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Abstract: Titanium dioxide (TiOy), one of the most frequently used materials in general, has emerged
as an excellent photocatalytic material for environmental applications. In this review, principles
and mechanisms of the photocatalytic activity of TiO, have been analyzed. Structural and physical
specificities of TiO, nanoparticles, such as morphology, crystal structure, and electronic and optical
properties, have been considered in the context of photocatalytic applications. A review of the
influence of several factors, such as the type and dimensions of photocatalyst particles, pH of
the solution, the influence of oxidants/electron acceptors, and light intensity on photocatalytic
properties of TiO,, has been provided. Superhydrophilicity as an intrinsic property of the TiO,
surface was discussed through surface reconstruction on TiO, during the reversible hydrophilic
changes. Additionally, attention was paid to improving the photocatalytic properties of TiO, particles
through aggregation and agglomeration.

Keywords: TiO, nanoparticles; photocatalytic degradation processes; physical properties; operational
parameters; superhydrophilicity; aggregation and agglomeration

1. Introduction

As soon as it was determined that semiconductors could be efficiently used for ob-
taining products such as H, and O,, they were also recognized as efficient photocatalysts
for degrading toxic materials. Titanium dioxide (TiO;) is the most prominent photocata-
lyst [1-3], widely employed due to its great photocatalytic activity, chemical and biological
stability, insolubility in water, acid and base environment, resistivity towards corrosion,
nontoxicity, low price, and availability in comparison to oxide, sulfide, and other materi-
als [4-6]. Heterogeneous photocatalytic oxidation of organic compounds in an aqueous
solution in the presence of TiO, as photocatalyst provides the opportunity for efficient
treatment of waste, drinking, surface, and ground waters, as well as for obtaining the
ultraclean water suitable for the pharmaceutical industry and microelectronics. Many
organic substances and their intermediates are completely mineralized [7-9]. Depending
on the structure of the parent compound, degradation proceeds to carbon dioxide, water,
nitrates, chalcogenides, phosphates, and other inorganic ions [10]. However, besides all
the mentioned advantages, TiO, has certain drawbacks regarding its practical application.
Due to the large band gap, a minimal amount of radiation from a close UV area of sunlight,
only ca. 3-4%, is employed during the photocatalytic process. Therefore, TiO; is practically
inactive when exposed to sunlight [11]. This reduces the applicability of the sun as the
most economical light source. Near the Earth’s surface, there are 0.2-0.3 mol photons
m~2 h™! in the range 300400 nm with a typical UV flux of 20-30 W m=2 [12].

Taking into account the serious influence of organic pollutants on the environment,
there is a constant need for the development of materials for the efficient elimination of
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toxic substances from drinking water [13,14], ground and surface water [15-18], ocean
water, sediment and soil [19,20]. In this regard, oxide nanomaterials such as TiO, have
exhibited great potential for practical applications in many areas. Many advantages of TiO,
over the broad range of other nanomaterials have led to the situation where TiO; is one of
the most frequently employed photocatalytic materials.

In this review, we comprehensively introduced the most important features of TiO;
regarding its photocatalytic properties. It is essential to understand its photocatalytic prop-
erties, suitable physical and chemical properties, possible modifications using inexpensive
methods, applicability to a wide range of compounds, and commercial availability. Finally,
a better understanding of TiO, photocatalytic properties can contribute to its more frequent
practical application for water purification.

2. Structural Features and Physical Properties of TiO, Nanoparticles

Understanding the fundamental properties of semiconductor materials governing their
photoelectric performance (such as their crystal structure, lattice parameters, and optical
and electronic properties) is essential to optimize their performance for photocatalytic
applications. This section introduces the fundamentals underlying the photocatalytic
performance of nanostructured TiO,.

2.1. Crystal Structures of TiO,

Morphology and the crystal structure of TiO; principally determine its photocatalytic
activity. Therefore, essential factors for TiO, photocatalytic activity are crystallite size and
the specific surface area [21-23]. TiO, nanostructures with different shapes and titania-
based nanocomposites have attracted much attention in research due to their diverse
physicochemical characteristics. The 1D TiO; nanostructures have gained more attention
compared to their 0D and 2D counterparts due to the higher aspect ratio, increased surface
area, and efficient electronic charge properties [24]. TiO, exists in two tetragonal forms
(rutile and anatase) and one rhombic form (brookite), Figure 1 [25-28]. Brookite is diffi-
cult to obtain in laboratory conditions, while rutile and anatase are easily prepared. As
a bulk material, rutile is the stable phase; however, solution-phase preparation methods
for TiO, generally favor the anatase structure. These observations are attributed to two
main effects: surface energy and precursor chemistry. It has been found that the surface
energy of anatase is lower than those of rutile and brookite [28]. The concept of surface
energy accurately explains the observed crossover size of about 30 nm where anatase
nanoparticles transform to rutile [29]. Secondly, the crystal structure stability has been
explained based on a molecular picture. The precursor chemistry determines the nucle-
ation and growth of the different polymorphs of TiO,, which depends on the reactants
used [30,31]. A complicating factor in understanding nanoparticle formation is the multi-
tude of experimental conditions used to synthesize the different TiO, phases, making it
challenging to compare mechanisms [28,32].
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Figure 1. 3D visualization crystal structures of TiO, using visualization for electronic and structural
analysis (VESTA) [33].
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These polymorphs, anatase, and rutile, exhibit different properties and, consequently,
different photocatalytic performances. Of the two tetragonal forms mentioned, the anatase
form shows significantly higher photocatalytic activity than rutile due to the higher pres-
ence and nature of surface hydroxyl groups. Transformation of anatase form to rutile
happens at elevated temperatures of 700-1000 °C. Anatase form is stable at lower tem-
peratures (it occurs in the form of a pyramidal crystal structure). At the same time, rutile
(needle-shaped) is dominant during the synthesis at high temperatures [34-36]. Anatase
has a higher energy gap, which additionally contributes to the photocatalytic activity of this
form. The energy gap of anatase is 3.20 eV, while the rutile energy gap is 3.02 eV [37,38].

TiO, Degussa P25 is the most frequently used commercial product containing 75% of
anatase form and 25% of rutile form [39,40]. The mentioned mixture exhibits outstanding
photocatalytic performance and superiority compared with other TiO, [41]. The predomi-
nant form of titania used is anatase. It was found that anatase is the most photocatalytic
active form within TiO; polymorphs. TiO, Hombikat is a pure anatase form of photo-
catalyst [39]. TiO, also appears in another form named TiO, Wackherr “oxide de titan
standard”, which contains 100% of anatase form, exhibits interesting characteristics related
to photocatalytic application, and is more efficient than TiO, Degussa P25 [42—44]. The
main characteristic of this photocatalyst, when compared with TiO, Degussa P25, is a
lower scattering of radiation in the UV area, which is most likely the consequence of the
greater size of particles. Particle size is a crucial factor affecting the performance of nano-
photocatalytic materials. The greater size of TiO, Wackherr particles than TiO, Degussa P25
results in a lower specific surface area. Particles with a lower specific surface area usually
exhibit low photocatalytic activity. However, they can be more efficient in photocatalysis,
where optical properties and low scattering are significant [44,45].

2.2. Electronic Structure of TiO;

Understanding the electronic properties of semiconductor materials, including their
band structure, nonequilibrium carrier concentration, carrier mobility, and lifetime is
essential to achieve inflection of charge carrier behavior and enhancing photocatalytic
performance. Against this background, electronic properties of anatase, rutile, and brookite
TiO, phases were introduced [46]. The current understanding of the electronic structures of
TiO, is mainly based on the results of independent and combined theoretical calculations,
usually in the framework of the density functional theory (DFT) [26] and experimental
techniques (e.g., synchrotron radiation photoelectron spectroscopy, UV-vis spectroscopy,
ultraviolet photoelectron spectroscopy, and photoluminescence) [47,48].

The application of various computational methods in elucidating the photocatalytic
properties of novel TiOp-based materials is essential. Namely, applying the DFT approach
enables researchers to predict the band gap of newly designed materials and focus their at-
tention on synthesizing materials with target photocatalytic properties. The computational
aspect of band-gap engineering is critical in developing new photocatalytic materials, as
this parameter is essential for practical applications [49]. Additionally, the DFT approach,
in combination with carefully selected density functionals and basis sets, is an excellent
tool for understanding the light absorption properties of molecules that are degraded by
photocatalysts, helping scientists to easier identify the degradation mechanism [50].

Regarding the computational design of novel materials, the DFT approach offers
the best cost-efficiency ratio [51]. This flexible theoretical approach allows researchers to
elucidate the structural and electronic properties of photocatalytic materials by analyzing
how various structural alterations influence the electronic subsystem of nanomaterials.

However, the DFT approach’s severe drawback is that it severely underestimates
the band gap values due to self-interaction error [52-55]. Considering the fundamental
importance of band gaps in photocatalysis, this is a significant challenge in designing novel
compounds to be applied in this area. In general, this issue can be tackled in two main
ways. One approach is to create specially designed density functionals that reproduce
electron density adequately. The second approach is to use the existing density functionals
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and implement specific corrections within them. Both directions have positive and negative
sides. For example, specially designed hybrid density functionals yield outstanding results
in accuracy, but they are computationally much more demanding and are usually applicable
only for single-point band structure calculations. Conversely, corrected density functionals
offer improved results over conventional density functionals, with computational costs
slightly more demanding than traditional density functionals.

Considering the application of hybrid functionals for band structure calculations, it
is worth mentioning the importance of the HSE06 hybrid functional [56]. Recent studies
have confirmed this function’s importance in predicting band gaps of different materials
with small, intermediate, and large values of this critical parameter [57,58]. However,
in terms of computational costs, hybrid density functionals may still be unavailable to
significant number of research groups, which may apply the computationally affordable
DFT + U method [59]. This method adds a Hubbard-like term to the Hamiltonian to
account for on-site interactions. The simplest version of the DFT + U approach relies on
only one parameter—on-site Coulomb term (U). However, this method can be improved
by incorporating the site exchange term J. U and | parameters can be obtained through
ab initio applications. Still, they are frequently obtained empirically by testing a range
of values. So far, many research studies have reported the values of these parameters for
certain types of materials, so a literature survey is warmly recommended to find good
starting values.

In Figure 2, we present the band structures and density of states as obtained by
applying the DFT + U method, with U taking the value of 7.8 eV and | taking the value
of 1 eV, as reported in studies by [60,61]. Inspection of band structures shows that the
application of the DFT + U method provides results for band gaps that are in agreement
with experimental results, which will be mentioned somewhat later. The density of states
figures also show that the conduction band consists of Ti states, while valence band (VB)
consists of O states. As reported in reference by Li et al. [62], CB consists of Tisq states,
while VB consists of Oy, states.

Ordinarily, TiO, phases, especially anatase, show good insulation in their ideal stoichio-
metric states due to their wide bandgap [63]. However, certain types of point defects are
unavoidably introduced during the preparation process. These defects might be interstitial
titanium ions (T>*), oxygen point defects, and substituted ions and can notably affect the
charge carrier behavior, band structure, and, eventually, photocatalytic performance [64]. The
characteristics of defects (e.g., concentration, type, distribution, and dimension) and their
influence on the photoinduced charge carriers in TiO, can be various [65]. Point defects can
induce the generation of defect states, the position generally influenced by the surface and
phase. For instance, the defect states of rutile-TiO, (110) and anatase-TiO, (101) are found at
~0.8-1.0 eV and ~0.4-1.1 eV, of which both are below the CB edge [66]. In the brookite phase,
both rutile-like (Y-shaped) and anatase-like (T-shaped) OTis building blocks exist, inducing
the Oyp in VB to present characteristics from both tetragonal phases [26]. Considering the
application of hybrid and recently developed density functionals, the study by Dharmale
et al. is worth mentioning. In their work, electronic properties such as effective mass, the
partial density of states, the total density of states, and the band structure of brookite TiO,
have been studied by applying using seven exchange-correlation functionals, including the
already-mentioned HSE(6 [67]. Band structures and projected density of states for the rutile),
brookite, and anatase polymorphs of TiO, are shown in Figure 2.

2.3. Optical Properties of TiO;

A semiconductor’s optical properties (e.g., photoconductivity, dielectric constant,
refractive index, extinction coefficient, reflectivity, absorption coefficient, and loss function)
are related to its bandgap [68]. TiO, is commonly known as a wide-bandgap semiconductor
with high susceptibility to UV light [69,70]. The optical absorption in the visible and near-
infrared regions is insignificant because photons in the visible region do not have intrinsic
excitation of carriers. When the electrons (e™) in the VB are exposed to UV radiation, they
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are excited to the CB, leaving holes (h*) in the VB [71-73]. The CB e~ is now in a purely 3D
state, and the possibility of transition of e~ to the VB is reduced due to the difference in
parity. Therefore, the probability of e”—h* recombination is reduced [74]. Consequently,
separating energy between these two states defines the sensitivity of TiO, towards the
light in the UV range. However, the optical properties at the surface differ considerably
from those of the bulk material, providing extensive opportunities to optimize further the
photoelectric and optical properties of TiO; [75].
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Figure 2. Band structures (left panel) and projected density of states (right panel) for the (a) rutile,
(b) brookite, and (c) anatase polymorphs of TiO,, as obtained by DFT + U calculations (PBE functional,
GBRV pseudopotentials, U = 7.8 eV, | = 1.0 eV) in Quantum Espresso program as implemented in
Schrodinger Materials Science Suite 2022-4.

The bandgap energies (i.e., optical absorption edges) of rutile, anatase, and brookite
TiO, are estimated to be ~3.00, 3.21, and 3.13 eV at room temperature, respectively. The
photon energy values of optical absorption edges of rutile and anatase increase with the
crystal growth temperature decrease [28]. Overall, rutile and anatase bandgaps in bulk are
considered to be indirect [76]. Detailed examinations of rutile TiO; at temperature 1.6 K
discover an anisotropic optical response characterized by a direct forbidden transition at
~3.06 eV. At the same time, the bandgap near the edge is prevailed by an indirect transition.
The direct bandgap transition of anatase occurs at ~3.8-4.0 eV [77]. Additionally, the
orthorhombic TiO, brookite bandgap energy has been experimentally determined to be
3.1-3.4 eV. This is a biaxial material with three independent components other than the
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dielectric tensor of the uniaxial rutile and anatase materials [5,28]. The significant value of
the energy gap limits the exceptional photocatalytic characteristics of TiO,. Namely, the
photon energy should be high enough to excite the TiO, particles.

In recent experimental and theoretical investigations, efforts have been made to im-
prove the optical properties of TiO, by increasing its photosensitivity and identifying the
correlation between its surface, interfacial, and microstructural characteristics and the
corresponding mechanisms crucial to its photoelectric properties [78,79]. Generally used
strategies to enhance the optical properties of TiO; include element doping [80,81] coupled
with other semiconductors to form heterojunctions [82,83], synthesis of nanostructures
with particular morphologies [84], surface sensitization to improve optical characteristics
using organic dyes, metal nanostructures or metal complexes [85], etc.

The doping technique can be explained as the deliberate addition of impurities into
a semiconductor material (Figure 3). To enhance TiO; catalytic activity under visible
light, metal /non-metal-doped TiO, structures have been extensively studied [86]. Adding
metal /non-metal increases oxygen vacancies and reduces the band gap energy, resulting in
higher photocatalytic activity [87]. This could be useful in wastewater treatment for the
photocatalytic degradation of organic compounds under visible and UV light radiation.
Many different metals, such as Pd [88], Pt [89], Au, Ag [90], Ce [91], Sr [92], V [93], etc.,
have been employed for the preparation of metal-doped TiO; catalysts.

/\ e
cB "
e = 2 Metal

e N ‘ oxide

Metal Non-metal
Eg E;  doping E, doping E, ChT
1/

VB h* h+ h*

(@) (b) © (@

Figure 3. Illustrating the generation of photoinduced e~ and h* in (a) pure TiO,, (b) metal-doped
TiO;y, (c) non-metal-doped TiOy, and (d) coupling TiO, with the metal oxides.

The sol-gel method is often used in the synthesis, where the photocatalyst is doped
with metals such as Fe, Ni, Cr, V, La, Nd, and Sm. The sol-gel process represents one of
the versatile methods for preparing nano-dimensional materials. Incorporating an active
dopant allows the doped element to interact directly with the support, which is why the
material has catalytic or photocatalytic properties. When metal nanoparticles are doped
into the TiO,, a new energy level or an interband state is produced in the band gap close to
the CB arising from the partially filled d orbitals of the doping metal ions modifying the
electronic structure and hence lowering the band gap (Figure 3b).

Although metal-ion doping decreases the energy gap of TiO,, the aforementioned
metal ions can also act as recombination centers for electrons and holes, thus reducing the
overall activity of the TiO, [94]. In recent years, non-metals such as C, N, P, S, and B have
been the best candidates for obtaining the desired band-gap narrowing of TiO, [95]. It
was shown that non-metal doped TiO, shows significant catalytic activity under visible
light radiation [96]. Several researchers have depicted that TiO, doping with non-metal
ions improve photocatalytic efficiency compared to metals. Doping with cations changes
the morphology of the photocatalysts and the photocatalytic activity. It also affects the
photocatalyst’s electronic structure. Non-metal dopants influence the VB of TiO, through
interactions with 2p e~ of O and form an impurity level above the VB. Distinct non-metals,
including N, C, S, E, B, etc., are used as dopants and have shown promising outcomes in
recent research studies. Nitrogen doping in TiO, has gained considerable attention due to
its ability to narrow the band gap and promote the electron-hole pair transfer mechanism
(Figure 3c). It has been observed that in the case of doping with lighter elements such as
N, C, S, or B at substitutional sites of TiO,, lower atomic number elements with smaller
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effective nuclear charge appear at a higher localized energy level in the band gap. Doping
TiO, by carbon stabilizes anatase TiO,, enhances its conductivity, and extends the pollutant
adsorption on the surface of TiO; [97].

Zener et al. [87] showed that doping, co-doping, and modifying TiO, samples with
nitrogen, sulfur, and platinum increased their photocatalytic activity by up to 6 times. XRD
measurements revealed that the replacement of HCI with H,SO,4 during sol-gel synthesis
reduced the size of the crystallites from ~30 nm to ~20 nm, increasing the surface area. This
is consistent with the samples’ photocatalytic activity and the photocatalysts” measured
photocurrent behavior [87].

Coupling TiO; with the metal oxides increases the charge carrier separation and
thereby increases the lifetime of the charge carriers [98]. When the coupled catalyst, con-
sisting of TiO; and a semiconductor, is irradiated, both the TiO, and the semiconductor
will excite electrons from VB to the CB using UV and Visible irradiation. TiO, and the
semiconductor configuration for coupling are crucial for the enhancement activity. The
CB of TiO, should be more favorable than the corresponding band of the semiconduc-
tor, and the VB should be more cathodic than that of TiO,. The e~ from the CB of the
semiconductor migrates to the CB of TiO; and increases the concentration of electrons
at the TiO, conduction band. At the same time, the h* generated at the VB of TiO, will
be transferred to the VB of the semiconductor, increasing the concentration of h* in the
coupled semiconductor/TiO, (Figure 3d) [99-101]. Couplings of TiO, with a metal oxide
such as ZnO [102], SiO; [103], CupyO [104], Bi;O3 or ZnMnyOy4 [105], graphene [106], etc. are
reported for many photocatalytic applications including organic pollutant degradation, wa-
ter splitting, pharmaceutical degradation, etc. TiO,—ZnO binary oxide systems containing
various molar ratios of TiO,—ZnO were prepared using a sol-gel method. It was reported
that the crystalline structure, thermal stability, and porous structure parameters were de-
termined by the molar ratio of TiO, to ZnO and the calcination process for the most part.
TiO2—ZnO showed high photocatalytic activity towards the degradation of C.I. Basic Blue 9,
C.I. Basic Red 1, and C.I. Basic Violet 10 dyes [102]. TiO, nanoparticles synthesised via the
acid-catalysed sol-gel method were used to prepare coupled TiO; /SiO, mesoporous mate-
rials were prepared by deposition of TiO, nanoparticles. TiO, /SiO, showed photocatalytic
activity towards the photodegradation of rhodamine 6G in aqueous solution using UV
radiation [103]. One of the noticed studies focuses on TiO, nanocomposite with graphene
as photocatalyst, one of the most prominent representatives of carbon nanostructures. Cou-
pling TiO, with graphene proved to be beneficial, as the higher efficiency in photocatalysis
has been observed compared to that of TiO, alone. Graphene sheets are thought to act as
an electron acceptor that enables the separation and transfer of photogenerated electrons
during TiO, excitation, simultaneously reducing recombination of electron-hole pairs [106].
Wang et al. reported one of the first studies where TiO, (P25)-graphene nanocomposites
were used for photocatalytic degradation of methylene blue. Further research has led to
the photodegradation of many organic pollutants by these materials [107].

3. Photocatalytic Activity of TiO;: Basic Principles and Mechanism

Exciting species are formed by irradiating TiO, semiconducting particles with a light
of energy higher than the energy gap [108-115]. Namely, electron-hole (e~ -h*) pairs are
formed (reaction (1)), together with holes in VB and electrons in CB, representing the initial
phase of the photocatalytic process (Figure 4) [115].

Tio, "™ 2™ 130, (e~ +1*) (1)
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Figure 4. Photocatalytic degradation process utilizing TiO,. Adapted with permission from ref. [115]
Copyright© 2022 American Chemical Society.

Although the lifetime of e —h* pairs is only several nanoseconds, it is enough for a
redox reaction with the semiconductor to be initiated [108-110]. Further, formed pairs can
be separated or transferred to the surface. Thus, they can take part in the oxide reduction
reactions of organic and inorganic compounds, or they can be subjected to the process of
recombination (Figure 4), decreasing the quantum yield of the response [108,111]. In an
aqueous solution, the surface of TiO, reacts with OH™ and water molecules which are
adsorbed at the surface of the catalyst, by which *OH are formed (reactions (2) and (3)):

h+ + H2Oads — .OHads + H+ (2)

h+ + 7OHads — .OHads (3)

However, one condition has to be achieved for the oxidation of “OH and water
molecules, which are adsorbed on the surface. The redox potential of these reactions has to
be lower than the redox potential of the VB of the semiconductor. Reactions (2) and (3) are
thermodynamically possible since the aforementioned condition is fulfilled for the TiO,.
Since newly formed *OH are powerful oxidizing agents whose standard redox potential is
+2.8 V [112-114], they can practically oxidize all organic compounds to mineral products
(Figure 4) [115].

Since the redox potentials of many organic compounds are lower than the redox
potentials of VB of anatase TiO,, it should be expected for direct oxidation through h* to
occur. However, Turchi and Ollis [116] reported that this does not happen during the pro-
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cesses carried in organic solvents, during which complete oxidation of organic compounds
does not occur. Other authors believe that direct oxidation of adsorbed reactants, such as
carboxyl acids or their anions, employing h* is possible (reaction (4)) [117,118].

h™ + organic compound — CO, + H,O + inorganic ions 4)

In the case of applying TiO, as a photocatalyst during processes occurring in an
aqueous solution, the share of the reactions through *OH is probably higher (due to the
presence of water). However, reactions through h* could not be neglected [119-121]. In
addition to this, applying a fluorescent technique for the quantitative determination of
*OH in TiO; with coumaric and terephthalic acid, it was found that oxidation reactions
occur through h* rather than radicals [122]. Additionally, there are examples where certain
authors report that captured h* and bonded *OH equally participate in the oxidation
process [123,124]. h* transfer to *OH,4; after water oxidation on the surface, while e~ from
the CB and water molecules are mutual competitors for the takeover of h*. *OH quickly
react with the molecules on the catalyst’s surface and within the solution and are usually
the prominent participants in the photocatalytic reaction [120,125,126].

Phases of the photocatalytic processes are as follows [116,127-129]:

e  Excitation of the photocatalyst by photons of energy higher than the energy gap
followed by the formation of €™ and h* (reaction (1));
e  Adsorption on the surface of the photocatalyst is followed by reactions (5)—(8):

h* + Pugs — TiO, + Pl (5)
h* + HyO,4s — TiO, + *OH+ HT (6)
h™ + *OH,4s — TiO; 4 *OH g, (7)
e” + Py — TiOx + P 8)

where P4, represent the adsorbed organic molecule;

e “Capturing” of the e~ with O, as the most commonly used electron acceptor
(reaction (9)):

e” + Oy = TiO, + O~ 9)

e Photodegradation by *OH, either adsorbed or free, under a variety of free or adsorbed
organic species;
e  Recombination of the e™ —h* pairs followed by the heat release (reaction (10)):

e +h" — Heat (10)

According to the presented reactions, it can be concluded that the process is rather
complex. The extent of the complexity of the process is increased when it is considered
that formed radicals can be subjected to the so-called reverse reactions. In such a way,
parent compounds can be regenerated [111,130]. The enactment of the reverse reactions
influences the photocatalytic process [131]. Therefore, proposing a reaction scheme that
considers all formed intermediates is complex. However, the number of researchers finding
solutions to these complex mechanisms is increasing, indicating the importance of thie
field [120,132,133].

4. Factors Affecting Photocatalytic Properties of TiO,
4.1. Type and Dimensions of TiO;

The surface area plays a vital role in the photocatalytic performance of the nanosized
porous TiO,. Namely, the higher the surface area, the better the photocatalytic perfor-
mance of TiO, will be [134,135]. Different methods can be applied to synthesize TiO,,
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influencing the pore structure and crystallite size distribution. Crucial steps of the synthesis
procedure can be adjusted to obtain a larger surface area which can offer more active
adsorption sites and centers of photocatalytic reaction [136]. Improved photocatalytic
activity of mesoporous TiO; catalysts, in comparison with the microporous materials with
restricted pore size, has been reported by several researchers [137-139]. Diffusion of the
organic molecules to the active sites on the material surface and optimal exposition to the
solar light is achieved through mesoporous TiO, [138,140]. Since the anatase phase has a
much higher photocatalytic activity than amorphous and rutile TiO,, it is still challenging
to synthesize mesoporous TiO, containing the anatase phase of high crystallinity and a
large surface area [141,142]. The anatase phase is formed during the calcination process
at a temperature of 350 °C and higher [143,144], while the rutile phase is formed as the
calcination temperature reaches >600 °C [35,120]. However, high calcination temperature
results in nanocrystalline particles” growth and the rapid decrease in the specific surface
area [145]. Sol-gel synthesis of nanostructured materials was also intensively explored in
the last decade [146-148]. There are many advantages of this approach; some are concerned
with the fact that ambient temperature and atmospheric pressure are employed, together
with the fact that this process occurs in a solution, offering the control of purity, homo-
geneity, doping, composition, and stoichiometry. Due to its simplicity and the possibility
of controlling structural and morphological properties, sol-gel synthesis is now widely
used [149,150]. For nano-dimension particles, recombining photogenerated e —h* is much
slower than the diffusion of free charge carriers from the particle’s interior to its surface,
which contributes to the higher photocatalytic activity [151,152]. For the degradation of
large organic molecules such as metoprolol [153,154], methylene blue [137,155], paraceta-
mol [156], 3-amino-2-chloropyridine [157], pindolol [158], clopyralid [159], picloram [160],
ethylene [161], 4-chlorophenol and methylene orange [162], etc., it was determined that
mesoporous TiO; exhibits high photocatalytic activity. Additionally, photodegradation
of stearic acid was achieved using mesoporous and microporous TiO; films [163], TiO,
self-cleaning films [164], and TiO, films prepared by template-assisted sol-gel [165]. Mills
et al. [166] reported the findings of a detailed study of the photocatalytic properties of
Pilkington ActivTM glass in the degradation of stearic acid. Pilkington Glass Activ™
represents a possible successor to Degussa P25 TiO,. Especially as a photocatalyst film
for comparing other photocatalysts or superhydrophilitic self-cleaning films. Pilkington
Glass Activi™ has superior mechanical stability, reproducible activity, and widespread
commercial availability, making it highly attractive as a reference photocatalytic film [166].

Photodegradation of some dyes was very effective in the presence of TiO;. For exam-
ple, methylene blue was photodegraded using various TiO; films [167], TiO, impregnated
diatomite [168], TiO, pretreated with varying concentrations of NaOH [169] brookite-rutile
bi-crystalline phase of TiO; [170], etc. Another dye that has attracted attention due to its fre-
quent decomposition with TiO, is methyl orange. It was reported that methyl orange was
photodegraded using Ag-doped TiO; photocatalysts [171], carbon nanotubes-TiO, [172],
TiO,-zeolite photocatalyst [173], etc., under visible light and UV irradiation.

These results indicate that it is possible to design photocatalysts possessing molecu-
lar size sensitivity. Comparing the properties of TiO, Wackherr and Degussa P25, TiO,
Wackherr has a much lower specific surface area than Degussa P25 (almost six times).
This is the consequence of the much larger particles of Wackherr compared to Degussa
P25 [44]. On the other side, Degussa P25 has higher radiation scattering than Wackherr, due
to which Degussa P25 is less efficient regarding radiation usage [44,111]. Back reactions
often decrease the efficiency of the photocatalytic degradation rates; these reduce partially
oxidized transients to give back the initial substrate [44,111,174].

It is well known that photocatalytic activity occurs at the surface of photocatalysts.
Therefore, smaller TiO, nanoparticles, which possess a much higher surface-to-volume
ratio, have a greater specific surface area available for catalysis. TiO, catalysts have been
prepared in various nano forms, such as nanoparticle powders, nanotubes, nanorods,
nanowires, and immobilized states (as thin films) [86]. Between extensive applications
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using surface chemical and physical properties of TiO,, the defects, and the TiO; surface
states, depending enormously on material preparation technologies, play an essential role
in its optical, chemical, and electrical properties. Having that in mind, choosing a reliable
and well-controllable technology to design the defects in TiO; is crucial for their specific
application [175]. For the preparation of TiO, thin films, all viable physical and chemical
deposition technologies have been used. Over others, atomic layer deposition (ALD) has
different advantages due to its precise thickness control, low growth temperature, large area
uniformity, and extremely conformal surface coating for nanostructures [176]. Although
many precursors have been used successfully for deposition of TiO, by ALD processes, the
common precursor TiCly, stands out as a liquid with a moderate vapor pressure [177,178].
Active research needs to be continued in the field of TiO; thin films. This would lead to
understanding the synthesis routes, photocatalytic characterization, film morphology, and
developing techniques that produce TiO; thin films with desirable photocatalytic properties
while minimizing costs [86].

TiO, immobilization can be performed on powder and pellet substrates, thick/rigid
substrates, or thin/soft materials [179,180]. Titanium oxide-based photocatalytic films can
be produced by fused deposition modelling (FDM) by applying biopolymers obtained
from renewable biomass resources. This thermoplastic route allows shaping composites
through the immobilization of photoactive TiO, nanoparticles using environmentally
friendly bioplastics such as polylactic acid (PLA). Composites synthesized by FDM with an
inorganic charge of 30 wt% of TiO, exhibited a 100% methyl orange (MO) photodegradation
after 24 h of light exposition. This could be explained by the extremely uniform dispersion
of the nanophase within the polymer matrix in the FDM feedstock [180,181].

4.2. UV Light Intensity

Light intensity is another important factor that influences the process of photocat-
alytic degradation. Among many factors, light intensity determines the extent of light
absorption by semiconducting catalysts at a particular wavelength [12,182-185]. Related
to the experimental setup, overall pollutant conversion and degradation efficiency are
invariably determined by light intensity distribution within the reactor [186]. According to
the reported results by Herrmann [187], the degradation rate can be correlated with the
radiant flux, ®, in the following manner: below the value of 25 mW cm2 for @, the degra-
dation rate is proportional to ®, while for the values of above 25 mW cm™2 degradation
rate is proportional to ®!/2. The latter case indicates a high flux value, and an increase
in degradation rate is proportional to ®!/2. Recombination is insignificant for low light
intensity. Additionally, the time interval in which the pollutant is exposed to a certain
intensity of radiation plays an important role in its degradation, because the longer the
pollutant is exposed to radiation, the greater efficiency of degradation could be achieved.
Effects of light intensity on the solar photocatalytic degradation of Bisphenol A in water
and the presence of TiO, on sunny and cloudy days were investigated by Kaneco et al. [188].
It was determined that degradation efficiency increases rapidly with the light intensity
as ® reaches 0.35 mW cm™2, after which efficiency increases gradually. In the study of
Venkatachalam et al. [147], the mineralization efficiency of 4-chlorophenol was compared
when lamps of different wavelengths over TiO, were used, namely 365 and 254 nm. The
results indicated that at 365 nm mineralization rate was somewhat higher than at 254 nm.

It is reported in the literature that the curing behavior of unpigmented coatings is
dependent on light intensity [189-192]. A faster cure and even more complete polymeriza-
tion are achieved with increased light intensity. The influence of different light intensities
(in the range from 10-70 mW cm™2) on a system which consisted of epoxy acrylate and
tri-propylene glycol diacrylate was investigated by Dogruyol et al. [193]. With the increase
in light intensity up to 50 mW cm™2, the conversion rate and overall conversion increased,
while it decreased with the further increase in light intensity. The influence of the light
intensity on the photo-polymerization of poly(methacrylic acid) hydrogels was studied
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by He et al. [191], and the results of the study indicated that as the UV intensity increased
from 2 to 24 mW cm™2, the final conversion decreased from 99% to 61%.

However, Mills et al. [166] state that for Degussa P25 TiO; films, it is difficult to
estimate how much light is absorbed and lost through reflection and scattering. Accordingly,
they recommend that the photocatalyst system’s formal quantum efficiency (FQE) be
calculated instead. FQE is the ratio of photoreaction rates and incident light intensity. They
further state that the FQE is <quantum yield for any photochemical process.

The dependence of the rate of conversion and final conversion of pigmented and un-
pigmented UV curable systems on UV light intensity, ranging from 2 to 80 mW cm, was
investigated by Kardar et al. [189]. Related to unpigmented formulation, it was found that
for the intensity ranging from 2 to 20 mW cm™, maximum rates were achieved, and final
conversion increased, while the increase in light intensity to 40 and then to 80 mW cm™
decreased the rate of conversion. Related to pigmented formulation, the polymerization and
ultimate modification rate increased with the increased light intensity up to 40 mW cm™2.

Additionally, the influence of different light intensities (in the range from 5-50 mW
cm™) on a system that consisted of UV and monomer benzyl acrylate was investigated
by Thiher et al. [194]. Various UV, electron-beam, and hybrid processing conditions were
presented for the studies. The processing conditions for electron-beam and UV-only systems
were chosen such that the impact of oxygen and additives could be observed. Benzyl
acrylate was photopolymerized for 30 s at two different effective irradiances, 20 mW cm™
and 50 mW cm™.

4.3. Effect of pH

The effect of the pH value on the photocatalytic properties of TiO; is rather complex due
to several factors: electrostatic interaction between semiconductor surface, solvent molecules,
reactants, and radicals formed during the reaction, etc. [195]. Surface-charge properties of
the photocatalyst are influenced by pH value, as shown by Zhu et al. [196]. This fact could
be explained based on the point of zero charge (PZC). The adsorbent surface is positively
charged, attracting anions and repealing cations when the pH is lower than the PZC. Above
the PZC the surface is negatively charged, attracting cations and repealing anions. According
to [21,197], this can be represented through the following (reactions (11) and (12)):

TiOH + H* = TiOH; (11)
TiOH + *OH,4 = TiO~ + H,O (12)

The solution’s pH value is essential for heterogeneous photocatalytic reactions since it
influences the photocatalyst’s surface charge and particle aggregates’ size. Based on this
data and data for the pK, of the substrate, degradation can be influenced via electrostatic
interactions between the substrate and photocatalyst surface. However, electrostatic inter-
actions are not always crucial for the process. When the pH level is equal to 7 and higher,
*OH are the main reactive species, while for lower pH levels, the main reactive species are
positively charged h* [198-202]. This also represents essential information since it can be
determined through which reactive species the process is being performed.

4.4. Effect of Temperature

The characteristics of TiO, material could potentially be modified by the tempera-
ture [203]. This induces modifications in nanoparticle size, crystalline phase composition,
state of aggregation, and optical properties. All these aspects are of underlying importance
because they affect the photocatalytic properties of the TiO, surface [204]. TiO, potential
is highly based on its crystalline structure, average particle size, and morphology [205].
The specific surface area, which depends on particle size, is an essential parameter for
the improved catalytical activity of TiO, [206]. Over time, multiple methods have been
employed to prepare TiO, at the nanoscale level, such as hydrothermal, microemulsion,
precipitation, and sol-gel [205,207]. The sol-gel method proved a suitable technique for
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synthesizing nanosized TiO; at low temperatures with high photocatalytic activity, high
purity, and homogeneity [208]. The sol-gel process modifies a liquid into a solid phase, sol
to gel. The final step of the sol-gel process includes the calcination of colloids at different
temperatures and time intervals, which causes the particles” agglomeration and results in
causing polydispersity [205].

Chen et al. prepared anatase powder at a calcination temperature of 400 °C, possessing
a diameter of 10 nm and a specific surface area of 106.9 m?/g. Additionally, they found
a rutile phase at calcination temperatures above 600 °C [209]. Tripathi et al. prepared
mixed-phase and pure TiO; by the sol-gel method calcined at a temperature from 400 °C
to 700 °C with a particle size between 19 nm to 68 nm [210]. Velardi et al. [211] synthesized
TiO, powders at different calcination temperatures, which influenced the degree of crys-
tallinity, the phase composition, the optical properties, the nanoparticle dimension, and the
photocatalytic activity of TiO, powders produced by sol-gel method. The obtained results
have shown that the temperature increase induces a phase transformation from anatase
to rutile. Additionally, a temperature increase leads to the rise in the grain size of TiO,
nanoparticles [211].

4.5. Influence of Oxidants/Electron Acceptor

The addition of electron acceptors significantly increases the efficiency of the pho-
tocatalytic process [212,213]. Electron acceptors prevent the recombination of e”—h* by
separation of free charge carriers and an influence of e~ [214-216]. VB and CB for TiO,
originate from the 2p orbital of O, and 3d orbital of Ti. The role of electron acceptor is most
frequently reserved for molecular O,, which is quickly oxidized to O3~ (reaction (13)) and
which is usually adsorbed on the TiO; surface [217,218]. In this way, the recombination of
e -h" is prevented, while oxygen radicals are collected and can further take part in the
degradation of contaminants [219].

Newly formed O3~ in acid solution gives H,O,, which can further oxidize organic
compounds (reactions (14) and (15)):

e+ Opags = 054 (13)
05~ + H" — HO; (14)
2HO; — HyO, + O3 (15)

In some cases, photocatalytic activity is completely suppressed without O,. Besides
O,, other substances could be used as electron acceptors, such as HyO,, KBrOs, and
(NH4)25,05 [199,220-223]. H,O; has a significant role in this group of electron acceptors
since it efficiently suppresses the recombination of e~ —h™" pairs through reduction with
e~ from the CB, which separates the charges (reaction (16)) and it represents the source of
additional *OH (reactions (16) and (17)) [224]:

H,O, + e — "OH +°*OH (16)
H,0; + hv — 2°OH (17)
Or H,O; reacts with O3~ btained from O, in reaction (13) (reaction (18)):
HyO0, + 05" — *OH+ "OH + O, (18)
where O, forms, which can further provide and in such a way initiates the process
again [199].

KBrO3; and (NH4)»5,0g through reduction with e~ give radicals which are strong
oxidants such as SO}~ and BrOj as in the case of H,O,. This increases the quantum yield
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of processes catalyzed with TiO,. Reactions that include these two radicals are the following
(reactions (19)—(22)) [220,225-227]:

$,05” + e~ — SO + SO¥~ (19)

SO;~ + Hy,O — SO +°*OH+H" (20)

BrO; +2H' + e~ — BrOS + H,O (21)

BrO; +6H"' +6e” — [BrO,, HOBr] — Br~ +3H,0 (22)

While e~ scavenging and potential involvement of BrOj (formed in reaction (21)) could
enhance degradation at elevated BrO; levels, the system reactivity could be limited by the
formation of Br™ (reaction (22)). The latter could be adsorbed on the photocatalyst surface
and involved in h* and *OH scavenging [66,228,229]. However, although electron acceptors
increase the photocatalytic degradation rate, it was found that H,O, has an inhibiting effect
above the optimal concentrations, i.e., it decreases the degradation rate [199]. Namely, at
higher concentrations, a peroxo complex is formed, which interferes with the degradation
process, i.e., HyO; acts as an absorber of h* and *OH, generating the much less reactive
hydroperoxyl/superoxide radicals (HO3 /O3, reaction (23)). Moreover, HO3 can further
react with *OH to form O, and H;O, which are not directly involved in degradation of
organic compound (reaction (24)) [199,228,230,231].

H,0; + *OH — HOj + H0 (or O3~ + H' + H,0) (23)

HO$ + *OH — O, + H,O (24)

For this reason, it is necessary to experimentally determine the optimal concentration
of the investigated electron acceptor to bypass the negative effect on the process. Regarding
electron acceptors, it can be concluded that their influence depends on the nature of the
examined substance and the amount of the applied electron acceptor.

4.6. Effect of Inorganic Salts

The ability of some cations to decrease the photodegradation efficiency is related
to the fact that they compete with organic compounds for the active sites on the surface
of TiO, [183]. This results in decreased degradation of targeted compounds since the
photocatalyst is deactivated. Some examples of cations producing this effect are Cu?*
and Fe®". It is determined that Ca?*, Mg?*, and Zn?* have a negligible effect on the
photodegradation of organic compounds. This occurrence is explained by the fact that
mentioned cations are in their highest oxidation state [232].

Inorganic anions such as HCOy, CO%f, CI', NO; and SOi* can be found in wastew-
ater, and their presence causes colloidal instability, an increase in mass transfer, and a
decrease in the surface contact between the target molecule and photocatalyst [233]. Conse-
quently, the presence of the mentioned ions results in decreased degradation of organic
compounds. Scavenge of *OH through Cng and HCOj can be represented by the follow-
ing reactions (25)-(27) [183,234]:

CO%™ + *OH — CO3™ +°*OH (25)
HCO; +°*OH — CO3™ + H,O (26)
CO5™ +°*OH — HCO; (27)

Further, CI” and its h* and *OH scavenging effect (reactions (28)—(30)) decrease the
degradation efficiency [235-237].

Cl”+ ht — CI* (28)

Cl™ + *OH — HOCI*~ (29)
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HOCI*~ + H' — CI* + H,O (30)

Further, active sites of the catalyst surface can also be blocked by the formed chloride
radical anions. The chloride radicals generated in reactions (28) and (29) have a lower
oxidation potential, namely, +2.47 V, than hydroxyl radicals, which have a redox potential
of +2.80 V [238].

Wang et al. [239] reported the effect of NO;" and SOZ’ on the photodegradation of
reactive Red 2 dye under UV irradiation, indicating increased dye removal. Zhu et al. [240]
reported that the presence of NO; accelerated the photocatalytic degradation of an azo
dye under visible light radiation. The enhancement of the degradation rate by NO; may
be principally attributed to the direct or indirect forms of OH, reactions (31)—(33) [240,241]:

NOj +ho — NO; +0 (31)
NOj +Hy0 + v — NO; + ~“OH + *OH (32)
O + H,0 — 2°0OH (33)

SOZ_ in photocatalytic degradation has two crucial roles. It increases aqueous ionic
strength by guiding the molecule to the bulk interface, resulting in improved photocatalytic
efficiency [242]. Additionally, the adsorbed SOi* reacts with generated VB h* forming SOﬁ*.
This reaction between SOZ_ and photogenerated h* on the photocatalyst surface can prevent
the e”—h* recombination, enhancing the photodegradation rate (reactions (34) and (35)):

SO3™ + h™ — SO;~ (34)

SO~ +H,O — SO2™ +°OH +H (35)

SO; ™ is a powerful oxidant with a redox potential of +2.6 V, which can enhance the
degradation of an organic compound. The degradation rates also depend on the type of
salt used. This effect has been studied by various authors [228,243-245].

4.7. Superhydrophilicity of TiO;

The laboratories of TOTO Inc. were conducting experiments, and by accident, they
discovered the superhydrophilicity of TiO,. If a TiO, film was prepared with a certain
percentage of S5iOy, it was found to acquire superhydrophilic properties, i.e., a water contact
angle of ~0° after UV irradiation [246,247]. Additionally, it was found that photo-induced
superhydrophilicity was an intrinsic property of the TiO, surface [248]. Based on the
reconstruction of the surface hydroxyl groups under UV irradiation, the mechanism of this
process was proposed [249]. Figure 5 illustrates surface reconstruction on TiO; during the
reversible hydrophilic changes. The holes diffuse to the TiO; surface, trapped at lattice
oxygen atoms, while molecular oxygen captures photoexcited electrons. After that, hole
capture weakens the binding energy between oxygen in the lattice and Ti atoms. Addition-
ally, another adsorbed water molecule breaks this bond, forming new hydroxyl groups [250].
In the dark, the hydroxyl groups progressively desorb from the surface in the form of H,O,
or HyO and O,. Although it seems similar at first glance, the photo-induced hydrophilic
conversion is a different process from the photocatalytic degradation of organic pollutants.
Strontium titanate, which has almost the same photocatalytic oxidation strength as TiO,,
does not become hydrophilic using UV radiation [251]. However, although WO3 exhibits
photo-induced hydrophilic conversion, it does not exhibit photocatalytic activity [252].
One unique feature of TiO; is that there are two different photo-induced phenomena,
i.e., photo-induced superhydrophilic phenomenon and photocatalytic phenomenon [253].
Notwithstanding the fact they are different processes, they can, and in fact must take place
simultaneously on the same TiO, surface. The surface can have more superhydrophilic
character and less photocatalytic character, or vice versa, which depends on the composition
and the processing [11,254].



Catalysts 2023, 13, 26

16 of 29

I-.l\o/ \ /H -

/\/\/
\/\/\

Figure 5. Surface reconstruction on TiO, during the reversible hydrophilic changes: (a) before UV ir-
radiation OH group is bound to oxygen vacancy; (b) at the transition state, where the photogenerated
hole is trapped at the lattice oxygen; and (c) after UV irradiation, when new OH groups were formed.

Applications of superhydrophilic technology are widespread nowadays [255]. One
example is an antifogging surface which the superhydrophilic effect can prepare. Fogging
of glass and mirrors surfaces appears when humid air condenses, with the formation of
plenty of tiny water droplets that scatter light. Water droplets can not be formed on a
superhydrophilic surface. Instead, a uniform film of water that does not scatter light can
be formed on the surface. Additionally, superhydrophilic properties of TiO, can help the
self-cleaning process of TiO, [255-258].

4.8. Aggregation and Agglomeration of TiO, Particles

Photocatalyst loading depends strongly on the aggregate particle size when incident
radiation is of a wavelength lower than 320 nm. The effect is primarily due to a low
penetration depth of the radiation inside the aggregates, limiting the volume fraction of the
irradiated aggregates [259].

The fact that three-dimensional TiO, networks exist in aqueous suspensions served as
a solid basis for Wang et al. [260] to propose a novel mechanism for improved photocatalytic
processes. From that aspect, it is crucial to understand how the catalyst particles exist in
these solutions and, thus, to understand their influence on the catalytic process and its
efficiency. If the photocatalytic particles are aggregated/agglomerated and possess the
same crystallographic orientation, then the photon energy can be transferred from particle
to particle (Figure 6) [259]. This means that even if the targeted molecule is adsorbed on
the photocatalytic particle, which is not activated by the photon energy, the photocatalytic
process still can take part since the photon energy will be transferred to the particle to
which it is adsorbed [71,260-262].

Once the energy has been transferred to the particle “containing” the targeted molecule,
the latter will act as a hole trap, and the separation of the original exciton will be induced.
So, the basic idea related to the mentioned mechanism is that the agglomeration can be
thought of as a long chain of properly aligned TiO, particles, which allow the transfer of the
photon energy from the absorption location to the location of the particle which adsorbed
the targeted molecule [263,264].
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Figure 6. Illustration of the aggregation/agglomeration of TiO; and increased photocatalytic activity
through energy transfer.

The aggregation/agglomeration could significantly affect all photocatalytic
systems [265,266]. Photocatalytic powders usually consist of nanocrystalline primary
particles aggregated to form secondary structures having dimensions in the micrometer
range. Improved photocatalytic activity should be achieved when the strong electronic
coupling between primary nanoparticles exists [265,267]. As could be concluded, the ag-
gregation and agglomeration could increase the photocatalytic activities of TiO,. Namely,
the target molecule does not necessarily need to be located where photon absorption
occurs [260,268]. Additionally, the described effect imposes the challenge of designing
and synthesizing photocatalytic material with the improved electronic coupling between
the semiconducting nanoparticles, which could lead to a breakthrough in the field of
photocatalytic degradation [269,270].

5. Practical Application

The possibility to activate catalysts with sunlight and recent advances in synthesis
methods of the catalyst with desirable band gaps opened the opportunity to design promi-
nent solar collectors where photochemical processes are promoted with the absorption of
sunlight. While for solar thermal processes, it is essential to collect as many as possible
photons of all wavelengths, for the solar photochemical process, it is crucial to collect
only high-energy short-wavelength photons, which are responsible for the initiation of
photochemical processes. Usually, for the initiation of solar photochemical processes, UV
or near UV sunlight is necessary. However, there are some cases where the sunlight of
up to 580 nm can be employed, while 600 nm and higher wavelengths are not usable for
these purposes [6]. Initially, photoreactors for photochemical applications were based on
line-focus parabolic-trough concentrators. This hardware already existed for solar thermal
applications and could be easily modified for photochemical processes. The first European
facility for water detoxification based on solar photochemical processes was established
in Spain by The Centre for Energy, Environmental and Technological Research. Twelve
PTCs were used in this case, while non-concentrating collectors became popular since the
influence of concentration and solar tracking does not reduce their efficiency.

Researchers from the Institute of Science and Technology for Ceramics, Italy, developed a
TiO,-coated fabric to be used as a photocatalyst agent to degrade Rhodamine B (RhB) in water.
They implemented the obtained photocatalytic materials in a 6 L capacity semi-pilot plant.
They evaluated the degradation of RhB dye, simulating the water pollution. The good results
encouraged the scale-up of the 6 L semi-pilot plant up to the 100 L pilot plant built [271].
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Biologically pretreated industrial wastewater from the factories of the Volkswagen AG
in Wolfsburg (Germany) and Taubate (Brazil) has been treated in laboratory conditions with
great success, after which a pilot plant was installed in the Wolfsburg factory in 1998 [272].
Another project, called “SOLARDETOX”, is worth mentioning. The name is an abbreviation
for Solar Detoxification Technology for the Treatment of Industrial Non-Biodegradable
Persistent Chlorinated Water Contaminants. This project aimed to design and develop
a commercial non-concentrating solar detoxification system using neither collecting nor
non-collecting collectors but compound parabolic collector technology (CPC), having a
concentration ratio equal to 1. CPCs present a particular class of solar collectors produced
in the shape of two meeting parabolas. The CPC collector belongs to a non-imaging class of
collectors and is considered one of the types with the highest possible concentration ratio.
The SOLARDETOX treatment plant is installed at the Hidrocen factory (Madrid, Spain).

Fendrich et al. [273] presented solar concentration technologies for wastewater re-
mediation. They concluded that though mostly on model systems, recent results open
promising perspectives for using concentrated sunlight as the energy source powering
advanced oxidation processes, such as photocatalytic degradation by TiO,. Additionally,
they identified the photocatalyst materials capable of efficiently working with sunlight and
the transition to real wastewater investigation as the most critical issues to be addressed by
research in the field.

6. Conclusions and Outlook

Using clean and self-sustainable technologies is imperative in front of the scientific
community. TiO, belongs to a group of materials with immense practical potential and,
by all means, contributes to solving some of the emerging challenges in front of humanity.
The energy coming from the Sun is the focus of present and future technologies. In
contrast, photocatalysis, a mechanism closely related to this limitless energy source, has
been recognized as a rapid and essential strategy to remove environmental pollutants. TiO,
stands out as the best and most commonly used photocatalyst, with a significant advantage
over a broad range of nanomaterials.

In this work, we comprehensively introduced the most important features of TiO,
regarding its photocatalytic properties. For the ecological and economical application
use of TiO,, it is essential to present the structural characteristics and physical properties
of TiO; nanoparticles. Therefore, this review introduces the fundamentals underlying
the photocatalytic performance of nanostructured TiO, related to its crystal structures
and electronic and optical properties. Further, the photocatalytic activity of TiO, and
the mechanism were discussed in detail. Factors that affect photocatalytic properties
of TiO; to the greatest extent, such as type and dimensions of TiO, particles, UV light
intensity, the effect of pH, the influence of oxidants/electron acceptors, and the influence of
inorganic salts, were explained. Computational aspects of designing the novel TiO,-based
photocatalysis have also been presented. Attention was paid to the superhydrophilicity
of TiO,, which is described by two different photo-induced phenomena: photo-induced
superhydrophilic and photocatalytic phenomena taking place simultaneously on the same
TiO, surface. Although TiO; is by far the best nanomaterial, there are still possibilities for
its improvement.
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