even at low concentrations. This fact results in a serious long-term
risk, affecting the health and development of aquatic and/or terrestrial organisms and the
availability of water around the world, aggravating the drinking water shortage in many
countries [5–7]. According to the Food and Agriculture Organization (2013), the demand
for drinking water in the world is expected to increase by more than 40% by 2050. Therefore,
the development of innovative technologies for the decontamination of effluents represents
an astonishing challenge for the scientific community since the current treatment plants are
not completely effective for the removal of this broad range of organic pollutants [8,9].

Nowadays, the most common technologies used in water treatment are classified
as biological, physical and physicochemical processes (Figure 1). Biological methods,
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including enzymatic treatment, biological filtration and treatment with activated sludge,
are widely applied for the removal of emerging pollutants. Despite their low cost, some
persistent organic pollutants are not susceptible to direct biological treatment [6], and thus,
physical and chemical methods are considered a preferable approach for removing heavy
metals and recalcitrant pollutants [10]. Physical processes are categorized into adsorption,
reverse osmosis, sedimentation and membrane-filtration-based processes, whereas the
physicochemical methods mainly include electrolysis, Fenton-based processes, photolysis,
ozonation and sonolysis [11,12]. These widely used technologies are commonly called
advanced oxidation processes (AOPs). The aforementioned AOPs are considered very
promising technologies due to their high efficiency, simplicity and good reproducibility,
and consequently, they have received great attention in the search for water treatment
solutions [13–15].

Figure 1. Classification of technologies used in water treatment.

These processes are based on the in situ production of highly reactive free radicals
such as hydroxyl radicals (•OH), sulfate radicals (SO4

•−) and superoxide radical (O2
•−) by

the activation of the precursor oxidants (hydrogen peroxide, persulfate/peroxodisulfate,
peroxymonosulfate and sodium percarbonate via oxidation/reduction reactions [16–19].
These radicals released in the main solution allow the degradation of organic pollutants
followed by their partial/total mineralization to carbon dioxide, water and inorganic
ions [20,21]. These oxidation processes include chemical (Fenton or Fenton-like), pho-
tochemical (photo-Fenton or photocatalysis), electrochemical (anodic oxidation, electro-
Fenton, electrophotocatalysis) and sonochemical (sono-Fenton) processes and process
combinations (photo-electro-Fenton, sono-electro-Fenton) [22–24]. The activation of the
above-mentioned precursor compounds is carried out via multiple alternatives such as the
use of transition-metal-based catalysts (Fe, Mn, Co, Cu, V, Ru, Mo, Cr, Ce), heat, UV radia-
tion or visible light, ultrasound and/or alkalinity of the liquid medium [25–27]. However,
AOPs based on the Fenton process possess some drawbacks hindering their large-scale ap-
plication: the narrow working pH range, the complexity of the real water matrices favoring
the precipitation of the transition metals present in the catalyst, leading to the formation
of sludge, and undesirable by-products [19,20,28]. Some of these disadvantages related
to Fenton-based and photocatalytic-based processes are alleviated using heterogeneous
catalysts [10,29]. Despite homogeneous systems (liquid phase) being very efficient, the
removal of the soluble iron salts from the environment requires extremely costly procedures.
Therefore, the development of heterogeneous catalysts (solid-liquid phases) has been an
essential approach towards improved catalysis. Although the efficiency of heterogeneous
catalysts may be explained by different reaction pathways [30,31], the contaminants are
generally adsorbed on the catalyst surface throughout the process, and then, chain reactions
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promote the breakdown and further formation of the bonds generating successive inter-
mediate products until the final product which is finally desorbed from the solid [32–34].
The use of these heterogeneous catalysts has numerous advantages over homogeneous
catalysts, allowing (i) catalyst regeneration and further utilization; (ii) a greater application
scope due to some conversion reactions taking place on the heterogeneous catalyst; (iii) the
use of a broader working pH range, even at natural pH value of the water matrix; (iv) easy
recovery of catalysts without the formation of metallic sludge; (v) sustainable saving of
the material and energy resources, helping to protect the environment; (vi) high specificity;
and (vii) upgraded properties of active sites and reaction yield compared to homogeneous
catalysts [31,33].

Within this context, this review focuses on the compilation of most relevant studies,
from 2015 to the present, related to the application of heterogeneous catalysts in AOPs
for the removal of emerging pollutants from water sources. It should be noted that as
a result of recent reviews that have been accomplished in the field of heterogeneous
ozonation, this issue is not evaluated in this review [35,36]. First of all, AOP studies based
on heterogeneous Fenton and Fenton-like reactions and photocatalysts operating mainly at
the laboratory scale are described, with a discussion of aspects relevant for improving the
process effectiveness. Furthermore, several constructive suggestions are proposed for future
research and applications in the field of heterogeneous catalysis for wastewater treatment.

2. Fenton Process

The Fenton reaction has been widely recognized as an efficient technology for the
degradation of organic pollutants. It is based on the catalytic decomposition of hydrogen
peroxide by the reaction between iron salts (ferrous ions) (Equation (1)) to produce hydroxyl
radicals responsible for pollutant degradation [16].

Fe2+ + H2O2 + H+ → Fe3+ + H2O + •OH (1)

Despite that, several studies have demonstrated high degradation and mineralization
percentages with pharmaceuticals and other refractory compounds as target pollutants,
multiple operational limitations have been associated with the homogeneous Fenton pro-
cess, including narrow working pH, high chemical consumption, the production of iron
sludge hindering the disposal and awkward catalyst reusability. These limitations inhibit
its large-scale application as a one-step treatment; nevertheless, the homogeneous process
has been used as an appropriate pretreatment to enhance the biodegradability of refractory
compounds from the pharmaceutical industry and/or hospital effluents [37]. Consequently,
addressing the disadvantages of the Fenton process represents an ongoing research effort
in the field of wastewater treatment.

To overcome the aforementioned limitations, the search for a heterogeneous catalyst for
potential application in the Fenton process and combined processes such as electrochemical
treatment (electro-Fenton), photolysis (photo-Fenton), sonolysis (sono-Fenton) and their
combinations (photo-electro-Fenton, sono-electro-Fenton) has been the focus of attention
from the scientific community.

2.1. Heterogeneous Fenton Process

The proposed mechanism of the heterogeneous Fenton process takes place by the
reaction between hydrogen peroxide and the active sites of the catalyst denoted by AS
(Equations (2) and (3)) [38,39].

AS-Fe2+ + H2O2 → AS-Fe3+ + HO− + •OH (2)

AS-Fe3+ + H2O2 → AS-Fe2+ + HO2
• + H+ (3)

Additionally, low iron concentrations may be present in the bulk solution as a result
of the leaching process from the solid heterogeneous catalyst. Therefore, hydroxyl radicals
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are generated by conventional Fenton reaction (Equation (1)), contributing slightly to the
pollutant degradation rate [40,41].

Over the last few years, many publications have proposed the use of different types of
heterogeneous catalysts with upgraded characteristics such as activity under a wider pH
range, low iron leaching and high stability, which allows their reuse for several cycles [39].
These catalysts allow achieving reactivity capacities comparable to the homogeneous
process. They are mainly divided into two large groups: unsupported catalysts (zero-valent
iron, metallic minerals, iron oxides/hydroxides or multimetallic catalysts) and catalyst
loaded on materials (e.g., polymers, clays, zeolites) (Figure 2).

Figure 2. Types of catalysts in the Fenton process.

2.1.1. Unsupported Heterogeneous Fenton Catalysts

The most abundant elements in the Earth’s crust have been evaluated as heterogeneous
catalysts because of their easy recovery and negligible toxicity, making them a suitable
alternative to the soluble salts used in the homogeneous process (He et al., 2016). These
heterogeneous catalysts are mainly based on the zero-valent iron powders (ZVI or Fe0),
iron/copper oxides, hydroxides, oxyhydroxides and insoluble iron and copper minerals.
The copper system (Cu2+/Cu+) presents a similar behavior to the Fe3+/Fe2+ couple in the
presence of hydrogen peroxide, even at a wider pH range (Equations (4) and (5)).

Cu2+ + H2O2 → Cu+ + HO2
• + H+ (4)

Cu+ + H2O2 → Cu2+ + OH− + •OH (5)

For this reason, the use of copper and its combination with other transition metals has
garnered much attention in Fenton-like processes [42]. Zhang et al. [43] prepared a Cu/V
bimetallic catalyst by a hydrothermal method for fluconazole degradation, confirming the
as-prepared material possesses higher catalytic activity under a wider pH range and more
satisfactory reusability than monometallic copper compounds.

Insoluble minerals such as pyrite (FeS2), chalcocite (Cu2S), bornite (Cu5FeS4), goethite
(α-FeOOH), magnetite (Fe2O3), hematite (α-Fe2O3), ferrihydrite (Fh) and wüstite (FeO) have
been successfully applied in the removal of organic pollutants [15,44]. More specifically, the
use of pyrite as a heterogeneous catalyst in the Fenton process has been reported for the
degradation of trichloroethylene, diclofenac, pyrene and toluene [45]. Kantar et al. [46] used
pyrite as a catalyst packed in a column reactor for purification of real effluent from the
pharmaceutical industry under dynamic conditions. They demonstrated that the pyrite-
Fenton system effectively reduced the toxicity of the effluent, and the addition of citric
acid to the contaminated effluent improved the effectiveness of the process and the useful
lifespan of the pyrite column. Likewise, Muñoz et al. [47] evaluated natural magnetite as a
heterogeneous catalyst for the degradation of sulfamethoxazole, achieving total elimination
and more than 50% mineralization of the target antibiotic under optimal conditions (1 g/L
catalyst concentration, 25 mg/L oxidant concentration, 25 ◦C and pH 5). Despite the
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minimal iron leaching from the magnetite, its application for sulfamethoxazole degradation
in hospital effluents required longer reaction times to achieve its total elimination.

Hassani et al. [48] synthesized magnetite nanoparticles by high-energy planetary ball
mill for their further application in ciprofloxacin degradation. The findings indicated 6 h
ball-milled magnetite enhanced antibiotic removal by around 89% after 120 min treatment.
They proposed the removal mechanism based on the adsorption and oxidation phases with
a notable contribution of the hydroxyl radicals. In addition, Nie et al. [49] synthesized
magnetite nanospheres via the solvothermal method for their application in tetracycline
removal, achieving more than 80% removal after 110 min. The magnetic properties of the
catalyst allowed an easy separation from the aqueous solution. They demonstrated the
role of each reactive oxygen species, and hydroxyl radicals formed on the surface of the
nanospheres played the main role in pharmaceutical degradation.

2.1.2. Supported Heterogeneous Fenton Catalysts

A heterogeneous catalyst may be incorporated into different solid matrices for the
synthesis of the well-known supported Fenton catalyst (Figure 2). These support materials
include clays, ceramic filtration membranes, polymers, multimetal oxides (Al, Ti, Si, Zr),
metal–organic frameworks, perovskites, zeolites and carbon materials (graphene oxide,
carbon nanotubes, biochar, activated carbon, g-C3N4 composites) [50–52]. The excellent
assembling of the catalyst into the supported materials overcomes some operational limi-
tations. This fact makes them more easily reusable and separable from the final effluent
since traditional separation methods (sedimentation and filtration) are not able to separate
nanosize particles [50,53].

Clay materials have been widely used as catalyst support in heterogeneous processes
due to their high abundance, minimal toxicity and low cost [54]. These inorganic materials
provide greater resistance to organic solvents and high thermal stability and prevent the
agglomeration of nanoparticles [39]. Several methods have been proposed in the litera-
ture for the incorporation of catalysts into clays. Khankhasaeva et al. [55] synthesized
Fe/Cu/Al-pillared clay for heterogeneous Fenton oxidative degradation using the antibi-
otic sulfanilamide as the target pollutant. The developed catalyst was active in the presence
of hydrogen peroxide, significantly increasing the oxidation rate. Xu et al. [56] synthesized
sepiolite-supported magnetite (Fe3O4-Sep) by chemical coprecipitation, achieving total
bisphenol A removal after 15 min. Likewise, Sétifi et al. [57] incorporated iron oxyhydrox-
ide particles on a K10 montmorillonite-clay surface for naproxen degradation. Almost
total naproxen removal and around 90% mineralization were reached at pH 3 after 60 and
300 min, respectively. The authors demonstrated the reusability of the catalyst with no
efficiency loss after four consecutive cycles.

Iron-based composites exhibit interesting applicability for the Fenton process [58].
Particularly, Titouhi and Belgaied [59] proposed the use of sodium alginate beads containing
Fe as a heterogeneous catalyst for ofloxacin degradation through Fenton oxidation. Almost
complete elimination of the antibiotic was achieved after 180 min reaction with negligible
iron leaching and good stability after three successive oxidation processes. In the same way,
Lyu et al. [60] synthesized copper-doped mesoporous silica microspheres by a hydrothermal
method. The synthesized microspheres displayed outstanding performance for the removal
of ibuprofen, phenytoin and diphenhydramine. Almost total pharmaceutical removal was
achieved at neutral pH with copper leaching under the environmental regulations.

Furthermore, the application of multi-oxides, mainly cerium oxides, as catalyst sup-
port has been proposed by Zhang et al. [61], who synthesized Fe0/CeO2 catalyst for 90%
tetracycline elimination through the heterogeneous Fenton process. The as-prepared cata-
lyst showed applicability under pH values ranging from 3.0 to 7.0, excellent reusability (up
to five successive cycles) and negligible iron leaching. Similarly, Hussain et al. [62] devel-
oped heterogeneous Fe and Cu catalysts supported on Zr (ZrFe and ZrCu) for testing the
ibuprofen removal by Fenton and Fenton-like processes, respectively. Under the optimal
conditions, ZrCu catalyst provided 98% degradation and 50% mineralization after 120 min.
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Ling et al. [63] carried out the catalytic detoxification of pharmaceutical wastewater by
Fenton-like reaction with activated-alumina-supported metal-oxide-based catalyst CoM-
nAl. They concluded that transition metals on the composite surface revealed synergistic
effects on the formation of hydroxyl radicals, which were the main reason for the effective
detoxification of pharmaceutical wastewater.

Zeolites are interesting materials that have been widely used in the last few years as
support materials in different fields because of their crystalline structure of aluminosilicates
ensuring a uniform isostructural distribution of the catalyst [64]. Adityosulindro et al. [65]
investigated the heterogeneous Fenton process using Fe supported on zeolite (Fe-Zeolite-
ZSM5) as a catalyst in simulated and real wastewater containing ibuprofen. The results
showed an ibuprofen elimination and TOC decay of around 88% and 27%, respectively,
after 180 min reaction at natural pH. As was expected, they reported that the ibuprofen
degradation rate was slower in wastewater effluent compared to simulated water because
of the complex matrix. In the same way, Velichkova et al. [66] used Fe supported on zeolite
as a heterogeneous catalyst (Fe/MFI-Zeolite-ZSM5) for paracetamol oxidation through the
Fenton process. After 300 min treatment, paracetamol was completely eliminated, reaching
up to 60% mineralization with minimal leaching, even working under continuous process
coupling oxidation and membrane filtration.

Recently, the use of perovskite oxides as heterogeneous catalysts has attracted the
attention of the scientific community due to their superior electronic, magnetic and elec-
trochemical characteristics. These properties stem from a large number of ions included
in the crystal structure, the high mobility of oxygen molecules and the stabilization of
unusual oxidation states of the metals present in their structure. del Álamo et al. [67] syn-
thesized LaCu0.5Mn0.5O3 perovskites for analyzing their catalytic activity in drug removal
from hospital effluents using an up flow packed-bed reactor. This on-site pretreatment
achieved an effective micropollutant removal in the real range of micrograms per liter.
Likewise, Nie et al. [68] prepared nanoscale LaFeO3 perovskite via the sol–gel method for
sulfamethoxazole elimination at neutral pH. The mechanism was based on the formation
of a complex surface between the hydrogen peroxide and the perovskite, accelerating
the Fe3+/Fe2+ cycle and the production of free oxygen radicals and thus enhancing the
Fenton-like effectiveness. In the same way, perovskites doped with other transition metals
such as copper (LaAl1−xCuxO3) have shown high degradation and mineralization percent-
ages for persistent organic pollutants such as bisphenol A, phenol and phthalates through
Fenton-like reactions [69].

Apart from perovskites, membrane-supported Fenton catalysts represent an inter-
esting approach to remove many complex pollutants from the aqueous matrix, favoring
the separation of the decontaminated fractions [70]. Accordingly, Plakas et al. [53] ac-
complished the removal of diclofenac at relatively low concentrations using a catalytic
membrane reactor comprising a tubular porous alumina (α-Al2O3) membrane as support
material for embedded iron oxide nanoparticles. Moderate degradation and mineralization
were achieved under the optimal conditions; however, the authors proposed membrane
modification for improving the adsorption capacity and the further oxidation within the
catalytic membrane. In the same way, Zhang et al. [70] tested an ultrafiltration ceramic mem-
brane as support for heterogeneous iron oxychloride catalysts, achieving 100% removal of
p-chlorobenzoic acid and bisphenol A operating with only 10 s retention time.

Regarding the carbonaceous supports (carbon nanotubes, biochar, g-C3N4, activated
carbon and graphene), graphene derivatives have been successfully used for catalyst
immobilization due to catalytic activity, stability and reusability [11,71]. Graphene, a
two-dimensional carbon allotrope, is characterized by an extremely large specific surface
area (~2360 m2/g), high thermal/electrical conductivity, strong mechanical and chemical
stability, strong electron transfer capacity and simple synthesis from graphite by chemical
procedure [72]. Although several authors reported its agglomeration trend and restacking
to form parent graphite due to strong interplanar interactions, these operational limita-
tions may be overcome through external functionalization using other molecules and
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nanomaterials [73]. Therefore, these structures are considered as promising to perform
nanotechnology-based processes. In this field, Yang et al. [74] synthesized nanoscale zero-
valent iron encapsulated in a three-dimensional graphene network (3D-GN@nZVI) for the
removal of an antibiotic, sulfadiazine. Likewise, Xu et al. [75] synthesized a heterogeneous
catalyst based on three-dimensional macroporous nanoparticles of zero-valent copper self-
assembled in graphene (3D-GN@Cu0). Their results showed high metronidazole removal
at a wide pH range. Jiang et al. [76] developed Fe0 catalysts immobilized on mesoporous
carbon (Fe0/MC) for tetracycline removal from an aqueous effluent by persulfate activation.
These catalysts allowed for reducing the aggregation trend associated with the zero-valent
iron nanoparticles, achieving 97.7% tetracycline removal under optimal conditions. The
enhancement by the synthesis of manganese ferrite nanoparticles was described recently
by Qin et al. [77]. They synthesized magnetic core-shell MnFe2O4@C-NH2 for the antibiotic
degradation of ofloxacin, amoxicillin and tetracycline. The notable activity of the magnetic
catalyst was attributed to the carbon shell due to the high specific surface area and the
negligible metal leaching, and the incorporation of –NH2 improved the electron density
of the carbon shell. These unique properties promote the metal regeneration cycles, thus
increasing the process effectiveness. Metal-organic frameworks (MOFs) are constituted by
the interaction of several metal ions coordinated to polyfunctional organic ligands with
moderately strong bonds providing them with diverse properties such as high porosity,
well-defined periodic network structure, abundant active sites and large surface area. In
addition, their predesignable synthesis allows a stricter control of the structural and chemi-
cal characteristics with personalized functions for a specific objective function [76]. These
distinctive properties suggest good performance as heterogeneous catalysts for Fenton or
Fenton-like processes, attracting great attention from numerous researchers [78]. Notwith-
standing, the addition of a supplementary active metal center involves an intensification in
MOF performance due to the plausible synergistic effect [79].

Nonetheless, most of the studies reported in the literature investigated the use of
MOFs as support for metallic nanoparticles [80]. Specifically, Tang and Wang [81] pre-
pared bimetallic Fe and Cu MOFs (FexCu1−x(BDC)) as heterogeneous Fenton catalysts for
the degradation of sulfamethoxazole. Complete antibiotic degradation was achieved in
120 min at natural solution pH. The removal efficiency was considerably higher than the
efficiencies obtained using monometallic copper and iron catalysts, indicating a synergistic
effect between both transition metals on the sulfamethoxazole degradation process. Fur-
thermore, Tang and Wang [82] synthesized a three-dimensional “flower-like” MOF with
Fe-Cu bimetallic nanoparticles incorporated in a mesoporous carbon layer (FeCu@C). This
MOF was used as a heterogeneous Fenton catalyst for the degradation of sulfamethazine,
achieving 100% degradation and 72.3% mineralization after 90 and 240 min, respectively.
In addition, the magnetic properties of the catalyst ensured easy recovery and reuse in
subsequent experimental runs without washing.

2.2. Photo-Fenton

The enhancement of the Fenton reaction takes place by using ultraviolet-visible
(UV-Vis) radiation (λ < 580 nm) (Figure 3A) generating additional hydroxyl radicals by
(a) photoreduction of ferric ions to ferrous ions leading to the formation of iron complexes
under acidic conditions (Equations (6) and (7)) and (b) hydrogen peroxide photolysis
(Equation (8)) [54,83].

Fe3+ + H2O→ Fe(OH)2 + H+ (6)

Fe(OH)2 + hν→ Fe2+ + •OH (λ < 580 nm) (7)

H2O2 + hν→ 2•OH (λ < 310 nm) (8)
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Figure 3. Mechanisms of heterogeneous Fenton processes. (A) Heterogeneous Fenton and photo-
Fenton processes. (B) Heterogeneous electro-Fenton and electro-photo-Fenton processes.

This oxidation-based technology produces biodegradable intermediates and almost
total mineralization under optimum operational conditions. Nonetheless, its higher energy
consumption hinders its widespread industrial use, and thus, several strategies have been
proposed in order to minimize operating cost and improve photo-Fenton efficiency by the
application of heterogeneous catalysts and/or chelating agents [84].

In addition, photo-Fenton reactions may be driven by visible light, solar energy or
alternative light (LED, fiber optic) instead of the use of simulated UV irradiation [85].
Different iron-based oxides have been widely applied as heterogeneous photo-Fenton
catalysts due to their low cost, negligible toxicity, high semiconducting properties and easy
recovery [84,86,87]. The semiconductors may be excited by light irradiation to produce
photogenerated electrons; a plausible semiconducting mechanism of the iron oxides may
be described by the following equations [39,88]:

Iron oxide + hν→ Iron oxide (h+ + e−) (9)

e− (conduction band) + O2 → O2
•− (10)

h+ (valence band) + H2O→ H+ + •OH (11)

h+ (valence band) + OH− → •OH (12)

H2O2 + e− → •OH + OH− (13)



Catalysts 2022, 12, 344 9 of 31

Fe3+ + e− → Fe2+ (14)

Fe3+ + hν + OH− → Fe2+ + •OH (15)

Among iron oxides used as heterogeneous photo-Fenton catalysts, ferrites (with gen-
eral molecular formula MxFe3−xO4, where M is a bivalent transition metal ion) have
attracted great interest due to their high stability and narrow bandgap leading to their po-
tential active catalysis under visible light conditions. Likewise, hematite (narrow bandgap
around 2.2 eV) may absorb light until 560 nm and collect around 40% solar spectrum
energy, being considered as an adequate photo-Fenton catalyst. The regeneration step of
ferrous ion (Equation (14)) represents the most important limiting factor in a Fenton-based
process due to its relatively lower kinetic constant rate. Consequently, many studies have
proposed the use of electron-rich materials combined with Fenton catalysts to accelerate the
generation of ferrous ions through the electrons from these materials. As mentioned above,
copper has been widely used as a heterogeneous catalyst because of its catalytic properties
similar to iron. Gao et al. [89] reported the use of copper ferrites as the heterogeneous
photo-Fenton catalyst for sulfamethoxazole degradation at circumneutral pH. Almost total
degradation and around 32% mineralization were achieved under optimal conditions after
120 min treatment. Likewise, Emídio et al. [90] investigated the incorporation of copper in
the magnetite lattice (Fe3−xCuxO4) in the photo-Fenton degradation of 5-fluorouracil and
cyclophosphamide under UV-light irradiation. Modified magnetite showed higher catalytic
activity compared to natural magnetite and a higher drug degradation rate, achieving 100%
removal after 150 min on four successive runs. In the same way, Xu et al. [91] synthesized
goethite doped with copper (α-(Fe-Cu)OOH) “nanoflowers” for diclofenac removal under
visible light irradiation (>420 nm). The nanoflowers exhibited good stability after five
cycles; the pollutant degradation rate was around 95% using 3% Cu-doped α-(Fe-Cu)OOH
compared to 75% achieved by pure α-FeOOH. The catalytic activity was attributed to
a two-way mechanism combining Fenton-like photocatalysis and the synergistic metal
activation within the synthesized catalyst.

The use of the metallurgical industry waste as a heterogeneous catalyst has been
postulated as an important solution for the harnessing of these toxic wastes [84]. These
wastes, also called slag, are defined as different proportions of ferrous metal oxides such as
magnetite, goethite and hematite combined with silicates, aluminum, calcium, magnesium,
copper and titanium to a lesser or greater extent depending on the original industry [92].
Arzate-Salgado et al. [93] used two residues from the copper and steel industry as Fenton-
type photocatalysts for diclofenac removal under simulated sunlight irradiation. Copper-
based catalysts (2.2 eV) exhibited higher photocatalytic activity compared to steel material
(2.95 eV). Total removal and around 87% mineralization of the anti-inflammatory drug
were achieved at 90 and 300 min, respectively, at near-neutral pH. Similarly, recent studies
have investigated biological-like catalysts in heterogeneous photo-Fenton processes. Some
microorganisms may be used in the oxidation of metal ions in the presence of various
enzymes [94]. These microbial processes involve nontoxic chemicals, making the process
much more environmentally friendly at a lower cost. Du et al. [95] used biogenic Fe-Mn
oxides produced by Pseudomonas sp. F2 as a heterogeneous catalyst in the photo-Fenton
process for ofloxacin degradation under UV irradiation (<420 nm). The oxides mainly
produced by the bacteria consisted of maghemite and mixed oxidation states of manganese.
From their results, biogenic Fe-Mn oxide presents catalytic activity twice higher than that
of the chemically synthesized Fe-Mn oxides, eliminating more than 95% of ofloxacin after
120 min under desirable conditions.

Regarding clay-based catalysts, pillared clays present good photocatalytic properties
because of the addition of oxygenated-metal cations into the clay structure leading to
increased porosity and surface area. More specifically, Hurtado et al. [96] assessed the use
of Cu/Fe pillared clay as a catalyst in paracetamol mineralization by photo-Fenton process
under circumneutral pH conditions. Around 80% TOC abatement was achieved under
optimal conditions, showing iron leaching of about 3% after treatment and negligible loss
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of activity in the reusability cycles. Likewise, Sétifi et al. [57] synthesized goethite particles
over K10 montmorillonite clay for naproxen photo-Fenton degradation. The use of UV-
light radiation improved the process effectiveness by around 6 times, up to total naproxen
degradation after 10 min. Furthermore, the incorporation of some semiconductor materials
on clay-based catalysts combining photo-Fenton system and photocatalysis significantly
improves iron regeneration and the formation of hydroxyl radicals with the consequent in-
crease in the degradation efficiency of organic pollutants [97]. Molina et al. [54] reported the
synthesis of supported Fe2O3-TiO2 heterostructures using commercial bentonite clay and
their further application as photo-Fenton catalysts for the elimination of acetaminophen
and antipyrine under simulated solar radiation. Complete degradation of acetaminophen
and antipyrine was achieved in under 60 min with TOC conversions of around 40% and
25%, respectively. All the experiments revealed iron leaching of under 5 wt.%. In addition,
Bansal et al. [98] also prepared heterogeneous catalysts based on Fe-TiO2 composite sup-
porting a clay/foundry sand/ash mixture. These latter components are waste products
from the metallurgical industry with high iron content. These heterogeneous catalysts
were tested on the photo-Fenton process for the degradation of real effluents from the
pharmaceutical industry under solar irradiation. Contaminated effluent DQO was reduced
by 80% after 120 min, and the potential application of this catalyst on a large scale was
demonstrated because of good reusability (>70 cycles).

Apart from clays materials, the use of membranes as heterogeneous Fenton-type cata-
lyst support has also been investigated. Catalá et al. [99] used an iron-based mesoporous
heterogeneous catalyst (crystalline iron oxides in hematite form) supported on mesostruc-
tured silica (Fe2O3/SBA-15) for the degradation of illicit drugs of abuse (benzodiazepines,
cannabinoids, opioids, LSD, etc.) in a complex natural aqueous effluent using a photo-
Fenton process under UV–visible irradiation. Removal efficiency was demonstrated after
6 h of treatment, reaching values higher than 75% in all cases under optimal conditions
(catalyst = 0.6 g/L; pH = 3; H2O2 = 0.5 mg/L; T = 22 ◦C; 500 rpm). Subsequently, the
effectiveness of the photo-Fenton treatment in the purification of the effluent was evaluated
through phytotoxicity studies with Polystichum setiferum spores. Similarly, Liu et al. [100]
used a ceramic membrane coated with iron oxychloride (FeOCl-M) to study the activation
and degradation of nitrobenzene (NB) under UV irradiation. The complete elimination of
NB was achieved after 7 min of treatment, thus verifying the effectiveness, recyclability
and stability of this type of supported heterogeneous catalyst.

In line with the use of carbonaceous materials as support for photo-Fenton-type
catalysts, biochar (material produced by combustion of biomass under minimal oxygen
conditions) has also been postulated as an interesting support material due to its physico-
chemical properties, high catalytic potential, high availability and low cost compared to
other carbonaceous materials [101,102]. Lai et al. [103] synthesized a biochar-supported
MnFe2O4 compound and used it as a heterogeneous catalyst for a photo-Fenton process
to degrade tetracycline under visible light irradiation. A 95% degradation was obtained
under optimal conditions (tetracycline = 40 mg/L; H2O2 = 100 mmol/L; pH = 5.5), with
low manganese and iron leaching (<0.2 mg/L). Likewise, Bocos et al. [104] used activated
carbon with Fe as a heterogeneous catalyst of a photo-Fenton process to carry out the
degradation of diatrizoic acid (DIA) under UV irradiation. The results showed a TOC
removal of approximately 67% in 4 h without leaching of iron to the medium. On the other
hand, Guo et al. [105] proposed a novel formula for the constitution of a heterogeneous
catalyst of α-Fe2O3@g-C3N4 heterostructure: First, they carried out calcination of MIL-53
(Fe) and melamine and the anchoring of these particles in g-C3N4. This new catalyst was
used in a photo-Fenton process for the degradation of TC (92% in 60 min), giving rise to
degradation efficiencies up to 7–14 times higher than those obtained with α-Fe2O3/MIL-53,
g-C3N4 and MIL-53 alone. Furthermore, these new catalysts performed well over a wide
pH range and maintained good stability for five consecutive cycles.

Polymers as support for heterogeneous Fenton-type catalysts have not been widely
studied in recent years. Among the different polymers, sodium alginate is perhaps the
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most studied in the photo-Fenton treatment. Contributing to this knowledge, Cuervo
Lumbaque et al. [106] used three different materials as catalysts in a photo-Fenton pro-
cess, namely mining waste (a mixture of goethite, magnetite and hematite), Fe3+/mining
waste and Fe2+/mining waste included in sodium alginate spheres. The three catalysts
were used to dose three different water matrices (distilled water, simulated wastewater
and hospital wastewater) to degrade eight drugs. The results obtained showed almost
complete degradation of the eight drugs in the different matrices after 116 min under the
conditions studied (catalyst = 3 g of alginate spheres, H2O2 = 25 mg/L; pH = 5.0, simulated
sunlight). However, their achievement demonstrated that the reason for the degradation
of pharmaceuticals was the release of iron into the solution. So, their findings showed
iron-alginate materials were homo/heterogeneous systems that provided iron dosage with
enhanced performance in the removal of pharmaceuticals, compared to free systems. Sim-
ilarly, Cruz et al. [107] synthesized an Fe3+ catalyst included in alginate spheres for the
degradation of sulfamethoxazole through a photo-Fenton process under UV irradiation
in two different water matrices, namely deionized water and bottled drinking water, and
at different pH levels. After 30 min, the sulfamethoxazole was completely eliminated at
pH 2 and 3, while at pH higher than 5, only 20% sulfamethoxazole degraded in 30 min. At
pH 11, hardly any degradation was detected under the conditions tested (catalyst = 0.5 g/L;
SMX = 20 mg/L; UV = 8 W, 365 nm; 700 rpm, T = 25 ◦C). Their results also confirmed that
under studied conditions significant amounts of iron are released to the reaction media,
turning the process into homogeneous with a minor heterogeneous contribution.

In the same way, Li et al. [108] used graphene oxide, which is a highly conductive and
magnetic recovery component, as support for Fe3O4 and TiO2 nanoparticles to degrade
amoxicillin by means of a photo-Fenton process in a photocatalytic submerged magnetic
separation membrane reactor of their own elaboration. The results showed removal of
amoxicillin of approximately 90% after 120 min of reaction under UV irradiation.

2.3. Electro-Fenton

Based on in situ electrogeneration of hydrogen peroxide by cathodic reduction of
oxygen under acidic pH (Equation (16)) (Figure 3B), the electro-Fenton process minimizes
operating costs by avoiding the continuous addition of hydrogen peroxide to the bulk
solution [16]. Hydrogen peroxide concentration depends on the intensity of the applied
current and the dissolved oxygen [15]. Hydroxyl radicals are generated by the reaction
between hydrogen peroxide and the ferrous ions present in the solution. Simultaneously,
the continuous regeneration of ferric ion to ferrous ion occurs at the cathode (Equation (17))
ensuring relatively constant catalyst concentration in the aqueous phase [109].

O2 + 2H+ + 2e− → H2O2 (16)

Fe3+ + e− → Fe2+ (17)

Fe2+ + •OH→ Fe3+ + OH− (18)

Furthermore, water molecules in bulk solution may be oxidized to oxygen at the anode
(Equation (19)) to generate more hydrogen peroxide with the cogeneration of hydroxyl
radicals (Figure 3B). In addition, by using some high-oxygen overvoltage anodes such
as platinum and boron-doped diamond (BDD), hydroxyl radicals may be formed on the
surfaces of these anodes according to Equation (20) [88].

H2O→ 1/2O2 + 2H+ + 2e− (19)

H2O→ •OH + H+ + e− (20)

Despite the stronger oxidation capacity of the electro-Fenton process, the homogeneous
approach presents the same drawbacks as the aforementioned treatments: the need to
operate under a narrow pH range limiting the precipitation of soluble iron as hydroxides
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and the inability to recover and further reuse the catalyst [110,111]. As mentioned above,
these drawbacks may be overcome by using a solid heterogeneous catalyst classified as a
function of the presence/absence of the support materials.

Iron minerals have been successfully used as catalysts in the electro-Fenton pro-
cess. In particular, iron minerals such as pyrite (Equations (21)–(23)) and chalcopyrite
(Equations (24)–(26)) are able to provide the iron required to the process and self-regulate
the solution pH, as was demonstrated by Barhoumi et al. [112] and Droguett et al. [113].

2FeS2 + 7O2 + 2H2O→ 2Fe2+ + 4SO4
2− + 4H+ (21)

2FeS2 + 15H2O2 → 2Fe3+ + 14H2O + 4SO4
2− + 2H+ (22)

FeS2 + 14Fe3+ + 8H2O→ 15Fe2+ + 2SO4
2− + 16H+ (23)

CuFeS2 + 4O2 → Cu2+ + 2SO4
2− + Fe2+ (24)

CuFeS2 + 4H+ + O2 → Cu2+ + Fe2+ + 2S0 + 2H2O (25)

CuFeS2 + 16Fe3+ + 8H2O→ Cu2+ + 17Fe2+ + 2SO4
2− + 16H+ (26)

In the same way, Sanroman’s group used natural pyrite as the heterogeneous electro-
Fenton catalyst for the 90% mineralization of vanillic acid, the main component of oil mill
water. Similarly, Kalantary et al. [114] successfully degraded the antibiotic amoxicillin by
electro-Fenton process using magnetite nanoparticles able to be separated from the aqueous
phase by a magnetic field without production of iron sludge.

The emergence of cocatalysts offers a new perspective for the further development
of AOPs [115]. The hydroxyl radical quantification carried out by Chumakov et al. [116]
revealed chromium, cerium, copper and cobalt ions exhibiting a higher ability for the
generation of hydroxyl radicals than ferrous ions. Thus, the selection of more active metals
combined with iron allows improving the traditional electro-Fenton process. Nafcillin,
a β-lactam antibiotic, was degraded by bimetallic nanoparticles of Fe/Cu by Cu incor-
poration [117]. These nanoparticles present a synergistic effect on the physicochemical
properties of each metal, increasing its stability and reactivity [118]. The incorporation of
Cu into LaCoO3 perovskite was analyzed by Xie et al. [119], who evaluated the use of this
cocatalyst, achieving almost complete ciprofloxacin elimination after 120 min treatment. In
addition, sulfamethazine degradation by zero-valent iron nanoparticles was enhanced by
using molybdenum sulfide [120]. This metal sulfide has unsaturated sulfur atoms able to
capture protons to form hydrogen sulfide, promoting iron regeneration. Higher hydroxyl
radical concentration was detected in the bulk solution in the presence of a cocatalyst with
the concomitant hydrogen peroxide abatement.

The use of chitosan–epichlorohydrin iron spheres as a supported heterogeneous
catalyst was proposed by Rosales et al. [121], who evaluated the diclofenac degradation at
neutral pH. Likewise, Hammouda et al. [122] tested immobilized iron alginate beads for
indole removal.

The modification of the carbonaceous-based materials by introducing functional
groups by heteroatom doping has been successfully applied over the last few years [123,124].
The functionalized cathodes may act as a heterogeneous catalyst initiating the Fenton
reaction with electrogenerated H2O2 operating at lower pH [125]. Carbon-nanotube-
incorporated CuFe nanolayered double hydroxide was immobilized on the surface of
the graphite cathode for the degradation and mineralization of cefazolin antibiotic [126].
Despite alkaline pHs decreasing the removal efficiency, no significant modifications were
detected ranging from 3.0 to 6.0, whereas increasing the current intensity quickened the
diffusion rate of the reactants into the bulk solution, leading to an enhancement of the
electro-Fenton effectiveness. Under optimized conditions, this functionalized cathode
exhibited excellent stability after 10 runs, less than 4% difference in cefazolin removal
compared to the levels after the first run. Inspired by the superb electron-transfer efficiency
and prominent electrochemical activities of the composite oxides of manganese and nickel,
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Sun et al. [127] synthesized NiMn2O4 carbon felt cathode via a hard template method
for ciprofloxacin degradation. The authors determined that a high concentration of the
dissolved oxygen on carbon felt ensured the formation of hydroxyl radicals by a Fenton-like
reaction via manganese and nickel ions (Equations (27) and (28)).

Mn3+ + H2O2 + H+ →Mn4+ + H2O + •OH (27)

Ni2+ + H2O2 + H+ → Ni3+ + H2O + •OH (28)

From their results, the meso-NiMn2O4 catalyst provided a higher specific area and
more accessible pore channels for creating more radical-activated sites, being a good alterna-
tive to improve the electro-Fenton process. A similar effect was obtained on chlorampheni-
col using heteroatom N and O codoped porous carbon, previously synthesized using black
soya bean (protein-rich biomass) as a precursor. The main advantages of this cathode are
the large surface area and the presence of N and O facilitating the oxygen diffusion and thus
the hydrogen peroxide production [128]. Within this context, the ferrocene-functionalized
graphene-coated graphite felt cathode was used for ciprofloxacin degradation [129]. This
composite was synthesized by the peptide link between the aminated graphene oxide and
ferrocene. Due to the redox property of ferrocene, there was a high level of hydroxyl radical
production, enhancing the removal of ciprofloxacin operating under a broader pH range
and thus minimizing the sludge generation.

2.4. Photo-Electro-Fenton

The photo-electro-Fenton process consists of the combination of the electro-Fenton
process with irradiation of ultraviolet light, visible light or sunlight (Figure 3B), leading
to a photo-assisted improvement of the electro-Fenton process mediated by reactions
(Equations (29)–(31)) [111]. This technology allows greater hydroxyl radical production due
to synergistic effects between ferrous ions and light, improving pollutant degradation [130].

Fe3+ + H2O→ Fe(OH)2+ + H+ (29)

Fe(OH)2+ + hν→ Fe2+ + •OH (30)

Fe(OOCR)2+ + hν→ Fe2+ + CO2 + •R (31)

The combination of photolysis and electro-Fenton process represents a promising op-
tion for treatment of the recalcitrant emerging pollutants due to the high degree of energy
efficiency and increased generation of free radicals [130]. This assumption was explored by
Skoumal et al. [131] in ibuprofen degradation. From their results, they concluded UV light
irradiation affects the decomposition of complexes formed between Fe(III) and carboxylic
acids. Fe(III)–oxalate complexes are slowly degraded by hydroxyl radicals and quickly
photo-decarboxylate by UVA or solar irradiation. These results are in accordance with
those of Thiam et al. [132], who demonstrated an analogous behavior in thiamphenicol min-
eralization by photo-electro-Fenton compared to that by pyrite-electro-Fenton. Likewise,
Droguett et al. [113] suggested the use of chalcopyrite (Equations (24)–(26)) in cephalexin
removal. The results showed significant improvement of TOC decay (around 88%) for
the heterogeneous photo-electro-Fenton compared to the homogeneous process (63%) and
heterogeneous electro-Fenton (29.7%).

Regarding supported heterogeneous catalysts, Bocos et al. [104] synthesized an iron-
based catalyst supported on activated carbon for diatrizoic acid by the photo-electro-Fenton
process. Complete mineralization of the pollutant was achieved after 120 min, whereas
the photo-Fenton process only allowed obtaining 67% mineralization. Recently, the great
potential of MOFs for industrial application was confirmed by Ye et al. [133], who tested
the ability of a Fe-bpydc-catalyzed system for the degradation of bezafibrate, bisphenol A,
fluoxetine and naproxen from urban wastewater. Numerous active sites on the surface of the
MOF promote mass transport and charge transfer, increasing the degradation constant rate.
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2.5. Sono-Fenton

Based on the “hot spot” theory, ultrasonic radiation consists of the collapse of cavitation
bubbles under extreme conditions, therefore generating the thermal dissociation of water
to form radical species (Equations (32)–(36)) [134].

H2O + )))→ •H + •OH (32)

O2 + )))→ •O + •O (33)

O• + H2O→ 2•OH (34)

•H + O2→ •OOH (35)

H2O + O2 → •OH + •OOH (36)

Hu et al. [135] degraded metronidazole in wide pH ranges (3.0–9.0) using Fe3O4
nanocomposites in the presence of ultrasonic radiation. Likewise, Abdili et al. [136] used
zero-valent iron nanoparticles for sulfacetamide removal, achieving 91% degradation after
60 min treatment. The use of ultrasound greatly reduces the amount of deposits on the
heterogeneous catalyst surface, ensuring catalyst reuse and regeneration [137]. Analogous
to the other technologies, the use of the supported heterogeneous catalysts has been
proposed by Dükkancı [138], who achieved total oxidation of bisphenol A by sono-Fenton
process under visible light irradiation using iron-based perovskite LaFeO3 as the catalyst.

Sono-Fenton is considered as an eco-friendly and safe process that does not generate
by-products or secondary contaminations; nevertheless, the high recombination of the
reactive oxygen species and their high energy costs considerably limit the degradation
of the pollutants and make it a good candidate for combination with other treatment
technologies [139]. Despite Oturan et al. [140] combining the electro-Fenton process and
ultrasound in a pioneering experiment for the degradation of organic pollutants, to date,
few studies in this research field focus on the development of heterogeneous catalysts for
the sono-electro-Fenton process. Ghanbari et al. [141] tested the use of hematite particles as
the heterogeneous catalyst for paracetamol degradation, achieving almost 99% degradation
after 60 min treatment under optimal conditions.

As was expected, the combination of ultrasound with UV/solar radiation increases
the process effectiveness due to the presence of two simultaneous sources of oxidant radical
production. Acoustic cavitation produces reactive oxygen species from the dissociation of
water and oxygen and its further reaction with the bubbles, whereas the direct photolysis
of hydrogen peroxide also produces hydroxyl radicals, accelerating the decomposition of
recalcitrant organic pollutants [134].

3. Photocatalysis

Before the 1960s, metallic oxides were used for the reduction of carbon dioxide, syn-
thesis of ammonia from nitrogen and generation of hydrogen. Since then, this research
line has been oriented towards the use of these materials as active photocatalysts in water
treatment [142]. Further studies using zinc oxide and titanium oxide for dye degradation
elucidated the higher photocatalytic activity of the titanium. The mechanism of a pho-
tocatalyst involves the excitation of electrons from the valence band to the conduction
band under light irradiation, followed by the formation of reactive oxygen species such as
superoxide anion radicals and singlet oxygen or hydroxyl radicals [143,144]. The different
contribution of the oxidant species allows predicting the mineralization pathways with
notable precision [145]. Semiconducting photocatalytic materials including metal oxides
such as TiO2, ZnO, WO3, ZrO2, V2O5, Nb2O5 and Fe2O3 have been successfully used for the
degradation and further mineralization of organic compounds [146,147], Among them, tita-
nium oxide represents an effective alternative in wastewater treatment. Despite their three
different crystalline forms (anatase, brookite and rutile) in nature, anatase is considered
the most photoactive form, and rutile is the most abundant and thermodynamically stable.
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Their excellent photocatalytic efficiency is likely due to the generation of electron–hole
pairs [148,149]. The chemical reactions involved in the TiO2-mediated photocatalysis are
detailed below (Equations (37)–(44)) [150].

TiO2 + hν→ TiO2 (e−CB/h+VB) (37)

TiO2 (h+VB) + H2O→ TiO2 + H+ + •OH (38)

TiO2 (h+VB) + HO− → TiO2 + •OH (39)

O2
•− + H+ → HO2

• (40)

HO2
• + HO2

• → H2O2 + O2 (41)

TiO2 (e−CB) + H2O2 → •OH + OH− (42)

H2O2 + O2
•− → •OH + OH− + O2 (43)

H2O2 + hν→ 2•OH (44)

Nevertheless, heterogeneous photocatalysis has multiple advantages such as easy sep-
aration and recycling of the catalysts compared to homogeneous photocatalysts [151]. De-
spite numerous researchers having reported excellent results at laboratory scale, their scale-
up requires in-depth technical knowledge to overcome the operational drawbacks [152].

One underlying aspect of photocatalysis is the development of an appropriate cata-
lyst able to overcome the operating limitations associated with titanium dioxide such as
electron-hole recombination, fast backward reactions and ineffective photocatalytic activity
under visible light irradiation [153,154]. Numerous researchers have demonstrated the
high potential of solar-based techniques for the removal of emerging pollutants in water
purification [155–157]. Nevertheless, the bandgap (above 3.0 eV) of TiO2 leading to only
UV light absorption (wavelength less than 390 nm) hinders the solar-powered technology,
since only about 5% of solar radiation is ultraviolet radiation [158,159]. At the present stage,
achieving an efficient light response represents a challenging milestone in terms of energy
effectiveness [160].

Based on the literature, the most effective strategies for improving the activation of
photocatalysts are (i) the coupling of semiconductors [161–163]; (ii) nonmetal doping such
as nitrogen, boron, sulfur, carbon and fluorine acting as superficial donors [164]; (iii) surface
modification; and (iv) incorporation of dopant agents for the modification of the physical
properties and surface activity enhancing their photo-response to visible light (Figure 4A).
These dopant agents, called cocatalysts, are inactive materials able to improve catalytic
activity and catalyst stability. These aforementioned strategies enhance the photocatalytic
activity of titanium dioxide for various reasons related to modification of the electronic
spectrum and charge separation [165,166].

Huo et al. [167] and Wang et al. [168] synthesized the ZnWO4/CdS heterostructures
and commercial TiO2-supported g-C3N4, respectively, for ciprofloxacin photodegrada-
tion under visible light irradiation. Li et al. [169] developed core-shell γ-Fe2O3@ZnO
particles for ciprofloxacin removal under simulated solar irradiation, improving the pho-
tocatalytic activity of each bare material. From their results, these catalysts were stable,
reusable and easily separable from the solution under a magnetic field. Despite most
of the synthesized heterostructures generally involving the integration of two functional
catalysts, Tahir et al. [170] prepared a ternary hybrid photocatalyst WO3/TiO2/g-C3N4 to
enhance the catalyst activity for the removal of pharmaceuticals such as acetylsalicylate
and methyl-theobromine.
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Figure 4. (A) Improvement of photocatalyst and (B) heterogeneous membrane photocatalysis.

The nonmetallic doping of photocatalysts reduces the bandgap of the photocatalyst,
thus improving their activation under a wide wavelength range [171]. Shetty et al. [172]
developed a nitrogen-doped TiO2 catalyst for the degradation of common drugs such
as naproxen, paracetamol and ciprofloxacin. The doped catalyst was more efficient than
commercial TiO2 under solar irradiation. This fact is likely due to the incorporation of
nitrogen into the TiO2 lattice modifying the electronic structure of TiO2 [173]. In the same
way, Kumar et al. [174] tested boron-doped TiO2 photocatalyst for the photodegradation of
ibuprofen, flurbiprofen, 2,4-dichlorophenol and bisphenol A under UV–visible irradiation,
achieving higher degradation percentages for all these pollutants compared to the bare
photocatalyst. Heterostructures formed by coupling photocatalysts may be doped by non-
metallic elements, improving the resulting degradation rates. Pan et al. [175] synthesized a
zirconium MOF doped with amino UiO-66 (NH2) and AgI for tetracycline removal under
visible light. The doping of catalysts with carbonaceous materials has been extensively
investigated to reduce the bandgap of the photocatalyst, thus allowing their performance
under the visible spectrum. These carbon-based supports act as a bed for electron trapping,
hindering the recombination of electron pairs and reducing the agglomeration trend of
TiO2 nanoparticles [176]. Within this context, Ahmadi et al. [154] analyzed the use of TiO2
photocatalyst doped with multiwalled carbon nanotubes for the photocatalytic degradation
of tetracycline and a pharmaceutical effluent under UV-C irradiation. Around 83% tetracy-
cline removal was achieved, while COD of the pharmaceutical effluent decreased more than
84% under the same operating conditions. Likewise, Surenjan et al. [177] also evaluated
carbon-doped TiO2 photocatalyst for degradation of diclofenac and carbamazepine under
visible irradiation, achieving total removal of both pollutants under optimal conditions. In
the same way, Darwish et al. [178] reported Ni/CdS supported on graphene nanolaminates
for the photodegradation of sulfamethoxazole and cephalexin. Recently, graphitic carbon
nitride (g-C3N4) has been investigated as a metal-free carbo-catalyst due to its large specific
surface area and its potential activation by visible light [33]. Likewise, Ma et al. [179]
evaluated the catalytic photodegradation of salicylic acid, reaching 62% removal after
180 min treatment under visible irradiation. The doping of TiO2 with F–N is anchored
on a matrix of magnetic activated carbon with carbonized chitosan. Although they have
been disclosed as eco-friendly remediation alternatives because the catalyst can be easily
recovered from the bulk solution, further investigations are required for their widespread
application. The immobilization of the TiO2 catalyst on chitosan-based composites was
evaluated by Farhadian et al. [180], who reported their excellent performance in tetracy-
cline degradation under visible light irradiation. The blending of chitosan increases the
photocatalytic degradation rate 2-fold. Similarly, a new bio-based PET-TiO2 photocatalyst
was developed by Malesic-Eleftheriadou et al. [181] for degrading a mixture of antibiotic
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compounds in simulated and real wastewater. The authors observed low adhesion between
the polymeric matrix and inorganic oxide leading to a leaching process from the final
composite films. Conducting polymers such as poly(o-phenylenediamine) (PoPD) may act
as efficient electron donors and good hole transporters on visible-light irradiation; thus,
Sandoval et al. [182] developed a ZnFe2O4/PoPD photocatalyst by a coupling strategy for
increasing the poor photocatalytic activity of pure ZnFe2O4. More than 90% thimerosal
degradation was achieved after 6 h light irradiation under optimal conditions. Their results
suggested PoPD on the ZnFe2O4 surface enhanced the catalyst activity due to the charge
separation ability of the PoPD on the metal oxide.

Similar to polymers, clays have been widely investigated as supports for photocata-
lysts. Belhouchet et al. [183] investigated the use of TiO2 nanocomposites supported on
calcite (mainly calcium carbonate and palygorskite clay) to photocatalytically degrade tetra-
cycline under UV and solar irradiation, reaching around 90% and 50% tetracycline and TOC
removal, respectively. In the same research line, Akkari et al. [184] analyzed Fe3O4/ZnO
nanoparticles on sepiolite for the degradation of ibuprofen, acetaminophen and antipyrine
under sunlight irradiation. They are easily separated by an external magnetic field.

Regarding metal doping of photocatalysts, Durán-Álvarez et al. [185] deposited
monometallic and bimetallic nanoparticles on TiO2 to improve their activation under visible
irradiation. This photocatalyst was used in ciprofloxacin degradation under simulated
solar radiation. Only partial degradation of the antibiotic was achieved after 360 min using
monometallic alternatives, whereas total degradation and mineralization were obtained
after 90 and 180 min, respectively, with bimetallic photocatalysts. Similar results were
obtained by He et al. [186], who tested the doping of TiO2 with Fe-based organometallic
structures synthesizing MIL-101 (Fe)/TiO2 magnetic MOFs for tetracycline degradation
under sunlight. Almost 93% antibiotic degradation was achieved after only 10 min under
solar irradiation. Alkaline earth metals, group II elements, may be used as doping elements;
indeed, Al Abri et al. [187] developed Ce-doped ZnO photocatalysts for the degradation of
nizatidine, levofloxacin and acetaminophen under UV irradiation. Around 95% removal
was detected after 240 min, confirming that the metallic doping favored the trapping of elec-
trons by the doping agent, decreasing the photo-corrosion of the catalyst. Heterostructures
from the coupling of photocatalysts may be doped with metallic elements, in particular,
Elhalil et al. [188] doped ZnO-Al2O3 photocatalyst with magnesium for further evaluating
caffeine degradation under UV irradiation.

3.1. Photocatalytic-Based Membrane Filtration

Membranes have been successfully examined as additional technology for achieving
the comprehensive remediation of water streams. Specifically, membrane processes based
on the combination of photocatalysis and membrane filtration (Figure 4B) contribute to
the breakdown of organic compounds present in the concentrate and reduce membrane
fouling [189]. The membrane may act as a selective barrier avoiding the separation step,
thus minimizing the energy consumption and operational costs [190]. Despite this, the
use of photocatalytic membranes presents several drawbacks; for example, (i) the polymer
membrane structure may be attacked by reactive oxygen species and/or light irradiation,
(ii) the process effectiveness depends on the mass transfer rate limitation, (iii) the low
effective specific surface area involves a relative loss of photocatalytic ability and (iv) the
catalyst deactivation provokes a shorter lifespan of the membrane.

The main aspects of the two common configurations, photocatalysis with membrane
filtration (two steps) or photocatalytic membrane reactor (PMR, single-step) were summa-
rized by Iglesias et al. [158]. Although both alternatives were used in water purification,
the single step requires a smaller spatial domain and lower maintenance costs and thus is
highly recommended for industrial applications. Indeed, Espíndola et al. [191] have evalu-
ated the performance of PMR in oxytetracycline degradation in the presence of suspended
or immobilized TiO2. Despite the advantages of the nano-engineered photocatalytic mem-
branes, the pharmaceutical removal effectiveness was lower than that of TiO2-P25 slurry
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conditions due to lower available surface area. The authors proposed the development
of novel membranes with notable photoactivity and the addition of other oxidants (e.g.,
persulfate, ozone, hydrogen peroxide) for improving their performance.

Prior to the photodegradation studies, the compatibility of the membrane with the feed
solution containing organic compounds should be evaluated using the Hansen solubility
parameters. The Hansen approach relates the mixing energy and vaporization energies of
the pure substances considering the interactions between molecules. This methodology
represents a powerful tool for the assessment of interactions between the membrane
components (polymer, solvent and additives) and aqueous feed throughout the filtration
process [192].

Based on the aforementioned developments, the next-generation membranes involve
the development of membranes with functional nanoparticles through the surface func-
tionalization of existing membranes [193] or the incorporation of nanoparticles (e.g., metal,
metal oxide, composites) into the polymeric or ceramic matrix (nano-engineered mem-
branes) [194–196]. The addition of hydrophilic metal oxide nanoparticles such as alumina,
silica, zeolite and titania to membranes increases the membrane surface hydrophilicity,
permeability and fouling resistance. Furthermore, these inorganic nanomaterials improve
the mechanical and thermal stability of polymeric membranes and also considerably reduce
their compaction level [150]. Paredes et al. [197] analyzed a polyvinylidene fluoride double-
layer hollow fiber polymeric membrane with immobilized TiO2 for the photocatalytic
degradation of eight pharmaceutical products under UV irradiation. To promote the appli-
cation of solar energy closer to the photocatalysis processes, Koe et al. [198] synthesized
nanocomposites by coupling TiO2 with carbon quantum dots doped with different charges
of nitrogen and sulfur. These nanoparticles were deposited on a polysulfone ultrafiltration
membrane for the degradation of diclofenac from an aqueous effluent under visible irradia-
tion, reaching around 62% drug degradation, more than 20-fold compared to pure TiO2.
In this same way, Singh et al. [199] investigated the potential application of polysulfone
ultrafiltration membrane with supported Cu2O as photocatalyst for ibuprofen removal
under visible radiation, reaching 86% drug removal.

3.2. Photoelectrocatalysis

Photoelectrocatalytic oxidation consists of the application of an electric current inten-
sity/voltage to the photoanode (semiconductor anode materials), which is able to act as
photocatalyst under irradiation [200,201]. The photogenerated holes oxidize the organic
compounds on the anode surface, and an external electrical circuit extracts the photoin-
duced electrons. In addition, the electrons generally move to the outside circuit around the
cathode where they may participate in reductive reactions, including molecular hydrogen
production from hydrogen ions [202]. The lack of electrons promotes the aggregation
of the holes at the anode, leading to the desired decline of the recombination rate of
photogenerated electron–hole pairs [201].

Numerous techniques have been developed for the synthesis of the photoanodes,
including anodic oxidation, electrolytic plasma oxidation, sputtering, plasma spraying,
evaporation and sol–gel [203]. Photoelectrocatalysis electrodes, mainly the photoanode, are
based on one or more photocatalysts and/or cocatalysts supported on glass/metal mesh to
enhance photocatalytic properties [204]. Most of the photoanodes used are composed of
TiO2 due to its low cost, high photoactivity and excellent chemical and thermal stability.

The removal effectiveness depends on the structure and morphology of the photoan-
ode, the solution pH, the electrical potential, the range of electrical intensity, the intensity
of radiation and the pollutant concentration [201]. Recently, the application of photoelec-
trocatalysis has focused on wastewater treatment and the degradation of emerging pollu-
tants, mainly pharmaceutical products and the treatment of industrial effluents [205–207].
Su et al. [208] analyzed sulfamethoxazole degradation using a TiO2/Ti photoanode under
UV irradiation. Total antibiotic degradation was reached after 70 min at 0.5 V, confirming
that a higher potential gradient reduces the recombination of holes and electrons, favoring
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the degradation process. Likewise, Mazierski et al. [209] synthesized photoanodes based
on Ti/TiO2 nanotubes by the anodic oxidation technique for 5-fluorouracil degradation at
1.00 V. The ecotoxicity of the effluents after treatment was investigated by using Lemna
minor. Around 30% TOC abatement and a higher growth rate of L. minor demonstrated
that the degradation products are less toxic than the parent drug. The effect of a more com-
plex matrix was checked by Collivignarelli et al. [203], who used TiO2 mesh photoanodes
synthesized by plasma electrolytic oxidation for the treatment of effluent from the pharma-
ceutical industry, achieving 55% removal and 24% COD reduction after 120 min under UV
irradiation. Furthermore, the development of photoanodes based on active catalysts under
visible light is considered an astonishing challenge in this research field. Within this context,
Kushwaha et al. [210] synthesized a photoactive third-generation catalyst CaCu3Ti4O12 un-
der sunlight radiation. These third-generation catalysts, based on the union of low-bandgap
photoactive materials and TiO2, were used for the photoelectrocatalytic degradation of
various pharmaceutical products and derivatives such as erythrosine, ciprofloxacin and
estriol, obtaining 81%, 72% and 78% degradation, respectively, after 40 min.

Bismuth-based semiconductors, mostly bismuth vanadate, have recently been investi-
gated for their use in photoelectrocatalysis since they possess high photocatalytic activity
mediated by visible spectrum radiation [204]. However, the yield of BiVO4 is relatively
low due to the recombination rate of e−/h+ pairs [211]. To overcome this problem, the
aforementioned strategies including metallic and nonmetallic doping and coupling with
other semiconductors have been proposed. Within this framework, Orimolade et al. [212]
developed a BiVO4/BiOI heterojunction electrodeposited on FTO glass as a photoanode
for degradation of acetaminophen and ciprofloxacin under visible radiation. Their binary
electrode achieved better degradation rates than either of the materials separately, showing
almost 70% degradation of both pollutants after 120 min treatment at 1.50 V.

4. Future Perspectives

The problem of dealing with low concentrations of pollutants has stimulated several
studies in the hunt for combined strategies that allow a prompt removal of these pollutants.
Among them, adsorption/AOP is a good option in which the pollutants are adsorbed into a
porous material that is removed by subsequent in situ AOP reactions that take place on the
surface of the exhausted adsorbent or by desorption and treatment of concentrated aqueous
solution. There are recent studies that combine both the adsorption processes of pollutants
in different matrices and the catalytic degradation through the Fenton-based treatment
of the adsorbed pollutants to regenerate the adsorbent. On this topic, Puga et al. [22]
applied the latter in the removal of sulfamethizole by adsorption on pellets of carbonaceous
nanogel following the heterogeneous electro-Fenton process using a novel synthesized
iron perlite catalyst. This catalyst was synthesized by the iron fixation on a floating
material such as perlite by hydrothermal treatment. The floating characteristics facilitate
the separation of catalyst and the bulk solution, allowing the process to be performed
in a flow system without any operational problems. In the same way, Shan et al. [213]
constituted a three-dimensional hybrid hydrogel composed of reduced graphene oxide
and Fe3O4 (3D-rGO-Fe3O4) to be used as an adsorbent for antibiotics. Subsequently,
this hybrid hydrogel acted as a catalyst for a heterogeneous Fenton reaction in order
to degrade the tetracycline and ciprofloxacin contained in the matrix, thus regenerating
the adsorbent material. Regeneration was effective for 10 adsorption-oxidation cycles.
Doping of graphene-derived compounds with nitrogen and sulfur heteroatoms significantly
improves electrical conductivity and provides new electrocatalytic active sites [214,215].
Peng et al. [216] reported the synthesis of a new nanocomposite formed by nitrogen-
modified reduced graphene oxide (N-rGO) as support for magnetic nanoparticles (Fe3O4)
(N-rGO/Fe3O4). This nanocomposite was used for the adsorption of norfloxacin and
ketoprofen with the subsequent catalytic degradation by activation of PMS through a
Fenton-like oxidation process. Norfloxacin was completely degraded and 89% TOC removal
efficiency was achieved in 210 min. Electron spin resonance proved that both •OH and
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SO4
− radicals were produced during the treatment. In this field, the use of a photo-based

process was also evaluated, and the photocatalytic adsorbent MIL-53(Fe) was successfully
prepared by Gao et al. [217] by solvothermal method and used for the removal of two typical
pharmaceuticals, clofibric acid and carbamazepine, from water. MIL-53(Fe) exhibited
good adsorption performance, and the MIL-53(Fe)/H2O2/vis system showed significantly
higher performance for the degradation of carbamazepine than the MIL-53 (Fe)/H2O2,
Fe(II)/H2O2 and TiO2/vis systems. It was concluded that the direct excitation of the
iron-oxo cluster mainly contributes to the photo-Fenton activity of MIL-53(Fe). Likewise,
in photocatalysis processes, clays or clay materials such as montmorillonite, sepiolite,
palygorskite, zeolite, kaolinite, calcite and diatomite have also been widely studied as
support for photocatalysts due to their high adsorption capacity, large surface area and
chemical and mechanical and stability [218].

Regarding heterogeneous catalysts for the catalytic degradation of pollutants, in recent
years the use of heterogeneous nonmetallic catalysts, materials that have nonmetallic
elements as active components, has been investigated in advanced oxidation processes
for the degradation of emergent pollutants by Fenton-like process through activation of
PS and PMS (radical SO4

−) and photocatalysis technology. Nonmetallic catalysts, also
called green catalysts or carbon catalysts, include graphene, graphitic carbon nitride,
mesoporous carbon, activated carbon, nanodiamonds, fullerenes, carbon nanotubes and
simple/multiwalled carbon nanotubes [219]. These nonmetallic catalysts are capable of
overcoming some inherent defects of metallic catalysts, namely the inhibition of some
functional groups, the need for additional impregnation steps in the supported catalysts
and the easy detachment, thus reducing the catalytic activity and easy agglomeration [220].
Thus, Wang et al. [221] demonstrated that the efficiency of oxalic acid removal (100%
removal in 80 min) was much higher using fluorine-doped carbon nanotubes (F-CNT)
compared to four conventional metal-based catalysts (ZnO, Al2O3, Fe2O3 and MnO2).
Similarly, Ma et al. [222] degraded bisphenol A in the presence of PMS using nitrogen-
doped carbon nanotubes (NCNTF) as a heterogeneous catalyst. Among the advantages
that carbon catalysts present over metallic catalysts are their low contamination capacity,
low cost, easily adaptable porous surface and high chemical and thermal stability [33].
For all these reasons, these catalysts are successful, profitable, stable and environmentally
friendly catalysts compared to traditional metallic ones, but their catalytic capacity still
needs to be improved and their fabrication is still difficult; therefore, more research is
needed in this field [223]. The so-called nanobiocatalysts (NBCs), which can be defined
as encapsulated or supported enzymes in a multitude of materials, have also begun to
be investigated in the field of bioremediation and degradation of emerging pollutants
since the processes mediated by these NBCs use fewer products. The chemicals and
catalysts are easily recoverable and prevent the use and manufacture of hazardous and
toxic materials [224]. Among the materials used to produce NBCs, nanostructured materials
such as nanofibers, hybrid nanoflowers, nanoporous substrates, nanotubes and magnetic
nanoparticles stand out [225]. The crystalline structure, the functionalization of the surface,
the size of the particle, the viscosity and the oxidation state influence the enzyme–catalyst
interaction; therefore, it is important to highlight that the coordination strategy between the
type of catalyst (enzyme) and the support material (nanoparticle) is vital for the stability
and functioning of the system and must give rise to catalytically active systems [226].
Another key aspect of this type of conjugate is to determine the number of cycles that the
enzyme can carry out without losing activity. However, on many occasions, the structure
of the enzyme during immobilization is affected, thus causing a partial or total reduction in
enzyme activity [225]. Therefore, there are few cases of systems that have achieved good
stabilization for some processes. More research is still needed on the main mechanisms that
control the activity of NBCs (physical entrapment and encapsulation) to specify the scope
and usefulness of these biocatalysts in different environmental remediation processes.

In recent years, hybrid microbial fuel cells (MFCs) integrated with other technologies
have been postulated as very promising techniques for the degradation of refractory
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organic compounds present in wastewater [227]. Classic microbial fuel cells involve the
conversion of chemical energy into electrical energy by oxidizing organic compounds using
electrogenic microorganisms [228]. The cells are composed of anode and cathode, usually
with carbon felt, and can be single-chamber or double-chamber. In addition, a substrate
is needed for their operation, which is a simple organic compound such as glucose or
acetate; also needed are molecular oxygen, a fuel that is the refractory organic compound
itself, a proton exchange membrane (PEM) and the electrogenic microorganisms that are
responsible for the generation of electrons [229]. However, although the classic MFC system
provides good results, some contaminants present in the water cannot be used as fuels
because they show high toxicity towards the microorganisms that are present at the anode
of the MFCs, thus reducing the degradation efficiency [227,230]. It is, therefore, this fact that
has led current MFC research efforts to focus on addressing this problem by integrating this
technology with other treatment technologies such as photocatalysis, photo-electro-catalysis
and Fenton processes (MFC-photocatalysis and MFC-Fenton) [228]. Likewise, through
an MFC-photocatalysis treatment system, the efficient removal of metronidazole from
wastewater was achieved. Wang et al. [231], while using an MFC-Fenton system, achieved
a removal and mineralization efficiency of metronidazole of 94.5% and 89.5%, respectively.

The presence of pharmaceutical products in the water cycle may cause harmful effects
such as induction resistance in pathogenic microorganisms or morphological, metabolic
and sex alterations in aquatic organisms [232]. Therefore, the World Health Organization
(WHO) has recently published a list of antibiotic-resistant “priority pathogens”, which are
considered a hazardous threat to human health [233]. For this reason, the development of
novel technologies able to mitigate the antibiotic-resistance spread represents an astonish-
ing challenge for the scientific community. To date, only a few publications are related to
the simultaneous antibiotic-resistant microorganism inactivation and antibiotic removal by
AOPs [234–236]. Rizzo et al. [237] evaluated photo-driven AOPs with peracetic acid in the
inactivation of sulfamethoxazole-resistant E. coli and the degradation of three pharmaceuti-
cal compounds (sulfamethoxazole, diclofenac and carbamazepine) under different light
sources. In the same way, Ioannou-Ttofa et al. [234] reported total ampicillin degradation
and complete inactivation of ampicillin-resistant E. coli bacteria by solar photo-Fenton
process under optimal experimental conditions. In addition, no post-treatment bacteria
regrowth was observed, even after 48 h incubation, demonstrating the permanent damage
to bacterial cellular functions caused by UV irradiation. The obtained results open up a
novel route for the tertiary treatment of urban effluents; nonetheless, further studies are
required to determine a compromise solution able to deactivate pathogens and remove
emerging pollutants simultaneously with higher process effectiveness.

5. Conclusions

This review has shown the present trends in the use of heterogeneous AOPs for the
treatment of aquatic environments, discussing those aspects relevant for each available
alternative. The main drawbacks of these advanced oxidation processes are associated
with higher operating costs related to energy consumption (ultraviolet-light irradiation); to
date, they are not considered economically viable processes at a large scale. Consequently,
renewable energies such as solar radiation open up a promising route for the development
of efficient and affordable technology.

The effectiveness of these novel wastewater treatment technologies should be assessed
in continuous-flow systems for real industrial effluent in the presence of organic matter and
other contaminants. Most of the studies are focused on the removal of emerging pollutants
from simulated water under batch conditions; nevertheless, recently, more researchers have
investigated the operation of these technologies using real matrices.

Despite their excellent degradation and mineralization percentage results at the bench
scale, the main drawbacks of these technologies are the relatively high energy consumption
and the concomitant elevated operating costs. Therefore, the main challenges facing
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these technologies are the enhancement of their performance and stability to achieve
eco-friendlier and more cost-effective wastewater treatment on pilot and large scales.
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