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Photocatalysis has been vastly applied for the removal of contaminants of emerging concern (CECs) and other
micropollutants, with the aim of future water reclamation. As a process based upon photon irradiation, materials
that may be activated through natural light sources are highly pursued, to facilitate their application and reduce
costs. TiO, is a reference material, and it has been greatly optimized. However, in its typical configuration, it is
known to be mainly active under ultraviolet radiation. Thus, multiple alternative visible light driven (VLD) materials
have been intensively studied recently. WO3 and g-C3N,4 are currently attractive VLD catalysts, with WO5
possessing similarities with TiO, as a metal oxide, allowing correlations between the knowledge regarding the
reference catalyst, and g-C3N,4 having an interesting and distinct non-metallic polymeric structure with the benefit of

easy production.

contaminants of emerging concern catalysts doping composite materials

visible photocatalysis ozonation

| 1. Introduction

The wastewater treatment plants (WWTPs) are currently responsible for the provision of proper sanitary living
conditions for more than 5.2 billion people, but as industries evolve, a large number of different products and
chemicals are consumed by the population, eventually making their way into these facilities, which are not
designed to treat them W&, There is a great number of these pollutants, but a certain group is particularly
important, the contaminants of emerging concern (CECs), which are a variety of chemicals, such as pesticides,
pharmaceutical and personal care products (PPCPs), hormones, and stabilizers Bl. Due to their ineffectiveness,
WWTPs become a major source of CECs, which may accumulate in the environment and have already been
detected, at ng L™ and pg L™ ranges, in surface and groundwater, as well as in remote places, such as high-

altitude rivers and the Antarctic Peninsula EI=IEIZ],

Different treatments and techniques have been researched by the scientific community to solve the problem
associated with CECs, but a feasible and broad-range solution is yet to be found [&l. Advanced oxidation processes
(AOPs) are presented as suitable alternatives for the degradation of a wide range of pollutants, based upon the
formation of reactive oxidative species (ROS), most importantly hydroxyl radicals (-OH). AOPs include an array of
treatments, vastly explored towards CECs abatements, such as ultraviolet-, ozone-, photocatalysis-, Fenton-, and

sulfate-based processes RILOLILZ (Figure 1). Ozone-based water disinfection treatments are well-established,
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but also currently one of the most applied AOP for micropollutants removal, being already implemented as tertiary

wastewater treatment in some countries 231,

Figure 1. Water treatment scheme and routes of contaminants introduction in the environment.

Ozone is a very strong oxidant, with a redox potential of 2.08 eV, capable of directly reacting with microorganisms
and different organic compounds, but it may also be responsible for indirect reactions, producing hydroxyl radicals,
which then can interact with the microcontaminants 41, Nevertheless, this process faces some disadvantages,
namely the low solubility of ozone in water, the high energy requirement for its production, low mineralization, and
the formation of byproducts potentially more toxic than the parent compounds 12181, To enhance the single ozone
process, a very common strategy is to integrate or couple it with other AOPs, for instance, Oz/UV, O3/H,0,, O3/Cl,
and Og/Photocatalysis [QIL7IL8] photocatalytic ozonation is then a promising combined technique, boosting the
treatment efficacy and suppressing the individual processes’ disadvantages. Photocatalysis is based upon the
activation of a catalyst through photon absorption, which then promotes multiple radical’s production reactions that
attack a large range of contaminants. The contaminants may also be eliminated directly by the catalyst through
adsorption 2. The photocatalysis, when in combination with ozone, can promote a higher decomposition of the
gas in water, diminishing ozone demand and increasing the production of ROS. Besides, ozone may also enhance
photocatalysis by acting as an electron receiver, reducing electron-hole recombination, which is one of the major

disadvantages of this process 19,

Photocatalytic systems are very adaptable and, currently, there is a great variety of catalysts available to be used,
the most common being TiO,. Notwithstanding, TiO, presents some disadvantages that challenge its large-scale
application, but as these materials are easily tunable, recent studies present multiple adaptations to enhance
photocatalysts’ performances, such as doping using metal and non-metal elements, immobilization onto other
materials, as well as the coupling of different catalysts and materials with distinct natures. Another route is the
exploration of alternative catalysts, other than TiO,, that present superior performances over visible/solar radiation,

lowering the process overall cost, which nowadays corresponds to a high-interest field of exploration 29,
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Regarding other catalysts, visible-light-driven (VLD) materials became the aim of an increasing number of studies,
presenting a better and easier alternative regarding their activation. g-C3sN, is a currently very significant catalyst,
possessing a metal-free polymeric structure, with simple and very adaptable synthesis methods. Another example,
WOg3;, also possesses lower bandgap energy and broader absorption of solar radiation while sharing the metal
oxide characteristic of TiO,, which allows an easier correlation between possible known mechanisms and
adaptations that can be made. These alternative materials, although with interesting light absorption properties, still
face some drawbacks, some also found in TiO,, such as high electron-hole recombination, low specific surface
areas, and improper energy band positions, which hinder the potential of the redox reactions responsible for
contaminants elimination.

2. General Features of Catalysts for Photo-based Treatment
Processes

Titanium dioxide is certainly the most applied catalyst for photocatalytic water treatment and possesses different

crystalline phases, anatase, rutile, and brookite, with anatase having a higher general photocatalytic activity 24,

The benchmarked P25 catalyst was applied by Gomes et al. (22l for the degradation of a complex solution of
insecticides, namely azoxystrobin, buprofezin, imidacloprid, procymidone, simazine, terbutryn, and thiamethoxam.
Under solar radiation for 120 min, Degussa P25 TiO, completely removed 100 ug L™ of almost all pesticides,
excluding thiamethoxam (~90%) and procymidone (~50%). The authors also evaluated the scale-up effect, in a
pilot-scale 120 L photoreactor, P25 achieved lower degradation yields, expected due to the larger volume, but still
favorable, with removal rates higher than 70% with a photon flux of approximately 8 kJ L. Photocatalytic
ozonation was also assessed, and the higher production of ROS improved the degradation of the insecticides by
more than 80%, while single ozonation had considerably lower removal rates for some contaminants, such as
Procymidone (~50%) and Imidacloprid (~50%). However, the high electronic density groups characteristics of the
contaminants that promote a fast reaction with molecular ozone still allow a noticeably efficient treatment by the
single process.

Even with broad usage, TiO, faces compromising disadvantages that challenge its full-scale application. Primarily,
its high bandgap energy, ~3.2 eV for anatase and ~3.0 eV for rutile TiO,, makes its photoactivation possible only

under UV radiation, with A < 390 nm, hampering its activation through sunlight as the UV portion represents only 4—
6% [12].

Graphitic carbon nitride (g-C3N,) is a metal-free semiconductor catalyst, with high photochemical stability and
photoelectric properties, that can be obtained through the thermal polymerization of humerous low-price nitrogen-
rich organic precursors. It emerges as a promising visible-light-driven photocatalyst, as it possesses a typical
absorption edge at 450-470 nm which corresponds to a bandgap energy of approximately 2.7 eV 23], The graphitic
C3N, is the most stable among the multiple allotropic forms of C3N,4 (e.g., cubic, beta, alpha), due to its particular

2D structure formed by triazine or heptazine rings.
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As mentioned, g-C3N,4 can be synthesized through the polymerization of different precursors, which will intrinsically
affect the properties of the photocatalyst. Nguyen et al. [24 evaluated this parameter using dicyandiamide,
melamine, urea, and thiourea as g-C3N4 precursors. Their physical and optical properties were considerably
distinct, with urea-based g-C3;N, having noticeably better values, a specific surface area (Sggt) more than three
times higher than the others (78.9 m2 g™1), and lower bandgap energy (2.72 eV). The authors also conducted a
chemical oxidation treatment over the catalysts, a method used for the exfoliation of g-C3N,4, improving their
properties, such as the surface area, hydrophilicity, and the addition of reactive functional groups (e.g., hydroxyl).
The exfoliation treatment resulted in generally higher Sget, pore density, and a slower recombination rate of the
photogenerated electron-hole pairs, indicated by the photoluminescence spectra and electrochemical impedance
spectroscopy (EIP).

The g-C3N,4 exfoliation may also be obtained through other methods, such as ultrasonication in water or alcohol
solutions, or thermal treatment (23], Fernandes et al. (23] compared Degussa P25 TiO, with dicyandiamide-based g-
C3Ny, subjected to a posterior thermal treatment, for the removal of methyl-, ethyl-, and propylparaben (0.08 mM),
individually and in the mixture. Under visible light, the polymeric catalyst achieved complete elimination of
parabens within 20 min, individually, and 30 min when in a mixture, while P25 TiO, obtained the same results in
120 min. The g-C3N4 also proved capable to maintain its stability and efficiency when tested in real water matrices,
tap and river water. The thermal exfoliation may also partially remove amino groups and thus introduce defects in

the catalyst structure, which reduce electron and hole recombination [26]

Tungsten trioxide (WO,) is a transition metal oxide that also appears as a promising photocatalyst to be used in
chemical and biological CECs removal. The high photostability, corrosion resistance, low-cost fabrication, and
bandgap of 2.5-2.8 eV are some of its benefits for photocatalytic usage 3. Bulk WO; possesses a cubic
perovskite structure and may be obtained in multiple crystalline forms, such as cubic, hexagonal, and monoclinic,

the last being more stable at room conditions, formed between 17 °C and 330 °C.

Different forms of WO5 catalysts, synthesized through sol-gel and hydrothermal methods, have also been applied
for photocatalytic ozonation by Mena et al. & for N,N-diethyl-meta-toluamide (DEET) abatement under visible
light. Sol-gel monoclinic WO5; calcinated at higher temperatures (600-700 °C) presented faster removals,
eliminating DEET in 10 min. In comparison, over 2 h, the photocatalytic oxidation of DEET achieved only a 22%
removal. The presence of ozone in the reaction medium can significantly decrease the typical high recombination

rate of the photogenerated species.

| 3. Catalyst Doping
3.1. TiO,

TiO, is the most used semiconductor catalyst for the photocatalytic elimination of contaminants, but still presents
some typical characteristics that hinder the process scale-up. Its high bandgap energy typically implies the use of

external UV radiation sources, with A < 390 nm, hampering its activation through sunlight as the UV portion
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represents only 4-6% 12 The high recombination rate of e7/h* and a weak separation of photocarriers also
reduces its photocatalytic activity 28, Among different modifications, catalyst doping thus appears as a practical

technique to overcome these disadvantages.
3.1.1. Transition Metals Doping

Both metal and non-metal elements may be incorporated in the catalyst structure and are capable of altering light
absorption capacity and, more importantly, visible light, preventing the recombination of electron-hole [22,
Regarding metal doping, transition metals are more commonly applied, due to their partially filled d states, which

promote the creation of intra-bandgap energy states and the absorption shift 9.

In reference to the catalyst synthesis, the sol-gel method is one of the main alternatives and allows better control of
the product characteristics, such as porosity, structure, composition, and homogeneity, which is especially
important in the incorporation of dopants. Moreover, a calcination step post-synthesis is usually applied as a simple
technique to transform an amorphous structure into a crystalline (Anatase, Rutile, and Brookite). Karuppasamy et
al. BY attested that, during the investigation of the doping effect of different transition metals (Zn, Cu, and Zr) on
TiO,, the presence of doping elements may also alter the crystalline phase formation, reducing the temperature at
the calcination stage needed to achieve the different structures, which was confirmed by other studies [32133],
Regarding the different elements used and their photocatalytic activity, Zn-TiO, presented the best performance in
methylene blue elimination under visible light. The interactions between Zn correspondent electronic states with the
TiO, conduction band may provoke a red shift in the bandgap, improving the material light absorption between 400

nm and 700 nm.

3.1.2. Noble and Rare-Earth Metals Doping

Noble metals (e.g., Au, Ag, Pd, Pt) represent a high-interest group of transition metals currently being vastly
explored for TiO, doping due to their light-gathering capability and their role as electron trappers. These metals
present, in general, a larger ionic radius compared to Ti**, which difficult their penetration into the catalyst lattice,
being deposited mostly on the surface. Saber et al. B4 detected multiple peaks corresponding to the presence of
an Au crystalline phase in Au-TiO,, prepared by solvothermal method, that can be indicative of surface
modifications. Additionally, visible light absorption was considerably increased, again attributed to surface plasmon

resonance.

Noble metal doping is known to produce a surface plasmon resonance effect, which induces a higher photoactivity
of the catalyst under visible irradiation. This effect can be identified through diffuse reflectance spectroscopy (UV-
Vis DRS), with a broader shoulder-like peak attributed to the heteroatom addition and the resulting oscillation of the
conduction band electrons on its surface during photoirradiation 2. Moreover, Ellouzi et al. 32 identified such a
phenomenon, which resulted in considerable faster degradation of RhB, with an observed rate constant of 0.1827
min~! using a Ag-TiO, catalyst, while non-doped TiO, led to an apparent constant rate of 0.1034 min~1. The lack of

general and more specific legislation and regulation challenges the classification of CECs, but different synthetic
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dyes are also considered by many researchers as examples of CECs, due to their potential toxicity, with some

studies already appointing their carcinogenic and mutagenic characteristics and ubiquitous behavior ¢!,
3.1.3. Non-Metals Doping

Non-metal elements (e.g., N, S, B, C) are vastly explored for TiO, doping, with facile production methods, and
capable of enhancing the catalyst stability and photoactivity, forming new energy levels with the consequent
bandgap shortening, and inducing the formation of oxygen vacancies 2. Contrarily to metals, in non-metal doping,
it is expected that the introduced elements will have an influence over the valence band through interactions with O

2p states, even though cationic interactions may also take place 28,

Nitrogen doping is one of the most explored techniques, due to its promising red shift of the absorption edge and a
similar ionic radius to oxygen, facilitating its substitution, although it may be inserted in the catalyst structure in
different forms 37, Because of the broad exploration, different preparation methods have been applied, such as
pulsed laser deposition 28], thermal annealing B2, hydrothermal 941l solvothermal 42, and sol-gel 4311441145],

The sol-gel method is the most widely applied, due to its facile, flexible, and controllable operation, allowing
different modifications of the basic processes to achieve the desired characteristics 48, Using such a method,
Assayehegn et al. 47l synthesized multiple N-TiO, catalysts applying different ratios of guanidium chloride (GUA),
an environmentally friendly N precursor, to Ti, and indicated that the incorporation of N precursor showed a direct
effect over the crystalline phase of N-TiO, formation post calcination. This can be caused by the perturbance of N3~
ions on the lattice orientation and density of charges, due to its higher negative charges and ionic radius compared
to O%~. Moreover, the found optimum mixed crystalline phase, 42% anatase and 58% rutile, is pointed out to have
a beneficial synergic effect with nitrogen doping, which was also concluded by other research groups 3244l When
applied for MB degradation under visible light, the best N-TiO, had an apparent reaction rate constant of 0.0325
min~1, which is almost 17 times higher than the undoped catalyst, and represented 97% of MB removal within 100

min.
3.1.4. Co-Doping

The application of two or more dopants can be highly beneficial, as it can enhance the catalyst performance
through multiple mechanisms. Multiple combinations of elements are possible and have been explored, even with
different classifications, such as metal and non-metal co-doping. The co-doped Fe-Pr-TiO, catalyst, studied by
Mancuso et al. 48 presented an improved performance regarding AO dye removal compared to the single and
undoped catalyst, with 87% removal of the AO and 80% TOC removal in 60 min under visible light. In the studied
case, the co-doping was accounted to considerably decrease the Epg (2.7 eV) and enhance the formation of
oxygen vacancies, confirmed in photoluminescence spectra, acting as electron trappers, and reducing the e /h*
recombination. The authors also investigated in another study the co-doping of Fe and N, and again it showed a
superior performance as it can benefit from both the substitution of Ti** by Fe3*, acting as electron acceptors and

inhibiting e/h* recombination, and the nitrogen replacement of oxygen sites, producing Ti®* and oxygen vacancies
s,
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3.2. WO3

The WO3; photocatalysts appear as an interesting alternative to typical TiO,, with good visible-light activity, but also
chemical and electronic properties 2%, However, some drawbacks are still found, principally the high electron-hole
recombination rate and a more positive position of the CB, which compromises the superoxide production 48, The
introduction of heteroatoms to the WO3 structure has not been widely explored compared with other catalysts, but
some studies have been conducted showing that this adaptation may be responsible for promoting the

enhancement of the catalyst performance and its typical disadvantages.
3.2.1. Transition Metals Doping

WO3; doping can considerably interfere with basic catalyst characteristics, such as crystallinity, morphology, and
optical properties, which will then produce variations in their photocatalytic activity. Cu-WO5; was found to have a
lower Epg (2.78 to 2.60 eV) and higher crystallinity compared to the studied undoped catalyst by Quyen et al. (5],
Besides, changes in its surface properties were also detected, with the incorporation of Cu being mainly at this
level, promoting the formation of a more porous structure, meaning a higher surface area and number of active
sites capable of enhancing contaminants’ interaction and degradation. The presence of the heteroatom also
promoted a higher presence of the W®* state, which may imply the equivalent formation of oxygen vacancies due

to electronic rebalance, which may increase the catalyst electroconductivity and pollutants adsorption.
3.2.2. Noble and Rare-Earth Metals Doping

The use of different precursors during the photocatalyst and doping synthesis can alter the mechanisms and the
configuration of the formed product. Palharim et al. 52 studied the alteration caused by the addition of HCI or
HNO3; during Ag-WO3 synthesis, using AgNO; as the dopant precursor. It was found that HNO3 promoted the
incorporation of the dopant metallic silver, while HCI reacted with AQNO3 to form AgCI, being detected in the
catalyst structure. This promoted differences in the catalyst, as an increase in Ag concentration led to lower Eyg in
HNO3/Ag-WO5 due to the particle agglomeration, and the opposite occurred for HCI/Ag-WO3. Regardless of the
acid used, Ag-WO3 had better removal rates of acetaminophen under visible light than the undoped catalyst,
because of the combination of factors such as the localized surface plasmon resonance, characteristic of noble
metal doping, the insertion of new energy level within the catalyst bandgap and the reduction of E,g. Moreover, HCI
doped presented a better performance, possibly due to the interaction between Ag-WO3; and the AgCI clusters
formed, and the contribution towards decreasing the WO5 conduction band to more negative values, allowing

oxygen reduction.
3.2.3. Non-Metals Doping

The combination of the non-metal elements and WO5 can also promote variations of the CB and VB of the catalyst,
hinder the recombination factor of photoinduced charges, and increase photocatalytic activity under visible light.
The S-WO3 nanowires catalyst was investigated by Han et al. B3l using thiourea as the sulfur precursor. The non-
metal element was able to substitute W®* in the form of S®* in the WO; lattice, as opposed to the anionic

replacement of O2~, due to the higher energy form of W-S bonds than W-O. The doping method also accounted for
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the formation of surface hydroxyl groups because of oxygen adsorption, which may act as electron trapping
centers. Sulfur also was responsible for creating intermediate energy levels above the VB of WO3, enhancing the

catalyst’s photoresponse.

3.2.4. Co-Doping

As dopants may have different mechanisms, their combination can severely upgrade the photocatalytic activity
through the synergic combined effect, being able to attain higher removal rates, even at complex effluents. Tijani et
al. B4l proposed a green synthesis of I-P-WOg3, by applying a plant extract in bulk catalyst production. The I~ and
P3* atoms acted as structure-directing agents, affecting the morphology of the rod-like catalyst, with P conducing to
more elongated shapes and | with shorter and more uniform. Alterations of lattice parameters indicated distortions
of the catalyst structure, which may be a result of the partial substitution of W6* and O2~, by respectively P3*, which
has a smaller ionic radius than W, and I that has a higher ionic radius compared to O. This substitution is pointed

out to have detrimental effects as it may occur the collapsing of the WO4 structure.
3.3. g-C3N4

Even with a typically lower Epy compared to TiO;, g-C3N4 still exhibits a fast recombination rate of the
photogenerated e™/h* pairs and a limited light absorption range, which diminishes the visible and solar radiation
conversion. Thus, the doping of g-C3N, may contribute to charge separation and concurrently a shift of light
absorption. As g-C3N,4 has gotten much attention recently, investigation of the incorporation of multiple elements

over the catalyst structure has been reported.

3.3.1. Metals Doping

The doping using metallic elements is known to promote the formation of oxygen vacancies and considerably
improve the catalyst activity. The existence of various unbounded electrons in the hexazine structures of g-C3Ng4
makes it susceptible for metallic elements to be inserted in its lattice 3. For the removal of paracetamol under
visible light, doping using cobalt (Il) nitrate was made over a melamine-based g-C3;N, through a calcination method
56l The detected Co?* and Co®" in the catalyst and the O 1s XPS spectra indicated the formation of oxygen
vacancies. Moreover, the doping affected the crystallinity of g-C3N, and its morphology, presenting a mixed
structure of cobalt oxide closely attached to carbon nitride layers. Optical characterization also showed indirect
recombination of charge carriers and smaller charge transfer resistance, which indicates a higher charge transport
kinetics and separation. Ultimately, the Co-doped g-C3N,4 presented a reaction rate almost three times higher than
the undoped catalyst, 0.0382 min~1, completely removing 1 mg L™ of paracetamol within 120 min. No leaching of

Co ions was detected after the oxidation experiments.
3.3.2. Noble and Rare-Earth Metals Doping

Noble metals, such as Ag and Au, are electron-rich transition metal elements that can capture photogenerated
electrons and provide the excess energy of plasmonic states, provoking a shift of the Fermi levels to less positive

potentials due to an excess of negative charges, reducing electron-hole recombination and boosting its catalytic
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performance. Tri et al. B2 explored Ag-doped g-C3N, for the treatment of tetracycline, an antibiotic, in hospital
wastewater under solar irradiation. Besides the faster production and higher separation of the e7/h*, Ag
significantly altered the optical properties of the catalyst, decreasing its E,y down to 2.19 eV, and possibly
increasing the number of active sites and surface area, culminating in an optimum removal of 96.8% of tetracycline

under 120 min.
3.3.3. Non-Metals Doping

Non-metal and metalloid elements have a larger record of use in g-C3N, doping and are able to overcome the
disadvantageous surface characteristics of the catalyst and improve its electronic and optical properties. Zhang et
al. 58l synthesized a mesoporous g-C3N, which presented a high specific surface area, 91.1 m? g1, due to its
porous structure, providing a larger number of active sites. However, due to the quantum size effect, the UV-Vis
absorption spectrum suffered a blue shift as bandwidth decreased with the concurrent decrease of particle size. It
was found that oxygen doping, besides the reduction of the photo-induced carriers’ recombination, may
compensate for the absorption blue shift and enhance photocatalytic activity under simulated solar irradiation. The
oxygen-doped mesoporous catalyst attained incredibly faster quasi-first-order kinetic constants for RhB and MO

degradation, 64 and 24 times higher than simple mesoporous g-C3Ng.
3.3.4. Co-Doping

The use of multiple elements simultaneously for the doping of g-C3N,4 has already been explored, albeit with fewer
studies, and has shown a great boost in the material photoactivity. The most significant feature of g-C3N4 co-

doping is appointed to be an improvement in electron mobility 52!

3.4. Overall Considerations

The application of catalyst doping is a well-researched subject, noticeably producing positive effects regarding the

improvement of photocatalytic activity. However, even with promising results, some considerations must be taken.

The similarities between the structures of WO3; and TiO, as metal oxides allow analogous modification
mechanisms to occur, providing great support as TiO, is already the subject of a great amount of research and

information as it has been intensively optimized.

Rare-earth and noble metals provide excellent alterations, especially on the crystalline and electronic structure,
due to the existence of more electron-rich orbitals, as well as their optical properties, e.g., through surface plasmon
resonance. However, the sometimes complex and difficult impregnation of such elements, and their typically higher

cost, need to be evaluated, although their use in small quantities can already provide significant results.

Other metallic elements can be an easier alternative, with comparatively lower costs regarding materials and
impregnation techniques. In the case of g-C3;N,4, the exploration of transition metals doping is more widely
explored, possibly due to the more distinct nature between the foreign and existent elements, which can provide

more evident effects. These elements may lead to the easier formation of new energy sublevels and shift the light
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absorption to higher wavelengths. Such electronic interaction, especially as it occurs mainly with the conduction
band of the catalysts, is also a great improvement for the less negative conduction band of WO3, which difficult its
reduction potential. The ozonide radical formation can also be enhanced by the modification of the conduction

band, in the case of photocatalytic ozonation, facilitating the capture of electrons by ozone.

| 4. Composite Catalysts

With the increasing conceptualization of different catalysts, the combination of different materials emerges to
present a wide number of possibilities to improve the overall catalytic properties 89, By mixing materials with
different characteristics, their individual disadvantages may be overcome, and a final and more robust
photocatalyst can be obtained. These composites are then a combination of materials with distinct natures, such as

mixed metal oxides, carbon-semiconductors, polymeric structures, porous materials, and many others.

The mixing of WO3 and TiO, is a clear example of mixed metal oxides, a well-known group of photocatalysts
defined by the combination of different semiconductors. The coupling of these photocatalysts aims to improve the
photocatalytic activity of the resultant material by mostly increasing the charges separation efficiency and visible-
light sensitization for the complete system B, Mugunthan et al. 82 proved the higher efficiency of the coupled
TiO,/WO5 catalyst for diclofenac elimination under visible radiation. The group synthesized the photocatalyst
through a hydrothermal method and studied the variation of TiO,:WO3; molar ratios. The composites presented
higher surface areas and smaller particles compared to bare TiO,, with the increasing amount of TiO, leading to
larger Sget, bus also particle sizes, and Epg. Thus, an optimum TiO,:WO3 molar ratio (10:1), presented more
balanced properties and higher removal of diclofenac (~90%). An excess amount of WO3 is also appointed to

possibly act as recombination centers for the photoinduced charges, reducing the process efficiency.

The surplus addition of one of the applied semiconductors can also promote the agglomeration of photocatalyst
particles, which may hinder the absorption of light and CECs photodegradation, as it was suggested by El-Yazeed
and Ahmed 63l during the impregnation of WO3 particles onto TiO,, which had a detrimental effect over a
concentration of 10 wt%. This was also found by Wang et al. 84! for hollow spherical TiO,/WO3; composite, with
uniform spheres being formed with a 5 wt% incorporation of WO3, but with the further increase in concentration
and particle agglomeration causing changes in the catalyst morphology and leading to flat and unequal forms.
However, in the study, the catalyst containing 10 wt% WO3; had a better performance in methylene blue and

metoprolol degradation, due to the photoelectronic and surface area improvements.

The TiO,-WO3; heterojunction can greatly improve the photo-mechanisms involved in the photocatalytic process.
Considering their bandgap positions, the charge separation can follow two mechanisms: type-Il heterojunctions or
Z-scheme mechanisms. For the type-lIl mechanism, the excited electrons from the CB of TiO,, which has a more
negative potential, will migrate to the CB of WO3;. Meanwhile, the opposite occurs in the positive holes, which tend
to be transferred to the TiO, VB 2. Nonetheless, the Z-scheme mechanism is appointed to be more favorable due

to the larger redox potential, as the e~ of the CB of WO3 and h* of the VB of TiO, tend to recombine fast, leading to
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the accumulation of e on the CB of TiO, and h* on the VB of WO3;, potentializing its respective reductive and

oxidative potential 68,

4.1. TiO,

Over the years, TiO, was vastly employed in the production of different composite catalysts, allowing a better
understanding of their overall mechanisms and advantages. The coupling of TiO, with other photocatalytic
materials appeared as a vast family of mixed catalysts, with combined improved properties. Due to the existence of

multiple photocatalysts, numerous combination possibilities are the aim of a rising number of investigations.

Zinc Oxide (ZnO) is, jointly with TiO,, one of the most investigated semiconductors for contaminants removal,
sharing their good photochemical characteristics but with relatively better electrical properties. Nonetheless, their
heterostructures have been explored in different forms and systems for pollutant elimination. The increasing
addition of ZnO in ZnO/TiO, fibers has been shown to also promote changes in the physical properties of the
material, creating a rougher surface with a higher specific surface area and faster interaction with contaminants €71,
Changes in the morphology of the material have been also attested. Das et al. (68 indicated the transformation of
uniform rod-like structures of ZnO into more of a flower-like form by the addition of TiO,, with the enhancement of
the BET surface until an optimal amount. A lower recombination rate of the electron-hole pairs was also

demonstrated, increasing the lifespan of the photoinduced charge carriers.

The combination of TiO, with bismuth-based materials is a topic that gained much attention, as this family of
compounds presents a series of attractive features, such as their low toxicity, easy functionalization, cost-
effectiveness, and ability to absorb in near infra-red regions. Some examples of the most studied Bi-based
photocatalysts are bismuth oxide (Bi,O3), bismuth vanadate (BiVO,), and bismuth oxyhalide (BiOX), involving

combination with halogen elements (X) BIZAI7ZL],

The BiVO,/N-TiO, heterostructure synthesized by Cipagauta-Diaz et al. 62 presented increased specific surface
areas and absorption of visible light with the increasing BiVO, content. The catalyst also presented zones of
heterogeneity that allow contact between the semiconductors and improve the separation of photogenerated
charges and the lifetime of charge carriers. Ultimately, the best composite catalyst resulted in 98% removal of
ofloxacin under 90 min. Even with the morphology and light absorption properties improvement, an excessive
amount of BiVO, (>5 wt%) was demonstrated to be prejudicial to the photocatalytic performance, possibly due to

the formation of BiVO, agglomerates in the catalyst surface, which hamper the homogeneous light absorption.

4.2. WO3

To overcome WO3; drawbacks and obtain a more robust photocatalytic material, various hybrid structures have
been explored. The coupling with other metal oxides and semiconductors is more substantially pursued, possibly
as a more facile approach to surpass its high electron-hole recombination rate, and the less negative conduction
band and compromised reductive potential, as it can benefit from the electron-hole interaction of the formed

heterojunctions.
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In recent years, phosphate-based photocatalysts, especially AgzPO,4, have been the focus of numerous studies
due to their superior quantum efficiency under visible light irradiation, 90% 29, However, it still faces relatively large
particle sizes (0.5-2 um), instability, and photo-corrosion, hindering a highly efficient photoactivity and its
recyclability. Thus, AgsPO, and WO3; composites may benefit from their heterostructures and be presented as

more robust photocatalysts.

The instability of AgzPO,4 can be further increased by adding other components with better electronic properties.
Graphene, which can be doped to boost its characteristics, is an excellent electron mediator and has been
demonstrated to significantly increase the recyclability of AgzsPO,/WO3 composites, providing higher chemical

stability, surface area, and electron mobility by the organic material on the ternary composite Z2],
4.3. g-C3N4

The characteristics of graphitic carbon nitride that hinder its broader utilization, such as its low specific surface
area, obstructed active sites, and visible light utilization, can be strongly surpassed by the construction of
composite materials. Its polymeric structure may be linked to other materials, with their own photocatalytic

properties or characteristics that can boost the g-C5N,4 performance.

There is an expanding number of studies regarding the combination of g-CsN,4 with other polymeric materials. Their
typically low-cost production, large surface areas, and presence of different functional groups and electrostatic
charges can enhance pollutants interaction. Polyethyleneimine (PEI), for example, is a cationic polymer containing
many amino groups that have been used in combination with catalyst and carbon-based materials to enhance the
electrochemical properties and overall activity of composites. Yan et al. /3] synthesized in one step a PEI/g-C3N,
composite through the thermal copolymerization of urea mixed with PEI, obtaining a tremella-like structure
containing -NHyx groups, that may be beneficial for water dispersion and photon absorption, and an increased BET
surface area, up to 250%. The best composite catalyst also presented 80% removal of tetracycline with a reaction
rate constant of 0.0226 min™1, 3.2 times higher than g-C3N,. The efficiency of PEI/g-C3N, has also been attested
for disinfection purposes, by Zeng et al. 14, resulting in 6.2 and 4.2 log reductions of E. coli and E. faecalis in 45
and 60 min, respectively. PEI can increase O, reduction and alter the surface charges of the catalyst, promoting

the adhesion of bacteria through electrostatic attraction.

| 5. Conclusions

The application of semiconductors in photocatalytic based for CECs abatement has shown remarkable potential as
a water treatment technology. The production of highly oxidative radicals may eliminate a variety of these chemical
and biological compounds that represent a danger to human and environmental health. These treatments have
been pointed out to be effective even in more complex matrices, which proves their capacity to be applied to real
effluents under different conditions. The use of additional oxidants such as ozone can also boost the overall

process efficiency, increasing the production of radicals and electron retrieval.
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The investigations regarding new visible light active photocatalysts show promising results, but more complete
studies still need to be conducted to collect more information. The applications of doping and composite materials
open a great variety of possibilities for materials with more robust and feasible characteristics to be obtained. Thus,
more elaborative comparisons between the new and standard semiconductors and their adaptations need to be
performed, to better understand the advantages of further exploration of the already well-founded TiO, based
materials and the development of alternative materials. The addition of ozone in the photocatalytic process has
been proven to enhance the overall efficiency, and more studies of its application with alternative and adapted
catalysts will be valuable. Nonetheless, the photocatalytic-based process is a favorable route for the degradation of

pathogens and CECs and future large-scale water reclamation technologies.
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