
Chapter 6
Titanium Dioxide in Photocatalysis

S. Cassaignon, C. Colbeau-Justin and O. Durupthy

Abstract TiO2-based heterogeneous photocatalysis is a process that develops
rapidly in environmental engineering and it is now employed in several industrial
domains, including water treatment, air purification, and self-cleaning surfaces.
Photocatalysis is a natural phenomenon in which the TiO2 accelerates a chemical
reaction through the action of light, without being altered. The illuminated TiO2

induces the formation of reactive species, able to decompose by oxidation and/or
reduction reactions organic or inorganic substances. The major part of the appli-
cations of photocatalysis corresponds to organic oxidation, and it is now consid-
ered as one of the Advanced Oxidation Technologies (AOTs), gathering the
reactions mainly based on hydroxyl radical (HO•) chemistry. The development of
a system based on photocatalysis requires gathering knowledge of numerous and
various scientific domains: physical-chemistry, materials science, catalysis, envi-
ronmental chemistry, biology, and engineering science. This chapter is therefore
designed to give a detailed survey of the different scientific fields concerning TiO2-
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based photocatalysis. Various aspects are developed: materials (synthesis, crystal
chemistry, electronic and optical properties of TiO2), physical-chemistry (photon
absorption, charge-carrier dynamics, surface adsorption, and photooxidation
mechanisms), environmental chemistry (dyes, pesticides, bacteria, and antibiotic
photodegradation, real industrial wastewater treatment), and engineering (photo-
catalytic reactor design and simulation).

6.1 Introduction

Today more than ever, the human activity and modern life style are responsible for
the worsening environmental pollution. Sources of pollution are becoming more
numerous and diverse (industry, automobile, petroleum, waste plastics and com-
puter, consumer products). The accumulation of gaseous or liquid exhausts pro-
vokes the pollution of the atmosphere as well as water resources. But air pollution
is not limited to the outside, it includes also indoor where we spend about 90 % of
our time.

Heterogeneous photocatalysis is a process that develops rapidly in environ-
mental engineering and it is now employed in several industrial domains,
including systems for (i) water depollution: water purification, treatment of
industrial effluents in order to limit the release of toxic compounds, (ii) air
depollution: destruction of bacteria that cause odor nuisance or that are present in
hospital, reducing air pollution in an urban environment (conversion of NOx to
NO3

-, then trapped in water), and also (iii) self-cleaning surfaces: increasing
duration between cleaning of a surface. The main advantages of the photocatalysis
are: low cost, ease of initiation and stopping the reaction, the low energy con-
sumption, the variety of degradable pollutants, and a high efficiency in pollutants
mineralization (conversion of organics to H2O, CO2 and NO3

-, PO4
3-, halide

ions, etc.)
Photocatalysis is a natural phenomenon (thermodynamically favored) in which

a substance called photocatalyst accelerates a chemical reaction through the action
of light (natural or artificial), without being altered. Using light energy, photo-
catalysts induce the formation of reactive species, able to decompose by oxidation
and/or reduction reactions organic or inorganic substances. The mechanism of
photocatalysis consists of four stages. (1) The photocatalysts are semiconductors,
which can be excited by light with higher energy than the bandgap (hm[ Eg), and
(2) energy-rich electron–hole pairs are formed which dissociate into free photo-
electrons in the conduction band (CB) and photo-holes in the valence band (VB).
Then (3), there is migration of the charge carriers toward the surface of material
and simultaneously, in the presence of a fluid phase (gas or liquid), adsorption
occurs spontaneously. (4) According to redox potential (or energy level) of each
adsorbate, an electron transfer occurs to the molecules with acceptor character
while the positive photo-holes are transferred to the molecules with donor
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character. During the reaction of photodegradation, one or more reactive species of
water or air may be implied (HO•, O2

•-, H2O2, etc.). The photocatalytic activity is
controlled by several factors intrinsic to the material: (i) its coefficient and its
range of optical absorption; (ii) the speed of reduction or oxidation on the surface
by the electron and the hole; (iii) the rate of recombination of the electron–hole
pair.

Several photocatalytic reactions have direct environmental applications. Such
applications have played an important role in the development of photocatalysis,
both as scientific discipline and industrial market.

The major part of those applications corresponds to organic oxidation, and
photocatalysis is now considered as one of the Advanced Oxidation Technologies
(AOTs). The AOTs are gathering the reactions mainly based on hydroxyl radical
(HO•) chemistry, which is the major reactive intermediate responsible for organic
substrate oxidation. With photocatalysis, the AOTs also include ozonation, photo-
Fenton, and H2O2 reactions [1]. The complete list, given by Bhatkhande et al. [2],
of organic molecules photooxidized by TiO2 is very large and confirms photoca-
talysis as a very successful AOT.

However, photocatalysis can also be used in environmental chemistry for metal
reduction, for example, in the case of Cr6+ reduction to Cr3+, As5+, and As3+

reduction to As0, Hg2+, and Hg0 [3], or NOx and SOx reduction.
Titanium dioxide is one of the most important semiconductors in the family of

transition metal oxides. It is mainly used as a white pigment (in paint, plastics,
papers, foods, pharmaceuticals) and as UV absorber in sunscreens. It has been
widely investigated because of its attractive application in photovoltaic and pho-
tocatalysis. The process of photocatalysis used for purification of air and water has
mainly developed around the TiO2 due to significant advantages presented by this
compound: chemical stability, non-toxicity, low cost, abundant natural resources,
and ability to degrade a wide range of both gaseous and liquid pollutants. Indeed,
the energy levels of TiO2 (VB and CB) are located in an adequate way compared
to the redox potential of many organic species and those of water and oxygen.
However, its large bandgap (around 3.2 eV), corresponding to an onset of the
optical absorption band at about 380 nm, means that the photoactivity can be
observed only under UV light excitation.

Numerous excellent reviews have been written in the field especially on the
topic of photocatalysis for pollutant degradation [4–7]. This article is focused on
the oxidative properties of TiO2. The first part of this chapter is devoted to
introduction of TiO2 and its photo-induced processes (Sects. 6.1, 6.2 and 6.3), after
which we treat photocatalytic reaction and mechanisms (Sect. 6.4) in detail. The
next two parts describe the benefit of the photocatalysis in environmental chem-
istry (Sect. 6.5) and examples of reactors used for wastewater treatment are
described for illustrative purposes (Sect. 6.6) and finally, conclusions are given in
the last part (Sect. 6.7).
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6.2 General Aspects

6.2.1 Crystalline Structure

Three polymorphs of titanium are mainly observed, rutile (thermodynamic phase),
anatase, and brookite (metastable phases). All structures are built-up of TiO6

octahedra but differ in their stacking. Rutile crystallizes in the tetragonal system
(space group P42/mnm) [8]. The structure can be described as arrays of linear
chains of edge-sharing octahedra along the z-direction and the connection between
these channels is through the sharing of vertices in both directions x and y. Anatase
crystallizes in the tetragonal system (space group I41/amd) [8]. The structure can
be described also as arrays of zigzag chains of octahedra linked by edges and each
octahedron shares four edges. Brookite crystallizes in the orthorhombic system
(space group Pcab) [9]. Its structure can be described as arrays of zigzag chains of
octahedra sharing three edges. These chains are plans in the x and z and the
connection between these plans is done along the y direction by sharing vertices.
Their structures are shown in Table 6.1.

Brookite possesses a more distorted structure than anatase or rutile as it has
only two Ti–O bonds of identical length. These dissimilarities may involve dif-
ferences in reactivity at the particle surface as well as in the redox level. Similarly,
rutile possesses a more compact structure than the other two, which can also have
consequences on its reactivity.

Table 6.1 Crystallographic data of different TiO2 polymorphs

Rutile Anatase Brookite

Crystallographic structure Tetragonal Tetragoanl Orthorhombic
Space group P42/mnm I41/amd Pcab
Cell parameters (A) a = 4,5933

b = –
c = 2,9592

a = 3,7852
b = –
c = 9,5139

a = 9,1819
b = 4,4558
c = 5,1429

Z (molecules/cell) 2 4 8
Structure

Ti coordinance 6 6 6
Density 4,24 3,83 4,17
Ti–O distances (A) 2 at 1,946

4 at 1,984
2 at 1,937
4 at 1,964

2 at 1,993
1 at 1,865
1 at 1,919
1 at 1,945
1 at 2,040
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6.2.2 Electronic and Optical Properties of TiO2

Being the thermodynamic phase, rutile is stable under thermal treatment while
anatase and brookite undergo a non-reversible phase transition into rutile when
heated at high temperature. At nanoscale, it was reported that the transformation
sequence among the three TiO2 phases is dependent on size of the particle (d) and
pH. Indeed, the energies of the three phases are sufficiently close to one another to
be reversed by small differences in surface energy. Anatase is thermodynamically
most stable when d \ 11 nm, brookite is the most stable phase when for
11 \ d \ 35 nm, and while d [ 35 nm, rutile is the most stable phase [10].
However, rutile is stabilized relative to anatase in very acidic solutions, whereas in
very alkaline solutions anatase is stabilized relative to rutile and brookite [11].

The electronic properties of the TiO2 vary according to the studied polymorph as
describe in detail later. Detailed studies on rutile at low temperatures showed that the
bandgap near the edge is dominated by direct transitions at 3.06 eV (405 nm,
T = 1.6 K) [12–15]. In the case of anatase there is a consensus that the absorption
edge is around 3.2 eV (384 nm), associated with indirect transitions [16, 17].
Brookite has bandgap energies ranging from 3.1 to 3.4 eV (365–400 nm), both
smaller and larger than the anatase one, and there appears to be no consensus on
whether direct or indirect transitions dominate the optical response [18–21]. These
values give transitions in the ultraviolet domain. Due to lower size the bandgap of
TiO2 particles at the nanoscale are larger than the bandgap of bulk TiO2 [18, 22–25].
For example, the lower edge of the CB for nanosheet is approximately 0.1 V higher,
while the upper edge of the VB is 0.5 V lower than bulk anatase [23].

6.2.3 Synthesis of TiO2

The synthesis of nanostructured TiO2 (nanoparticles, thin films, nanoporous
materials) is available, thanks to the variety of preparation methods: mechanical,
chemical, or physical; in liquid or gas medium.

Rutile is mainly prepared by hydrothermal approach (relatively high temperature
and pressure). Indeed, the rutile phase is thermodynamically stable and its formation
needs ‘‘hard’’ conditions such as acidic media, high temperatures, and/or long aging
time [26–30]. Nanorutile can, nonetheless, be obtained by soft chemistry [31–34].
Synthesis routes of anatase are numerous and varied because of its metastability. The
hydrothermal syntheses are frequently employed in the literature, but the hydrolysis
of Ti(IV) precursors under mild conditions is the most widely used method, some-
times through the intermediary of a gel [35, 36]. The precipitation in aqueous solution
is also reported [34]. Some works refer to other ways of syntheses [37–39]. Brookite
phase is still an exotic phase and few works report the synthesis of pure brookite
especially at the nanoscale. Indeed, the most common synthesis routes are hydro-
thermal ways but they lead essentially to micrometer-sized particles [19, 40–45]. The
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nanometric brookite can be synthesized by thermohydrolysis of TiCl4 in aqueous
media [20, 32, 46–48]. Depending on synthesis conditions the observed morpholo-
gies are highly various, even for a same crystalline structure (Fig. 6.1).

6.2.3.1 Sol–Gel Synthesis

It is a versatile synthesis and a low-cost process. In the case of TiO2, it consists of
hydrolysis of a titanium precursor [Ti(IV) alkoxide or a salt] followed by con-
densation at low temperature leading to the inorganic framework. In aqueous
solution, a colloidal suspension is then formed (the sol) and depending on the
synthesis conditions (pH, concentration, acidity, temperature, etc.), anatase, rutile,
or brookite phases can be synthesized with a fine control of size and morphology
of the particles. In alcoholic medium, one can observe a transition to gel after loss
of solvent and total polymerization. By adjusting the reaction conditions (pH,
solvent, additives), it is possible to design the nanoparticles obtained.

Many nanostructures can be formed by sol–gel methods: size and shape con-
trolled nanoparticles [54, 55], nanocubes [36, 56], nanorods [57], and nanowires
[58]. Thin films can also be obtained by coating the sol onto various substrates by
dip-coating or spin-coating. Porous materials (meso- or nanoporous) are widely
studied since the specific area of the materials is considerably increased. The use
of surfactant is often described, which allows, in some cases, the formation of a
template during the synthesis [59, 60].

The advantages of this method are the purity of products, the homogeneity, the
flexibility, the ease of implementation, the possibility of introducing dopants in
high concentration, and its easy use to make thin films on surfaces.

The methods of micelles and reverse micelles can also be cited for the
formation of well-controlled nanosized particles [61, 62].

Fig. 6.1 Particle morphologies of nanosized TiO2 for a–f Anatase, g Brookite, and h Rutile. For
synthesis methods and details: a [49], b [50], c [36], d [51], e [52], f [53], g [48], h [31]
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6.2.3.2 Hydro- and Solvothermal Synthesis

These methods involve chemical reactions of a titanium precursor in aqueous
(hydrothermal method) or organic solvent (solvothermal method), at controlled
temperature and pressure. The temperature may approach the boiling water tem-
perature in hydrothermal method and thus the saturation vapor pressure, or may be
much higher for the solvothermal method where a solvent with high boiling point
is used. These techniques allow obtaining nanoparticles, small size distribution,
and controlled crystallinity by adjusting the experimental conditions. Nanowires,
nanotubes, or nanorods can also be synthesized by these methods [63–65]. Finally,
other synthesis approaches, not really in liquid media but rather in a supercritical
fluid, have been studied [66].

6.2.3.3 Direct Oxidation and Electrodeposition

The direct oxidation of titanium consists of chemical or anodic oxidation of tita-
nium metal [53, 67, 68] and leads to the formation of TiO2 nanorods or nanotubes.

As for electrodeposition, it is a technique used to produce surface coatings.
The substrate plays the role of cathode and is immersed in a solution of
precursor salts of the material to be deposited. By adjusting the parameters
such as the electrolyte, the working potential, the current density, the tem-
perature, and the pH, it is possible to control the structure and morphology of
the deposit. TiO2 nanoparticles could be deposited on various substrates such as
carbon nanotubes [69].

6.2.3.4 Chemical Vapor Deposition

It involves a chemical reaction during which a precursor in vapor phase is
condensed to form a solid-phase material. This process that can be used in a
flow production is employed to form coatings on many substrates, films, and
fibers or to develop composite materials by infiltration [70]. Thus thin films of
TiO2 with controlled grain size, nanoparticles, or nanorods have been synthe-
sized [71, 72].

6.2.3.5 Mechanosynthesis

This technique consists of grinding the micrometric powders by action of ceramic
balls under strong agitation. The material is then crushed until a nanosized powder
is obtained. The mechanochemical synthesis, where the nanopowder is formed by
a chemical reaction induced by mechanical grinding [73] is also used.
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6.2.4 Influence of Some Parameters on Photocatalytic
Efficiency

Photocatalytic activity is dependent on the surface and structure properties of the
semiconductor such as crystal structure, surface area, particles size, porosity,
bandgap, and surface hydroxyl density. Despite a huge number of publications in
which TiO2 nanoparticles with different crystalline phase, size, and morphology
were studied in terms of photocatalytic activity, the relationships between mor-
phological and structural properties and the catalytic behavior still remain unclear.

6.2.4.1 Crystalline Structure Effect

Anatase, brookite, and rutile TiO2 have a photocatalytic activity [74]. It was shown
that anatase was the most active [75, 76]. Indeed, the potential of the CB is more
negative for anatase and for rutile, which promotes the reduction of oxygen and
thus reducing recombination, making more efficient anatase form [77]. It also
seems that other parameters are involved, as the mobility of charges created in the
matrix of the semiconductor TiO2 under the effect of photons. Work on the
comparison of the photoconductivity of the anatase and rutile has shown that the
lifetime of charge carriers is higher for anatase than for rutile [78, 79]. In addition,
the rate of recombination is significantly higher for rutile. This recombination
slows down the photodegradation of pollutants because it prevents the formation
of oxidizing species, mandatory for the mineralization of organic matter adsorbed
on the surface of grains.

Mainly because of the difficulties encountered in its synthesis, phase-pure
brookite has been significantly less characterized as compared to anatase or rutile
but good photoactivity is reported in the literature [44, 80–82]. For example,
brookite nanoplates exhibit higher efficiency than rutile and anatase in the
bleaching of methyl orange solution under UV irradiation [51, 83, 84].

Although the anatase phase usually has a better photocatalytic activity than
brookite and rutile, the mixture of anatase and rutile in the Evonik P25 material
(*80 % of anatase and 20 % of rutile) demonstrated extraordinary photocatalytic
activity. It has become a reference for photocatalytic tests. The series of PCX
anatase from Cristal Global (X refers to the specific surface, it decreases with the
increasing sintering temperature) and Hombikat UV-100 from Sachtleben are also
frequently used and compared with various synthesized materials. The charac-
teristics of the reference powders are given in Table 6.2

The good photocatalytic activity of Evonik P25 was reported to be due to
slowed down recombination between electrons and holes. It was postulated that
the smaller bandgap of rutile absorbs the photons and generates electron–hole
pairs. The electron transfer takes place from the rutile CB to electron traps in the
anatase phase [85]. Concerning the Hombikat UV-100 it was reported that the high
photoactivity is due to the fast interfacial electron transfer rate [86].
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6.2.4.2 Size Effect

The size of the particles of the catalyst is an important parameter for photocatalytic
efficiency since higher initial surface sites is expected with the decrease in size
[87]. However, the predominant pathway for electron–hole recombination may be
different depending on the particles size, especially at the nanoscale, where the
surface/volume ratio is very large. In 1984, Tsai and Chung [88] showed that the
decomposition of CO increased as the radius of the particles decreased. According
to the theoretical and experimental studies found in the literature it seems that
there is an optimal value of the particles size around 10–20 nm. For example,
Zhang et al. [89] have shown that a size of 10 nm was the most appropriate for the
photodegradation of chloroform. This is actually a compromise between surface
reaction and recombination of electron–hole pairs. Tomkiewicz [90] has written a
review on the influence of particle size in photocatalysis. However, the optimal
size rather depends on the photocatalyst used, the pollutant studied, as well as the
reaction conditions.

Another parameter involved in the particle size effect is the crystallinity of the
particles. Indeed, the quality of the semiconductor crystals free of defects will help
to avoid the recombination of electron–hole pairs. It has been reported that the
photocatalytic activity of amorphous TiO2 is negligible showing the importance of
crystallinity [91, 92]. Several studies have shown that the crystallinity is improved
with the calcination of the particles leading to increased photocatalytic degradation
efficiency; nonetheless, a prolonged calcination results in a reduced efficiency
since the surface area of the catalyst decreases.

The surface area is also a key parameter, since photocatalysis occurs through a
surface transfer and consequently, the higher the surface, the higher the reaction
sites number. However, the surface represents a zone of defects, which are traps
for the electron–hole pairs, if the surface area increases too much, increasing the
number of defects can involve a too high rate of recombination. The relationship
between physical properties and photocatalytic activity is complex. Structure and
size of TiO2 nanoparticles are significantly dependent on the calcination temper-
ature [93]. Indeed, the temperature promotes phase transformation and a growth of
the crystallites. Agrios and Pichat [94] have studied the effect of the sintering

Table 6.2 Characteristics of the PCX series P25 and UV100

Sample Phase composition (%) Crystallite size
(nm)

SBET (m2 g-1) Mean pore diameter
(nm)

PC10 Anatase 100 65–75 10 24.1
PC50 Anatase 100 20–30 54 20.1
PC105 Anatase 100 15–25 85–95 15.3
PC500 Anatase 100 5–10 317 6.1
P25 Anatase 79

Rutile 21
22 51 31.5

UV100 Anatase 100 13 289 \50
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temperature of the PCX photocatalysts on photodecompostion of phenol, anisole,
and pyridine in water. They have shown that the sintering has two important
effects: (i) decreasing the concentration of crystal defects and (ii) increasing the
average particle size, i.e., lowering the surface area. This results in a decreased rate
of recombination of photogenerated electrons and holes, and also in a sintering of
small crystallites into larger agglomerates leading to a decrease in surface area. In
the case of phenol, reaction rates increase in the order PC500 \ PC105
\ PC50 \ PC10, that is, in order of increasing heating although PC10 has a 30-
fold less surface area than PC500. These results show that, for removal of phenol
(without adsorption on photocatalyst), the decrease in the electron–hole recom-
bination rate outweighs the decrease in surface area. Pyridine degradation follows
the opposite tendency; since pyridine mainly reacts on the TiO2 surface, the
importance of surface area is essential.

6.2.4.3 Surfaces and Exposed Faces Effect

The nature of the surface of the nanoparticles of TiO2 plays an important role in
the photodegradation due to the presence of surface hydroxyl groups. Indeed, the
OH groups can directly trap the photogenerated holes producing very reactive
surface HO• [4]. In addition, the surface charge, depending on the protonation/
deprotonation equilibrium of the OH groups, induces a modification of not only
the adsorption of the pollutant but also the amount of HO• formed. That is why the
pH of the reaction dramatically influences the efficiency of the photodegradation
[95]. The isoelectric point (IEP) of TiO2 is about 6 (6,25 for P25 for instance [96]),
therefore interactions with cationic electron donors and acceptors will be favored
at pH [ IEP, while interactions with anionic electron donors and acceptors will be
favored at pH \ IEP. However, the difference in IEP values of various TiO2 can
affect the reaction mechanism; moreover specific interactions may occur between
certain pollutants and selected surface sites.

In addition the pH value can modify the state of chemical species in solution,
which is closely related not only to the dissociation constant but also to the
adsorption mode of pollutants. It is thus important to study the nature of the TiO2

particles and the pollutants to be degraded and determine the optimum pH.
The morphology of the photocatalysts is also reported to be an important

parameter [97]. Under equilibrium conditions, anatase crystals are mainly octa-
hedral bipyramids with {101} facets, which have the lowest energy rather than the
more reactive {001} facets [52]. Recently, numerous studies have reported the
preparation of anatase TiO2 nanoparticles with higher energy surfaces [50, 98].
They successfully synthesized high-quality anatase TiO2 crystals with exposed
{001} facets. Their higher efficiency in the photocatalytic degradation of organic
compounds is related to the predominance of {001} surfaces [99–103].

It has also been reported that the photocatalytic activity of TiO2 nanotubes
(synthesized from anodization of Ti) can be much higher than for TiO2 nano-
particles [68]. The higher efficiency of the tubes (in spite of their lower surface
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area) compared with P25 can be ascribed to (i) a more optimized geometry with
significantly shorter carrier-diffusion paths in the tube walls (10–15 nm), including
less trapping and recombination of electron–hole pairs (ii) a shorter diffusion path
for pollutant molecules from the solution to the active surface area.

6.2.5 Improvements

The optical absorption of TiO2 is unable to use efficiently the whole solar light
spectrum for photocatalysis since less than 5 % of the solar light energy can be
absorbed by TiO2 while the visible part of the spectrum represents *43 % of total
energy received. This explains the continuos interest in increasing the photoac-
tivity under visible light. Three ways are studied: (i) the doping of TiO2 with
metallic ions [104] or heteroelements [105] to change the gap by inserting new
states in the bandgap, (ii) the sensitization by organic or inorganic dyes, which can
improve optical activity in the visible region (not presented here) [106, 107], (iii) a
third possibility is to modify the surface of TiO2 by pretreatment or by coating
with other semiconductors [108] or metals to improve the charge transfer between
TiO2 and the overall system.

6.2.5.1 Doping

The syntheses are realized by wet chemistry (usually involving hydrolysis of a
titanium precursor in a mixture of water and other reagents, followed by heating),
high-temperature treatment, or ion implantation into TiO2 nanomaterials.

Cation doping: Different metals have been used to dope TiO2 by methods of
wet chemistry [104], treatment at high temperature, or ion implantation [109]. In
the literature doping with metal ions V, Cr, Mn, Fe, Co, Ni, Cu, Zr, Sn, W, etc.,
lanthanides La, Ce, Nd, etc., [110] or with alkali metals Li, Na, K [111] are found.

Anion doping: TiO2 has been doped with several hetero atoms: B, C, N, O, F, S,
Cl, Br, by the three different methods. For example, hydrolysis of titanium tetra
isopropoxide (TTIP) in a water/amine medium followed by treatment with amines
[112] or high-temperature annealing of TiO2 under ammonia [113] or ion
implantation under nitrogen [114] leads to a nitrogen-doped TiO2.

6.2.5.2 Surface Modification

Surface treatment: The surface can be modified by pretreatments such as sulfation,
reduction with hydrogen, or halogenation. For example, TiO2 has been treated by
SO4

2- to form superacid solid, which shows an increased photoactivity in various
organic reactions [115]. Sulfation of the catalyst leads to an increase of the surface
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acidity [116] and an increase of adsorption strength and therefore to an
improvement of the adsorption coverage of the substrates.

Any materials with a narrower bandgap or absorption in the visible or infrared
domain can be used to coat TiO2 materials.

Sensitization by semiconductors: The synthesis method is usually the sol–gel
method and the sensitizers are numerous. We can find studies on CdS, PbS, Ag2S,
Sb2S3, and Bi2S3, AgI, CdSe, InP, WO3, Fe2O3, ZnO, and SnO2 [117–119].

Metal coating: Metal deposition on the TiO2 surface enhances photocatalytic
reactions by accelerating the transfer of electrons to dissolved oxygen molecules.
There is an optimum loading value above which metal deposition has a detrimental
effect on the photocatalytic activity. Metals such as Pd, Pt, Ag, Cu have been
deposited on TiO2 particles, by sol–gel methods [120], mechanical mixing [121],
chemical deposition, precipitation–reduction [122], and photodeposition.

6.3 Fundamental Aspects

6.3.1 Introduction

The entire photocatalysis process may be decomposed into several single steps
occurring successively or simultaneously in the material, onto the surface or close
to this surface. These different fundamental physical and chemical phenomena are
summarized in the scheme displayed in Fig. 6.2.

The first step corresponds to the promotion of an electron from the VB to the
empty CB (and thus the creation of a positive hole in the VB) induced by the
uptake of a photon by the semiconductor. The generated charges (electron and
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Fig. 6.2 Schematized description of different steps of the photocatalytic process
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hole) are effectively separated and may then migrate, be trapped, or recombine.
The charges that migrate or are trapped close to the surface may either be trans-
ferred to the electronic levels of the targeted surface adsorbate or generate radicals
that allow remote photocatalysis reactions. Some of those events proceed in the
time scale of the femtosecond hence requiring time-resolved experiments with
high accuracy. Others happen more slowly but may not easily be studied, as no
physical parameter is directly accessible experimentally. Consequently, these
fundamental issues were only addressed in the last 30 years, especially in the last
decade. The aim of this section is not to give a precise description of the state of
the art in these fundamental domains, several recent reviews are available [123–
128] and among them the very detailed review of the professor Henderson [129],
but rather to draw an overview of the knowledge in the domain and the issues still
in debate. The different aspects will be discussed in the order they occur in the
whole catalytic process and the focus is put on the two main TiO2 structures
anatase and rutile, the brookite phase being too scarcely obtained as pure materials
to be extensively studied.

6.3.2 Photon Adsorption

The optical properties of the TiO2 structures are now experimentally well known
and confirmed by theoretical calculations [130–132]. The lowest photon energies
needed to promote an electron from the valence band to the conduction band are
3.2 and 3.0 eV for anatase and rutile, respectively, with an indirect bandgap in the
former case and a direct one in the latter [130, 132]. However, when considering
the energy levels in both bands displaying the highest density of states (i.e., the
highest probability of transition) the transition is closer to 4 eV in energy.
The light absorption coefficient increases exponentially with photon energy in the
case of anatase while it is rather linear for rutile. When the photon energy used to
promote the electron from the VB to the CB is much higher than the bandgap, the
result is an electron in the CB significantly higher in energy than the bottom of
the band or a hole generated not just below the top of the VB (cf Fig. 6.2) [133].
The bandgap values given for pure bulk materials at room temperature depend on
various parameters listed and discussed below. Several of these parameters are
used to tune the optical absorption domain of the materials and its efficiency.

First, a temperature increase was shown to decrease the optical absorption edge
[133]. Moreover, the relative orientation of the anatase crystal toward the polar-
ization direction of incident light was said to impact on the adsorption efficiency
[133, 134]. However, this issue is still a matter of debate and the physical back-
grounds are not clearly established. More important questions are raised by the use
of nanoscale materials with a high surface/volume ratio that may alter the
adsorptive properties. A geometric distortion of the TiO2 unit cells for very small
particles may also have consequences. Indeed, a blueshift is observed for particles
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smaller than 10 nm in size. This effect is even more pronounced in particles under
3 nm as confirmed by calculations [135, 136].

Surface modification by adsorbates and bulk doping are the two most used
strategies to decrease the optical bandgap. The surface additives may be either
organic such as dyes [137] and surfactants [138] or inorganic such as metallic ions
and clusters [139, 140] or metal oxides [141]. For bulk doping of TiO2, the most
studied route is an n-type self-doping associated to the presence of Ti3+ ions in the
lattice. Thus, the bandgap is decreased of about 0.8 eV but the question whether
the transition occurs only between localized states is still controversial [142, 143].
A variety of cation-doped TiO2 samples were prepared and tested in photocatal-
ysis. Indeed, depending on the nature of the cation, the dopant creates additional
energy states either at the bottom of the VB (with Fe) or at the top of the CB (with
V) [144]. However, the presence of the cations in the lattice is not benign since
some of the additives increase the charge carriers’ lifetime while others decrease it
[145]. The doping with anions was much more studied since the first demon-
stration of the photocatalytic activity of nitrogen-doped TiO2 under visible light in
2001 [105], and the majority of the studies are focused on this element. The
influence of the preparation mode and of the localization of nitrogen in the
structure on the photocatalytic activity was extensively discussed [146]. The
doping significantly decreases the UV activity of TiO2 in comparison with the pure
material because it favors recombination of charge carriers but it allows photo-
catalysis by visible light [147].

6.3.3 Charge Carriers Migration and Trapping

Once the electron is promoted into the CB it is still physically in the vicinity of the
created hole and the charge carriers’ pair is called an exciton. The stability of the
charge pair is due to the mutual attractive electrostatic interaction, which may be
hampered by the high dielectric constant of TiO2. Its destiny is almost always seen
as the evolution (migration, trapping) of separated holes and electrons. Indeed,
very few is known about the way the excitonic state may be trapped or migrate
while it is known that the charge separation may not occur immediately [130, 133].

When electrons and holes are not trapped in an excitonic state or do not
recombine (cf. below) they may migrate in the solid. In parallel to that migration,
the charge carriers will ‘thermalize’, that is to say reach their lowest energy state at
the edges of the bandgap. This thermalization is quite fast for ‘hot’ electrons, in the
range of the 100 fs time scale [148] and longer for ‘hot’ holes (up to 100 ps) so
those carriers may reach the surface without being totally thermalized [149]. As
for charge transport in a semiconductor, mobility may be seen for both carriers as a
succession of hopping from one lattice site to another [150, 151]. Some sites
(especially those close to the surface) that correspond to deeper surface potential
wells are able to stop the charge migration for a certain duration and are conse-
quently considered as trapping sites. Electron transport is strongly promoted by
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electron–phonon coupling, and as a consequence, is said to be anisotropically
efficient [150–152]. The Marcus theory for polaron hopping was then efficiently
used for bulk anatase and rutile systems. Differences between the two structures
and between two different directions in the same structure were observed [153].
The hole transport phenomenon is less understood as the interactions with phonons
seem to be less effective.

An important issue in the lifetime of charge carriers concerns their trapping in
specific sites. This trapping may be seen as an undesired event if it prevents the
charges to reach the surface but may also be considered as favorable if it facilitates
charge separation or if the charges are trapped close enough to the surface to react.
Most of the electrons are believed to be trapped close to the surface but the precise
location is matter of debate for some studies propose an electron trapping on
subsurface Ti sites while others studies locate it on under coordinated Ti located at
the surface [154, 155]. However, the exact localization is not easy to determine for
no experimental probe is able to address this issue. The amount of trapped electron
is generally in the range of one trapped electron per nanoparticle [156]. The
trapping of electron is very fast (shorter than 100 fs) while the trapping lifetime is
at least in the picoseconds scale and may last several months if no electron
scavenger is present [156, 157].

The hole trapping is much more difficult to study than the electron one and few
quantitative results are available. EPR studies indicate that trapped holes are local-
ized on negatively charged under coordinated surface oxygen sites [158]. Holes may
be trapped as fast as electrons and the trapping lifetime may be equally long.

6.3.4 Charges Recombination or Transfer
on a Surface Adsorbate

The charge recombination is the undesired fate of e-/h+ pairs since the photo-
converted energy is lost either through a radiative or more often a non-radiative
way. Consequently, the measurement of the amount of recombination is of para-
mount importance to determine the efficiency of a photocatalyst. Some studies
used the amount of mobile charge carriers to estimate the recombination rate [159,
160] while others used the consequences of the recombination such as the emitted
photons or the heat generated [161, 162]. The photoluminescence due to radiative
recombination also gives information about the trapping sites and the carrier
thermalization. The charge recombination kinetic and intensity strongly depend on
materials characteristics and especially its crystallinity [163]. Photons are mainly
absorbed in the bulk and recombination most often happens between ‘free’ holes
and electrons trapped at the surface. It was shown that for 2 nm anatase particles
78 % of the excitation events led to recombination after 20 ps while only 17 % in
27 nm particles [164]. More generally, half of the excitons are believed to be
recombined in TiO2 in the tenths of nanoseconds time scale.
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In order to play its role the charge must be transferred on a surface acceptor (A) or
donor (D) that may be the final target compound of the photocatalysis, or may be
simply involved in the catalytic process or only serve as a charge scavenger.
Formally, the acceptor or donor may also be another solid with a band structure.

The electrons generated in TiO2 may be transferred in an empty energy state of
the acceptor on the condition that the targeted state is below that of the edge of the
CB or more precisely below the energy level of the trapped electrons. This electron
transfer which corresponds to the starting point of a photoreduction mechanism
demands a strong coupling between the energy levels in order to avoid electron
back-transfer. Studies on the electron transfer on methyl viologen by UV-Visible
time-resolved spectroscopy indicate that the electron is transferred in the pico-
seconds to nanosecond time scales [165]. In order to improve the quality of TiO2

for photooxidation, it is very important to improve the electron transfer to a
scavenger that will prevent them to recombine with the photogenerated holes.

The photooxidation itself requires the electron transfer from a donor to TiO2

VB hole. Again, the relative position of the energy level of the donor and that of
the edge of the VB is of peculiar importance. The good coupling between the two
levels is also important. Indeed, a study showed that adsorbed alcohols (methanol
and isopropanol) trap the hole in their vicinity to promote the charge recombi-
nation rather than transferring an electron into the VB [166]. Kinetic studies using
SCN- probe as a model adsorbate for hole transfer demonstrated that the transfer
is done in the same time scale as that of electron one from the CB [167]. A paradox
is raised here since a hole transfer process is said to be quite fast and efficient while
photooxidation is usually said to be slow and inefficient. This last assertion is
explained by the fact that the photooxidation of a molecule often involves multiple
hole transfers with adsorbate that display different energy states and configuration.
Hence all the steps are not equally fast and the global process is slow.

The charge transfer is the final step of the photocatalytic process with the TiO2

material and the next steps may be seen as the photodegradation mechanisms with a
molecular approach. However, these mechanisms are truly photocatalyst dependent
since the efficiency of the transferred electrons and holes depends on their pristine
energy levels. In the case of radical-mediated mechanisms (as described below) the
nature and amount of these radicals strongly depends on the used semiconductor. That
is why the next section focuses first on the generation of radicals in the reactive medium
and then on the direct photooxidation of organic molecules on the TiO2 surface.

6.4 Mechanisms

6.4.1 Generalities on Photooxidation on TiO2

A large amount of studies try to elucidate the whole degradation mechanism of
various organic and inorganic pollutants but the goal of this section is more
focused on the mono-electronic events in which the TiO2 phase plays a role.
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Besides the direct transfer of charges between the semiconductor and adsorbed
targeted molecules, titanium dioxide may activate the solvent in order to generate
radicals in solution such as OH• radicals. In aqueous solution and in a solid–gas
reaction intermediate molecules such as oxygen may also create active radicals.
These generated radicals are likely to react far from the photocatalyst and yet their
nature and amount may be specific to the material used. Indeed, TiO2 is able to
generate O2

- ions while it is not the case for photocatalysts such as Bi2WO6. The
observed degradation mechanisms are also dependent on the ability of the material
to photoadsorb and photodesorb species that promote or inhibit the process [168].
For instance, the photodesorption of a product is interesting while the photoad-
sorption of an inert molecule may consume a useful charge carrier and block a
reactive site at the surface of the material.

This section is mostly devoted to photooxidation of organic molecules but in non-
photoelectrochemical settings the associated photoreduction process must happen in
close vicinity. Consequently, the presence of electron scavengers are required to
obtain good efficient photocatalysis conditions and knowledge about them is sum-
marized below. Oxygen is the most used and studied electron scavenger but it plays
different roles that are not yet fully understood. This molecule may be simply
physisorbed on regular and fully oxidized surfaces while O2 dissociative adsorption
proceeds on defective surfaces (oxygen vacancies) or on regular surface sites where
electron transfer may easily occur via subsurface Ti3+ [169]. The species generated
from O2 adsorption and charge transfer are more diverse when performed on
hydroxylated surfaces and in the presence of water molecules: HO2 and H2O2 species
could be the observed near to the surface. In addition to thermal adsorption, O2 may
also be photoadsorbed forming directly O2

- species that rapidly evolve into O3
- or

O2
2- in addition to the already quoted HO2

• and H2O2 species. The electron transfer
process on O2 often regulates the kinetics of the whole reaction process. Two
additional electron scavengers proposed in the literature are Fe3+ ions in aqueous
solution [170] and NO in the gas phase [171] but even if their role of scavenger is
similar, the so-generated species do not play as an important role in the photodeg-
radation mechanism as oxygen-derived species.

6.4.2 Photooxidation of Alcohols, Aldehydes, and Ketones

The photodegradation of alcohols was extensively studied and especially that of
methanol and ethanol for they are model molecules for alcohols with longer chains
and constitute intermediate in other photodegradation mechanisms. The photo-
oxidation of methanol may follow both direct and indirect processes depending on
the amount of water and oxygen present. Formate and formaldehyde intermediates
were detected but the attribution of an intermediate to one or the other process is
still controversial [172, 173]. Additional intermediates could be detected with low
temperature (1.9 K) EPR study such as CH2OH• and CHO• [174]. The temporal
scheme of the different mechanistic steps is up to now not well established.
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Similar to methanol, intermediate species observed with ethanol are acetalde-
hyde and acetate but formate is also detected [175]. The question of reactants/
products surface coverage also has its importance since formed carboxylates are
able to block the access of O2 to the surface and consequently the photodegra-
dation of ethanol. Accordingly, other studies indicated that the first step of ethanol
degradation involves O2

- ions [176].
Another compound frequently used in photodegradation tests is phenol while

relatively few studies are devoted to mechanistic details [177]. The first oxidation
steps correspond to a hydroxylation on the aromatic ring involving OHHO• radical
rather than a direct hole-mediated oxidation. However, the adsorption mode of
phenol prior to oxidation remains unknown.

Among aldehydes, acetaldehyde was the most studied and was shown to
transform into acetate. EPR studies of the reaction revealed a CH3C(O)OOHO•

radical intermediate indicating the attack of O2
- on the adsorbed aldehyde [178].

Formaldehyde degradation mechanism is hard to study since it is rapidly converted
into CO2.

For ketones degradation, mechanistic studies mostly involved acetone which
mainly adsorb on oxide surfaces via an oxygen lone pair. A low temperature EPR
study detected the formation of CH3COCH2OOHO• during the first reaction steps
and the authors proposed that its formation occurs by the reaction of O2 on an
unstable CH3COCH2HO• radical generated by a first hole-mediated reaction [179].
The intermediates observed in another study are mainly acetate, formate, acetal-
dehyde, and formic acid corresponding to a C–C bond cleavage [180].

6.4.3 Photooxidation of Carboxylic Acids

Carboxylic acids photodegradation was widely studied because these molecules
are initially often present in the pollutants composition or they may be obtained as
photodegradation products of other organic molecules (alcohols, aldehydes, etc.).
Carboxylates generally strongly adsorb on TiO2 surfaces. Their stability on the
oxide surface and the good knowledge of their different adsorption modes make
them very interesting systems to understand the photo-induced reactions. Formic
acid was widely studied; nevertheless, the mechanism is still controversial. The
question remains between a direct hole-mediated pathway also called photo-Kolbe
reaction (1) or an indirect pathway implying a HOHO• radical attack (2) [181].

HCOO�ðadsÞ þ hþ ! CO2ðgÞ þ HðadsÞ ð6:1Þ

HCOO�ðadsÞ þ HO ! CO�2ðaÞ þ H2OðadsÞ ð6:2Þ

In any cases, no intermediate could be detected before the formation of CO2

[175]. The addition of water or oxygen in a solid–gas phase system significantly
increases the degradation rate [175].
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Another model molecule is acetic acid that was studied both on single crystals
[182] and on high surface area systems [183]. Similar to formate, acetate may be
degraded via the direct and indirect pathways but additionally, HO• radicals may
attack the C–H bond of the methyl group leading to the formation of •CH2COOH
radicals. The photo-Kolbe reaction on acetic acid (3) also yields •CH3 radicals and
consequently by-products such as CH4 and C2H6. Carbon isotopic labeling of
acetate revealed that carboxylate carbon is first released as CO2 while the release
of the other carbon is delayed and proceed through the chain methoxy, formal-
dehyde, and formate [183]. A detailed study on different rutile single crystals
demonstrated that the amount of the obtained products significantly vary with the
nature of the surface sites [184]. For other linear carboxylic acids the photode-
composition is said to proceed through a cascade of photo-Kolbe reactions that
shortens the carbon chain of one unit each time up to formate. The Kolbe reaction
is often observed in the degradation pathway of the carboxylic acids, except for
phenyl-containing systems such as benzoic acid where an OH addition to the
phenyl ring is favored [185].

6.4.4 Photooxidation of Alkanes, Alkenes,
and Halo Hydrocarbons

The main point of the photooxidation of alkanes and alkenes is their relative
inertness toward the oxide surface and consequently the first reaction step creates
intermediates that are more likely to bind to the surface. The next two examples of
alkane degradation well show the diversity of possible intermediates and products.
Cyclohexane leads in a first photocatalytic step to cyclohexanol and cyclohexa-
none with no ring opening or double bond formation [186]. The same authors
proposed that cyclohexanol is formed from the cyclohexyl radical (obtained by a
hole-mediated reaction on cyclohexane) while the cyclohexanone formation
requires the attack of O2

- anion. In the case of methane, different studies have
shown either the formation of methanol, formate, and even ethane through the
coupling of methyl radicals [187, 188].

Aromatics represent somehow a particular class of alkenes and their reactivity
is very interesting even though not fully understood. Benzene and polyaromatics
first undergo a HO• attack on the aromatic cycle prior to any ring-opening event
[189]. However, in the case of toluene, the oxidation of the methyl group is
favored in comparison with that of the aromatic ring leading to benzyl alcohol and
benzaldehyde as reaction intermediates. According to an EPR study, this selec-
tivity for the methyl group is attributed to the attack of an O2

- leading to the
formation of the C6H5-CH2-OO• radical [190].

In comparison to the reactivity of alkanes that of halocarbons is complicated
because the C–X bond may easily be broken to generate X• radicals and the free
radicals may create mechanistic pathways in parallel to those involving the charge
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carriers. That is well exemplified by the family of C1 chlorocarbons CH4-xClx for
which numerous intermediates and products were observed such as carbon mon-
oxide and dioxide, non-chlorinated C1 compounds, chlorinated C1, and species
with more than one carbon. The formation of more chlorinated species is a good
indicator of the presence of radical chain reactions [191]. An additional specificity
of halocarbons is the ability of the halogens to replace in certain conditions the
surface OH group and consequently to poison the surface or to prevent the total
mineralization of reactants by creating more halogenated species. Consequently,
the addition of water may help to displace the surface OH/X equilibrium and thus
favors the complete photodegradation process.

6.4.5 Photooxidation of Nitrogen-Containing Molecules
and Miscellaneous

As reported in this review [123], the N-containing molecules are likely to be at the
same time subject to photooxidation and photoreduction. The alkylamines are more
reactive under their neutral form as the lone pair of nitrogen is said to react with the
HO• radical leading to the formation of an aldehyde and a less substituted alkyla-
mine. The fate of the nitrogen of those molecules is generally nitrites, nitrates, and
ammonia whereas the generation of N2 results mainly of a non-photocatalytic
reaction between NOx and NH2

• [192].
In the phosphorous-containing molecules the P–C bond seems to be more stable

against oxidation than the P–O–C links and the oxidized products (usually a
phosphate) poison the catalyst surface. This can be avoided if the reaction is
carried out in presence of water in order to hydrate the adsorbed species and help
to remove them from the surface. The same behavior of surface poisoning may be
observed for organosulfides that yield sulfate surface groups.

The multi-functional molecules such as polysubstituted aromatics, or amino
acids and halogenated acids were also studied, the two main questions tackled
being the priority order in the degradation of the different organic functions and
the efficiency of a cooperative effect between the different functions. For instance,
a study led on chlorophenol showed that, depending on the wave length of the
incident light, the molecule could react by OH addition without Cl- removal to
form chlorocatechol or with Cl- removal to form hydroquinone [193]. In the
halogenated acids family, the carboxylate group interacts with TiO2 and a Kolbe
reaction is first observed in most of the cases [194].

The present overview of the mechanistic aspects of photooxidation of organic
species on TiO2 clearly demonstrates that various parameters impact on the kinetic
pathway: the functional groups, the presence of oxygen, and the nature solvent that
may interact with the catalyst surface. Moreover, the nature of the exposed TiO2

surface and the presence of surface defects may affect the reaction mechanism as
well.
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6.5 Photocatalysis in Environmental Chemistry

The environmental applications of photocatalysis with TiO2 are gathered in three
categories: air treatment, water treatment, and self-cleaning surfaces. The three
categories include several domains:

• Air treatment: indoor and outdoor air decontamination, Volatile Organic
Compounds (VOCs) and Polycyclic Aromatic Hydrocarbons (PAHs) elimina-
tion, sterilization, deodorization, etc.

• Water treatment: industrial and municipal wastewater treatment, discoloration,
decontamination and disinfection, recalcitrant Chemical Oxygen Demand
(COD) degradation, etc.

• Self-cleaning surfaces: self-cleaning and self-sterilizing, windows, buildings,
tiles, lighting, walls, paintings, and pavements.

All these applications are using photoactive TiO2, mainly under anatase form,
considered as the most active phase. The photocatalyst can be used as free or
supported powder, or in thin film, depending on the application. The set photo-
catalyst/support will be called photocatalytic media.

From now on, the described systems will mainly focus on organic oxidation in
water. It should be noted that the problems are rather similar in the cases of
inorganic reduction in water (in spite of different photocatalytic mechanisms) or
organic oxidation in air (in spite of different reactor design). The category of self-
cleaning surfaces is more distant and will not be developed here.

To be used in an environment application like wastewater treatment, the pho-
tocatalytic media should be active enough to realize the reactions in a reasonable
time. It means that its activity should be previously estimated. Today, standardized
tests for photocatalytic media are still in debate, and there is no established and
indisputable molecule to evaluate the photoactivity.

In water, colored molecules such as rhodamine B or methylene blue (MB)
have been widely used because the kinetic of the photoreaction is relatively high
and because of the visual effect procured by the discoloration. However, their use
is now contested because the bleaching may be ambiguous and not only due to
the photodegradation of the molecule. In the case of MB, in the absence of
oxygen and in the presence of a sacrificial electron acceptor (SED), MB is
photoreduced to its colorless leucoform, LMB, by the TiO2 photocatalyst. While
prolonged irradiation leads to the eventual complete mineralization of the dye,
the initial observed photobleaching of the dye is not necessarily due to the dye
oxidation, especially if the reaction is carried out under conditions that favor the
formation of LMB [195].

Phenol is one of the most employed test molecule. It has been proposed by Serpone
et al. [196], in 1996, as standard test molecule, and presents some advantages:

• It does not undergo degradation by photolysis or catalysis.
• It presents an absorption band at 269 nm detectable by UV-Visible

spectroscopy.
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• Its degradation mechanism is quite identified. The principal intermediates formed
are benzoquinone, hydroquinone, and catechol. A mechanism is proposed in
Fig. 6.3 [177].

• It follows a complete mineralization to CO2 and H2O.
• It adsorbs very weakly at the surface of TiO2.
• It is a real pollutant of water.

Other used test molecules are, for example, formic acid (mineralization without
intermediates), stearic acid (model molecule for fat acids), 4-chlorophenol, tri-
chloroethylene (model molecules for chlorinated compounds), and oxalic acid
(molecule with adsorption on TiO2).

The test molecules are especially necessary for the setup of the reactor and for the
elaboration of the photocatalyst, but to evaluate the performance of photocatalysis in
water treatment, numerous studies are realized with real or model industrial waste-
waters. It is quite difficult to compare these works with deeply different reactor design
and photocatalytic media, but some interesting results may be pointed out. In most of
these works, the problem is to evidence the degradation of the pollutant by photo-
catalysis, follow its kinetics, and analyze the eventual intermediates formation
(intermediates may be more pollutant than the initial compounds). Photocatalysis is
often presented as part of a general treatment process.

The next section presents recent obtained results of photocatalysis treatments
on real industrial wastewaters, dyes, pesticides, antibiotics, and bacteria.

6.5.1 Real Industrial Wastewaters

The general objective of the study of Pichat et al. [197] was to evaluate under real
conditions, in a parcel of vineyard, the practicability for the wine grower and the
efficiency of a solar photocatalytic prototype device to treat rinse waters from
tractor cisterns which are used to spray various mixtures of pesticides and

Fig. 6.3 Proposed mechanism for phenol photodegradation on TiO2 [177]
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additives. This specific application of solar TiO2 photocatalysis shows promising
results, although more on-site experimentations are required regarding its viability.
Moreover, toxicity linked to inorganic ions remains a problem.

The photocatalytic treatment of an effluent from black table olive processing
over TiO2 suspensions was investigated by Chatzisimeon et al. [198]. The study
focused on the effect of various operating parameters on the treatment efficiency
including initial organic load, catalyst type, concentration and reuse, and addition
of hydrogen peroxide. Depending on the conditions employed, nearly complete
discoloration was obtained, while mineralization never exceeded 50 %. Tests with
non-acclimated activated sludge showed that both the original and photocatalyzed
effluents were degradable aerobically. The biodegradation rate of the original
effluent was three times greater than the oxidized one. On the other hand, pho-
tocatalytic oxidation of the original effluent was at least two orders of magnitude
faster than its biological oxidation to achieve comparable levels of degradation.

Figure 6.4 is an illustration of the discoloration of margins (olive production
wastewater) obtained by photocatalysis with TiO2.

Rodrigues et al. [199] have investigated the combined treatment of post-
bleaching effluent from cellulose and paper industry. The effluent was first sub-
mitted to a coagulation–flocculation treatment applying FeCl3 as coagulating agent
and chitosan as auxiliary. The aqueous soluble phase obtained from the first
treatment was then submitted to a UV/TiO2/H2O2 system. This combined method
resulted in a high biodegradability index, transparency, and absence of color and
odor in the treated water, suggesting good water quality.

In the work of Alinsafi et al. [200], photocatalysis with TiO2 particles immobilized
on a glass slide or on a non-woven glass fiber fabric has been applied to pure reactive
dyes (azo and metal phthalocyanines) solutions as well as textile wastewater con-
taining the same dyes under UV and solar irradiation. Discoloration of textile waste-
water was in the range 21–74 % under solar irradiation, with good COD removal rate.
These values are strongly dependent upon the fine chemical structure of the dyes and
the global composition of the wastewater. The results are encouraging for textile

Fig. 6.4 Discoloration of margins obtained by photocatalysis with TiO2 (photo Marjorie Mirau)
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wastewater remediation. The increase of biodegradability is an additional positive
factor, as it would improve the efficiency of a biological downstream treatment.

An alternative method for municipal wastewater treatment has been developed by
Antoniadis et al. [201]. It is based on solar photocatalytic oxidation and natural processes.
The system combines the synergetic action of homogeneous photocatalytic oxidation
with surface flow constructed wetlands in order to utilize the high solar irradiation and the
ability of the constructed wetlands to improve water quality through natural processes.
The authors have presented the design, the development, and an experimental evaluation
of the combined system. Experiments were conducted at laboratory scale using artificial
as well as solar irradiation, for the treatment of both synthetic and cesspool wastewater.
The data evaluation revealed that the combined system may effectively reduce the
organic load and nutrients of wastewater, even in cases of great inflow variability, in
terms of hydraulic and organic load, and thus may be a promising, competitive, and
environmental friendly solution for wastewater treatment in the near future.

6.5.2 Dyes

The photocatalytic degradation of five various dyes has been investigated in TiO2/UV
aqueous suspensions by Lachheb et al. [202]. They have tried to determine the fea-
sibility of such a degradation by varying the chemical structures like anthraquinonic
(Alizarin S), or azoic (Crocein Orange G, Methyl Red, Congo Red), or heteropolya-
romatic (Methylene Blue). In addition to a prompt removal of the colors, TiO2/UV-
based photocatalysis was simultaneously able to fully oxidize the dyes, with a com-
plete mineralization of carbon into CO2. Sulfur heteroatoms were converted into
innocuous SO4

2- ions. The mineralization of nitrogen was more complex. The results
suggest that TiO2/UV photocatalysis may be envisaged as a method for treatment of
diluted colored wastewaters not only for discoloration, but also for detoxification.

Sauer et al. [203] proposed a detailed investigation of the adsorption and photo-
catalytic degradation of the Safira HEXL dye, an anionic azo dye of reactive class. The
dye is easily degraded by a TiO2-assisted method in aqueous dispersions under irra-
diation by UV light. The adsorption of the dye is a prerequisite for the degradation. Both
adsorption and photodegradation occur more extensively when the pH is near the PZC.

Among all the works on dyes photodegradation, Basic Red 46 [204] and C.I.
Reactive Orange 4 [205] have also been studied and a rapid discoloration of the
compounds is evidenced.

6.5.3 Pesticides

Herrmann and Guillard [206] have studied the influence of the basic photocatalytic
parameters on the catalyst activity as well as the identification of reaction inter-
mediate products and degradation pathways in model and real solution,
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encountered in agricultural areas (rinsing waters). Various pesticides intensively
used in agriculture such as herbicides [2,4-D(dichloro-phenoxy-acetic acid)] or
insecticides (tetrachlorvinphos, fenitrothion, pirimiphos-methyl, fenamiphos) were
successfully degraded, either as pure active agents or as commercial formulated
reactants.

Devipriya and Yesodharan [207] realized a complete and quite exhaustive
review on pesticides degradation by photocatalysis, with special reference to the
mechanism of the process involved, the nature of the reactive intermediates, and
the final products. Pesticides, insecticides, fungicides, herbicides, and additives
were taken into account.

6.5.4 Bacteria

Guillard et al. [208] presented a fundamental research on the efficiency of pho-
tocatalysis in water disinfection. Two model strains of Escherichia coli were
selected and a comparison of the efficiencies of TiO2 Evonik P25 versus TiO2

Cristal Global PC500 was estimated. This work clearly pointed out the important
difference with the photocatalytic removal of organic molecules. One has to take
into account the size of the microorganisms compared to those of semiconductor
and of organic molecules. The efficiencies of TiO2 Evonik P25 on the inactivation
of E. coli strains were comparable, whereas a more important inactivation of one
of the strain of E. coli was obtained on TiO2 Cristal Global PC500.

More recently, Pigeot-Rémy et al. [209] also studied the effect of Evonik P25
on E. coli.

In the study of Rizzo [210] the potential application of TiO2 photocatalysis as
primary disinfection system of drinking water was investigated in terms of coli-
form bacteria inactivation and injury. As model water, the effluent of biological
denitrification unit for nitrate removal from groundwater, which is characterized
by high organic matter and bacteria release, was used. Photocatalysis was effective
in coliform bacteria inactivation, although no total removal was observed after
60 min irradiation time. Photocatalysis process did not result in any irreversible
injury under investigated conditions, thus a bacteria regrowth may take place
under optimum environment conditions if any final disinfection process (e.g.,
chlorine or chlorine dioxide) is not used.

6.5.5 Antibiotics

In the study realized by Rizzo et al. [211], the degradation kinetics and mineral-
ization of diclofenac (DCF) by photocatalysis on TiO2 were investigated in terms
of UV absorbance and COD measurements for a wide range of initial DCF con-
centrations and photocatalyst loadings in a batch reactor system.
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TiO2 photocatalysis was found to be very efficient for the mineralization,
degradation, and detoxicification of DCF, using low TiO2 doses at achievable half-
life time as well as using a lower potential lamp than previous studies.

In the work presented by Giraldo et al. [212], a photocatalytic system using
titanium Evonik P25 in suspension was used to evaluate the degradation of anti-
biotic oxolinic acid (OA). The effects of catalyst load and pH were evaluated and
optimized. The results indicated that TiO2 photocatalysis allows a rapid and effi-
cient removal of OA; transforming the initial substrate into by-products with no
antimicrobial activity and lower toxicity, which could then be degraded in a
subsequent biological step.

Degradation of amoxicillin, ampicillin, and cloxacillin antibiotics in aqueous
solution by TiO2 photocatalysis under UVA (365 nm) irradiation have been
studied by Elmolla and Chaudhuri [213]. Enhancement of photocatalysis by
addition of H2O2 was also evaluated. The influence of pH on antibiotic degradation
is evidenced. Kinetics of degradation was characterized.

6.6 Photocatalytic Reactors

The photocatalytic properties of TiO2 described previously allow the development
of wastewater treatment processes. For this purpose, a photocatalytic reactor must
be designed. The photocatalytic reactors are different from classical ones (thermal
or thermocatalytic) because of the irradiation, which activates the catalyst. The
role of the reactor is to place simultaneously in contact the wastewater, oxygen, the
UV illumination, and the photocatalyst. The photocatalytic reactor design implies
taking into account parameters like the immobilization and the irradiation of the
photocatalyst, the flow and the concentration of the wastewater and the oxygen, the
cooling and the protection of the lamp, and the electric circuit. The final proposed
design of the photocatalytic reactor will depend on those parameters.

In the photoreactor, the photocatalytic powder should be in close contact with
the effluent. To avoid filtration difficulties, an immobilization of the photocatalyst
is necessary. Depending on the design, it can be realized on glass beads or plates,
sand, steel, or structuring porous materials (silica, zeolites, active carbon, carbon
nanotubes, and nanorods). As demonstrated in the previous section, the sol–gel
method allows the synthesis of a photocatalytic film or deposit [214]. Besides, the
Ahlstrom Company produces a paper with deposited TiO2 usable as flexible
photocatalytic media [215]. It must be noted that, whatever is the support, the
immobilization lowers the photoactivity because part of the solid is no more
reachable to the UV photons.

The illumination producing photocatalysis may be provided artificially by a UV
lamp or naturally by the sun.

In the case of the sun illumination, because of the weak intensity of the UV
usable radiation, the illuminated surface and the photocatalyst/water contact sur-
face must be high. The main questions are getting around photocatalyst
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immobilization and sunlight concentration [216]. Different photoreactors have
been developed Parabolic Trough Reactor (PTR), Thin Film Fixed Bed Reactor,
Compound Parabolic Collecting Reactor (CPCR), Double Skin Sheet Reactor
[216, 217]. Their design is different if they use solar concentrator and if the TiO2 is
deposited or in suspension. PTR and CPCR are developed at the Platform a Solar
of Almería located in the south of Spain, the place receiving the maximal sunshine
of Europe (Fig. 6.5 [218]).

With artificial light, generally provided by one or several mercury lamp, the
design is less restrained. Numerous examples are proposed [219]. The simplest
model is the Batch Reactor allowing the illumination of a TiO2 suspension [4]. It is
represented on Fig. 6.6. This kind of reactor, without immobilization of the

Fig. 6.5 Compound Parabolic Collecting Reactor (CPCR) at the Plataforma Solar de Almería
(PSA) [218]

Fig. 6.6 Batch reactor for photodegradation of phenol in water by TiO2
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photocatalyst is mainly useful in the framework of photocatalytic tests for
materials.

To avoid the filtration step, fluidized bed and fixed bed reactors are proposed. In
the last case, an annular geometry represented in Fig. 6.7, with external or internal
illumination, is often preferred [216].

Reactors with planar geometry are also described. More rarely, less classical
systems are adopted (Rotating Drum Reactor [220], Intermittent Flow Reactor
[219], Fiber Optic Cable Reactor [221, 222], Photocatalytic Membrane Reactor
[223], Falling Film Photoreactor [224], Pulsed Baffled Tube Photoreactor [225],
etc.).

Figure 6.8 from Danion et al. [226] shows a reactor using TiO2 deposited by
sol–gel method on optical fibers.

Fig. 6.7 Annular reactor for wastewater treatment by photocatalysis

Fig. 6.8 Photocatalytic reactor using optic fibers [226]
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Some processes use TiO2 monolith rather than an immobilized titanium dioxide
but. Some systems are sometimes combining chemical, physical, or biological
activity to the photoactivity [219].

The theoretical aspects of photocatalytic reactors have been mainly described
by Cassano et al. [216, 227–229]. In this case, kinetic models of photodegradation
including the simulation of the radiative field in the reactor are proposed for
several geometries.

The radiation field inside photocatalytic reactors can be predicted by solving the
radiative transfer equation (RTE). From the solution of the RTE, the local volu-
metric rate of photon absorption (LVRPA) can be obtained. This LVRPA is an
important parameter in photocatalytic reactor design, energy efficiency assess-
ments, and kinetic studies of photocatalytic reactions. However, to solve the RTE,
optical parameters are needed: the absorption and scattering coefficients and the
phase function. Solving the RTE may be arduous depending on the reactor
geometry or the photocatalytic media.

In recent studies, the LVRPA has been evaluated in slurry using Monte Carlo
techniques. In such simulated photocatalytic reactor, a photon is emitted from the
lamp, travels a distance l and then is, according to a determined probability, either
absorbed or scattered within the reacting medium [230].

6.7 Conclusions

The fact that an exponentially increasing number of articles are devoted to the
synthesis of titanium dioxide nanoparticles and its application in photocatalysis is
not surprising. It is indeed the reference material for that specific application and
lots of authors evoke the possibility to improve the photoactivity to motivate their
research. Moreover, various research domains still bring their contributions to the
elaboration of the best photocatalyst possible for the whole process is quite
complex and consequently very rich and diverse.

Indeed, a fruitful exchange occurred between physicists and material science
chemists. While the former focus more on the fundamental aspects of the photo-
catalytic process from the photon interaction with the semiconductor up to the charge
transfer to the reacting molecule, chemists are now tailoring very finely the nano-
particles in terms of composition, size, shape, and structure. A better understanding
of the influence of each characteristic of a TiO2 powder on its photocatalytic effi-
ciency is now possible but many fundamental issues are still under discussion.

A burning issue that involves both scientific communities is the question of how
to use a higher amount of solar light to do photocatalysis. Each of the proposed
solutions, such as bulk doping with nitrogen or heterostructures, presents draw-
backs and hardly reaches the efficiency observed under UV light.

The capacity of TiO2 to photodegrade organic molecules via photooxidation was
demonstrated from the simplest functional molecule of formic acid up to the scale of
the bacteria. The understanding of each degradation step for the smaller molecules
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may help in the future both to explain degradation of more complex ones and provide
an interesting feedback to the elaboration of better TiO2 photocatalyst.

A detailed study of the bibliography on degradation mechanisms of model
organic molecules shows that certain experimental conditions such as the solvent,
the bubbling of specific gas, or even the dispersion of the photocatalyst may favor
the degradation of a molecule and block that of another. Consequently, the
question of the definition of a good photcatalyst is very important and however
very difficult to define. The need of normalized tests may emerge in a close future.

An important work is also devoted to preparation of reactors tuned to the
desired decontamination process. The relative position of the light source, the
photocatalyst, and the medium to be decontaminated must be carefully thought.
Moreover, the global system must be scaled to reach the requirements of the
decontamination efficiency and rate.

Finally, in every system where populations may use more or less directly the
decontaminated fluids (air or water) a particular attention must be paid to the
release of TiO2 nanoparticles during the photodecontamination. Toxicology of
TiO2 nanoparticles is still under debate and numerous research projects are
devoted to its toxicity as aerosols or in effluents. This is an especially important
issue for all the people in laboratories and industries will have to handle this
material that will surely be studied and used for the next decades.
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