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Abstract Water, an essential resource for human activities, is increasingly threatened by pollution. In order to solve the
increasingly serious environmental, the development of highly efficient heterogeneous photocatalysts has attracted a great
deal of attention in recent years focused on semiconductor based photocatalysts for pollutant degradation. Titanium dioxide
(TiO2) is a semiconductor photocatalyst with a wide range of applications. The purpose of this literature review is to
undertake a thorough comparative assessment of the diverse polymorphs of titanium dioxide, alongside prospective
alternative materials, within the domain of heterogeneous photocatalysis.
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1. Introduction

Nowadays, the environment’s protection is one of the
most important human’s challenges to improve life quality
and a sustainable development. However, water, an
essential resource for human activities, is increasingly
threatened by pollution. This pollution mainly results
from the use of toxic chemical and biological substances
by industries. Not only these pollutants are harmful to
ecosystems but also to human health. In order to solve
the increasingly serious environmental, the development of
highly efficient heterogeneous photocatalysts has attracted a
great deal of attention in recent years [1].

Many investigations are mainly focused on semiconductor
based photocatalysts for pollutant degradation. Photocatalysis,
being a photochemical technic, allows the oxidation of
water contaminants until complete purification [2]. TiO, has
been proven to be the most suitable for wide environmental
applications due to its remarkable properties. The advantages
of TiO, are its chemical stability, durability, low cost,
photo-reactive [3] and high transparency to visible light
compared to other materials [4].

Titanium dioxide (TiO2) is a semiconductor photocatalyst
with a wide range of applications. It has been extensively
employed in water purification and waste treatment [3],
as well as in self-cleaning surfaces [5] [6], sterilization
processes [7], and anti-fogging coatings [8]. Moreover,
TiO: plays an important rolein lithography [9], the
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degradation of organic pollutants [10] [11], the prevention
of metal corrosion [12] [13], and even in the photocatalytic
reduction of CO: into energy fuels [14].

TiO, is polymorphic material that exists in four naturally
occurring crystalline phases: anatase, rutile, brookite and
TiO, (B) [15].

In this context, the purpose of this literature aims to
provide a thorough comparative assessment of the diverse
polymorphs of titanium dioxide, alongside prospective
alternative materials, within the domain of heterogeneous
photocatalysis. Specifically, this paper evaluates the mechanism
of TiO; as photocatalysts, the types of TiO,, TiO, doping and
the possible competitors of TiO,.

2. Mechanism of TiO, as Photocatalysts

2.1. Principle of Photocatalysis

Photocatalysis includes the process of photosensitization
by which a photochemical alteration is made to a chemical
species resulting from the initial absorption of radiation by
other chemical species called photosensitizers [16].

Heterogeneous photocatalysts hold great potential for
converting photon energy from light into chemical energy,
which is highly relevant for the advancement of renewable
energy technologies. This process can take place in different
media, including the gas phase, pure organic liquids, and
aqueous solutions [16]. In principle, when a semiconductor
catalyst (SC) of the metal oxide family, such as oxides
(TiOz, ZnO, ZrOa, CeO0-, ...) or sulphides (CdS, ZnS,...), is
exposed to photons with an energy equal to or higher than its
band-gap energy (EG), these photons are absorbed and
electron-hole pairs are generated within the bulk material.
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These pairs then dissociate into free photoelectrons in the
conduction band and photogenerated holes in the valence
band. [17]. In general, the mechanism of photocatalysis using
TiO2 is clearly illustrated in the figure 1 [18].
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Figure 1. Schematic diagram of TiO, photocatalytic principle

The photocatalytic process is based on the excitation of
TiO: by light irradiation with a wavelength shorter than 387
nm, which corresponds to an energy equal to or greater than
the band gap (3.2 eV) [19]. In fact, the electrons in VB
(valance band) will be excited to CB (conduction band)
causing holes in VB [20]. (Equation 1)

TiO, +hv — e (CB) + h* (VB) (1)

The photoexcited electrons (e7) and holes (h*) participate
in redox reactions with adsorbed species, leading respectively
to the formation of superoxide radical anions (e0O:") and
hydroxyl radicals (#OH). These reactive species play a
crucial role in the degradation of pollutants in water [21]
[22].

The positive holes (h*) react with water and the organic
pollutants adsorbed on the TiO. surface, to generate
oxidizing species capable of degrading contaminants [16].
(Equation 2; 3)

h*+H,0 — e¢OH + H" (2)
h* + polluant — polluant” (3)

However, if the electrons in the conduction band are
not rapidly captured by acceptors, they may recombine
with the holes, which greatly reduces the efficiency of the
photocatalytic process. To prevent the recombination of
electrons with holes, the excited electrons in the conduction
band can be captured by electron acceptors such as oxygen,
forming superoxide radicals (equation 4). This reaction is
crucial because it prolongs the lifetime of the separated charges
and enhances the overall efficiency of the photocatalytic
process [23].

e +0; — Oy 4)

Reactive oxygen species (ROS) produced during the
photocatalytic process vary greatly, mainly the ROS that is
formed is the superoxide radical ®O® and the hydroxyl
radical ®OH. In any case, other species such as € OOH and
H,O, may be formed through further oxidation process,

dimerization, or disproportionation [24] [25].
The overall photocatalysis process can be described in five
distinct steps [26]:

e Mass transfer of the organic contaminant(s) in the
liquid phase to the TiO, surface.

e Adsorption of the organic contaminant(s) onto the
photon activated TiO, surface (i.e. surface activation by
photon energy occurs simultaneously in this step).

o Photocatalysis reaction for the adsorbed phase on the
TiO;, surface.

e Desorption of the intermediate(s) from the TiO,
surface.

o Mass transfer of the intermediate(s) from the interface
region to the bulk fluid.

2.2. Main Parameters Influencing Photocatalysis

In photocatalysis, the degradation of a pollutant and
its intermediates depends on sufficient contact with the
irradiated titanium dioxide. It is therefore essential to
understand the various factors that influence the kinetics of
photocatalytic reactions. Key parameters include the
concentration of the reactant, the amount of catalyst, the light
energy supplied, as well as the level of dissolved oxygen,
temperature, pH, and the possible presence of organic
compounds or dissolved metals. The influence of each of
these factors will be discussed in the following sections.

2.2.1. Oxygen

In general, oxygen plays a crucial role in the
photocatalytic degradation of organic compounds [27].
Dissolved molecular oxygen, being highly electrophilic [28],
is essential in TiO: photocatalysis as it provides enough
electron scavengers to capture the excited conduction-band
electrons and prevent their recombination [29]. Oxygen does
not interfere with adsorption on the TiO: surface since the
reduction reaction occurs at a different site than the oxidation
reaction [30].

Furthermore, dissolved oxygen can help stabilize organic
radicals formed from pollutants presents in aqueous solution
[31], contribute to their direct mineralization through O:
radicals, or indirectly promote the generation of hydroxyl
radicals [32]. Several studies have demonstrated that
increasing the amount of oxygen in the solution leads to a
significant improvement in overall photocatalytic efficiency
[33] [34].

2.2.2. Temperature

Several studies have been conducted to investigate the
dependence of photocatalytic reactions on temperature [35],
[36] [37].

Although thermal energy alone cannot directly activate the
TiO: surface, its influence can still be considered when the
process is carried out under natural sunlight. Photocatalysis
is a photon-driven process and does not require external
heating [38]. Most studies have shown that raising the
photocatalytic reaction temperature above 80 <C increases
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electron—hole recombination [39] and reduces the adsorption
of organic compounds on the TiO: surface [26], which
lowers overall photocatalytic activity.

The true activation energy of the reaction is essentially
zero, and the apparent activation energy remains very low
(a few J.mol™) between 20 and 80 °C [38]. At very low
temperatures (—40 to 0°C), activity decreases as the apparent
activation energy becomes positive, while at higher
temperatures (70-80 <C) for various photocatalytic reactions,
activity decreases and the apparent activation energy becomes
negative.

This behaviour can be explained by the Langmuir—
Hinshelwood mechanism: at low temperatures, adsorption is
stronger, including that of reaction products, which can
block active sites. This means temperature affects not only
electron-transfer rates but also the balance between adsorption
and desorption that determines overall photocatalytic
performance [40].

The fact that no external heating is required is a
major advantage of photocatalysis for water treatment, as it
allows significant energy savings. This also explains why
photocatalysis is relatively cost-effective compared to other
purification methods [41].

2.2.3. The Initial Concentration of Pollutants

Several studies have investigated how the concentration of
contaminants present in water affects the rate of photocatalytic
reactions [42] [43] [44] [29]. Even under identical operating
conditions, variations in the initial concentration of pollutants
can lead to different mineralization times [43]. It is evident
that higher initial pollutant concentrations result in longer
treatment durations under the same conditions.

At low initial pollutant concentrations, the photomineralization
rate of the organic compound follows the Langmuir—
Hinshelwood kinetic model. This kinetic model, widely used
in heterogeneous photocatalysis, allows the evaluation of
the degradation rate of an organic pollutant at different
concentrations and describes the reaction kinetics of the
photocatalytic oxidation of organic pollutants [45] [46] [47].

The Langmuir-Hinshelwood model is based on several
fundamental assumptions [48]:

e The adsorption of organic molecules follows the
Langmuir isotherm, meaning that a monolayer is
formed on a homogeneous surface without interactions
between adsorbed molecules.

e The adsorption and desorption steps are rapid compared
to the chemical reaction, which represents the rate-limiting
step.

e The chemical transformation involves only adsorbed
species and free active sites.

Under these conditions, two situations can be taken to
illustrate the adsorption on the surface of the catalyst:

e On the same types of active sites, the reagent and the
solvent are adsorbed on the surface of the catalyst
without competition.

e The pollutant and the water are in competition for the

occupation of the active sites of the catalyst.

By applying the L-H model for these two cases, the
reaction rate v is directly related to the fraction of the catalyst
surface occupied by the pollutant, represented by O:

v =—dc/dt =kr.0 = (kr.K.C)/(1 + K.C+Ks.Cs)  (5)
v =—do/dt =kr.0 = (kr.K.C)/(1 + K.C) (6)

We can integrate equations (6) and (7) if the part of the
surface covered by water is always identical.

In(Co/C) + [KI/(1+Ks.CS)](Co — €) = (kr.K)/(1+Ks.Cs)t (7)
In (Co/C) + K(Co — €) = kr.Kt (8)

If the initial concentration Co is very low, the equations
can be simplified to a first-order kinetic equation:

In (Cy/C) =kt ©))

The slope of the line In (Co/C) = f(t) can determine
the apparent rate constant k’. Thus, the concentration of
adsorbed intermediates increases with the concentration of
pollutant, which leads to a change in the rate of the reaction
[40].

2.2.4. Effect of pH

The pH is a key factor in heterogeneous photocatalysis, as
it simultaneously affects the surface charge of TiO., the size
of aggregates [49], the electrostatic interactions between the
catalyst and the pollutant, the adsorption of compounds onto
the catalyst, the efficiency of the photocatalytic reaction [50],
and the balance of radical reactions [51].

Each photocatalyst has an isoelectric point or electrical
zero point (EZP), corresponding to a pH at which the TiO:
surface is neutral, typically ranging from 5,6 to 6,4 [38].

When pH < EZP, the surface is positively charged and
favours the adsorption of anionic compounds; when pH >
EZP, it becomes negatively charged and attracts cationic
species [26]. In contrast, the degradation of neutral species,
which do not interact electrostatically with the catalyst, is
relatively insensitive to pH variations [52].

The pH also influences the particle size: near pH = EZP,
TiO: particles tend to aggregate due to reduced electrostatic
repulsion [53]. Additionally, pH has been observed to shift
the valence band position, with a change of approximately
0.059 eV per pH unit [30] [54].

2.2.5. The Intensity of the Luminous Flux

It has been shown that the rate of photocatalytic reactions
is generally proportional to the light intensity [30]. However,
above a certain photon flux, the influence of light intensity
on the reaction rate decreases, and the reaction order drops
from 1 to 0.5 [55] [56]. This reduction is attributed to the
formation of an excess of photogenerated species, such as
electrons (e"), holes (h*), and hydroxyl radicals (*OH) [57].

At even higher light intensities, the reaction rate becomes
independent of the incident radiation, corresponding to a
zero-order regime, where the process is primarily controlled
by mass transfer [58] [59]. In this regime, further increases in
photon flux do not enhance the degradation rate; instead,
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they favor the recombination of electron-hole pairs, limiting
the overall photocatalytic efficiency [60] [61].

3. Types of TiO,

3.1. Allotropic Forms

As is well known, TiO, exists commonly in three forms:
rutile, anatase and brookite [15]. These three types are
octahedral with different distortions [62]. But there is
another polymorph found from TiO,, namely TiO,(B) [63].

Titanium dioxide is a wide band-gap semiconductor.
The band gaps of its three crystalline forms: rutile, anatase,
and brookite are indirect, with values of 3.0 eV (411 nm),
3.2 eV (384 nm), and 3.10 eV (400 nm), respectively [64].
It has a high refractive index at 590 nm (nrutile = 2,70
et nanatase = 2,55) and a high diffusion coefficient (96%),
that is to say the incident light is reflected in the visible.
Its theorical density, high for an oxide, is 4,25 (measured
between 3,9 and 4,2) [65]. It has a melting point of 1892<C
in an oxygen atmosphere and 1843<C in air [66].

Titanium dioxide (TiO:) is a widely available material
on Earth, mainly found in the form of ilmenite (an
iron-titanium oxide) and rutile. It can be produced either by
treating ilmenite with sulfuric acid (the sulphate process) or
by chlorinating natural rutile (the chloride process). The
first method yields TiO: directly as a fine powder, while the
second involves the formation of titanium tetrachloride
(TiCls), which serves as an intermediate in the production
of pigment-grade TiO: [67].

Among its crystalline forms, Rutile is the most stable
form of titanium dioxide and is produced at high
temperatures (600C < T < 850<C), brookite forms at
lower temperatures (T<450<C) and anatase at even lower
temperatures (T 450<C) [68] [69]. Table 1 shows the different
properties of the TiO2 polymorph [67] [70] [71].

3.2. Comparison Between Anatase and Rutile

In TiO, applications, only anatase plays a more important
role and this form is considered photoactive. Brookite and
TiO, (B) are not often used because its structure is more

complex than that of anatase or rutile. Since it’s difficult to
synthesize, it is rarely mentioned or applied as a photocatalyst
[72].

In fact, when exposed to most organic pollutants, anatase
TiO: generally shows higher photocatalytic efficiency than
rutile TiO2 [73].

A common explanation is that anatase TiO: has a much
lower rate of electron-hole recombination, allowing the
excited state to last longer [74]. Differences in band gap
energy, exciton mobility, and the lifetime of electron-hole
pairs may also contribute to this behaviour [75]. It’s also
suggested that anatase and rutile differ in how reactive
oxygen species form on their surfaces [76]. Factors such as
the number of surface hydroxyl groups [77], the ability to
adsorb pollutants [78], or how well oxygen is adsorbed [79]
can all influence performance. The photocatalytic activity
also depends on the crystal surface itself — for instance, the
rutile (001) surface can generate *OH radicals as efficiently
as the anatase (101) surface, while other rutile faces show
much lower activity [80].

In rutile, the O* ions form a slightly distorted hexagonal
close-packed arrangement, while in anatase they adopt a
cubic packing. In anatase, each oxygen atom is trivalent,
forming two short bonds and one long bond [81], whereas in
rutile, each oxygen is bonded to three titanium atoms [82].

The anatase and rutile structures are both composed of
TiOs octahedra, where each Ti*" cation is surrounded by six
oxygen atoms forming an octahedron [83] (figure 3). The
two crystal forms mainly differ in the way these octahedra
are arranged and in the extent of their distortion.

In the anatase structure, each octahedron is connected to
eight neighbouring ones, whereas in rutile, each has ten
neighbours. The Ti-Ti distances are longer in anatase than
in rutile, while the Ti—-O bonds are slightly longer in rutile
[84]. As a result, anatase is less dense than rutile. These
structural differences lead to variations in their physical and
photocatalytic properties. For instance, rutile has a lower
ability to adsorb oxygen compared to anatase, which makes
electron trapping less efficient and increases electron—hole
recombination. This could explain why rutile generally
exhibits lower photocatalytic activity than anatase [60].

Table 1. Crystal structure and physical parameters of TiO, polymorph

Crystal form Rutile Anatase Brookite TiO, (B)
Crystal system Tetragonal Tetragonal Orthorhombic Monoclinic
Space group P4,/mnm 14,/amd Pbca C2/m
a=12,179 A
a=9,184 A '
a=h=4,594 A a=h=3,784 A b=3,741 A
. b=5,447 A
Lattice parameter c=2,959 A c=9,515 A c=6,525 A
N s _ s ¢=5,145 A
V=16245 A V=136, 24 A 3 p=107,054
V=257,38 A s
Vv=284,22 A
z 2 4 8 -
Density (g/cm®) 4,25 3,89 412 3,73
Dominant plane (110) (101) (210) -

Z: Number of TiO: units per cell
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Table 2.

Characteristics of anatase and rutile

Characteristics

Anatase

Rutile

Stability

Thermodynamically metastable

Thermodynamically stable

Surface energy

Low surface energy

Surface energy 15% higher than that of anatase

Forming temperature

Produced at low temperature

Usually made at high temperature

Nucleation

High nucleation rate

Easy transformation of anatase at T>600<C and
if nanostructured anatase

Specific surface

Large specific surface

Lower specific surface

Mobile charge

More mobile charge carriers

Less mobile charge carries (more recombination)

Figure 2. The schematic conventional cells for anatase (a), rutile (b) TiO,

The big blue spheres represent Ti atoms and the small red
spheres represent O atoms [83].

Given the important place held by anatase and rutile in
the application of TiO,, we will summarize in the table 2,
the characteristics that differentiate them [16].

3.3. X-ray Diffraction Analysis of Anatase and Rutile
Phases [85]

The TiO2 samples were characterized by X-ray diffraction
(XRD) in the 26 range of 20° to 80°. The XRD patterns of the
samples are shown in the following figures (figure 3, figure 4).

The BR-5 sample, synthesized at pH 4.7, exhibits diffraction
peaks at (101), (004), (200), (105), and (204), which are
characteristic of the tetragonal anatase phase. In contrast, the
BR-1 sample, synthesized at pH 0.7, shows peaks at (110),
(101), (111), and (211), corresponding to the rutile phase.

Overall, the results indicate that lowering the pH during
aging favours the formation of the rutile phase, whereas
higher pH values promote anatase. Specifically, pure anatase
is obtained at pH > 3, a mixed anatase—rutile phase appears at
pH 1.4, and pure rutile is observed at pH 0.7. This is
explained by its influence on surface chemical properties,
the kinetics governing the nucleation and subsequent
growth of titanium-containing phases, and the differential
thermodynamic stability exhibited by the two distinct
crystalline forms. A minor peak at 26 = 30.6° suggests traces
of brookite, which are more prominent at higher pH (4.7).
This behaviour aligns with the literature: rutile is the
thermodynamically stable phase, while anatase is kinetically
favoured. Higher pH accelerates reaction kinetics, enabling
anatase formation, whereas rutile appears only at very low
pH values (pH < 1.4).

Photoconductivity High photoconductivity Low photoconductivity
Photocatalytic activity More active Less active
—— BR-1
~— BR-3 J
0 (101) —— BR4|
_ 1.945A ® 200 ——BRY
y \ 4 5 Fys B (004) ) (105) (204) pH=47
[ " 5 3
o 3}
1933 A z pi=
¢ - =} A
b b} 2 R
I E‘:o' AR A AR A pH=1,4
; 5 4l B,
= R R A+R
1,979 A i pH=0,7

20 30 40 50 60 70 80
2Theta(®)

Figure 3. Diffractograms showing the evolution of the samples’ crystallinity
as a function of pH during aging [85]
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Figure 4. Comparison of the diffractograms of the samples, with BR 5
consisting mainly of the anatase phase and BR 1 consisting mainly of the
rutile phase [85]

In addition to phase identification, the XRD patterns
provide information on crystallinity and crystallite size.

The broadening of the XRD peaks indicates that the
samples are nanocrystalline. The average crystallite size,
estimated from the main peaks using the Scherrer equation,
is approximately 5,35 nm for BR 5 and 10,47 nm for BR 1,
showing that the rutile crystallites formed at low pH are
slightly larger than the anatase ones.

4. TiO, Doping

The photocatalytic efficiency of semiconductors can be
greatly improved through surface modification and doping.
In general, the role of dopants contributes to:



94 Marcellin Randrianantenaina et al.:

Heterogeneous Photocatalysis Based on

Titanium Dioxide (TiO,) for Sustainable Industrial Effluent Remediation

Narrowing the band gap of TiO: [86] [87],

Introduction mid-gap states [88] [89],

Improving charge carrier separation [90],

Increasing the density of surface-adsorbed species such as
hydroxyl radicals [91].

It’s important to recognize that most TiO. samples naturally
contain some impurities. Whether these are unintentional or
deliberately added as dopants, they play a significant role in
influencing the kinetics of the anatase-to-rutile transition
[92].

Titanium dioxide particles that are modified or doped with
other semiconductors or metals exhibit metastable states
capable of trapping electrons, thereby reducing the rate of
electron—hole recombination [93].

4.1. Cationic Doping

Cationic doping of TiO: involves substituting the Ti*" ion
with another atom [94]. According to the literature, various
metals have been used to dope titanium dioxide through wet
chemical methods [95], high-temperature treatments, or ion
implantation [96]. These dopants can be grouped into three
main families:

Lanthanides (Nd, Gd, Ce, Ho...) [97] [98] [99] introduce
4f electronic transitions that enhance the adsorption and
separation of photogenerated electron-hole pairs, leading to
improved photocatalytic activity [100].

Transition metals (Fe, Cu, V, W, Ni, Cr, Mn, Mo, Ru, ...)
[101] [102] [103]: doping with a transition metal generally
enhances electron—hole separation, promotes interfacial
electron transfer, modifies the band gap, and alters the
surface catalytic properties [104].

Alkali metals: Li, Na, K [105].

The extent of cation substitution can significantly influence
several properties of TiO:, including photoreactivity, charge
recombination rates [106], [95] thermal stability, crystal size,
crystallinity, and surface defect concentration [107].

Cationic doping can produce both positive and negative
effects. Some studies report that it lowers the energy
threshold of TiO: by narrowing the band gap [108], while the
majority of research indicates that such doping generally
increases electron—hole recombination [109].

4.2. Anionic Doping

In anionic doping, the O* ions in the lattice are replaced
by non-metallic atoms [94]. The incorporation of heteroatoms
such as B, C, N, O, F, S, CI, and Br has been extensively
studied in the literature [110] [106].

Among non-metallic anionic dopants, nitrogen appears
to be the most effective in improving the visible-light
photocatalytic activity of TiO2 because its 2p orbitals have an
energy close to that of the oxygen 2p orbitals, to adapt the
TiO: valence band in a relatively favourable manner [111].

As with metal-doped TiO: photocatalysts, the preparation
method, type, and concentration of non-metal dopants strongly
influence the resulting band structure and the catalyst’s activity
under visible light [112].

5. Possible Competitor of TiO,

In the literature, several semiconducting minerals usable
in heterogeneous photocatalysis have been reported. The key
parameter in their efficiencies being the position of their
conduction band (CB) and their valence band (VB). Indeed,
their positions must allow the generation of hydroxyl and
superoxide radicals which will subsequently react with the
organic compounds and lead to the degradation of the latter.
The figure 5 gives us the relative position of CB and VB of
different semiconductors used in photocatalysis [28].

E{Vacuum)
od  EMNHE)
e &
35- 4 "
Cd
1 1 =5 w0l
| 1 wo F
45-—0 N SO _3._541_{_} :;fa'HE HO
- Fel'lFe’*
-5.5-—1- |
-0, HO
B85 21— 1 !
- o b | =
LOH
7 5——3+ [ B s T RJF
=

Figure 5. Example Comparison of relative positions of CB and VB of
different semiconductors used in photocatalysis

According to Figure 5, zinc oxide (ZnO) could be a
potential competitor to titanium dioxide, since its band gap is
similar to that of TiO.. This band structure makes ZnO an
attractive alternative to TiO2 [113].

ZnO is a type of semiconductor having a broad direct band
gap (3.37 eV), with large excitation binding energy (60 meV)
and deep violet/borderline ultraviolet (UV) absorption at room
temperature [114]. It is an excellent semiconductor oxide
that possesses favourable excellent electrical, mechanical
and optical properties [115], similar to TiO,. In addition,
ZnO not only has antifouling and antibacterial properties,
but also good photocatalytic activity, since it is capable of
generating, under illumination, reactive oxygen species that
degrade organic pollutants and damage microorganisms.
An effect that is also linked to the release of Zn®* ions and to
direct contact between ZnO particles and bacterial membranes
[116]. Furthermore, the production cost of ZnO is up to 75%
lower than that of TiO, and Al,O5; nanoparticles [117]. Due
to the advantages of ZnO over TiO,, ZnO has been suggested
to be used in heterogeneous photocatalysis.

Figure 6 shows a simplified diagram of the heterogeneous
oxidation steps in the photocatalytic reaction using ZnO
nanoparticles. The process can be summarized as follows:
(1) diffusion of organic impurities from the liquid phase onto
the ZnO surface; (2) adsorption of organic impurities on the
ZnO surface; (3) redox reaction in the adsorbed phase; (4)
desorption of products and (5) removal of products from the
interface area [118] [119].
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Figure 6. Heterogeneous photocatalytic oxidation steps

The reactions can be written [119]:

Zn0O — ZnO(e-(CB)) + (h+(VB)) (10)
ZnO(h+(VB))+ H,O — ZnO + H+ + OHe (11)
ZnO(h+(VB)) + OH— — ZnO + OH- (12)
ZnO(e—(CB)) + O, — Zn0O + Oy*— (13)
O,»—+ H+ — OH,e (14)
OH,* + OH,* — H,0, +0, (15)
ZnO(e~(CB)) + H,0, — OHe + OH~ (16)
H,0, + O,»—— OH« + OH- + O, a7)
H,0, + hv — 20He (18)
Organic pollutants + OH¢ — Intermediates (19)
Intermediates — CO, + H,0 (20)

6. Conclusions

Heterogeneous photocatalysis using TiO:, especially in
its anatase form, has proven to be a highly effective and
environmentally friendly method for the degradation of
organic pollutants in water. The photocatalytic efficiency
depends strongly on multiple factors, including crystal structure,
surface area, light intensity, pH, temperature, and the
presence of dopants or co-catalysts. Among the polymorphs
of TiO,, anatase generally exhibits higher photocatalytic activity
than rutile due to its lower electron—hole recombination rate,
higher photoconductivity, and favourable surface characteristics.
X-ray diffraction (XRD) analysis confirmed that synthesis
conditions, such as pH and aging, significantly influence
phase formation, crystallite size, and crystallinity.

Moreover, the performance of TiO: can be further improved
through cationic or anionic doping, which enhances charge
separation, modifies the band gap, and increases the generation
of reactive oxygen species. Metal dopants, such as transition
metals or lanthanides, and non-metal dopants, such as nitrogen
or carbon, have been shown to enhance photocatalytic activity
under UV or visible light. The Langmuir—Hinshelwood kinetic
model adequately describes the reaction rates, demonstrating
that pollutant concentration, catalyst loading, and light intensity
all directly affect degradation efficiency. Additionally, the
TiO: anatase surface provides an optimal balance between
adsorption and desorption, enabling efficient interaction with
pollutants and reactive species.

Alternative semiconductors, such as ZnO, have also been
identified as potential competitors due to their similar band
structure, strong photocatalytic activity, and lower production
cost. These materials could provide cost-effective and
efficient alternatives for large-scale water treatment. Overall,
TiO:-based heterogeneous photocatalysis remains a versatile,
sustainable, and scalable solution for water purification.
Future research focusing on optimizing synthesis conditions,
understanding reaction mechanisms, and exploring new
dopants or hybrid materials will continue to improve the
practical applicability and efficiency of this promising
technology.
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