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Titanium (IV) oxide is an important commercial product today. The titanium (IV) oxide market continues to grow rapidly. This
is primarily characterized by the possibility of wide consumption of this compound in various industries. Titanium (IV) oxide is
a useful semiconductor material and combines unique characteristics such as low cost, simplicity of use, non-toxicity, and resistance to
photochemical and chemical degradation. These advantages allow it to be used widely in industry.

TiO, combines interesting properties such as transparency in visible light, UV absorption, and an exceptionally high refractive
index. This combination of properties makes TiO, a substance suitable for protecting composite, and polymeric materials from
the harmful effects of natural ultraviolet radiation.

Titanium (IV) oxide can exist in various polymorphic forms. The best-known natural modifications of TiO, are anatase, rutile,
and brookite. Only the first two crystalline forms are used in industry.

For photocatalytic purposes, the anatase modification is mainly used. Studies have shown that rutile and brookite can also be highly
efficient photocatalysts, but they have not yet gained as much importance as anatase.

The photocatalysis of titanium (IV) oxide is based on its semiconducting properties. The first stage of semiconductor photocatalysis
involves the absorption of photons and the associated excitation of electrons from the upper filled edge of the valence band (VB)
to the lower free edge of the conduction band (CB) with a higher energy level. A prerequisite for this process is the absorption
of irradiation energy that should be greater than or equal to the width of the band gap.

An important application area of titanium (IV) oxide and other semiconductors as photocatalysts is in the field of environmental
protection. In the next few decades, the role of water bodies protection, drinking water treatment, and wastewater purification will
grow in importance. Another important application area of photoactive semiconductors is the decomposition of pollutants in the air.
Key words: titanium (IV) oxide, anatase, photocatalysis, semiconductor, conduction band, valence band.

CtpykTypa, BJACTHBOCTi, OTpuMaHHA Ta (orokaragiruyni npouecu tutad (IV) okemay. buup O.B., IBanenko .M.,
®enenxo H0.M.

Turan (IV) okcuj Ha CHOTOHILIHII IeHb BHCTYIAE BXKIMBIUM KOMEpLIHHUM npoayktoMm. Punok turas (IV) okcuay mpomaoBxye
CTpIMKO pO3BHBaTHCS. B mepiry depry 1e xapakTepHu3y€eThbesl MOXKIMBICTIO IIMPOKOTO CHOKUBAHHS TAHOI CIIOJYKH B PI3HHUX 00JIacTIX
npomucioBocti. Turan (IV) okcnza € KOpUCHUM HaMiBIPOBIAHMKOBUM MaTepiajioM i MoeaHye B co0i yHIKaIbHI XapaKTePUCTHKH, TaKi
SIK HU3bKa BapTiCTh, JIETKICTh €KCILTyaTallil, HETOKCUYHICTB 1 CTiliKicTh 10 (oTOXIMIYHOTO Ta XiMiuHOro pyiHyBaHHA. Lli mepesarn
JI03BOJIAIOTH LIMPOKO BUKOPHCTOBYBATH HOTO B IPOMHCIIOBOCTI.

TiO, noexnye B coOi IiKaBi BIACTUBOCTI, Taki fK MPO30PICTh y BUAMMIH YaCTHHI CBiTJIA, HOIIMHAHHA Y®D-BUIPOMIHIOBAHHS
Ta BUHATKOBO BHCOKHII KoedimieHT 3amomiuenHs. Jlana komOiHanis BaacTuBocTelt poouts TiO, pedoBHHOIO, IPUAATHOIO JUIS 3aXHCTY
KOMITO3UTHHUX 1 MONIMEPHUX MaTepialliB BiJ| MIKiJJIMBOTO BILIMBY NPUPOAHBOTO YAKTPadioIeTOBOrO BUIIPOMIHIOBAHHS.

Turan (IV) oxcun Mmoxxe nepebysatu B pizHHX noniMopdHuX Gopmax. HaiiBizomimumu npupoaauMu moaudikamismu TiO, € ana-
Ta3, pyTHJI i OpyKiT. B mpoMucIoBOCTI BUKOPHCTOBYIOT JIMIIIE TIEPIIi BI KPHCTAIiuHI (OPMH.

s poTokaTamiTHYHHX IiJIeil BUKOPUCTOBYETHCS IepeBaXHO Moandikaris aHata3y. JlociimKeHHs TOKa3aly, 0 PyTHI Ta OpyKiT
TaKOX MOXKYTb OyTH BUCOKOC()EKTUBHUMH (POTOKATANII3aTOPaMH, OJIHAK BOHH JOCI He HAOyIIM TAKOTO BEJIMKOTO 3HAYEHHSI, SIK aHarTas.

®dotoxkaraini3 Tutad (IV) okcnay rpyHTY€eThCs Ha OTO HaIiBIPOBIJHUKOBUX BIACTUBOCTAX. Ha mepmiomy erami HariBIpOBiTHUKO-
BOTO (hOTOKATANI3y BiIOYBAa€THCS OMIMHAHHS (DOTOHIB Ta, OB’ 3aHE 3 UM, 30y/XKEHHS €JICKTPOHIB BiJ] BEPXHBOTO 3aIIOBHEHOTO KParo
BaJIeHTHOI 30HU (VB) 10 HIDKHBOTO BUIBHOTO Kparo 30HU MpoBinHOcTi (CB) 3 BUIIMM eHepreTHUHUM piBHEM. [lepeaymMoBoi0 1bOTO
TIPOLeCy € MOTIMHAHHS SHepTil BUIIPOMIHIOBaHHS, sIKa € OLTBIIOI0 a00 JOPIBHIOE MHUPHHI 3a00pOHEHOI 30HH.

BaxmBoro obmactio 3actocyBants Tutal (IV) okcuay Ta iHIINX HaMiBOPOBIAHHUKIB K (POTOKATATI3aTOPIB € OXOPOHA HABKOJHIII-
HBOTO CepeloBHUINa. Y HaAHOIIKYi KITbKA IECATIIITE POJIb 3aXUCTY BOAHUX 00’ €KTIB Ta OYMIIEHHS MUTHHUX 1 CTIYHUX BOJ 3pOCTaTHUMe.
[Ile onHi€r0 BaKIMBOK 00JACTIO 3aCTOCYBaHHS /T (DOTOAKTUBHUX HAMIBIPOBIJHUKIB € PO3KIaAaHHS MOJIOTAHTIB, 1[0 MICTATHCS
B MoBiTpi. Krouosi cnosa: tatan (IV) okcup, anaras, porokaraini3, HaliBIPOBITHHK, 30Ha MPOBITHOCTI, BAJICHTHA 30HA.

Introduction. Titanium (IV) oxide is an inorganic tons in 2004. The titanium (IV) oxide market continues
white compound that has been used by industry for over to develop rapidly. First of all, it is characterized by the
100 years. Today it is an important commercial product. possibility of wide consumption of this compound in
Global production of TiO, amounted to 5080 thousand various industries [1-2].
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Table 1
Properties of TiO, modifications [14-16]
Characteristics Rutile Anatase Brookite

Band gap, eV 3,0 3,2 3,1
Crystal lattice Tetragonal Tetragonal Orthorhombic
Crystal lattice parameters

a, nm 0.459 0.379 0.918

b, nm 0.459 0.379 0.545

c, nm 0.296 0.951 0.525
Density, g/cm® 4.21 4.06 4.13
Refractive index (at 550 nm) 2.7 2.5 2.6

Titanium (IV) oxide is a useful semiconductor mate-
rial that combines unique characteristics such as low
cost, simplicity of use, non-toxicity, and resistance to
photochemical and chemical degradation [3]. These
advantages allow it to be widely used in industry. TiO,
is mainly used as a pigment in the production of paints,
cosmetics, paper, and even as a food additive [4-5]. In
addition, it is used as a nanomaterial in many technical
fields, such as photocatalysis, electricity generation and
storage, and sensor technology [6—7]. Its use is based on
the material's properties or on its interaction with other
materials or light. For example, the strong opacity of
titanium (IV) oxide is due to its high refractive index
(>2.5) [5], so it can be used in sunscreen products due to
the absorption and scattering of ultraviolet light.

TiO, combines interesting properties such as trans-
parency in the visible light, UV absorption, and an excep-
tionally high refractive index. These material charac-
teristics depend on the respective crystal form, which
is described in more detail below. In addition, titanium
(IV) oxide is extremely resistant to chemicals and is only
soluble in fluoride or hot sulfuric acid [8]. This combi-
nation of properties makes TiO, a substance suitable for
protecting composite and polymeric materials from the
harmful effects of natural ultraviolet radiation [10—-11].

Modifications of titanium (IV) oxide crystals

Titanium (IV) oxide can exist in various polymor-
phic forms. The best-known natural modifications of
TiO, are anatase, rutile, and brookite. Only the first two
crystalline forms are used in industry [11].

Among the three modifications, rutile is the most
thermodynamically stable form. It is formed from
anatase and brookite when heated to a temperature of
600-800°C depending on the atmosphere [5]. Anatase
and rutile belong to tetrahedral crystal systems, while
brookite belongs to orthorhombic crystal systems.
In all three modifications, oxygen atoms are arranged
around titanium atoms in the form of curved octahe-
dra. In rutile, the oxygen atoms have a hexagonal tight
packing, while in anatase and brookite, they have a
cubic tight packing. Half of the octahedral spaces
in rutile and tetrahedral spaces in anatase are occupied
by titanium cations [12—13].

Table 1 shows some of the properties of TiO, modifi-
cations. The characteristics of the phases strongly depend
on the production conditions. In addition, crystalline TiO,
is a metal oxide with anisotropic optical and electrical
properties. The strength of the anisotropy depends on the
crystal structure. For example, rutile exhibits stronger ani-
sotropy than anatase.

Fig. 1. Schematic representation of a unit cell (left) and a fragment
of the crystal structure (right) of anatase. Oxygen atoms are represented
by blue spheres, titanium atoms by red ones [16]
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Fig. 2. Schematic representation of a unit cell (left) and a fragment of the crystal
structure (right) of rutile. Oxygen atoms are represented by blue spheres, titanium atoms
by red ones [16]

Fig. 3. Schematic representation of a unit cell (left) and a fragment of the crystal
structure (right) of brookite. Oxygen atoms are represented by blue spheres, titanium atoms
by red ones [16]

Figs. 1-3 schematically depict the unit cells and
crystal structure sections of the three TiO, modifica-
tions. For photocatalytic purposes, the modification of
anatase is mainly used. Studies have shown that rutile
and brookite can also be highly efficient photocatalysts,
but they have not yet gained as much importance as
anatase [17-18].

Photocatalytic activity depends on many factors.
One of them is the width of the band gap. Titanium (IV)
oxide is a semiconductor material and, therefore, has a
band gap. For example, the energy gap between the con-
duction band and the valence band of anatase is 3.2 eV,
and that of rutile is 3.0 eV [19-20]. However, energy
values were found that differ from those determined ear-
lier. For example, for brookite, the width of the band gap
was found to be both smaller and larger than the value of
the anatase band gap. Since the exact width of the band
gap is unknown, the position of the valence band and
conduction band cannot be determined precisely [21].
The upper edge of the valence band determines the oxi-
dation potential, and the lower edge of the conduction
band determines the reduction potential (Fig. 4).

e

Conduction zone

Energy of electrone

Valence zone

o

Density of states

Fig. 4. Band structure of semiconductors [22]
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In the case of anatase, it is assumed that the energy
levels correspond to the redox potential of the adsorbed
molecules. This facilitates the transfer of electrons from
titanium (IV) oxide to the adsorbed molecule. Other
effects, such as surface and crystal properties, also play
a role. The experiments described in [23] showed that a
decrease in the recombination rate due to a high degree
of crystallinity and an improvement in adsorption capa-
city due to surface properties may mean that brookite
can also be a promising photocatalyst.

Mechanism of photocatalytic processes

The heterogeneous photocatalytic process can be
carried out in various media, such as a gas phase, a pure
liquid organic phase, and aqueous solutions. Classical
heterogeneous photocatalysis can be divided into the
following sub-steps [24]:

1) transportation of reagents to the photocatalyst
surface;

2) adsorption of reagents on the surface;

3) the chemical reaction itself;

4) desorption of products to the surface;

5) removal of products from the photocatalyst
surface.

Photocatalysis of titanium (IV) oxide is based on its
semiconductor properties. At the first stage of semicon-
ductor photocatalysis, photon absorption and the asso-
ciated excitation of electrons from the upper filled edge
of the valence band (VB) to the lower free edge of the
conduction band (CB) with a higher energy level occur.
A prerequisite for this process is the absorption of radi-
ation energy that is greater than or equal to the width of
the band gap. In the case of TiO, in the anatase modifica-
tion, the energy difference between the conduction band
and the valence band corresponds to near-infrared radia-
tion (315—400 nm). The absorption of radiation leads to
an increase in the energy of the electron in the conduc-
tion band (ecp). At the same time, a defect appears in
the valence zone with a positive charge (h;5). Negative
and positive charges form electron-hole pairs (excitons)
due to the Coulomb attraction forces. If the recombina-
tion of opposite charges has not yet occurred inside or
on the surface of the semiconductor, they are available

*OH

Fig. 5. Scheme of the photocatalytic process on the example of TiO, [26]

on the surface to react with adsorbed organic and inor-
ganic compounds [25]. Fig. 5 shows a simplified model
of the photocatalytic process using titanium (IV) oxide
as an example.

The main reason for the excellent photocatalytic
properties of titanium (IV) oxide is the high oxidizing
activity of photogenerated /" charges in a semiconductor
whose redox potential at pH 7 is about +2.53 V relative
to a standard hydrogen electrode [25]. The redox poten-
tial of the corresponding electrons is only -0.52 V rela-
tive to a standard hydrogen electrode, but this is suffi-
cient for the formation of superoxide radicals (0;7) and
hydrogen peroxide (H,0,). Positive charges h* either
react directly with the adsorbed organic compounds or
initially with water, whereby hydroxyl ions are oxidized
to hydroxyl radicals (0H*). These, in turn, can combine
to form reactive hydrogen peroxide. The formation of
singlet molecular oxygen is also possible 'O,. All reac-
tive radicals formed are capable of decomposing pollut-
ants [25]. The radicals either react directly on the TiO,
surface with adsorbed compounds (heterogeneous pho-
tocatalytic process) or transfer to the gas phase and initi-
ate the decomposition of gaseous reagents there (homo-
geneous catalytic process).

Application of the photocatalytic processes onto
TiO,

An important area of application for titanium (IV)
oxide and other semiconductors as photocatalysts is
environmental protection. In the next few decades, the
role of water bodies protection, drinking water treat-
ment, and wastewater purification will grow in impor-
tance. Another important application area of photoactive
semiconductors is the decomposition of pollutants in the
air. In the case of titanium (IV) oxide, many applica-
tions have been described. Test facilities already exist to
investigate the industrial use of the photocatalytic pro-
cess. Titanium (I'V) oxide is also used in the construction
sector. Photoactive facades, glass, roof tiles and similar
products can, in addition to preserving the aesthetics of
a building, help reduce the level of air pollutants. Some
examples of the use of photocatalytic processes on TiO,
are presented below.

Nitrogen oxides NO_ represent an
important group of air pollutants that
accumulate in cities with heavy traffic.
By using titanium (IV) oxide as a pho-
tocatalyst, these gases can be oxidized
and converted into harmless compounds.
Building facades can be used as catalyst
application surfaces. In the case of NO,
oxidation, it is adsorbed on the TiO, sur-
face and oxidized to nitrate by superox-
ide and hydroxyl radicals, which are also
adsorbed. Nitrate is then desorbed from
the surface in the form of nitric acid or
bound to the main components of building
materials [23]. A diagram of this process
is shown in Fig. 6.

Oxzidation
products
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UV -radiation

NO,

HNO,
Fig. 6. Schematic representation of NO, oxidation
by titanium (IV) oxide under sunlight [28]

Similar to the oxidation of NO,, another hazard-
ous air pollutant, formaldehyde, is also decomposed.
The photocatalytic decomposition of formaldehyde is
similar to the process described above [25]. It is also
adsorbed on the surface of the semiconductor, where it
is decomposed by radicals, forming the final products —
carbon dioxide and water. In [25], results were presented
in which a building material containing titanium dioxide
acts as a photocatalyst in the decomposition of hydrocar-
bons in the gas phase. Titanium (IV) oxide can also be
successfully used to remove fluorinated hydrocarbons
from the air, which are present in large quantities in the
atmosphere [26].

The treatment of drinking and process water is
another area of application for photocatalysis on TiO,.
For example, [25] shows that various pollutants in
wastewater can be broken down using titanium (IV)
oxide. TiO, can also be successfully used as a photocat-
alyst in the treatment of drinking water [26]. Not only
the decomposition of organic pollutants, but also the
decomposition of microorganisms using titanium (IV)
oxide has been studied. In addition to the decomposi-
tion of pollutants in aqueous solutions and in the gas
phase, the self-cleaning properties of TiO, are also used
in various products. These self-cleaning surfaces are
based on the superhydrophilicity of TiO,, for example,
mirrors on which moisture does not condense.

For the purposes presented, particles consisting of
a core and a shell can also be used. Since photocataly-
sis is a surface phenomenon, TiO, can be coated on the
surface of the core, and thus the particle will have the
same properties as pure titanium (IV) oxide. If the core
is made of an inexpensive, readily available inert mate-
rial (an industrial by-product, such as silica dust), the
price of the photocatalyst will decrease without reducing
its functionality [24]. Another advantage of using a core
is the ability to introduce new properties into the sys-
tem. For example, it is possible to make the core from a
material that has magnetic properties, which will help to
separate the photocatalyst more easily from the process
solution to be purified. Several promising approaches
are presented in [25-26].

Treatment of waste, drinking and process water is
one of the most important applications for titanium (IV)
oxide photocatalysis. In addition, building materials
containing TiO, can contribute to environmental protec-
tion as they can decompose air pollutants such as NO_.

Water purification from organic pollutants
by TiO,

Water pollution has become a serious environmen-
tal problem around the world today [24]. Wastewater
treatment is based on various mechanical, biological,
physical and chemical processes. Once the particles are
removed in suspension, biological treatment remains the
ideal process for wastewater treatment, especially at low
pollutant concentrations. However, some organic pollu-
tants are not biodegradable. Despite their low concen-
tration, these pollutants cause serious health problems
due to their high ability to disrupt the endocrine system
and genotoxicity [25]. Therefore, the effective removal
of these pollutants is of great interest.

One of the most promising methods of wastewater
treatment is heterogeneous catalysis due to mild oper-
ating conditions, a wide range of pollutants capable of
decomposition, and its high efficiency until the complete
mineralization of organic matter to carbon dioxide and
water [26]. Titanium (IV) oxide is the most widely used
photocatalyst. It shows high efficiency in the complete
mineralization of various biologically persistent organic
substances, such as organochlorine compounds, organic
acids, pesticides, herbicides, and dyes [23].

In [24], the photocatalytic decomposition of tet-
racycline, a widely used antibiotic in the world, was
analyzed. Photocatalysis removes more than 95% of
tetracycline within 40 minutes under UV radiation.
The concentration of tetracycline was 40 mg/dm?® and
the concentration of TiO, was 1000 mg/dm’. The effi-
ciency of antibiotic decomposition improved in the pres-
ence of dissolved oxygen. Within 60 minutes, 60% of
total organic carbon was also removed. The degradation
of tetracycline includes electron transfer, hydroxylation,
open ring reactions, and cleavage of the central carbon.
One of the end products of degradation is NH,".

The effect of the pollutant concentration was studied
in [25-26] using the methylene blue dye as an exam-
ple. The photocatalytic decomposition of the pollutant
decreased with an increase in the initial concentration of
the dye from 5 to 20 mg/dm?. This is because ultraviolet
light passes through the titanium (IV) oxide irradiation
solution more easily when the initial dye concentration
is lower. At high concentrations, a large amount of the
pollutant is adsorbed to the TiO, particles, which pre-
vents the dye molecule from reacting with free radi-
cals and electron holes. With an initial concentration of
methylene blue of 5 mg/dm’, its residual concentration
after 5 hours is zero.

Phenolic compounds are major environmental pol-
lutants due to their widespread use in various indus-
tries. They are highly toxic with carcinogenic and muta-
genic properties at low concentrations. Photocatalysis
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is a promising method for the destruction of phenols with a pollutant content of 100 mg/dm?® in wastewater,
in wastewater [24]. With an increase in the concentra- the degree of decomposition is 18%, with a content of
tion of phenol, its degree of decomposition decreases: 10 mg/dm?® — 88% [26].
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