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Abstract 

The present PhD thesis offers a general overview about fundamentals and applications of 

titanium dioxide (or titania), TiO2, photocatalysis to concrete technology in relation to 

enhanced aesthetic durability and depollution properties achieved by implementing TiO2 into 

cement. Chemistry of degradation of Rhodamine B (RhB), a red dye used to assess self-

cleaning performances of concretes containing TiO2, as well as oxidation of nitrogen oxides 

(NOx), gaseous atmospheric pollutants responsible for acid rains and photochemical smog, is 

investigated using two commercial titania samples in cement and mortar specimens: a 

microsized, m-TiO2 (average particle size 153.7 nm ± 48.1 nm) and a nanosized, n-TiO2 

(average particle size 18.4 nm ± 5.0 nm). Experimental data on photocatalytic performances 

measured for the two samples are discussed in relation to photocatalyst properties and 

influence of the chemical environment of cement on titania particles. The study allowed to 

identify photo-oxidation mechanisms of RhB and NOx on TiO2-containing cement and the 

analogies/differences with pure unsupported TiO2. The high pH, high ionic strength and 

presence of multivalent counterions, typical of cement systems, appeared to be responsible for 

the formation of highly attractive ion-ion correlation forces which ultimately promote 

enhanced TiO2 particle agglomeration. In the case of degradation of big molecules like RhB, 

this enhanced agglomeration may reduce the photocatalytic activity (much lower available 

surface area). On the other hand smaller molecules like NOx can easily penetrate TiO2 

agglomerates porosity and the negative effect of the enhanced agglomeration can be 

neglected. Engineering TiO2 particles with specific crystallite size and tuning the 

photocatalyst electrokinetic properties by changing the overall pKa of the TiO2 surface have 

been proven to be effective methods to control the attractive characters of the ion-ion 

correlation forces. Impacts on applications in construction concrete as well as suitable casting 

strategies to enhance the overall photocatalytic activity are also discussed. 
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1.1.  General 

1.1.1.  Photocatalysis for environment 

Air and water pollution is a major problem that modern societies are facing. On a daily 

basis, civil, industrial and military activities generate an enormous amount of organic and 

inorganic pollutants which inevitably end up in our atmosphere, rivers, seas and soil. 

Traditional water remediation techniques (on-site or off-site) involve: biological 

treatment (organic hazardous are used as a feedstock for bacteria), chemical treatment 

(contaminants are removed by reaction with added chemicals), thermal treatment 

(bacteria to be removed from water can be killed by high temperatures), precipitation, 

flocculation, filtration techniques, etc… Air pollution abatement strategies are essentially 

based on: electrostatic filters and membranes to reduce fine particulates, chemical and 

catalytic processes to purify air from hazards like SOx, NOx, CO, vaporised organics and 

formaldehyde, etc… 

The work of Fujishima and Honda in the early nineteen seventies about the photocatalytic 

properties of titanium dioxide 1, TiO2, opened a new broad area of research that soon after 

provided valid alternatives for air and water remediation. After two decades from that 

milestone discovery, in the area of air, water and wastewater treatment using 

photocatalytic techniques, the rate of scientific publication exceeded 200 papers per year 
2 and in 2009 out of more than 2500 papers dealing with photocatalysis, over 800 

involved air and water treatment. These figures reflect the large number of applications 

present nowadays on the market. Typical examples are: photocatalytic reactors for water 

treatment 2-5, industrial and civil air purifiers containing photocatalytic membranes 5, self-

cleaning and antifogging glasses coated with a thin layer of photocatalyst 6 and 

construction materials (cement, concrete, paving blocks and others) containing 

photocatalysts in their solid structures and used for both self-cleaning and air remediation 
7-11. 

Compared to other techniques, photocatalysis provides the great advantage to be highly 

environmentally friendly. To oxidise organics and inorganics indeed, the only 
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requirements, beyond the semiconductor photocatalyst, are water, oxygen and light with 

suitable energy to promote electron transitions in the band structure of the photocatalyst. 

Organic compounds are generally mineralised according to Equation 1.1, generating 

carbon dioxide, water and potential mineral acids deriving from functional groups present 

in the organic structure 2: 

acids mineral  OH  CO   O  substrate Organic 22
h tor,semiconduc

2     (1.1) 

Table 1.1 4 groups typical classes of organic substrates that can be degraded, even though 

not completely mineralised, by semiconductor photocatalysis. 

Inorganics have been proved to be sensitive to light – sensitised photoreactions involving 

semiconductor surfaces too. Common examples are 2: compounds of transition metals 

involving copper, manganese, gold, chromium, iron, silver, mercury, rhodium, palladium, 

platinum, sulphur oxides, a large variety of nitrogen compounds like ammonia, 

dinitrogen, azides, nitrogen oxides, nitric acid, nitrates, nitrites, oxygen compounds like 

dioxygen and ozone. 

 

 

1.1.2.  Cement for infrastructures 

Portland cement is the main binding material for concrete, one of the world most used 

construction material, consisting of hard and chemically inert mineral particulates 

(aggregate) bonded together by cement itself and water. Ordinary Portland Cement 

(OPC) is obtained by burning calcium carbonate (CaCO3) found in limestone or chalk 

with silica (SiO2), alumina (Al2O3) and iron oxide (Fe2O3) found in clay or shale at about 

1450 °C in a rotary kiln followed by addition of a few percentages of gypsum 

(CaSO4·2H2O) 12. Calcination of limestone and clay produces a solid mixture called 

clinker where the major components are: alite (main component tricalcium silicate, 

Ca3SiO5), belite (main component dicalcium silicate, Ca2SiO4), aluminate (main 

component tricalcium aluminate, Ca3Al2O6) and ferrite (main component tetracalcium 

aluminate, Ca4Al2Fe2O10). According to the ceramic nomenclature these species are 
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usually indicated as: alite C3S, belite C2S, aluminate C3A and ferrite C4AF. Table 1.2 

shows the ceramic nomenclature used in cement chemistry. 

Table 1.1 - Examples of TiO2 – sensitized photomineralisation of organic substrates. 

Class Example 

Alkanes Methane, isobutane, pentane, heptane, cyclohexane, paraffin 

Haloalkanes 
Mono-, di-. tri- and tetrachloromethane, tribromoethane, 1,1, 

l-trifluoro-2,2,2-trichloroethane 

Aliphatic alcohols Methanol, ethanol, isopropyl alcohol, glucose, sucrose 

Aliphatic carboxylic acids Formic, ethanoic, dimethylethanoic, propanoic, oxalic acids 

Alkenes Propene, cyclohexene 

Haloalkenes Perchloroethene, i,2-dichloroethene, I,l.2-trichloroethene 

Aromatics Benzene, naphthalene 

Haloaromatics Chlorobenzene, 1,2-dichlorobenzene, bromobenzene 

Nitrohaloaromatics 3,4-Dichloronitrobenzene, dichloronitrobenzene 

Phenols 
Phenol, hydroquinone, catechol, 4-methylcatechol, resorcinol, 

o-, m-, p-cresol 

Halophenols 2-, 3-, 4-Chlorophenol, pentachlorophenol, 4-fluorophenol. 
3,4-difluorophenol 

Aromatic carboxylic acids Benzoic, 4-aminobenzoic, phthalic, salicylic, m- and p-
hydroxybenzoic, chlorohydroxybenzoic acids 

Polymers Polyethylene, poly (vinyl chloride) (PVC) 

Surfactants 
Sodium dodecylsulphate (SDS), polyethylene glycol, sodium 

dodecyl benzene sulphonate, trimethyl phosphate, 
tetrabutylammonium phosphate 

Herbicides 
Methyl viologen, atrazine, simazine, prometron, propetryne, 

bentazon 

Pesticides DDT, parathion, lindane 

Dyes Methylene blue. rhodamine B, methyl orange, fluorescein 
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Table 1.2 – Ceramic nomenclature used in cement chemistry. 

Symbol Oxide 

C CaO 

S SiO2 

A Al2O3 

F F2O3 

H H2O 

S , Š or $ SO3 

C  or Č CO2 

 

Typical OPC compositions limits are shown in Table 1.3 and in Table 1.4 in terms of 

both phases and formal oxides 12, 13. 

Table 1.3 – OPC composition expressed as phases present. 

Phase % Major component Minor Component 

Alite 50 – 70 C3S Al2O3, MgO, P2O5, Fe2O3, Na2O, K2O 

Belite 15 – 30 C2S Al2O3, MgO, P2O5, Fe2O3, Na2O, K2O 

Aluminate 5 – 10 C3A MgO, Fe2O3, Na2O, K2O, SiO2 

Ferrite 5 – 15 C4AF MgO, SiO2, TiO2, Mn2O3 

Gypsum 2 – 4 C$·2H  

 

Cement hydration refers to the chemical combination of cement and water. When water is 

added to anhydrous cement the overall process can be described as follow 12: 

i. Dissolution (partial or complete) of cement grains; 

ii. Formation of different compounds (see below) in solution accompanied with an 

increase of its ionic strength; 
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iii. Precipitation of the hydration products once their saturation concentration in 

solution is reached; 

iv. In later stages, products form on or very near the surface of anhydrous cement 

grains; 

Table 1.4 – OPC composition expressed as oxides. 

Oxide % 

CaO 60 – 67 

SiO2 17 – 25 

Al2O3 3 – 8 

Fe2O3 0.5 – 6 

MgO 0.1 – 4 

Na2O + K2O 0.2 – 1.3 

SO3 1 – 4 

 

Hydration of Portland cement is a highly exothermic process. Although the actual 

mechanism of hydration is not yet fully understood, its kinetics is very well known. 

Each phase has a specific reaction with water to produce a range of hydration products. 

Between all, CH (Ca(OH)2, mineral name Portlandite) and CSH (xCaO⋅SiO2⋅yH2O, 

generic term for calcium silicate hydrate) play an important role in defining the pH and 

chemical behaviour of the material. CSH is a poorly crystalline product of variable 

composition in terms of its H2O/SiO2 ratio and Ca/Si ratio with a very high specific 

surface area. It forms a gel that is nearly X- ray amorphous and is responsible for the 

development of strength in Portland cement. In Portland cement Ca/Si ratio is usually ~ 

1.1 - 2.0. However it is believed that the range of single phase homogenous gel extends to 

much lower Ca/Si ratios, in the range to about 0.8. 

Hydration of C3S occurs according to the reaction in Equation 1.2 12: 
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-1
8233 Kg kJ 500- G          3CH  HSC  7H S2C   (1.2) 

whilst Figure 1.1 shows the heat evolution associated to the same reaction. Before the 

steady state is reached, the hydration process is characterised by four distinct periods 12: 

a. Preinduction period; Ca2+ and OH– ions are released from the C3S grain surface 

due to direct contact with water, the pH rises over 12 and a very rapid heat 

evolution occurs. This initial stage is very short and usually over within 15 

minutes. 

b. Induction or dormant period; Ca2+ concentration approaches saturation levels and 

consequently the hydrolysis of C3S slows down (drop of the heat evolution 

profile). The plastic behaviour of cement is developed in this stage of hydration. 

The induction period usually lasts for 2 – 4 hours. 

c. Acceleration period; Ca2+ saturation activity reached during the induction period 

leads to crystallisation of CH from solution and precipitation of the CSH at the 

C3S grain boundaries in the form of a coating. The drop of Ca2+ activity in 

solution is the driving force for further C3S to hydrolyse (heat evolution increases 

again). The maximum rate of heat evolution is reached in between 4 and 8 hours. 

d. Deceleration period; during this stage the reaction slows down again reaching a 

steady state within 12 to 24 hours. 

 

Figure 1.1 – Hydration of C3S and heat evolution profile 14. 
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Once the steady state is achieved, C3S hydration goes through a slow diffusion controlled 

regime. Indeed water needs to diffuse through the CSH coating around C3S grain to reach 

the unreacted core and promote further hydrolysis 12. The grain hydration is usually never 

completed and unreacted grains are found in hardened cement even after years. 

C2S hydrolyses similar to C3S with the difference that the overall reaction is much slower 

and the related heat evolved much lower (Equation 1.3) 12: 

-1
8232 Kg kJ 250- G          CH  HSC  7H S2C   (1.3) 

C3A hydrolyses very quickly and the reaction unleashes much heat (flash set) 12. Addition 

of few percentages of gypsum after clinker production aims therefore to control C3A 

hydration and delay initial set through ettringite, C6AŠ3H32, formation: 

-1
323623 Kg kJ 1350- G          HAŠC  26H  CŠH3A C   (1.4) 

If gypsum is totally consumed but further unreacted C3A is still available, the remaining 

C3A reacts with ettringite forming monosulfoaluminate, C4AŠH12: 

12432363 AŠH3C  4H  HAŠC A 2C   (1.5) 

Finally, hydration of C4AF is similar to C3A but characterised by much less reactivity for 

C4AF and much less gypsum consumption in the reaction 12. Reaction with CH and water 

forms an amorphous ferric aluminum hydroxide and a compound similar to 

monosulfoaluminate where Š is replaced with F: 

13434 AFHC  AFH  14H  2CH  AFC   (1.6) 

The reaction rate of the different phases follows the series: C3A > C3S > C4AF > C2S 12. 

 

 

1.1.3.  Photocatalysis applied to cementitious materials 

Application of photocatalysis to construction materials began towards the end of the 

1980s. Two important effects related to the nature of photoactive TiO2 coatings had by 

this time been discovered: 



 8 

i. the self-cleaning effect due to redox reactions promoted by sunlight (or in general, 

weak U.V. light) on the photocatalyst surface 15; 

ii. the photo-induced hydrophilicity 16, 17 of the catalyst surface, which enhances the 

self-cleaning effect (inorganics causing dirt and stains on surfaces can be easily 

removed due to rainwater soaking between the adsorbed substance and the TiO2 

surface). 

Photocatalytic glasses provide an example of self-cleaning and anti-fogging (wetting) 

properties, e.g. Pilkington Active 6, 18. Recently, photocatalytic cementitious materials 

have been patented by Mitsubishi Corp.(NOxer), and Italcementi SpA (TX-Aria and 

TX-Arca) 9-11, 19. In all these construction materials the active photocatalyst is anatase 

TiO2 (the most active between the three TiO2 polymorphs: anatase, rutile and brookite). 

The main reasons why TiO2 is, so far, the most used photocatalyst for such applications 

are: 

i. Its brilliant white colour, hence very suitable for white cement concrete; 

ii. TiO2 is very cheap compared to other semiconductor photocatalysts; 

iii. TiO2 is extremely stable; it does not undergo photoanodic corrosion (like other 

semiconductors used in photocatalysis, e.g.: CdS 4) and does not react with 

cementitious phases. 

Although the use of photocatalytic cement (common designation for the solid mixture 

cement – photocatalyst) is still restricted and limited compared to ordinary cement, many 

buildings and city roads have been designed and constructed since 2000 using concrete 

and paving blocks containing TiO2. Relevant examples are: Church “Dives in 

Misericordia”, Rome, ITALY; Music and Arts City Hall, Chambéry, FRANCE; Police 

Central Station, Bordeaux, FRANCE; Air France Building, Roissy – Charles de Gaulle 

Airport, FRANCE; Saint John’s Court, Montacarlo, MONACO; several city side walks 

and roads in Italy and a parking area in Antwerp, BELGIUM 7. 

The application of TiO2 photocatalysis to concrete aims to achieve two main goals, the 

self-cleaning effect discussed above (in particular for structure based on white cement 

concrete) and the depolluting effect due to the oxidation of nitrogen oxides (NOx) in the 
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atmosphere to NO3
-, especially in street canyons (deep, narrow, valley-like space above a 

street in a city, created by tall buildings on both sides) where NOx concentrations can be 

considerable due to combustion engine exhausts. Scientific tests carried out on these 

structures highlighted the high level of aesthetic durability achieved and the impact on air 

pollutants when TiO2 is present. Figure 1.2 shows the Music and Arts City Hall in 

Chambéry, FRANCE, where the different sampling points are indicated. After 30 months 

the level of brilliance of the façade is well maintained and no significant variation 

compared to the initial values are observed. 

 

Figure 1.2 – Variation of the luminosity (or brilliance) of the building facade over time. 

The absence of significant drops in the brilliance trends is taken as an indication of the 

self-cleaning effect promoted by TiO2 in the cementitious structure. 
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Figure 1.3 shows the average level of nitrogen oxides over a period of nine months in 

proximity of a sidewalk/parking area rebuilt using Italcementi’s photocatalytic cement 

TX Active Aria ™ compared to a similar area made out of ordinary asphalt 7. 

 

Figure 1.3 – Effect of photocatalytic cement TX Active on nitrogen oxides content in the 

air around the sidewalk and parking area in Segrate, ITALY (picture above the graph) 7. 

The graph shows the average content of NOx before the renovation of the area with TX 

Active cement and after. Both the values, before and after, are the average estimations of 

9 months of constant monitoring. 

 

 

 

 



 11 

1.2.  Semiconductor photocatalysis 

1.2.1.  Theory of semiconductor materials 1: fundamentals of band 

formation 

The electronic structure of a crystal lattice can be derived through two different 

theoretical approaches. The first one, mainly used by physicists, implies the development 

of electronic wavefunctions which satisfy the periodic properties of the crystal followed 

by a suitable modification in order to fulfil the characteristics of the interatomic bonding. 

The second approach, widely used in chemistry, implies a molecular orbital description 

for the intermolecular bonding in the unit cell as a starting point. Subsequently symmetry 

conditions are sought to extend the wavefunctions to the entire crystal. This approach is 

used here to describe the electronic properties of semiconductor materials 20. 

Energy and wavefunctions for two hydrogenic 1s orbitals in an isolated A1-A2 

homonuclear diatomic molecule represent the simplest case which can be extended to 

more complex crystalline structures and with different types of orbitals (p, d, etc..). At an 

infinite distance the two atoms have an equal energy identified as Eg, ground state 

energy, and their Schrödinger equations (as eigenfunction equations): 

111 gEH   (1.7) 

222 gEH   (1.8) 

can be solved analytically to obtained the radial 1s wavefunctions 1 and 2, here simply 

indicated with 1  and 2  respectively, relative to the eigenvalue Eg 20-22. The parameter 

H1 and H2 are the Hamiltonian operators for the two atoms: 

V
m
hH  2

2
 (1.9) 

2

2


m
h

 accounts for the kinetic energy while V the potential one 20-22. 
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At the bond distance (formation of molecule), the Schrödinger equation is no longer 

analytically soluble (two electrons system) and an approximate solution has to be found. 

The most accepted method is the linear combination of atomic orbital, often referred to as 

LCAO. The ground state for the molecule A1-A2, , solution of the new Schrödinger 

equation: 

 EH  (1.10) 

is obtained as: 

21 21 cc   (1.11) 

where c1 and c2 are combinatorial constants to be calculated 20-22. 1  and 2  are 

assumed to be orthonormal so that 20-22: 

01221 1
*
22

*
1     (1.12) 

and 

12211 2
*
21

*
1     (1.13) 

This orthonormality is a pure mathematical artefacts which in reality cannot be true when 

the 1s orbitals get closer and start overlapping each other. It is generally known as Hückel 

approximation and introduced to simplify the problem, indeed the generic qualitative 

features of the molecular bond survive this assumption 20-22. A more general and precise 

solution can be derived without the Hückel approximation. 1221   are also known 

as overlap integrals 20-22. 

Replacing  in the molecular orbital (MO) Schrödinger equation according to Equation 

1.11 and multiplying both members for the atomic 1s ground states 1  and 2  

alternatively, a set of two linearly independent equations is obtained 20: 

   211211 2121 ccEccH   (1.14) 

   212212 2121 ccEccH   (1.15) 
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The matrix product between atomic ground states and the Hamiltonians at the first 

member of each equation generates 2x2 Hamiltonian matrixes indicated as Hij as follow 
20: 

 211 21122111 ccEHcHc   (1.16) 

 212 21222211 ccEHcHc   (1.17) 

Applying now the Hückel approximation, the equations are reduced to: 

EcHcHc 1122111   (1.18) 

EcHcHc 2222211   (1.19) 

The H11 and H22 Hamiltonians (“on-site Hamiltonians”) represent the energy related to 

electrostatic interaction between the two atoms. This is Eg with an additional contribution 

due to the presence of the second atom at a distance ≠  and usually indicated as E0
 20-22. 

The H12 and H21 Hamiltonians represent the energy released once the bond is formed, so, 

if the electrostatic repulsive energy is assumed positive, this term is negative. 

Hamiltonians are hermitian matrixes which implies H12 = H21
*. Nevertheless, 1s orbitals 

are real and not complex (spherical symmetry), so H12 = H21. This energetic contribution 

is usually indicated as 20-22. Rewriting now the system of equations in matrix form 

where c1 and c2 are the unknowns: 

 
 EE

EE




0

0




 (1.20) 

Equations 1.20 in their matrix form are known as secular equations and, to obtain not 

trivial solutions for the coefficients c1 and c2, the matrix has to be singular (determinant 

equal to zero) 20-22. This lead to the following Equation 1.21: 

022 22
0

2
0  EEEE  (1.21) 

Having as solutions (for E): 

 0EEa  (1.22) 
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and 

 0EEb  (1.23) 

The normalised MO wavefunctions corresponding to the eigenvalues Ea and Eb are 

respectively: 

 21
2

1
a  (1.24) 

 21
2

1
b  (1.25) 

with an energy gap equal to 220-22. The two new molecular orbitals are called  

(bonding, lower energy) and * (antibonding, higher energy) with analogy to the starting 

s atomic orbitals (p atomic orbitals become  molecular orbital and so on). The bonding 

and antibonding states for the homonuclear diatomic molecule are shown in Figure 1.4. 

 

Figure 1.4 – Bonding and antibonding states for a generic homonuclear diatomic 

molecule A – A 20. 

The MO bonding state carries the same sign all over the space where it is confined whilst 

the MO antibonding state has a node centred in between the two nuclei. For heteronuclear 

diatomic molecules, the bonding wavefunction has always one sign but different electron 

densities around the nuclei and the node in the antibonding state is shifted according to 

this different electron density, see Figure 1.5. 
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Figure 1.5 – Bonding and antibonding states for a generic heteronuclear diatomic 

molecule A – B 20. 

The extension of the LCAO to the case of n atoms forming a crystal lattice and 

overlapping each other in the formation of the chemical bonds, leads to the presence of n 

MOs. The energy gap between two adjacent molecular states becomes smaller and 

smaller with the increase of the number of overlapped atoms until forming a continuous 

of energy states for n very high. This continuous of energy state is usually referred to as 

band 20-22. Solving the Schrödinger equation considering that an atom in the crystal lattice 

interacts only with its immediate surroundings leads to energy gap between the most 

stable MO and the most unstable MO in the band equals to 420-22. It has been proved 

that  is the same as in the diatomic example; therefore it can be seen as the interatomic 

potential of nearest neighbours in the lattice. The limit value of 4 for  is known 

as bandwidth 20-22. The situation for an n atoms crystal lattice is pictured in Figure 1.6, 

showing the band formation. 

 

 

1.2.2.  Theory of semiconductor materials 2: band diagrams and excitations 

in semiconductors 

In the previous section the band formation by n atomic orbitals overlapping has been 

described. The following step is to study the features of the band structure of a crystal 

lattice. 
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Figure 1.6 – Schematic diagram of band formation as overlap of AOs in continuous 

arrays of MOs 4. 

A crystal is a solid structure constituted by a periodical repetition of an elementary basis. 

Mathematically it can be described as follows, with  A1 being a single element of the 

crystal lattice (analogously to the A1-A2 diatomic molecule in the previous paragraph) in 

equilibrium and with coordinates zyx uuur zyx   in a given reference system. All 

the elements in the crystal lattice showing the same chemical and physical environment 

as the element A1 can be expressed as 20-22: 

321 aaarr' 321 mmm   (1.26) 

m1, m2 and m3 are integer values whilst vectors a1, a2 and a3 are the so called non-

coplanar vectors and specific for the given crystal. They are generators of the crystal unit 

cell and periods of the Bravais lattice 20-22. 

According to LCAO method a molecular orbital is a combination of atomic orbitals 

(section 1.2.1), which, for an infinite number of atoms in a structure, means an infinite 

repeating combination of atomic orbitals. In a periodical crystal lattice as defined in 

Equation 1.26, this infinite number of AOs combining with each other to generate MOs 

can be expressed taking into account a single atomic orbital and specifying its periodicity. 

For example, if in the crystal lattice n 1s orbitals combine to generate n  MOs, the same 
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combination can be achieved, instead of considering n 1s orbitals, by considering a single 

1s orbital and its periodicity expressed by the function 20-22: 

 krkrk kr sincos11 iei   (1.27) 

where, according to the matrix notation used in section 1.2.1, )(rk k  and 

)(1 1 r . A more general expression (Equation 1.27 is indeed referred to 1s orbitals 

only) is: 

krk ien 1,  (1.28) 

where n is a quantum number (defined further on). The functions 1.28 form a complete 

orthonormal basis, indeed 20-22:  

k'k,k'k  ',,', nnnn   (1.29) 

1
k

kk
n

nn  (1.30) 

Wavefunctions like Equation 1.28 are solutions of the Schrödinger equations for the 

atoms in the crystal when the potential V(r) in the Hamiltonian has the periodicity of the 

lattice and known as Bloch functions 20-22. The quantum number 

zyx uuuk zyx kkk   is a vector defining a translated space usually referred to as k-

space or reciprocal lattice space 20-22. The crystal unit cell in the reciprocal space 

(obviously translated compared to the original Bravais unit cell) is called a Brillouin zone 

(or first Brillouin zone or central Brillouin zone) 20-22. The Brillouin zone is defined as a 

region in the k-space where the Bloch functions are completely characterised. It 

represents the analogy of the Bravais unit cell in the domain of the Bloch functions or, 

more precisely, it is defined to be the Wigner-Seitz primitive cell of the reciprocal lattice. 

In other words, from a geometrical and symmetrical perspective a crystal can be 

considered as infinite repetition of its single Bravais unit cell. From a wavefunction 

(Bloch functions) perspective a crystal can be considered as infinite repetition of its 

single Brillouin zone (or Wigner-Seitz primitive cell of the reciprocal lattice). Figure 1.7 
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shows the Bravais cell and the first Brillouin zone for the body-centred cubic lattice of 

silicon. 

 

Figure 1.7 – Bravais cell and first Brillouin zone for the body-centred cubic lattice of 

silicon. 

Second, third and higher orders Brillouin zones also exist. In the reciprocal lattice space 

the first Brillouin zone is the set of points reachable from the origin, k = 0 (symmetry 

point ), without crossing any Bragg plane. The second one is the set of points reachable 

crossing just one Bragg plane and so on. In general, the n Brillouin zone is the set points 

reachable from the origin and crossing (n-1) Bragg planes. Table 1.5 shows the first, 

second and third Brillouin zones for simple cubic, body-centred cubic and face-centred 

cubic systems. 

The Schrödinger equation exhibits a discrete set of solutions for each single value of k in 

the Brillouin zone, so, solving it over the entire domain of k (i.e. the entire Brillouin 

zone), permitted energy bands, forbidden energy bands and relative band gaps are 

globally defined. The quantum number n of the Bloch functions represents the band index 

and it unambiguously defines a single band 20-22. Thus, for a given n (i.e. a given band) 

the eigenvalue En,k (energy of the band) can be plotted versus k and an overall diagram 

showing the energy of all the bands in the crystal obtained. Figures 1.8 and 1.9 show the 

bulk central bands of the Si crystal (Bravais bcc; Brillouin fcc) and GaAs crystal (Bravais 
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bcc; Brillouin fcc) in the k domain with the main symmetry points L,  (centre of the 

Brillouin zone) and X highlighted (calculations performed using the Java routine 

Bandstructure Lab 23). 

Table 1.5 – First, second and third Brillouin zones for simple cubic, body-centred cubic 

and face-centred cubic systems. 

Bravais 

lattice 

Reciprocal 

lattice 
1st Brillouin zone 2nd Brillouin zone 3rd Brillouin zone 

sc sc 

   

bcc fcc 

   

fcc bcc 

   

 

E – k diagrams show the permitted energy bands of the solid crystal structure. At T = 0 

K, the highest energy permitted band filled with electrons is conventionally called 

valence bands 20-22. The permitted empty band found at positive energies immediately 

above the valence band is conventionally called conduction or conductance band 20-22. 

Clearly, like the case of atomic and molecular orbitals, when referring to band filled with 

electrons, we do not intend that electrons physically occupy the band. We denote a 

Bloch’s wavefunction (i.e. the band) which describes the state of electrons with that 
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particular energy. The valence band contains the electrons that form the bond (usually 

covalent) between the atoms in the crystal. The bands lying below the valence band 

contains the inner electrons that do not participate in the bonds in the crystals. They are 

usually referred to as sub-valence bands (VB3, VB4, VB5, VB6 in Figures 1.8 and 1.9). 

Similarly, all the bands lying at energies higher than the conductance band can be 

referred to as sub-conductance bands. 

The energy gap between valence and conductance band is known as band gap and it is a 

characteristic of the crystal lattice. Generally in solid state physics, the band gap is the 

parameter used to classify solid crystals in semiconductors, conductors or insulators 20-22. 

Conventionally if the band gap is < 0, i.e. valence band and conductance band overlap, or 

<< 1eV, the crystal is a conductor; if the band gap is >> 3 eV, the crystal is considered as 

an insulator, crystals with band gap lying between these two limit values are referred to 

as semiconductors. 

 

Figure 1.8 – Electronic band structure of Si (bulk central bands). 
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1.2.2.1. Thermal excitations in semiconductors: charge carriers, Fermi – Dirac 

distribution and Fermi levels 

In intrinsic semiconductors (no impurities in the crystal lattice) at temperature higher 

than 0 K, some electrons in the valence band may have enough thermal energy to 

overcome the energy gap between valence and conductance band and jump into the latter 
20-22. This phenomenon leads to the formation of new electron states. A vacant electron 

state in the valence band is commonly known as hole, while the new generated electron 

state in the conductance band known as free electron (electric and thermal conductivities 

of crystal lattices depend on the mobility of the free electrons in the conductance band) 20-

22. Holes and free electrons are usually denoted as charge carriers. 

 

Figure 1.9 – Electronic band structure of GaAs (bulk central bands). 

The mobile free electrons in the conductance band can easily recombine with the positive 

holes during their random motion. The thermal generation of the electron – hole pairs and 

the subsequent recombination is a continuous dynamic process that, at T > 0 K, is 

temperature dependent 20-22. Electrons are fermions (particle with half integer spin), 

therefore at a given temperature T, the Fermi – Dirac distribution can be used to describe 
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the electronic population between valence and conductance bands, Figure 1.10. The 

probability of occupying an energy state E, is described by the function in Equation 1.31: 

     1/exp
1




TkEE
Ef

BF
n  (1.31) 

where kB is the Boltzmann constant, T the temperature and EF, referred to as the Fermi 

level, the energy level at which the probability of finding an electron is 0.5. At a given 

temperature T and for equal effective masses for free electrons and holes me* = mh*, the 

Fermi level lies exactly in the middle between the valence band and the conductance 

band 20-22. 

 

Figure 1.10 – Temperature dependent Fermi – Dirac distribution. 

 

1.2.2.2. Optical excitations in semiconductors 

In the previous section we analysed the thermal equilibrium between free electrons and 

positive holes in semiconductor bands a t temperature > 0 K. However thermal transitions 

are not the only possible excitation mechanism that semiconductors undergo. Incident 

photons (light) with energy equal (or higher) than the semiconductor band gap, can 

promote transitions of electrons from the valence band to the conductance band 20-22. This 

process is often referred to as optical absorption to distinguish it from the thermal 

absorption outlined previously. Direct interband absorption of a photon h occurs at all 

point in the Brillouin zone for which energy is conserved (Equation 1.32) 22: 
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   kk vch    (1.32) 

where h is the Plank constant,  the frequency of the incident light,  kc  the energy of 

the conductance band and  kv  the energy of the valence band. 

Optical absorption phenomena are mathematically described through an absorption 

coefficient  determined by optical spectroscopy through the Equation 1.33 21: 

   
 dR

dR
I
I




2exp1
exp1

2

2

0 


  (1.33) 

where I0 is the intensity of the incident light, I the intensity of the transmitted light, R the 

reflectivity and d the thickness of the material. 

Optical absorption phenomena in semiconductors are the fundamental initial step in all 

photocatalytic processes since the activation of the photocatalyst occurs exactly through 

promotion of electrons from the valence band to the conductance band by photon 

absorption. 

 

1.2.2.3. Direct gap and indirect gap semiconductors 

The symmetry of the band structure of a crystal lattice defines whether or not optical 

absorption phenomena occurring in a semiconductor material are direct or indirect. 

Consequently to the absorption of a photon and relative electron transition from the 

valence band to the conductance band, both energy and electron momentum kh  must be 

conserved. Energy conservation has been already discussed in Equation 1.32 whilst 

momentum conservation depends on the symmetry of the band structure 20-22. For 

semiconductor like GaAs (Figure 1.9), the maximum of the valence band and the 

minimum of the conductance band occur at the same value of the wavevector k, therefore 

k = 0 and the momentum is conserved. Electron transitions are direct and the 

semiconductor indicated as direct gap semiconductor 20-22. When the maximum of the 

valence band and the minimum of the conductance band lay at different values of the 

wavevector k like in the case of Si (Figure 1.8), k associated with the electron transition 
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is ≠ 0. Direct transitions between these two points are therefore forbidden since the 

momentum cannot be conserved. In such semiconductors, indicated as indirect gap 

semiconductors, only indirect transitions can occur, where the participation of an extra 

particle, specifically a phonon, allows the momentum to be conserved 20-22. Phonons are 

the quanta of crystal lattice vibrational energy, i.e. the elementary energy unit carriers 

associated with the quantized modes of lattice vibration of a periodic, elastic crystal 

structure 21. In other words they are the relative of photons for the crystal lattice 

vibrational energy. The fact that in indirect gap semiconductors the electronic transition 

involves the participation of a phonon together with a photon, means that vibrations of 

the crystal structure is necessary for the electron transition to occur. Schematic diagrams 

of direct and indirect transitions are pictured in Figure 1.11 20-22. 

 

Figure 1.11 – Optical transitions in direct and indirect semiconductors 

(: photon frequency; : phonon frequency). 

 

 

1.2.3.  TiO2 colloidal semiconductors 

After having analysed the basic quantum mechanics associated with solid 

semiconductors, their band structure, charge carriers and optical excitations, we can now 



 25 

focus on a single semiconductor, i.e. titanium dioxide which is the main subject of this 

PhD project. 

TiO2 is a white, highly stable and unreactive metal oxide, present in nature in three 

different polymorphs: anatase, rutile and brookite. Unlike brookite which is not 

commonly used, rutile and anatase have been used since the 1920’s in many different 

industrial fields as white pigments due to their high pigmentation power and high 

stability. In the food industry TiO2 is also widely used as a colorant (particles are usually 

coated with thin films of SiO2) and classified as E171. The anatase polymorph is largely 

employed in photocatalysis because it is the most photoactive amongst the three 

polymorphs 15, 24. When used in photocatalysis, TiO2 is usually in the form of small 

particles with primary particle size (crystallite size) ranging from a few nanometres to 

one or two hundred nanometres. These colloidal particles are usually used in slurry 

systems 3, 15, 25, 26, anchored to solid supports 15, 19, 27-31, used to generate thin films 6, 15, 32-

34 or deposited on conductive supports for the preparation of electrodes used in 

photoelectrocatalysis 2, 15, 24, 35. More recently new photocatalytic systems have been 

published where TiO2 is in form of nanotubes 36. 

TiO2 is an indirect semiconductor with a band gap of about 3.0 eV 24, 28, 37, 38 in the case 

of rutile, 3.2 eV 24, 28, 37, 38 in the case of anatase and 3.1 eV in the case of brookite 39. This 

means that all the three polymorphs are optically excited by electromagnetic waves in the 

region of the near UV. Although these are the experimental band gaps derived measuring 

the absorption edge of the three polymorphs using spectroscopic methods, calculation 

showed that all of the three polymorphs might show direct transitions too 40 with band 

gaps respectively of: 1.78 eV for rutile, 2.22 eV for anatase and 2.20 eV for brookite. 

These direct gaps are all referred to a  –  transition. 

Rutile and anatase are both tetragonal and their unit cells contain six and twelve atoms 

respectively. Ti atoms are coordinated to six O atoms forming TiO6 octahedra. The 

octahedra are distorted compared to the regular geometrical structure and in the case of 

anatase the distortion is greater than the case of rutile. In rutile octahedra share two edges 

whilst in anatase four. Brookite is structurally different to rutile and anatase. The unit cell 

is not tetragonal but orthorhombic and the TiO6 octahedra share a total of three edges. 
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Figure 1.12 shows the bulk band structure of rutile, anatase and brookite together with 

their relative Bravais unit cell and octahedra chains 40. Table 1.6 groups the crystal 

structure data for all the three polymorphs 40. 

 

Figure 1.12 – TiO2 bulk band structure diagrams and Bravais unit cells (ref): (a) rutile; 

(b) anatase; (c) brookite. 
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Table 1.6 – TiO2 crystal structure data. 

Parameter Rutile Anatase Brookite 

Crystal structure tetragonal tetragonal Orthorhombic 

Lattice constants (Å) a = 4.5936 a = 3.784 a = 9.184 

 c = 2.9587 c = 9.515 b = 5.447 

   c = 5.145 

Space group P42/mnm I41/amd Pbca 

Molecule / cell 2 4 8 

Volume / molecule (Å) 31.2160 34.061 32.172 

Density (g/cm3) 4.13 3.79 3.99 

Ti – O bond length (Å) 1.949(4) 1.937(4) 1.87~2.04 

 1.980(2) 1.965(2)  

O – Ti – O bond angle (°) 81.2 77.7 77.0~105 

 90.0 92.6  

 

 

1.2.4.  Preparation of TiO2 photocatalysts 

Colloidal TiO2 particles can be synthesised in several different ways. The final properties 

of the colloidal TiO2 extremely depends on the synthetic pathway adopted and the 

conditions used during the synthesis like temperature, pressure, pH, gas atmosphere in 

which particles are synthesised, complexing agents and other additional chemical species 

present during the synthesis, etc… The great majority of the TiO2 synthetic routes are 

hydrolytic processes in which a Ti – based compound is hydrolised in controlled pH 

conditions that usually depend on the starting raw material used. Typical feedstocks are: 

Ti – based organometallic compounds (like titanium tetra-n-butoxide, Ti(n-C4H9O)4 and 

titanium tetra-iso-propoxide, Ti(i-C3H7O)4), titanium tetrachloride, TiCl4 and  titanium 
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sulphate, TiO2+ SO42–. Whilst the hydrolysis of Ti – based organometallics is a synthetic 

route widely used in laboratory and for small scale productions, the processes based upon 

TiCl4 and TiO2+ SO42– account for the nearly totality of TiO2 industrially produced. 

In this PhD project the two TiO2 samples studied are commercially available products 

manufactured according to the sulphate route. For this reason we focus our attention on 

the main stages and relative details of the sulphate industrial process and direct the reader 

to appropriate literature for detailed discussions about the other synthetic route and 

processes 41-45. 

Figure 1.13 shows a typical operative flow chart of the industrial sulphate process where 

ilmenite, a mineral containing about 97 – 98 % of FeTiO3 46-48, or enriched titanium slags 

may be used as titanium feedstocks to generate titanium sulphate which undergoes 

hydrolysis 42. 

The overall process can be summarised by the following reaction series (considering for 

instance ilmenite as starting feedstock): 

O2H  FeSO  TiOSO  SO2H  FeTiO 244423   (1.34) 

  422224 SOH  OnHTiO  OH1n  TiOSO   OH  (1.35) 

OnH  TiOOnHTiO 2222    (1.36) 

Representing respectively: 

i. digestion of the feedstock, i.e. TiOSO4 formation, Equation 1.34; 

ii. hydrolysis of titanium sulphate, i.e. hydrated TiO2 precipitation, Equation 1.35; 

iii. calcination, Equation 1.36. 

A further surface treatment, involving coating with inorganics (silica is one of the 

common coatings) and/or addition of organics, is often present when TiO2 is used as a 

pigment. Samples designated for photocatalysis are not usually treated after calcination. 

Particle size and polymorphism are controlled by three crucial steps in the process: 

i. size and type of growth nuclei; 

ii. precalcination additives; 
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iii. calcination (temperature and residence time). 

Hydrolysis of titanium sulphate produces anatase polymorphs (most stable polymorph at 

low temperature). The nature of the growth nuclei (anatase or rutile) added during 

precipitation drives phase transitions during calcination and determines, together with 

calcination temperature and residence time in the rotary kiln, whether or not the final 

product will be anatase, rutile or a mix of both the polymorphs. Indeed as already stated 

in the previous section, anatase is the most thermodynamically stable polymorph at low 

temperature and above 550 – 600 °C it tends to transform into rutile 49, 50. Residence time 

in the rotary kiln can be adjusted (mainly at very high temperature) to control crystal 

growth. The higher the residence time the higher the probability to sinter small particles 

into bigger crystallites reducing their specific surface area. Precalcination additives 

however are often added when big crystallites are needed (> 100 nm). They can be 

various metal or not metal oxides and control and modulate crystal growth very 

efficiently, promoting the formation of very big crystallites. During calcination, species 

introduced with the precalciners may migrate to the surface and modify the surface 

properties of the final product. 

 

Figure 1.13 – Sulphate process operative flow chart 42. 
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1.2.5.  Surface chemistry in TiO2 photocatalysis 

The great majority of the studies dealing with TiO2 surface chemistry refers to specific 

surfaces 51, 52, usually (110) for rutile and (101) for anatase, i.e. the most stable surfaces 

that these two polymorphs exhibit. In this section however, we adopt a less specific 

approach and try to offer an overall picture of the surface characteristics of colloidal 

titania particles. 

Unless specifically treated in vacuum and/or high temperature, TiO2 surfaces are highly 

hydroxylated 2, 15, 51-53 resulting in amphoteric titanol groups, Ti – OH, present at the 

surface. Water on TiO2 surfaces mainly chemisorbs on oxygen vacancies (VO) (usually 

crystal defects), as reported by Trimboli et al. 53, Henderson et al. 54, 55, Liu et al. 56, as 

extensively discussed in the review by Fu et al. 57 and confirmed by ab initio density-

functional theory (DFT) calculations by Iacomino et al. 58. Ti atoms occupy centres of 

octahedra and coordinate six oxygen atoms. Surface oxygen vacancies lead to five – 

coordinated titanium atoms able to bind the oxygen of water molecules (Equation 1.37). 

One of the two hydrogen atoms may form a hydrogen bond with a neighbour bridging 

oxygen 53, 55, 57 eventually leading to terminal and bridging OH groups (Equation 1.38). 

Ti V0     + OH2 O
H

H
Ti

 (1.37) 

O
H

H
Ti + O

Ti

Ti
O

Ti

TiO H

Ti

H

O

Ti

H

+ O
TiTi

H

 (1.38) 

Water can also undergoes dissociative chemisorption and generate directly terminal OH 

groups 53, 55, 57. Figure 1.14 (rutile (110) surface) shows some experimental evidence of 

oxygen vacancies, bridging OH groups and water molecule over a fivefold coordinated Ti 

atom 51. Similarly Figure 1.15 shows oxygen vacancies on anatase (101) 51. 

Electrokinetic properties of TiO2 depend heavily on the surface hydroxylation. In 

aqueous suspensions (hydroxylated surfaces) and in the presence of indifferent 

electrolytes only (i.e. very low polarising ions which do not undergo specific adsorption 

on the solid particles in suspension), titania exhibits an electrokinetic potential (-

potential) that is shown in Figure 1.16. 
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Figure 1.14 – Ball and stick models of rutile (110) and corresponding simulated STM 

images for: (a) vacancy-free surface, (b) bridging oxygen vacancy, (c) bridging OH group 

and (d) H2O molecule on top of a 5 – coordinate Ti atom 51. 

 

Figure 1.15 – STM image of oxygen vacancies on anatase (101) 51. 
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This is the electric potential at the shear plane of the electrical interfacial layer model 59 

(development of the Gouy – Chapman’s electrical double layer model 60) and defines the 

mobility of the colloidal particles in an electric field as well as agglomeration phenomena 

if only indifferent electrolytes are present in the solution (DLVO or middle field theory 61, 

62). The iso-electric point (IEP, pH at which the electrokinetic potential is zero) 

commonly lies in the range 6 – 7. At pH lower than the IEP colloidal TiO2 particles form 

stable suspension since their net positive charge prevents agglomeration phenomena. 

Similar observations may be made for pH higher than the IEP where the particles show a 

net negative charge. At the IEP TiO2 colloidal particles show a net zero charge at the 

shear plane: agglomeration of particles occurs (no repulsion forces due to same shear 

plane charges) and, if an electric field is applied to the suspension, they migrate neither 

towards the positive electrode nor the negative one. 

 

Figure 1.16 – TiO2 -potential (suspension in indifferent electrolytes solution) 25. 

The size of the particle agglomerates is known as secondary particle size, to differentiate 

it from the crystallite size commonly referred to as primary particle size. These two 

parameters defines the available surface area of the colloidal TiO2, therefore they directly 

influence the adsorption of reactants on the particle surface, i.e. the first step of every 

TiO2 photocatalytic reaction (heterogeneous catalysis). In slurry phases at pH far from the 

IEP and in absence of flocculating ions (usually divalent and trivalent ions), the specific 

surface area determined by the primary particle size is usually the actual available surface 

area for any molecule to be adsorbed. In the slurry phase at the IEP or in the presence of 
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non indifferent electrolytes (presence of highly attractive ion – ion correlation forces 63-66 

between particles) as well as in the case of TiO2 supported to solid materials, the 

available surface area shown by TiO2 particle may be much less than the specific surface 

area. Due to particle agglomeration, complex porous frameworks are formed. If adsorbed 

molecules have sizes comparable to the interparticle pores, their diffusion in the porous 

network might be obstructed with the result of a loss of surface area for adsorption. In 

such cases, the secondary particle size might prevail over the primary particle size in 

defining the available area for adsorption which might likely be due to the exposed area 

of the particle agglomerates. The area and shape of the agglomerates is a parameter that 

in many circumstances is extremely difficult to measure experimentally. The case of TiO2 

supported in cement or similar ceramic materials is a typical case. Van Damme in 67 

proposed the application of fractal geometry to theoretically analyse the geometrical 

features of particle agglomerate in the case of supported TiO2. Rondet et al. 68 used the 

same approach to model the agglomeration of kaolin and concluded that the agglomerate 

growth process follows fractal geometry laws. Figure 1.17 shows a typical particle 

agglomerate profile modelled by a Koch’s snowflake algorithm where the influence of 

the primary particle size on the overall profile shape is highlighted. 

 

Figure 1.17 – Particle agglomerate profile modelled by the Koch’s fractal curve. 
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Primary particle size can influence agglomeration phenomena too. Abbas et al. showed 

for a fixed electrolyte concentration that according to the corrected Debye-Hückel theory 

of surface complexation, the smaller the particles, the higher their surface charge density 

due to an improved screening efficiency of the counter- ions (see the electrical interfacial 

layer model 59) as the particle surface becomes increasingly curved 69. This effect, 

confirmed by Monte-Carlo simulations, is extremely enhanced below a particle diameter 

of 10 nm. Since the attractive ion – ion correlation forces introduced before when non 

indifferent electrolytes are present in the system are expected at high surface charge 

densities 65, it is clear that in these conditions the smaller the primary particle size, the 

higher the degree of agglomeration. 

Finally, TiO2 electrokinetics does not only influence surface adsorption through 

agglomeration/dispersion. The charge on particles, when the pH of the medium is far 

from the IEP, promotes adsorption phenomena if molecules and ions possess opposite 

charges than the solid surface but inhibits adsorption if adsorbates are characterised by 

the same charge as the solid. An interesting example of this is provided by Chen et al. 25 

for the different adsorption modes of rhodamine B (RhB) on TiO2 particles in slurry 

systems at different pHs (Figure 1.18). For pHs higher than the RhB pKa (3.7 according 

to Woislawski 70) but below the TiO2 IEP (i.e. positive TiO2 surface, Figure 1.16), the 

molecule is adsorbed through the negatively charged carboxylic group. For pHs higher 

than the IEP, the TiO2 surface becomes negative and the RhB is adsorbed through the 

positive charge delocalised across the aromatic ring structure in between the two amino 

groups. 

 

Figure 1.18 – Adsorption modes of rhodamine B on charged TiO2 surfaces. 
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1.2.6.  Thermodynamics and kinetics in TiO2 Photocatalysis 

1.2.6.1. Thermodynamics 

In section 1.2.2 we have already seen that the first step of every semiconductor sensitised 

photoreactions is the photoactivation of the semiconductor photocatalyst through optical 

excitations. When the optical transition occurs, valence band positive holes and 

conductance band free electrons are generated in the TiO2 band structure. In 

photocatalysis this is commonly sketched out by the diagram in Figure 1.19. 

 

Figure 1.19 – TiO2 sensitised photoreaction. 

The species indicated as A and D represent an electron acceptor and a positive hole 

scavenger respectively. From a great number of experimental evidences 2, 4, 15, 24, it is 

known that rarely organics and inorganics react directly with positive holes and free 

electrons, but the oxidation reactions they undergo on photoactivated TiO2 surfaces are 

mainly driven by highly oxidative species like hydroxyl radicals, ·OH, superoxides, O2·–, 

peroxides, HO2
–, etc…, all generated by initial interaction of oxygen with conductance 

band electrons and water and/or surface OH groups with valence band positive holes. 

Equations 1.39 – 1.46 show the reaction network involving O2 and H2O 71. 

  H33HOh3O3H2  (1.39) 

  22 2O22O e  (1.40) 

  22 HOHO  (1.41) 
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  22 HOHO e  (1.42) 

222 OHHHO    (1.43) 

2222 OHOOHOHO    (1.44) 

OHOHH 2   (1.45) 

which correspond to the overall reaction: 

 HOOOH 2
2
1

22  (1.46) 

Figure 1.20 shows the redox potentials of positive holes and free electrons for the two 

polymorphs rutile and anatase together with the main redox equilibria of O2 and H2O at 

three different pHs. 
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Figure 1.20 – Redox potentials of rutile and anatase conductance band electrons and 

valence band positive holes compared to redox potentials of O2 and H2O equilibria. 

Whatever the actual mechanism of reaction and relative species involved, a generic 

photocatalytic process can be represented through Equation 1.47 4: 

   DADA semicond  ,h  (1.47) 
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where h, the energy of the incident light, must be equal or higher than the 

semiconductor band gap. To catalyse reactions like 1.47, the redox potential of valence 

band holes must be higher than the half-cell D+/D and the redox potential of the 

conductance band electrons lower than the half-cell A/A–. If, in the absence of light and 

photocatalyst, the variation of the standard free Gibbs energy, G°, associated with the 

reaction in Equation 1.47 is positive, the process is referred to as photosynthesis; on the 

other hand, if G° is negative, we refer to proper photocatalysis 4. Table 1.7 4 shows 

specific examples for Equation 1.47. 

Although the term photocatalysis is now a common and universally accepted term to 

refer to such photochemical processes, questions have been raised as to whether or not it 

is appropriate. Photocatalysis would indeed suggest that light is acting as a catalyst, 

whilst light is actually a reactant consumed in the overall reaction like any other. In this 

respect the term photosensitisation is much more appropriate, indicating a process where 

a photochemical alteration occurs in one or more chemical species as a result of the initial 

light absorption by another species called photosensitizer 2, 4. Such a definition also 

allows the discrimination between two distinct mechanisms that can occur: sensitised 

photoreaction and catalysed photoreaction 2, 4. Sensitised photoreactions are the ones 

described so far in this section and sketched in (Figure 1.19). Catalysed photoreactions on 

the other hand, often occur when the incident light photons have energy lower than the 

semiconductor band gap but enough to promote electronic transitions between HOMO 

(Highest Occupied Molecular Orbital) and LUMO (Lowest Unoccupied Molecular 

Orbital) of a suitable adsorbed molecule (Figure 1.21). Electrons are further injected from 

the LUMO of the adsorbed molecule to the conductance band of the semiconductor, 

where they can react with the electron acceptor species like O2 and produce oxygen-based 

oxidative species like superoxides and peroxides. A typical example of such a process is 

the famous Grätzel cell 33 where dye molecules are degraded on TiO2 films using visible 

light. Visible light is indeed not energetic enough to photoactivate TiO2 but energetic 

enough to excite the dye molecule as shown in Figure 1.21 and starts its own 

mineralisation. In the particular case of dyes the catalysed photoreaction is often referred 

to as dye sensitised photoreaction 25, 28, 33. 
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Table 1.7 – TiO2 – sensitised photosynthetic and photocatalytic processes 4. 

Reaction Description G° 

  kJ mol–1 

 Photosynthesis  

H2O + H2O = 2H2 + O2 Water splitting 475 

2CO2 + 4H2O = 2CH3OH + 302 Carbon dioxide reduction 1401 

2N2 + 6H20 = 4NH3 + 302 Nitrogen reduction 1355 

6CO2 + 6H20 = C6H1206 + 602 Green plant photosynthesis 2895 

 Photocatalysis  

302 + 2CH3OH = 4H20 + 2CO2 Methanol mineralisation – 1401 

2HAuCl4 + CH3OH + H20 = 2Au + 8HCl + CO2 Deposition of metals – 

6H20 + C6H12O6 = 12H2 + 6CO2 Biomass conversion – 32 

 

 

Figure 1.21 – catalysed photoreaction. 

 

1.2.6.2. Kinetics 

In the previous section we highlighted how commonly photocatalytic oxidation of 

organics and inorganics proceeds through initial interactions of oxygen and water with 

the photogenerated charge carriers in the band structure of the semiconductor TiO2 

forming oxygen-based species which ultimately oxidise the target molecule. In section 
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1.2.2 however, we also saw how the photogenerated electron – hole pairs may recombine 

re-establishing the initial ground state. For colloidal TiO2 particles the overall situation 

can be represented according to the diagram in Figure 1.22 4. 

 

Figure 1.22 – Charge carriers photogeneration and recombination. 

Volume wavefunctions representing the photogenerated electron – hole pairs have high 

probability of recombination and consequent transition to the initial ground state. Surface 

wavefunctions however are characterised by a lower probability of recombination since  

adsorbed molecules can trap the photogenerated charge carriers and undergo chemical 

reactions. The kinetics of such dynamic processes is outlined in Table 1.8 in the case of 

hydroxylated TiO2 surfaces and in the presence of oxygen. 

Interesting features about the TiO2 sensitised photoreaction primary processes can be 

observed: 

i. formation of conductance band electron can be associated with the formation of a 

Ti(III) centre; 

ii. OH groups play a fundamental role in the trapping of the photogenerated charge 

carriers; 

iii. the interfacial conductance band electron transfer (Equation 1.55) is the slowest 

between all the semiconductor charge carrier processes, therefore it is expected to 

influence the overall photocatalytic reaction rate. 
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Table 1.8 – Primary processes and associated characteristic time domains in the TiO2-

sensitized photoreactions 2. 

Primary process Equation Characteristic time 

Charge carrier generation   

 eh hTiO2   (1.48) fs (very fast) 

Charge carrier trapping   

  } OHTi  { OHTi   h IVIV  (1.49) 10 ns (fast) 

} OH{Ti  OHTi IIIIV e  (1.50) 100 ps (shallow trap, 
dynamic equilibrium) 

IIIIV Ti Ti e  (1.51) 10 ns (deep trap) 

Charge carrier recombination   

 OHTi } OHTi  { IVIV  e  (1.52) 100 ns (slow) 

OHTi } OH{Ti   h IVIII   (1.53) 10 ns (fast) 

Interfacial charge transfer   

orgox  OHTi  org} OHTi  { IVIV   (1.54) 100 ns (slow) (*) 

 2
IV

2
III OOHTi O} OH{Ti  (1.55) ms (very slow) 

 

The kinetics of the entire photocatalytic process can be described, once again, 

considering an overall reaction with no particular focus on the actual mechanism 2. For 

decades, kinetics of photocatalytic processes has been studied according to a Langmuir – 

Hinshelwood (LH) approach. For the generic reaction in Equation 1.47, the rate of 

reaction is derived through Equation 1.56: 

 DDAA

DADA
overall CKCK

CCKKkr



1

 (1.56) 
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where r is the reaction rate, koverall an overall rate kinetic constant, KA and KD the 

Langmuir adsorption constants for the reactants A and D and CA and CD the 

concentrations of the same reactants. 

The LH kinetics implies that both the reactants are first adsorbed on the TiO2 surface and 

subsequently react generating the products that eventually desorb from the surface. 

Furthermore the model assumes fast adsorption/desorption equilibrium steps and a slow 

surface step 72. In many cases however the LH conditions are only assumed since there is 

no certain evidence that all these necessary conditions are met. Recently several authors 

have started to question the applicability of LH kinetics to photocatalytc processes 72, 73, 

proposing other kinetic approaches like for instance kinetic models based upon 

Freundlich adsorption isotherms 74. 

 

1.2.6.3. Quantum Yield and Photonic Efficiency 

The rate (overall) of a photocatalytic reaction is also used to derive the overall quantum 

yield, Φoverall 2, 4:  


r

overall   (1.57) 

where r is the rate of reaction and φ the rate of absorption of radiation. The quantum yield 

is a fundamental parameter to quantify the efficiency of a given photocatalytic process. 

The term overall is used to differentiate the above mentioned quantity from the primary 

quantum yield. The primary quantum yield refers as to the number of species converted in 

a process that involves direct absorption of radiation (primary process) over the number 

of photons absorbed for that given specific process. The overall quantum yield however 

refers as to the total number of species converted via primary and secondary processes 

over the total number of photons absorbed. 

These quantities are often difficult to measure due to the difficulty in assessing the rate of 

absorption of ultra band gap photons responsible for the optical excitation 4. TiO2 

colloidal particles indeed, not only absorb light, they also scatter and transmit the incident 
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radiation too. For this reason another term is introduced, much easier to assess. It is 

usually referred to as photonic efficiency,  , and defined through Equation 1.58 4: 

0I
r

  (1.58) 

where r is again the rate of reaction and I0 the intensity of the monochromatic incident 

light. As we said above, the incident light is not 100 % absorbed but also scattered and 

transmitted. This implies that for any photocatalytic process  overall . 
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1.3.  The cement – TiO2 system 

1.3.1.  Properties and interactions 

TiO2 is usually dry mixed with cement powder before adding water for hydration. When 

cement hardens, TiO2 is present throughout the formed cement structure. TiO2 is a highly 

stable, highly inert oxide. It does not react with any cementitious phase and it is not 

involved in any hydration reaction. From a material structural point of view, it acts as 

pore filler reducing the degree of porosity with some benefits for the early stage strength. 

Although no chemical reactions involving TiO2 occur, once water is added to hydrate the 

cement powder, the newly formed chemical environment is expected to modify 

dramatically the surface chemistry and the electrokinetic properties of titania particles. 

The amphoteric titanol groups, Ti – OH, are titrated by the OH– present in the alkaline 

solution, generating a negative Ti – O– surface. The presence of multivalent cations like 

Ca2+ at high ionic activities is expected to establish strong ion – ion correlation forces 

between Ti – O– negative surfaces and Ca2+ counterions. As a result, TiO2 particles 

agglomeration is expected. This speculation is based upon experimental evidences 

obtained studying ion – ion correlation forces between SiO2 colloidal particles in highly 

coupled systems 65 and cohesion of CSH particles 64 in cement. No significant data 

however were present in the literature about TiO2 electrokinetics in cementitious systems 

with direct correlations with the surface chemical composition. During this PhD project 

we have been able to study accurately such systems and contribute to clarify the surface 

interactions between TiO2 colloidal particles and cement environment. The reader will 

find detailed discussions in the experimental section of this thesis and in Folli et al. 63. 

 

 

1.3.2.  Self-cleaning effect 

1.3.2.1. Degradation of adsorbed organics and super-hydrophilicity 

As a common phenomenon the aesthetic of ordinary buildings is gradually lost over time 

due to aging and the influence of weather. Building surfaces could for example be soiled 
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by greasy and sticky deposits, which result in a strong adherence of ambient dusts and 

atmospheric fine particles causing dirt to be built up on the surface. Restoration of the 

buildings’ aesthetic properties is therefore achieved through constant and proper 

maintenance, which often involves the use of chemicals and energy consuming methods. 

The applications of self-cleaning building materials provide an excellent solution to this 

problem. 

As a coating on flat, smooth and non porous surfaces like glass, the photoactivated TiO2 

provides self-cleaning properties by: 

i. oxidising organic molecules causing dirt and stains 2, 4, 15; 

ii. efficiently removing carbon-based residues (if organics are not completely 

mineralised) and adsorbed inorganics due to the photo-induced super-

hydrophilicity of the TiO2 surface 16, 17. 

In the case of TiO2 dispersed in cement, photocatalyst particles do not form a 

homogeneous film on the surface of the solid material. Furthermore hardened cement is a 

porous medium and real concrete or mortar surfaces are never highly smooth but rather 

rough. As a result, in the case of cement containing TiO2, the photo-induced super-

hydrophilic character of the solid surface can be significantly reduced. Self-cleaning 

properties depend almost entirely by the efficiency of oxidising organic molecules. 

Visible stains on building surface are constituted by composite materials mainly 

originated from the atmospheric aerosol pollutants. Small particles and greasy deposits 

are adhered to building surface by organic binders such as hydrocarbons and fatty acids 

[30]. Taking fatty acid molecules for example, their carboxylic groups (–COOH) enable 

them to stick on building surface via chemical binding with calcium ions present in 

concrete; on the other hand, their long chains link with other hydrophobic molecules 

perpendicularly to the surface, resulting in fatty stains which trap many atmospheric 

particles and dusts. The great redox power of the UV induced oxygen based radicals 

formed on the surface of the irradiated TiO2 photocatalyst can decompose the organic 

binders. Water and oxygen necessary to the formation of ·OH radicals are provided by the 

atmosphere whilst the UV light necessary for the TiO2 activation is the small percentage 

of UV radiation contained in sunlight that reaches the Earth surface (average solar 
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radiation composition is ≈ 48 % visible light, ≈ 44 infrared light and ≈ 7 – 8 % UV light 

filtered for more than 90 % by the ozone layer in the lower portion of the stratosphere). 

When referring to self-cleaning properties, we are referring exclusively to the surface of 

the cementitious material. Moreover, chemicals responsible for dirt and stains are usually 

very big organic molecules present in the atmosphere that adsorb on the exposed 

cementitious surface. For these reasons, TiO2 particles in the cementitious binder are 

required to be highly dispersed in small particle agglomerates and not occluded by 

potential cementitious phases crystallising on the surface of the forming solid material 

(reduction of the available TiO2 surface area). The first requirement can be achieved 

selecting an appropriate titania sample with adequate particle size and with surface 

properties allowing formation of small agglomerates. The second one can be optimise 

adopting specific engineering strategies like casting formliners that reduce the water to 

cement ratio (W/C) at the surface of the forming solid material during cement hydration 

(see sections 2.5.1 and 3.3.1). 

In outdoor conditions the aesthetic durability of buildings constructed with cement 

containing TiO2 is monitored by measuring the variation with time of the colour 

components (CIE Lab model 75, 76) of the façade 9, 19. This is a direct measure of the self-

cleaning activity provided by TiO2 in the cementitious binder (see example in section 

1.1.3). In laboratory, the self-cleaning activity is usually assessed by spectroscopic 

methods monitoring the degradation of dye molecules deposited on the surface of mortar 

or concrete specimens at various irradiation times 28, 77 (see section 2.4.1). 

 

1.3.2.2. Research development and practical applications 

Several research studies have confirmed the self-cleaning effectiveness of photocatalytic 

cementitious binders. Cassar et al. 78 mixed a TiO2 into white cement pastes to achieve 

photocatalytic effect. White cement specimens were impregnated with a 0.1 mg/ml 

phenanthroquinone solutio. After UV irradiation, the yellow colour faded allowing a 

rapid restoration of the white surface. In the European Project PICADA project 

photocatalytic cementitious products (mortars and cementitious coating paints) were 
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developed. The self-cleaning effect has been proved by degradation of Rhodamine B, a 

red organic dye, by colorimetric measurements. The experimental results showed that the 

samples recovered about 65% of their initial coloration in less than a day of exposure to 

artificial sunlight 79. In addition, the validity of self-cleaning cementitious products was 

demonstrated by colorimetric monitoring of buildings constructed using this kind of 

materials. Laboratory results about self-cleaning effect of photocatalytic cementitious 

surfaces have been also proved to be achieved in real world application. In the church 

Dives in Misericordia in Rome, over a total monitoring period of six years, only a slightly 

difference between the external and internal values of the lightness was observed. The art 

city hall in Chambery (France) showed colour variations of the panels caused by 

inorganic substance could be completely eliminated by washing with water. Regarding 

the city hall in Chambery, the primary color almost remained constant for approximately 

5 years in different positions of the facade (West/ North/East/South) 19. Besides self-

cleaning cementitious materials, TiO2-based self-cleaning exterior building products 

including tiles and glass have been widely commercialized and applied. About 270 

patents have been registered in the photocatalytic technology domain by TOTO Ltd. 

Their representative products are white ceramic tiles for exterior walls and home 

environments. They are fabricated by spraying a liquid suspension containing TiO2 

powder or gel on the surface and then heated to 600–800 °C. 

 

1.3.2.3. Problems and limitations 

Durability of the photocatalytic performance is a crucial factor for photocatalytic self-

cleaning building materials. For tiles and glass, because of the high temperature 

treatment, the photocatalyst layer is usually stable and permanent 80. In the case of 

concrete surfaces, the use of organic admixture for concrete and other cementitious 

materials must be minimized to avoid possible reduction of the photocatalytic activity. 

Furthermore, if TiO2 is intimately mixed with cement prior concrete production, the use 

of specific membranes to decrease the water to cement ratio on the front casting surface is 

recommended. This helps to decrease extensive Portlandite (Ca(OH)2) formation on the 

surface that, crystallising in the form of large plates, significantly occludes TiO2 clusters 
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reducing the overall self-cleaning ability of the newly formed photocatalytic surface. The 

self-cleaning effect may also be limited due to the physical anchoring of the dirt in large 

pores. Nowadays long term durability of self-cleaning concrete facades is hard to assess 

because the first buildings have been constructed no more than 10 years ago. However, in 

this period of time, no significant reductions of photocatalytic performances have been 

registered and self-cleaning properties are still maintained. 

 

 

1.3.3.  Depollution effect 

1.3.3.1. Outdoor air pollution 

When referring to the depollution effect provided by concretes containing TiO2, we 

mainly refer as to the ability to remediate air pollution through photocatalytic oxidation 

of NOx (present in the atmosphere) into nitrates, NO3
–. Due to the very large exposed 

surface area of buildings, sidewalk, roads, etc…, photocatalytic strategies like 

introduction of TiO2 into concretes and various construction materials may very well 

offer a chance to significantly improve the air quality of cities and industrialized areas. 

NOx is a term used in atmospheric chemistry to indicate the sum of NO and NO2. NO is 

directly introduced into the atmosphere from a source (e.g. high temperature combustion 

in transport and industry81-84). NO2 is formed in the atmosphere by reaction between NO 

and ozone, O3, or molecular oxygen (even though the reaction with the latter is 

kinetically slow) assisted by sunlight 81-84. Further reactions in the atmosphere can 

transform NO and NO2 into nitric acid, HNO3, peroxyacyl nitrates (PANs), 

RC(O)OONO2, peroxynitric acid, HNO4, etc... The sum of all these species and NOx is 

known as NOy, reactive nitrogen compounds. NOx are mainly responsible for 

photochemical smog 82 (a mixture of hazardous chemicals derived from the interaction of 

sunlight with atmospheric pollutants), and together with sulphur oxides (SOx) generate 

acid rains 82-84. By direct exposure, or from acid vapours arising from their interaction 

with atmospheric moisture, they can cause emphysemas and bronchitis in humans 82. 

Further, they can seriously affect regular metabolic processes in plants 82. 
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The control and remediation of atmospheric NOx has been largely driven by 

environmental legislation. The prevention and remediation technologies for NOx, include 

combustion modifications, dry and wet processes 85-87. Photocatalytic oxidation (PCO) of 

NOx using titanium dioxide as semiconductor photocatalyst has become, over the past ten 

years, a competitive alternative, as confirmed by the growing number of commercial 

products available on the market and the increasing scientific focus 4, 5, 8, 29-31, 71, 88-94. 

The photocatalytic mechanism is dependent on the semiconductor properties of TiO2. 

Under illumination with UV light and in presence of oxygen and water, ·OH radicals are 

generated (Equations 1.39 – 1.46). The proposed reaction mechanism (Devahasdin et al. 
71) is rather complex and involves a long series of reactions where, on the TiO2 surface, 

adsorbed NO reacts with adsorbed ·OH forming nitric acid, HNO3, passing through two 

intermediates: unstable nitrous acid, HONO, and nitrogen dioxide, NO2. The 

photocatalytic reaction network is shown in Figure 1.23. 

NO + OH HNO2

H
++ NO2

-

+ OH NO2 OH2
- e-

+ e-

NO2 + OH HNO3

H
+ + NO3

-

h

+

 

Figure 1.23 – Reaction network for TiO2-sensitised photo-oxidation of nitrogen oxides. 

The same reaction pathway is still considered valid for TiO2 contained in concretes. 

However, due to the very high pH typical of the cement environment, the reaction 

products and the intermediates are likely to be associated with NO2
– and NO3

– rather than 

HONO and HNO3. 

Outdoor air pollution remediation performances of concretes containing TiO2 are 

assessed by measuring the concentration of NO and NO2 in the air close by the 

photocatalytic surface and comparing it with the average concentration of NOx of similar 

polluted areas where no photocatalytic surface is present. In laboratory specimens are 
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usually introduced in gas flow reactors where the NO and NO2 concentration variations 

with irradiation time are monitored (section 2.4.2.1). 

 

1.3.3.2. Indoor air pollution 

Indoor air pollutants mainly include nitrogen oxides, VOCs and particulates. The 

improvement of indoor air quality is achieved by abatement of organic chemicals (most 

of which highly volatile) present in the indoor atmosphere due to ordinary human 

activities. These chemicals (alcohols, aldehydes, hydrocarbon solvents, aromatic 

compounds, etc...) are common ingredients in a wide series of household products such 

as: detergents, disinfectants, paint, perfumes, deodorants and cosmetics, and released in 

the indoor atmosphere during normal usage and storage. Furthermore, active 

photocatalytic surfaces can help in reducing the proliferation of moisture-induced mold 

colonies, bacteria and fungi due to the oxidative power of the photocatalyst once 

irradiated with light of sufficient energy 2, 4, 15. 

 

1.3.3.3. Research development and practical applications 

In big cities with dense population the pollutant concentration at street level is quite high 

because the dispersion of the exhausts generated by a large number of vehicles is 

hindered by the surrounding tall buildings 80. For these cities applying TiO2 modified 

cementitious materials onto the external covering of buildings or roads may be a good 

supplement to conventional technologies such as catalytic converters fitted on the 

vehicles for reducing gaseous exhaust emission 80. Concrete pavement and building 

vertical surfaces provide optimal substrates for the application of photocatalytic solutions 

given the large surface area exposed and the relatively flat configuration of the facades 

that facilitate the exposure of the photocatalyst to sunlight. The whole removal process of 

pollutants is driven by natural energy alone since, apart from the presence of the 

photocatalyst, the only requirements are sunlight, atmospheric moisture and rain. The air 

remediation effect of photocatalytic cementitious materials has been proved by a large 

number of laboratory studies and real world tests. In laboratory nitrogen oxides (NOx) 
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and volatile organic compounds (VOCs) have been chosen by most studies as 

representative airborne pollutants due to their potential health risks and ability to generate 

photochemical smog 80. The NO removal paving blocks made by waste materials and 

TiO2 were evaluated by Poon and Cheung 92. They found that an optimum mix design 

which incorporated recycled glass, sand, cement and 10 % TiO2 achieved 4.01 mg h–1 m–2 

NO removal. Hüsken et al. 95, 96 carried out comparative analyses of different 

photocatalytic cementitious products using a laminar flow reactor. They pointed out that 

the efficiency with respect to NOx degradation varied significantly and in the best 

scenario some products achieved 40 % degradation. The best amongst the tested paving 

stones was selected for further modeling using a Langmuir-Hinshelwood kinetic 

approach 97. The established model allowed for: i. the prediction of the performance of 

certain air-purifying concrete products under various conditions; ii. the scale up of the 

material air mitigation properties in relation to an outdoor site test (Castorweg road, 1000 

m2, Hengelo, THE NETHERLANDS). Conducting very similar tests on photocatalytic 

paving blocks (TiO2 only on the surface of the tiles) Beeldens 8 reported enhancement of 

air-cleaning performances by increasing the surface area, reducing the air flow rate and 

increasing the turbulence of the pollutant in the test reactor. Strini et al. 98 carried out 

photodegradation of selected VOCs (benzene, toluene, ethylbenzene and o-xylene, i.e. 

BTEX) in gas phase at ppb concentrations on the surface of photocatalytic cementitious 

materials. They observed that the photocatalytic activity of pure TiO2 sample was three to 

ten times greater than the cementitious sample that was prepared with the incorporation 

of 3% catalyst. The decomposition rate of BTEX was linearly dependent on the 

concentration of the reactant and the intensity of the irradiation. However, the catalytic 

activity was not linearly dependent on the TiO2 content in the samples probably because 

the formation of highly agglomerated catalyst clusters in the cementitious paste was 

influenced by the different viscosities of the paste. Other photocatalytic construction 

material solutions were investigated by Demeestere et al. 99, who roofing tiles and 

corrugated sheets for the removal of toluene from air. They reported toluene removal 

efficiencies of 78 ± 2 % with an elimination rate higher than 100 mg h–1 m–2. Results 

showed that low toluene removal performance occurred at high relative humidity and 

high inlet concentration, whereas better performance was observed with increased 
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residence time. They also found a decrease of photocatalytic activity by a factor of 2 

when the photocatalytic building materials were operated at high pollutant concentration 

levels, [TOL]in > 76 ppmv 99. 

The series of laboratory tests presented above served as a scientific basis to support a 

number of real world applications and pilot tests executed throughout Europe over the 

past ten years. In Bergamo, ITALY, a street in the city centre was re-paved by the 

photocatalytic concrete paving blocks (total area of about 12000 m2). NOx concentration 

was measured by chemiluminescence analysers simultaneously on two sites: the area 

where photocatalytic blocks were present and the extension of the road paved with 

normal bituminous concrete used as a reference. The air monitoring campaign showed an 

average NOx abatement of 45% in day time (from 9 am to 5 pm) 29. PICADA project 100 

assessed the benefits provided by the use of TiO2-based photocatalytic cementitious 

materials and, laboratory results have been compared to results in real world conditions 

by monitoring the efficiency of photocatalytic pavers in a car park and photocatalytic 

vertical walls in a simulated street canyon. Experimental evidence showed that abatement 

of hazardous gas pollutants like NOx (in climatic conditions typical of South of Europe) 

can reach and, in some optimal conditions of light exposure, wind circulation, initial 

pollutants concentration depending on traffic conditions, etc..., breakthrough the 

threshold of 60 %. This was also confirmed by other independent tests. For instance, the 

implementation of ordinary TiO2 in concrete over a total area of about 7000 m2 of the 

roads in Milan, ITALY, contributed to a reduction by 60 % the NOx concentration in the 

air in one single year 7, 101. In a parking area in Segrate, ITALY, Global Engineering, a 

contractor nominated by the City Council to repave several areas with Italcementi TX 

Active products, measured similar abatements over a period of nine months. In Antwerp, 

BELGIUM, 10000 m2 photocatalytic pavement blocks have been used to execute a new 

parking lane. Measurements on the site indicated a 20 % drop of NOx concentration due 

to the presence of the photocatalytic materials 8. In the municipality of Hengelo, THE 

NETHERLANDS, 1000 m2 pavement area has been replaced with photocatalytic paving 

stones. First on site results showed a total NOx abatement between 25 and 45 % 102. A 

250 m2 pavement area in Lysegrå Malmö, SWEDEN, was executed using photocatalytic 

paving blocks. A total abatement between 5 and 27 % was recorded. NOx degradation 
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performance of the photocatalytic tiles was found highly dependent from seasonal 

climatic variations and wind conditions 103. 

Together with cement-based materials, a series of photocatalytic paints have been 

developed and are commercially available. Photocatalytic paints and photocatalytic 

cementitious coatings are the preferred solutions for indoor applications. Maggos et al. 104 

investigated the air remediation potential of a white acrylic TiO2-containing paint by 

painting the ceiling of an indoor car park and illuminating it with UV lamps. The 

artificially closed area of the car park was polluted with car exhausts. Over a total period 

of 5 h of UV illumination, NO and NO2 were reduced by 19 % and 20 % respectively. 

TiO2–zeolite systems are also very effective for indoor environments. Ichiura et al. 91, 105 

showed that these composites are very efficient in removing NOx, toluene and 

formaldehyde, although for the latter lower conversions have been achieved. 

 

1.3.3.4. Problems and limitations 

Although the depollution effect of photocatalytic building and construction materials is 

evident, there are still unresolved problems when these materials are used in real-life 

applications. The photocatalyst is able to degrade only pollutants which are absorbed on 

the surface of the construction materials. In widely open spaces, the pollutant removal 

efficiency may be low as only a small fraction of the pollutants can be trapped. For this 

reason the applicability of photocatalytic construction materials in outdoor environments 

is restricted to confined spaces and street canyons where, due to low pollutants dispersion 

and poor ventilation, the degradation of hazardous substances is significant 106. 

Other limitations can derive from the nature of the cementitious support which the 

photocatalyst is immobilised on. Rachel et al. 107 showed that TiO2/cement mixtures and 

red bricks containing TiO2 were significantly less efficient than TiO2 slurries in 

decomposing 3-nitrobenzenesulfonic. It is thought that the reduction of active surface and 

the presence of ionic species, which could contribute to charge recombination in the 

activated photocatalyst, are the reasons for the catalytic activity loss. Lackhoff et al. 108 

indicated that the photocatalytic activity of TiO2-containing cement can be reduced over 
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several months due to carbonation of cement. The change in the cement surface 

microstructure followed by carbonation seems to be the main cause of the related 

photoactivity drop. The Hong Kong Environmental Protection Department claimed in a 

report that the photocatalytic activity of TiO2 coated paving blocks decreased 

significantly after 4 month exposure in a city centre area due to the accumulation of 

contaminants on the block surface 109. This could imply that periodic servicing and 

washing the paving blocks might be necessary to maintain the air pollution remediation 

properties. Finally, as far as indoor applications are concerned, controversy surrounds the 

question of whether it is safe to apply the photocatalytic materials in closed 

environments. The main issues remain the possible health effect of by-products formed 

by incomplete photo-oxidation 110 as well as the potential influence on human health of 

nanosized particles released from the photocatalytic material surface. 
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1.4.  Aims and Objectives of the Thesis 

In the literature review presented in the previous section, a general overview of the 

photocatalytic action and related performances of TiO2-containing cements for self-

cleaning and air pollution mitigation purposes has been presented and described. This is 

considered the state of the art of the present PhD project. The work conducted during this 

PhD program aims to address a series of key questions yet unanswered in the state of the 

art presented above, namely: 

i. Insights into reaction mechanisms of self-cleaning processes provided by 

photocatalytic cementitious surfaces; 

ii. Analogies and differences amongst photocatalytic reaction mechanisms 

responsible for self-cleaning effect when comparing pure TiO2 and TiO2 included 

into cementitious composites; 

iii. Influence of TiO2 surface hydration on the oxidation of nitrogen oxides for pure 

TiO2 and TiO2 contained in cementitious products; 

iv. General influence of the cement environment, i.e. high pH, high ionic strengths, 

presence of highly polarising and non-indifferent electrolytes, on the 

electrokinetic properties of TiO2 nanoparticles and ultimately on the overall 

photocatalytic performances. 

The experimental work and related discussion presented in this PhD thesis will develop 

our understanding of the fundamental chemistry of TiO2 photocatalysis as applied to 

cementitious materials in order to address those key questions highlighted above. In 

particular, points i. and ii. will be answered by analysing the mechanism of Rhodamine B 

degradation on the surface of TiO2-containing cements and comparing the results with 

similar systems using unsupported TiO2, under similar irradiation conditions. Point iii. 

will be addressed by investigating the state of the water on untreated and thermally 

treated TiO2 surfaces through IR spectroscopic techniques. Subsequently performances in 

oxidising NOx will be linked to the TiO2 surface hydration. Finally, point iv. will be 

addressed by investigating -potentials, surface charge densities, primary and secondary 

particle size of TiO2 particles in ionic environments modelling the conditions achieved in 
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real cementitious specimens. These experimental data will then be used to interpret the 

different performances of two different TiO2 samples (one nanosized and one microsized) 

in oxidising Rhodamine B and nitrogen oxides. 

In relation to point iv., this work will also try to provide details about methodologies to 

drive optimal deposition and dispersion effectiveness of the photoactive TiO2 in cement, 

in order to achieve higher photocatalytic performances. This represents an important set 

of data and guidelines useful for manufacturers and end users. 
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2.1.  Materials and synthetic methods 

Throughout this study two commercially available titanium dioxide samples have been 

characterised, tested and investigated for their dispersion effectiveness and photocatalytic 

performances in cement pastes and mortars. Table 2.1 and Table 2.2 group the sample names 

used, their commercial trade names, the manufacturer, the synthetic process and the main 

physico-chemical characteristics present in the respective Technical Data Sheets available for 

the two commercial products 1, 2. 

Table 2.1 – Sample identification. 

sample name trade name manufacturer synthetic process 

m-TiO2 Tioxide A-HR Huntsman Tioxide Corp. sulphate process 

n-TiO2 PC-105 Millenium Inorganic Chemicals sulphate process 

 

The names m-TiO2 and n-TiO2 are related to their declared primary particle size (or 

crystallite size): a particle distribution centred around 170 nm for the Tioxide A-HR 2 is 

identified as m- for microsized and a particle distribution centred around 17 nm for the PC-

105 1 is therefore n- for nanosized. 

Table 2.2 – Physical-chemical properties declared in manufacturer specs. 

Sample TiO2 content 
surface 

coating 

organic 

treatment 

mean  

crystal size 

specific 

gravity 

Loss at 

105 ˚C 

 %   nm g cm–3 % 

m-TiO2 99 none present 170 3.895 0.4 

n-TiO2 > 95 none none 17 3.895 – 
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2.2.  Photocatalyst characterisation 

2.2.1.  Bulk properties 

2.2.1.1.  Light absorption – U.V.-vis. Diffuse Reflectance 

Light absorption measurements were undertaken to derive band-gap information on TiO2 

powders and have been carried out using U.V.-vis diffuse reflectance spectroscopy. This 

analytical technique is very similar to ordinary U.V.-vis Spectroscopy where reflected light 

instead of transmitted light is collected, Figure 2.1. 

 

Figure 2.1 – Light absorption – reflection phenomena. 

Transmittance, , and absorbance, A, are defined for ordinary U.V.-vis spectroscopy (liquid 

media) and are related to each other through the Beer law, equation 2.1: 

   1
0

kclT e
I
I  (2.1) 

kclAe  ln  (2.2) 

clLogA  10  (2.3) 

where I0 is the intensity of incident light, IT the intensity of transmitted light,  the fraction of 

light not transmitted (in the most general case sum of light scattered, reflected and absorbed), 

k and  the molar extinction coefficients (depending on the base of the logarithm used, 

=k/2.303), c the concentration of the absorbing species and l the optical path (length of the 
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cuvette in case of measurements on liquid media) 3. These functions are not longer applicable 

for diffuse reflectance spectroscopy (solid media) for which other parameters must be 

defined. Analogous to transmittance for liquids, reflectance, R, is an useful parameter to 

quantify the amount of light reflected by a solid surface, equation 2.4: 

0I
I

R R  (2.4) 

where I0 is the intensity of incident light, IR the intensity of reflected light. A correspondent 

measurement for light absorption can be defined through a parameter called the Kubelka – 

Munk function 4, analogous to absorbance for liquids, equation 2.5: 

 
s
k

R
RRf 




2
1)(

2

 (2.5) 

where k is an absorption coefficient (as in equation 2.1) and s is a scattering coefficient. 

Equation 2.5, known as Kubelka – Munk law for solids corresponds to the Beer-Lambert law 

for liquids. 

The spectrometer used was a StellarNet EPP2000 portable spectrometer interfaced to a 

personal computer through a USB connection and operating through an fibre optic probe as 

shown in Figure 2.2. The light source is a D2 lamp with an emission spectrum in the range 

200 nm – 700 nm. Light emitted by the lamp is conveyed through the optical fibre cable to 

the probe which irradiates the powder sample. The latter is in the form of a smooth surface 

arranged on the sample holder as indicated on the right section of Figure 2.2. The reflected 

light is then recollected by the same probe and through a series of other optical fibres 

contained in the same cable, conveyed to the detector inside the spectrometer box. 

Calibration has been carried out setting the base line (0 % reflectance) by unplugging the 

cable from the spectrometer end and covering the aperture with a black rubber cap; the top 

line (100 % reflectance) is set by using a BaSO4 powder which does not absorb light in the 

domain of wavelength examined (200 nm – 700 nm). After the calibration TiO2 powders 

were arranged as flat and smooth surfaces on the sample holder and relative spectra collected. 

For each sample three different spectra were collected to have a statistical representation of 

the band gap comprising a mean value and a standard deviation. 



 63

 

 Figure 2.2 – StellarNet EPP2000 Diffuse Reflectance U.V.-vis spectrometer. 

Spectra were processed according to the Kubelka – Munk transform approach for indirect 

semiconductors as described in 5. The raw data generating the reflectance spectrum were first 

transformed to Kubelka – Munk function values according to equation 2.5, then Kubelka- 

Munk function values were reprocessed to obtain the Kubelka – Munk transform (2.6) which 

has been plotted against incident radiation energy (derived from wavelength according to  

Planck equation (2.7)). 


chRfRf )()(ˆ

   (2.6) 


chE   (2.7) 

In equations (2.6) and (2.7), )(ˆ
Rf  is the Kubelka – Munk transform, h the Planck constant 

equal to 6.626·10-34 J·s, c the speed of light in a vacuum equal to 3·108 m·s–1and  the 

wavelength of the radiation. In the  )(ˆ
Rf  versus E diagram, the band gap has been derived 

by extrapolation in the energy domain of the linear portion of the plot 5 (see section 3.1.1.1.). 

 

2.2.1.2.  Crystallinity and Polymorphism – X-Ray Diffraction 

X-Ray Diffraction has been used to identify mineralogy and crystallinity of the samples 

studied. X-rays interacting with matter are generally scattered by electrons in atoms. If the 

atoms or molecules are organized in a well defined regular array (i.e., the matter is 

crystalline) and the distances between the atoms are of the same magnitude as the wavelength 
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of the X-rays, constructive and destructive interference will occur according to the Bragg’s 

law, equation 2.8. 

 sin2dn   (2.8) 

As a result, diffracted X-rays are emitted at characteristic angles based on the spaces between 

the atoms organized in crystalline structures called planes occurs 6, 7, Figure 2.3. In equation 

2.8 and in Figure 2.3, n is an integer number, λ is the wavelength of the X-rays, d is the 

distance between planes in the crystal lattice and θ is the angle between the incident ray and 

the scattering planes. 

d

� �

�
A

B

C

 

Figure 2.3 – X-ray diffraction in a crystal. 

Plotting the intensity of the radiations produced by interference of diffracted X-rays as a 

function of diffraction angle, provides a pattern characteristic of the crystal structure.  

Patterns for the TiO2 samples here tested have been obtained using a Bruker D8 Advance 

diffractometer equipped with a CuK1 1.54 Å X-Ray source, Figure 2.4, operating at room 

temperature. Phase identification has been carried out with a Bruker database 8 provided with 

the diffractometer and confirmed by computer simulation 9. Determination of FWHM (Full 

Width at Half Maximum) for the main anatase peak has been also carried out to determine 

the primary particle size (crystallite size) through the Scherrer equation, as further described 

in section 2.2.1.4. 
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Figure 2.4 – Bruker D8 Advance diffractometer. 

 

2.2.1.3. Thermokinetics of TiO2 surface dehydration – Thermogravimetry, Differential 

Thermal Analysis and Diffuse Reflectance Infrared Fourier Transform Spectroscopy 

The degree of surface hydration (surface Ti-OH groups) and possible phase transitions have 

been investigated by thermal analysis using a Stanton STA 780 thermal analyser, Figure 2.5, 

interfaced with a personal computer through a Pico Data Collector and Pico Data Recorder 

software. The sample holder (small round Pt crucible) was loaded with about 30 mg of TiO2 

powder and set on the thermal balance opposite a similar platinum crucible containing 

calcined BaSO4 as inert thermal reference. Both sample and reference are located within the  

furnace. Two small thermocouples, positioned in proximity of the sample and the reference 

measured their actual temperatures. Samples experienced a thermal profile from 25 ˚C·min–1 

till 1000 ˚C·min–1 with a heating rate of 5 ˚C·min–1. All the thermal analyses have been 

carried out in N2 atmosphere.  

Thermo – Gravimetry, TG, plots have been obtained reporting the weight change (as a 

percentage of the initial weight at 25 ˚C) versus temperature. Raw data have been further 

processed to derive the weight percent variation (first derivative analysis, DTG) to better 

identify the occurrence of thermal phenomena in the temperature domain.  
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Figure 2.5 – Stanton STA 780 vertical thermo balance analyser. 

Differential Thermal Analysis, DTA, has been performed plotting the temperature difference 

between the sample and the reference versus the temperature domain scanned and used to 

identify the exo – or endo – thermic character of the thermal phenomena identified in the 

DTG plots. 

Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectra have been collected over 

the temperature range 25 ˚C – 500 ˚C (heating rate 5.0 ˚C min–1) using a Perkin Elmer 

Spectrum 100  with a diffuse reflectance cell equipped with an electrical heating system 

(Figure 2.6). Spectra were processed using the associated software. 

 

Figure 2.6 – DRIFT Spectrometer and cell. 
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2.2.1.4. Particle size and morphology - Transmission Electron Microscope imaging 

A JEOL Jem 2000 ex Transmission Electron Microscope, Figure 2.7, has been used to 

evaluate particle size and particle morphology for both the TiO2 samples investigated here. 

TEM micrographs have enabled a simple visual image analysis, comprising the examination 

of more than hundred particles for each sample, to be carried out to determine average 

particle size and size distribution. 

Particle size evaluation has been further developed and improved by comparison between 

TEM data and results obtained from XRD patterns using the Scherrer equation: 

PFWHM
d



cos

9.0
  (2.9) 

where  is the X-ray wavelength equal to 1.54 Å, FWHM the Full Width at Half Maximum 

(Anatase 101 peak), P the Bragg’s diffraction angle (Anatase 101 peak) and d the average 

particle diameter. For a complete discussion about the derivation of the Scherrer equation 

refer to relevant literature 6, 7. 

 

Figure 2.7 – JEOL Jem 2000 ex Transmission Electron Microscope. 
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2.2.2.  Surface properties 

2.2.2.1.  Specific surface area and Inter-particle porosity – N2 adsorption (B.E.T. and 

B.J.H. models) 

Specific surface area data have been collected by N2 physisorption at 77 K using a 

Micromeritics ASAP 2020 instruments shown in Figure 2.8. Prior to nitrogen adsorption 

measurements, samples have been degassed at 150 ˚C for 10 hours in vacuum in order to 

clean the surface and remove adsorbed water and other adsorbed species. Once degassed, the 

sample was set in a dewar containing liquid nitrogen to reach the temperature of 77 K and 

nitrogen adsorption started, scanning a relative pressure range P/P0 from 0 to 1. The relative 

pressure P/P0 is defined as the absolute pressure of nitrogen inside the adsorption chamber 

divided by the vapour pressure of nitrogen at 77 K. A subsequent nitrogen desorption profile 

was also carried out, decreasing the relative pressure from 1 to 0. The analysis time for both 

adsorption and desorption isotherms was 24 hours in total. 

 

Figure 2.8 – Micromeritics ASAP 2020. 

Specific surface area data have been derived from N2 adsorption/desorption isotherms 

(volume of N2 adsorbed versus P/P0) using the B.E.T. model. According to the model 

proposed by Brunauer, Emmett and Teller 10, the linear trend in the N2 isotherm (relative 

pressure between 0.1 and 0.4), which represents the coverage of the first monolayer on the 
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solid substrate, can be readjust by plotting 
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Where v is the specific volume of N2 adsorbed, vm the specific volume of N2 adsorbed when 

the first monolayer on the solid surface is complete and c a constant measuring the relative 

strengths of adsorption and condensation 10 and derived as: 

RT
H

RT
H

vap

ads

e

ec 




  (2.11) 

where Hads is the variation of adsorption enthalpy and Hvap the variation of vaporisation 

enthalpy. Once c and vm are derived (solving a simple two linear equations system with 

square matrix using the experimental data measured) the specific surface area can be 

computed by the equation: 

a
mol

m
m N

v
vas   (2.12) 

Where am is the approximate area of one single N2 molecule, vmol the N2 molar volume at 77 

K and aN  the Avogadro’s number. 

The N2 adsorption isotherms have also been used to identify TiO2 porosity by applying the 

model developed by Barrett, Joyner and Halenda (BJH model). Assuming cylindrical pores 

and that the amount of adsorbate in equilibrium with the gas phase is retained by the 

adsorbent by two mechanisms: (a) physical adsorption on the pore walls, (b) capillary 

condensation in the inner capillary volume, the following relation between total pore volume 

and volume of adsorbed N2 can be derived 11: 
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where 



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



0P
P

v k
ads is the volume of nitrogen adsorbed at relative pressure 









0P
Pk , Vi is the 

volume, Si the surface area, ti the thickness of the adsorbed layer, ri the apparent pore radius, 

all of them referred to the pore i, and 



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




0P
P

rr k
cc  a critical radius under which there is free 

condensation in the pore 11. This equation reads: at any relative pressure 








0P
Pk  (defining a 

critical radius rc), the volume of nitrogen adsorbed is the total volume of liquid nitrogen 

condensed in pores (totally filled up) having radius smaller than rc plus the total volume of 

the adsorbed nitrogen film in pores with radius bigger than rc. ri is the apparent radius 

because: 
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where rg,i is the geometric radius of the pore i. Using a high number of 








0P
Pk  investigated, 

the pore volume distribution can be obtained by plotting the variation of the pore volume in 

the pore radii, or pore diameters versus the pore radii, or diameters, i.e.: dV/drg versus rg or 

dV/dD versus D, where of course D is twice rg. 

Moreover, specific surface area data have been used to validate once more particle size 

results obtained by T.E.M. and X.R.D. using a simple geometrical model: 

S
d

TiO2

6


  (2.15) 

where d is the mean particle diameter, 
2TiO  the anatase density equal to 3.895 g cm–3 (see 

Table 2.2) and S the B.E.T. specific surface area. Equation 2.15 assumes spherical particles in 

contact each other through one single point. It is clearly far beyond the reality but due to the 

very small particle size of the two TiO2 samples, it can provide good approximations. 
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2.2.2.2.  Surface composition analysis – X-Ray Photoelectron Spectroscopy and 

Energy Dispersion Spectroscopy 

Investigations on the chemical nature of the sample surfaces have been carried out by cross 

analysis using both XPS (X-ray Photoelectron Spectroscopy) and SEM – EDS (Scanning 

Electron Microscopy – Energy Dispersion Spectroscopy). This study has been driven by 

knowledge acquired through the manufacturers’ patents about the commercial titanias used 12-

15. The majority of commercial TiO2s designated for photocatalysis are not coated, 

nevertheless during manufacture inorganic materials are often added to control crystal growth 

and/or to modify their surface chemistry (e.g.: electrokinetic properties), as described in 

section 1.2.6. (precalciner additives). For this reason analyses have been focused on a 

systematic and selective search for: Na, Al, Si, P, S, C and K (according to patents 12-15). 

X-ray photoelectron spectroscopy (XPS) is a surface analysis technique that is element 

specific. It uses soft X-ray photons to eject core level electrons from surface atoms, the 

kinetic energy of which are analysed by a detector. The kinetic energy of each of these 

photoelectrons is related to the binding energy of the electron in the solid by the equation: 

Bk EhE    (2.16) 

where Ek is the kinetic energy, hυ is the incident photon energy and EB is the binding energy. 

The binding energy, and therefore the measured kinetic energy, is specific to the surface atom 

from which it came from. Consequently, specific elements and potential oxidation states can 

be identified and peak analysis of the resulting spectrum can allow the calculation of 

elemental ratios and weight loadings 16. 

X-ray photoelectron spectra have been obtained with the VG – Escalab X-Ray Photoelectron 

Spectrometer VGX900 (Al K radiation) shown in Figure 2.9 on the untreated sample 

powders. Spectrum lines have been interpreted using the NIST (National Institute of 

Standards and Technology) database for XPS analysis 17 together with XI – SDP21 Version 

2.1 peak fitting software provided with the instrument. 
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Figure 2.9 – VG – Escalab X-Ray Photoelectron Spectrometer. 

 

 

Figure 2.10 – FEI Quanta 400 Scanning Electron Microscope. 
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SEM – EDS micrographs and relative composition analyses have been carried out using a 

FEI Quanta 400 Scanning Electron Microscope, Figure 2.10, equipped with a Thermo NSS-

UPS-SEM-INORAN System SIX for X-ray microanalysis (EDS). Secondary electron images 

have been collected for the TiO2 sample powders (no impregnation, no coating, low vacuum 

mode). EDS spectra have been analysed using the database provided together with the 

instrument software. 

 

2.2.2.3.  Electrokinetic properties – -potential and surface charge density 

The pH of Zero Charge (PZC) was evaluated by the zero change of pH consecutive to 

additions of an indifferent electrolyte. Sodium nitrate was used to increase the ionic strength 

from 10-3 to 10-2 mol l–1 of 1%w/w TiO2 suspensions, in the pH range 4 to 10 for n-TiO2 and 

1.7 to 10 for m-TiO2. Simultaneously, the dynamic mobility and -potential of the particles 

was measured using a Colloidal Dynamics 7020 ZETAPROBE CAD apparatus 

(electroacoustic method), see Figure 2.11. 

 

Figure 2.11 – Colloidal Dynamics 7020 Electroacustic ZetaProbe. 

The electroacoustic method is one of the most commonly applied methods to derive -

potential of colloidal particles, together with electrophoretic and sedimentation methods. An 
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alternating electrical field applied between two electrodes in a colloidal suspension induces 

vibrations of colloidal particles. These vibrations generate ultrasound which can be collected 

by an ultrasonic receiver (usually inserted in one of the two electrodes). The electric sonic 

amplitude, esa, is directly related to the particle averaged dynamic mobility through the 

O’Brien equation 18: 

ZAesa D
sol

sols 



 






 
 )(  (2.17) 

where  A  is an empirical instrument constant dependent on the frequency used, the 

volume fraction of the solid in the colloidal suspension, s and sol the density of the solid 

and density of the solution respectively, D  the particle averaged dynamic mobility and Z 

another empirical instrument constant. Particle averaged dynamic mobility is, of course, -

potential dependent: 
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where  is the dielectric constant, and  the dynamic and kinematic viscosities respectively, 

the frequency of alternating electric field applied, a the average particle radius and  the -

potential. G and  ',f  are rather complex functions depending on frequency, electrical 

conductivities near the particle surface and in the bulk of the solution, density of the solid 

particles 18. Therefore, measuring the electric sonic amplitude at each pH value and knowing 

all the other parameters and constants involved, the particle -potential can be derived. 

Titration of the surface charge 0(pH) was made by measurements of the surface 

consumption of H+ or OH– by 252.5 g of 1 % w/w TiO2 suspension in 10–2 mol l–1 NaNO3. 

Besides the suspension titration, the same procedure was applied to an identical volume of 

supernatant of the suspension. The H+ or OH– consumed by the surface at a given pH could 

be calculated from the difference in the amount of titrant (HCl or NaOH, both analytical 

grade) required for the supernatant solution and for the suspension to reach this given pH 

from the PZC. Namely, the total surface excess charge of the particle is computed from the 

following equation: 
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 ersuspT
BET

VVC
mS

F
sup0   (2.19) 

Where 0 is the surface excess charge in C m–2, m the mass of particles used in g, A the 

specific surface of the particles in m2 g–1, F the Faraday constant equal to 96500 C mol–1, CT 

the titrant concentration equal to 1 mol l–1 for both HCl and NaOH, Vsusp the titrant volume 

added at a given pH for the suspension and Vsuper the titrant volume added for the same pH 

for the supernatant solution.  

-potentials were also measured for 1 % w/w TiO2 suspensions in calcium hydroxide 

solutions of various concentrations ranging from 0.05 to 16 mmol l–1. Calcium concentrations 

in the solutions were determined using a VISTA-PRO VARIAN ICP Optical Emission 

Spectrometer. The standardisation was carried out with synthesised standards. Each sample 

was analysed three times. The estimated error on the concentration was about 0.01 mmol l–1. 

The choice of Ca2+ depends on the fact that cement pore solutions are saturated with 

Ca(OH)2, hence understanding how the surface chemistry of TiO2 could be modified by the 

presence of calcium ions is an important step in understanding dispersion behaviour. 

 

2.2.2.4. Dispersion effectiveness – sedimentation test 

The two commercial TiO2s have been tested in several different ionic environments to test 

and verify stabilities of their dispersions. The method used has been already described in 19. 

2% m/v dispersions have been prepared for both samples and 10 ml of each suspension used 

to fill small test tubes. The position of the interface between supernatant and solid particle 

sediment was recorded at regular time intervals, precisely at 10, 20, 30, 60 min, 1 day and, 

sometimes, 4 days. Media used for the dispersions were deionised H2O and solutions of 

strong acids or bases at pH = 2 and pH = 12.5 respectively, in order to compare results of 

dispersion stability with -potential values previously derived. The structure of acids and 

bases used was HyXz for acids and Mey(OH)z for bases, in order to provide a potential 

determining ion, H+ or OH–, and a counter ion, Xy– or Mez+. The counterions were either an 

indifferent electrolyte (highly hydrated in solution, less interactions with colloidal particles) 

or a non – indifferent electrolyte (less hydrated in solution, more interactions with colloidal 

particles). The choices of Xy– Mez+ were: for indifferent electrolytes, Cl– and Na+ and for non 

– indifferent electrolytes, SO4
2– and Ca2+. Solutions used for dispersion preparation were 
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therefore HCl, NaOH, H2SO4 and Ca(OH)2. Two further dispersions (one for each TiO2) in 

KOH at pH = 12.5 were also prepared to investigate the effect of an indifferent electrolyte 

such as K+ but with higher tendency to interact with colloidal particles than Na+ (smaller 

hydrated radius for K+ being less polarising than Na+, hence lower shielding effect of H2O 

molecules in the hydration shell). 

The reason behind the choice of the ions above is the fact that they are all present in the pore 

solution of hardened cement. A final dispersion stability test have been carried out in a 

synthetic cement pore solution prepared according to the method described in 20, and with 

composition and pH shown in Table 2.3. 

Table 2.3 – Synthetic cement pore solution and pH. 

Ca2+ 

mM 

Na+ 

mM 

K+ 

mM 

SO4
2– 

mM 

OH– 

mM 

pH 

 

21.2 97.8 180.1 85.9 148.6 12.87 ± 0.02 

 

A structural model comprising TiO2 aggregation/dispersion in real cement structures has been 

further proposed. Validation of this qualitative model has been carried out by SEM 

investigations, using a FEI Quanta 400 Scanning Electron Microscope, Figure 2.9, on real 

cement paste specimens containing either m-TiO2 or n-TiO2 and prepared according to the 

procedure described in section 2.3.1. 
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2.3.  Cement paste and mortar preparation 

2.3.1.  Cement paste preparation 

Two sets of photocatalytic cement pastes were prepared, one for each of the two commercial 

TiO2 products. The TiO2 and fresh white Portland cement (CEM I 52.5 R) powders were dry 

mixed in the mass ratio 3.5 : 96.5. 20 g of the mixture was subsequently hydrated with 8 g of 

distilled water (water : cement ratio, w/c = 0.4). A third set (control) was prepared without 

photocatalyst. The mixing procedure followed recommendations published previously in 21 

comprising  the following route: 

i. Pouring 20 g cement-TiO2 mixture (20 g of cement for the set of control samples) in 8 

g of distilled water; 

ii. Stirring at 500 rpm for 3 min; 

iii. Stop stirring for 2 min (making sure there is no unmixed solid on the bottom of the 

vessel); 

iv. Stirring at 2000 rpm for 2 min. 

The mixer used for cement hydration is shown in Figure 2.12. 

 

Figure 2.12 – Mixer for cement paste preparation. 
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After mixing, pastes were cast in 42 mm diameter moulds and let harden for one day at room 

temperature. Six cement discs were produced for each set. 

The same preparation was repeated (two sets of photocatalytic cement pastes containing one 

m-TiO2 and the other n-TiO2 plus a control set without TiO2) but this time samples were 

cured for seven days at room temperature in sealed plastic bags and, afterwards, for seven 

days at room temperature and 60 % of relative humidity. This curing regime is decribed in an 

international standard for preparation of cured cement pastes and mortars22. 

One day cured and fourteen days cured samples have been evaluated based on Rhodamine B 

(RhB) discolouration test, Section 2.4.1. 

 

 

2.3.2.  Mortar preparation 

The hydraulic binder used for mortar preparation was, a dry mixture of TiO2 (either m-TiO2 

or n-TiO2) and fresh white Portland cement (CEM I 52.5 R) in the mass ratio 3.5 : 96.5. In 

these samples, standard sand was used (DIN EN 196-1 sand). 450 g of the mixture was 

subsequently hydrated with 225 g of distilled water (water : cement ratio, w/c = 0.5). A third 

set (control) was prepared without photocatalyst. The mixing procedure used was taken from 

the European Standard ISO 679 22: 

i. Pouring 450 g cement-TiO2 mixture (450 g of cement for the set of control samples) 

in 225 g of distilled water; 

ii. Stirring the paste at speed 1 for 30 s; 

iii. Adding one bag of DIN EN 196-1 sand regularly under stirring for the following 30 s; 

iv. Stirring the obtained mortar at speed 4 for 30 seconds; 

v. Stop stirring for 90 s (making sure there is no unmixed solid on the bottom of the 

vessel); 

vi. Stirring the mortar at speed 4 for 60 seconds. 

The mixer used for mortar preparation is shown in Figure 2.13 and it fulfilled requirements 

specified in the Standard ISO 679 for the mixing device. 
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After mixing, mortars were cast in 9 cm diameter x 1 cm thickness plastic Petri dishes and let 

harden for one day at room temperature. Twelve mortar discs were produced for each set. 

Samples curing followed, once again, the Standard ISO 679: seven days at room temperature 

in sealed plastic bags and further seven days at room temperature and 60 % of relative 

humidity. 

Mortars disks have been tested according to the Rhodamine B (RhB) discolouration test, 

Section 2.4.1 and the NOx oxidation test (UNI standard 11247-2009 23). 

 

Figure 2.13 – Kenwood mixer for mortar preparation. 
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2.4.  Photocatalytic performance 

2.4.1.  Self-cleaning effect – Rhodamine B (RhB) test 

Cement paste samples prepared as described in section 2.3.1. were coated with 20 l of a 0.5 

g/l aqueous rhodamine B solution. The area coated was approximately 1.2 cm2, see Figure 

2.14, and the samples conditioned for 30 min. The sets cured for one single day were used to 

evaluate the influence of a different light exposure during the conditioning time. Three of the 

six discs per set (one set with m-TiO2, one with n-TiO2 and one without photocatalyst) were 

conditioned for 30 minutes under daylight, the remaining three were coated and conditioned 

for 30 minutes in darkness. All three sets were subsequently irradiated with a UVItec LI-

208.m lamp (2 tubes 8W each, main wavelength 312nm). The sets cured for fourteen days 

were used to evaluate the influence of the cement aging. Three of the six discs per set (one set 

with m-TiO2, one with n-TiO2 and one without photocatalyst) were conditioned for 30 

minutes under daylight and irradiated with the same UVItec LI-208.m lamp. In all the 

experiments the distance between samples and lamp was 10 cm. Reflectance measurements 

were performed after various illumination times using a StellarNet EPP2000 Spectrometer 

showed in Figure 2.2. 

 

Figure 2.14 – Cement specimen for self – cleaning test. 
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2.4.2. Depollution – NOx oxidation test and modelling 

2.4.2.1. NOx oxidation test with mortar specimens 

NOx oxidation experiments have been carried out in a continuous fixed bed flow reactor 

according to the Italian Standard UNI 11247 23. The scheme of the lab plant used is illustrated 

in Figure 2.15. The photocatalytic reactor consists of a Pyrex glass chamber having a total 

volume of 3.58 l where the specimen under testing can be located on the bottom part 

supported by a proper sample holder. The gas inlet tube allows the air/NOx mixture to flow 

directly onto the specimen upper surface whilst the gas outlet tube is positioned underneath 

the sample holder. The system was kept at room temperature: 25 ± 1 °C. U.V. light was 

provided by an OSRAM ULTRAVITALUX lamp having a main emission in the U.V.-A 

field distributed around a maximum intensity wavelength of about 365 nm. The lamp – 

sample distance was set to achieve on the upper sample surface an average irradiance of 20 ± 

1 W/m2. A schematic diagram of the photocatalytic reactor equipped with the U.V. lamp is 

illustrated in Figure 2.16. The gas mixture used for the oxidation experiment came from a 

cylinder containing 40 ppm of NO and 20 ppm of NO2 in air. Through the other air cylinder 

and the mass flow meters, the desired flow rates and inlet NO concentration were adjusted. 

The experiments were carried out at an inlet NO concentration of 500 ppb for a flow rate 

equal to 3 l min-1, 2 l min-1 and 1.5 l min-1, in order to evaluate the effect of the residence 

time. All the oxidation experiments have been performed according to the following 

procedure. The disk sample was wrapped in a sealing film in order to let the upper surface 

free and protect the side surface. After introducing the disk sample in the photocatalytic 

reactor the gas stream (at given flow rate) was switched on and the system let to stabilise for 

half an hour in the dark in order to achieve a constant NO concentration. The U.V. light was 

then switched on and the NO/NO2 concentrations monitored for a further 90 minutes. 
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Figure 2.15 – Lab plant flow chart for NOx oxidation 23. S1 is the NOx cylinder, S2 the air 

cylinder, F and FC the mass flow meters for NO and air respectively, R the photocatalytic 

reactor, A the chemiluminescence analyzer and E the software/computer. 

 

Figure 2.16 – Photocatalytic reactor scheme for NOx oxidation. 

n-TiO2 has been selected for a further study in order to identify the role of surface water in 

the photocatalytic oxidation of NO and investigate the different reaction regimes as well as 

the possible deactivation phenomena. The pure photocatalyst has been deposited on the 

surface of glass beads and tested in a photocatalytic powder layer reactor. 

 

2.4.2.2. n-TiO2 coated glass beads preparation 

Glass beads (Sigma – Aldrich; diameter 450 – 600 m) were coated with n-TiO2 by the 

method of Daneshvar 24. 3 g of n-TiO2 were dispersed in 200 ml of deionised water and 
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R 

A 

E 

1 4 2 2 

3 
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sonicated in an ultrasonic bath for 15 minutes to achieve good dispersion of titania particles. 

30 g of glass beads (without any pre-treatment) have been added to the dispersion and left to 

stand for a further 15 minutes under sonication. The beads were then filtered on a Buchner 

filter, placed in oven at 106 °C for 3 hours and when dry, fired at 500 °C for 1 hour. After 

firing the coated beads were placed in a column fitted with a porous disc, washed by flushing 

200 ml of deionised water, placed again on a Buchner filter and washed with an excess of 

deionised water. The final step consisted in a further drying at 106 °C for 30 minutes. Once 

dry, the n-TiO2 coated glass beads were stored in a light-tight jar at room temperature in 

ordinary air conditions. The amount of n-TiO2 deposited was 0.11 1
2


glassbeadsTiO gg . B.E.T. 

specific surface area of coated glass beads has been previously measured by N2 adsorption 

using a Micromeritics ASAP 2020, see Figure 2.8. SEM micrographs of coated glass beads 

have been obtained using a Hitachi S – 520 Scanning Electron Microscope. 

 

2.4.2.3. NO oxidation test with n-TiO2 coated glass beads 

The apparatus for the photocatalytic study is shown in Figure 2.17. A dry 250 ppm NO in 

nitrogen gas stream was blended with dry air in a gas blender until the appropriate NO 

concentration was obtained. The gas mixture, at a given flow rate, was used to feed the 

photocatalytic reactor, see Figure 2.18. The latter consisted in a 2 cm diameter glass tube 

equipped with a water jacket for temperature controlling, a porous sintered glass disk to 

allocate the n-TiO2 coated glass beads and a quartz window at the top to irradiate the 

photocatalytic bed. An OSRAM Ultravitalux U.V.A lamp was used to illuminate the 

photocatalytic bed in the reactor through the quartz window at the top of the reactor. The 

distance between lamp and photocatalytic bed was set in order to achieve a constant 

irradiance of 25 ± 1 mW m–2 at the catalyst surface. The outlet gas stream was conveyed to a 

Thermo Environmental 42C chemiluminescence NO–NO2–NOx gas analyzer. A constant 

temperature of 26.8 ± 0.14 °C was maintained using a water bath circulating water through 

the external jacket of the reactor. 

To address different levels of adsorbed water, photocatalytic oxidation of NO was monitored 

using beads as prepared (GB20) and beads having undergone further thermal treatment at 110 

and 500 °C for 1 hour (GB110 and GB500 respectively) before introduction in the reactor. In 

addition, two blank tests were carried out to evaluate the contribution of non-photocatalytic 



 84

oxidation promoted by U.V. light and the potential reaction of the acidic NO with water 

adsorbed on the catalyst surface without any irradiation. The first was achieved by 

introducing the NO/air gas stream in the reactor equipped with TiO2-free glass beads and the 

second by leaving the gas stream flowing for about 1 hour in the reactor with n-TiO2 coated 

glass beads in complete darkness. 

Pseudo steady state conversions for n-TiO2 coated glass beads have also been studied at two 

different gas flow rates, 50 ml min–1 and 100 ml min–1, and two different initial NO 

concentrations, 50 ppm and 25 ppm, to derive kinetic constant and NO adsorption coefficient 

for the assumed Langmuir – Hinshelwood (L–H) kinetics. 
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Figure 2.17 – NO oxidation lab plant for n-TiO2 coated glass beads. 
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Figure 2.18 – Photocatalytic continuous fixed bed reactor for n-TiO2 coated glass beads. 
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2.5.  Pilot test 

2.5.1.  Surface texture and surface microstructure design and engineering 

A practical implementation in cement/mortar systems has been carried out in order to identify 

the influence of surface roughness on the overall self-cleaning performance of big mortar 

samples, 35 cm x 25 cm x 7 cm, to be tested according to the accelerated aesthetic ageing 

method described in section 2.5.2. Several surfaces were tested and engineered on small 

cement disks with a diameter of 42 mm and two selected surfaces, a P 320 SiC paper and a 

Zemdrain™ casting membrane, used for the further scale up to prepare the bigger mortars for 

the accelerated weathering test. The selected surfaces, used to cast mortars on, enable to 

achieve a similar degree of roughness but the final surface microstructure can be very 

different. Figure 2.19 shows schematically how these two surfaces work. 

Rough surfaces

Fresh cast cement

vessels

thin H2O filmH2O

ZEMDRAIN membrane P#320 SiC paper

Rough surfaces

Fresh cast cement

vessels

thin H2O filmH2O

ZEMDRAIN membrane P#320 SiC paper  

Figure 2.19 – P 320 SiC and Zemdrain™ membrane casting. 

Zemdrain™ membrane is able to drain water off the front casting surface during the first day 

of curing after casting, decreasing the w/c of the surface. Contrary, with the rough SiC paper 

water is trapped between the forming cement (or mortar surface) and paper itself, leading to a 

higher w/c ratio on the specimen surface. A further smooth and flat surface was prepared for 

comparison.  

SEM micrographs, using a FEI Quanta 400 Scanning Electron Microscope, Figure 2.10, have 

been taken for each surface to identify the degree of roughness obtained. 
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2.5.2.  Aesthetic durability – Accelerated Aesthetic Ageing test 

Mortar samples for the accelerated aesthetic ageing test have been prepared according to the 

procedure described in the European Standard ISO 679 22 and already described in section 

2.3.2. The w/c used was 0.4. For each TiO2 sample, a set of three mortars with different 

casting surfaces were prepared: one flat and smooth, one with Zemdrain membrane and one 

with SiC paper. A further set without photocatalyst was prepared as control. In order to 

minimise the amount of TiO2 used, mortars were cast in the 35 cm x 25 cm x 7 cm till a 

thickness of 4 cm and, once hardened (after 1 day), a back-casting with concrete was placed 

in order to reach the final thickness of 7 cm. The high distance of the mortar – concrete 

interface, 4 cm from the front casting surface allowed neglecting any “junction” effect of the 

mortar – concrete interface on the front casting surface itself. Two further sets of three 

mortars (one for each surface) with no photocatalyst were prepared. On the front casting 

surface of these specimens, TiO2 was subsequently sprayed using 20 ml of a 1 % w/v 

suspension of TiO2 in ethanol. One set was sprayed with m-TiO2 and the other with n-TiO2. 

Before introduction in the carousel for the exposure test, specimens were cured at 20 ± 0.5 ˚C 

and 55 ± 5 % of relative humidity for 28 days. 

The accelerated aesthetic ageing device (3AD) and description of each sub-cycle are shown 

in detail in Figure 2.20 25. Ageing is accelerated by means of erosion and soiling. The 

eventual growth of organisms is stimulated but not accelerated. The method exposes mortars 

to erosion and soiling using dust particles and water, freeze/thaw sub-cycles, wetting/drying 

sub-cycles and U.V. exposure. The device consists of a central sample holder robot that 

cyclically places samples inside one of the four exposure chambers. A whole cycle is about 

one day long, divided in four sub-cycles, each about 6 hours long 25. Mortar specimens have 

been exposed for a total of 93 cycles corresponding to an equivalent ageing of 5 years in real 

conditions typical of North Denmark climate (the carousel is indeed property of Aalborg 

Portland Cement, partner of this PhD project and it has been calibrated according to the 

climate conditions of the city of Aalborg, North Jutland, Denmark). 
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Figure 2.20 – Accelerated aesthetic ageing device (3AD) and relative sub-cycles. 

 

The aesthetic durability of the specimens studied with the 3AD device was monitored by 

colour measurements using the CIE L*, a*, b* colour model (1976) based on the evolution of 

the older Hunter L, a, b colour model (1958) 26. The CIE L*, a*, b* colour space is a 3-D 

polar (the Hunter’s was rectangular) colour space based on the opponent – colours theory 26, 

27, Figure 2.21. The intensity of the reflected light from the surface passes through three 

colour filters and is converted into electrical signals, the so-called tristimulus colour values: 

L*, a*, b*: 

i. L* (lightness) axis – 0 is black, 100 is white; 

ii. a* (red-green) axis – positive values are red, negative values are green and 0 is 

neutral; 
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iii. b* (blue-yellow) axis – positive values are yellow, negative values are blue and 0 is 

neutral; 

 

Figure 2.21 – CIE L*, a*, b* colour space model. 

Colour measurements have been taken after 7 of the 28 days of preliminary curing (starting 

point), after 45 cycles and at the end of the 93 cycles. 
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3.1.  Photocatalyst characterisation 

3.1.1.  Bulk properties 

3.1.1.1.  Light absorption – U.V.-vis. Diffuse Reflectance 

U.V. – vis diffuse reflectance spectra obtained for the powder TiO2 samples are shown in 

Figures 3.1 for m-TiO2 and 3.2 for n-TiO2. Indirect semiconductors (like TiO2) near the 

absorption threshold have an absorption coefficient expressed by the relation: 





h

EhB gi
2)( 

  (3.1) 

where Bi is the absorption constant, h the Planck’s constant equal to 6.626 10-34 J s,  the 

frequency of the light and Eg the band gap of indirect allowed transition. Therefore, a 

transformed Kubelka – Munk function, Equation 2.6, can be built to derive the value of the 

band gap 1-3. The inset in each graph shows the Kubelka – Munk transform versus the Energy 

of the incident light. The extrapolation of the linear portion is used to derive the band gap. 

Results for the two titania powders read: 

Eg(m-TiO2) = 3.29 ± 0.02 eV 

Eg(n-TiO2) = 3.34 ± 0.02 eV 

These values are typical for undoped anatase TiO2, as already reported by many other authors 
1, 4. The band gap between valence and conductance band of about 3.2 – 3.3 eV for both the 

samples means that they do not absorb light in the visible field and their absorption edge lies 

completely in the near U.V. portion of the electromagnetic spectrum. 
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Figure 3.1 – U.V.-vis Diffuse Reflectance spectrum for m-TiO2 (— R; --- F(R)). 

 

 

 

Figure 3.2 – U.V.-vis Diffuse Reflectance spectrum for n-TiO2 (— R; --- F(R)). 
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3.1.1.2.  Crystallinity and Polymorphism – X-Ray Diffraction 

The results of X-ray diffraction analyses are shown in Figure 3.3. The peak positions confirm 

that anatase is the only detectable TiO2 polymorph 5, 6. Neither rutile/brookite peaks nor other 

crystalline substances have been detected. This is in agreement with what is declared by the 

manufacturers, i.e both the samples are solely anatase. 

 

Figure 3.3 – XRD patterns for m- and n-TiO2. 

Nevertheless the two patterns differ in resolution and peak broadening. These differences can 

be attributed to particle size only. The shape of XRD peaks depends on three main factors: 

i. Particle size; 

ii. Field strain; 

iii. Instrument effects; 

The three contributions can be summarised in the following Equation: 

  22
2

2 tan
cos

CBAFWHM i
i

i 







 


 (3.2) 
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where FWHM the Full Width at Half Maximum of peak i, i the Bragg’s diffraction angle of 

the peak i, A, B and C three experimental constants depending respectively on particle size, 

field strain and instrument characteristics 7, 8. For crystallites bigger than about 100 nm there 

is no significant peak broadening due to particle size and the XRD peaks look very narrow 

and well resolved 7, 8. This is what is observed for m-TiO2 (where crystallite size is expected 

to be around 170 nm). Intensity of signals is really high and peaks are very well resolved. On 

the other hand, when crystallite size is between 10 and 100 nm, XRD peaks broaden 

significantly and both signal intensity and resolution decrease. In such conditions, strain field 

and instrument effects can be neglected and the parameter A can be expressed through the 

relation: 

d
A 9.0
  (3.3) 

where  is the X-ray wavelength and d the average particle diameter (considering the 

approximation that particle are spheres). By substituting Equation 3.3 in Equation 3.2, 

neglecting the other two contributions as explained before to derive the explicit form of d, the 

Scherrer Equation (Equation 2.9) is obtained: 

iFWHM
d



cos

9.0
  (2.9) 

n-TiO2 lies exactly in this second case. Being a well crystallised TiO2, its less intense, 

broader and not well resolved XRD peaks, compared to m-TiO2, suggest much smaller 

crystallite size. Measuring the FWHM of the main anatase peak (101) at about 2 = 25.2 ˚ for 

three different patterns of the sample and applying the Scherrer Equation, a value for n-TiO2 

particle size of 16.6 ± 2.0 nm was derived. This seems to be in good agreement with data 

declared by the manufacturer of about 17 nm. Particle size of both m-TiO2 and n-TiO2 will be 

further discussed in section 3.1.1.4. 

 

3.1.1.3. Thermokinetics of TiO2 surface dehydration – Thermogravimetry, Differential 

Thermal Analysis and Diffuse Reflectance Infrared Fourier Transform Spectroscopy 

Figure 3.4 shows the TG, DTG and DTA profiles for both m-TiO2 and n-TiO2. 
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Figure 3.4 – TG (a), DTG (b) and DTA (c) profiles for m-TiO2 and n-TiO2. 
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m-TiO2 did not show any measurable thermal phenomena. Its TG profile is flat all over the 

scanned temperature range, so is the DTG. In agreement with the thermogravimetric results, 

DTA did not exhibit any significant endo- or exothermic events. 

More interesting is the behaviour of n-TiO2. TG showed at least three distinct thermal 

processes. A low temperature weight loss which ended around 110 °C, a subsequent weight 

loss which reached a steady state around 500 °C and a third weight loss which started at 600 

°C and it was completed around 850 °C. DRIFT spectroscopy helps to identify the nature of 

such thermal events. Figure 3.5 shows TG analysis with DRIFT spectra as insets. In the first 

weight loss step between 20 °C and 110 °C, DRIFT spectra (inset (a)) showed a broad band 

between 3300 and 3200 cm–1. This is associated with O–H stretching of molecular H – 

bonded water. The sharp band at 1623 cm–1 is relative to in plane O–H bending of the same 

molecular water. These bands systematically decrease in intensity with increasing 

temperature and indicate molecular water removal from the TiO2 surface 9. Previous works 9, 

10 already showed that adsorbed molecular water can still exist at 200 °C and the persistence 

of bands at 3200 and 1623 cm–1 in inset (b), obviously with reduced area confirms this. 

However, above 150 °C a new band at about 3670 cm–1 was formed. This band may be 

assigned to those surface hydroxyl groups which, being no longer involved in H bonds with 

molecular water, are now free to vibrate at this frequency. Furthermore, at temperatures 

higher than 200 °C even chemisorbed molecular water may dissociate. Water on TiO2 

surfaces mainly chemisorbs on oxygen vacancies (VO) (crystal defects), as reported by 

Trimboli et al. 9, Henderson et al. 10, 11, Liu et al. 12, extensively discussed in the review by Fu 

et al. 13 and confirmed by ab initio density-functional theory (DFT) calculations by Iacomino 

et al. 14. In anatase crystals, Ti atoms occupy centres of octaehedra and coordinate six oxygen 

atoms. Surface oxygen vacancies lead to five – coordinated titanium atoms able to bind the 

oxygen of water molecules (Equation 3.4). Eventually one of the two hydrogen atoms forms a 

hydrogen bond with a neighbour bridging oxygen 9, 10, 13 (Equation 3.5). 

Ti V0     + OH2 O
H

H
Ti

 (3.4) 

O
H

H
Ti + O

Ti

Ti
O

Ti

TiO H

Ti

H

 (3.5) 
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Trimboli et al. 9 and Henderson et al. 10, 11 reported the dissociation of the water adduct in 

Equation 3.5 into terminal OH groups (TOH, O–H stretching at 3710 cm–1) and bridging OH 

groups (BOH, O–H stretching at 3660 cm–1) at temperatures higher than 200 °C (Equation 

3.6). 

O

Ti

TiO H

Ti

H > 200  °C

O

Ti Ti

H

O

Ti

H

+

(TOH) (BOH)  (3.6) 

Our experimental data seem to fully confirm this route. Inset (c) shows a distinct signal at 

3670 cm–1 (BOH) with a shoulder around 3719 cm–1 (TOH) at a temperature higher than 200 

°C. The area of these signals increases in spectra of samples treated at about 350 – 400 °C 

(inset (e)) and decreases with further temperature increase suggesting water removal due to 

TOH and BOH condensation: 

O

Ti

Ti

H+ O

Ti

Ti
+O

Ti

Ti

H V0 

Ti (5 coord)

Ti (5 coord)- H2O

 (3.7) 

O

Ti

Ti

HOTi H + O

Ti

Ti
+

- H2O
Ti V0

 (3.8) 

OTi H + O

Ti

Ti- H2O
OH Ti

 (3.9) 

This contributes to the weight loss measured by TG at temperatures higher than 350 °C. The 

continuous weight loss above 200 °C coupled with the DRIFT signal at 3200 cm–1, which 

monotonically decreases in area and yet is still present at 500 °C, suggest also a continuous 

molecular water removal. However, no molecular physisorbed or H – bonded water can 

survive these temperatures. Parkins 15 assumed this signal to be associated with strongly 

chemisorbed water at isolated sites which does not undergo dissociation as highlighted above. 

The remaining water present on the surface (both molecular water and dissociated water) is 

removed at very high temperature (600 – 850 °C) as indicated by the TG trend. This confirms 

once again results previously observed for other metal oxide surfaces 16 about presence of 

water up to 800 – 900 °C. 
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Figure 3.5 – TG and DRIFT spectra for n-TiO2. 
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3.1.1.4. Particle size and morphology - Transmission Electron Microscope 

imaging 

Figure 3.6 shows the transmission electron micrographs obtained for m-TiO2, inset (a), 

and n-TiO2, inset (b). 

 
Figure 3.6 – Transmission electron micrographs for m-TiO2 (a) and n-TiO2 (b). 



 100

The scale of the micrographs highlights a large difference in crystallite size for the two 

samples studied. Furthermore, these images reveal important characteristics about 

particle agglomerates and porosity. m-TiO2 shows clusters constituted by a few 

crystallites whilst n-TiO2 clusters are generated by a large number of crystallites. The 

relatively larger dimension of m-TiO2 particles is also responsible for the larger inter-

particle porosity that this sample exhibits if compared to n-TiO2. Image analysis was 

carried out on both the samples, measuring the size of more than one hundred particles 

for each sample, and generated the statistical distributions showed in Figure 3.6. The 

average particle sizes obtained were: 

 2TiOmd 153.7 ± 48.1 nm 

 2TiOnd 18.4 ± 5.0 nm 

These results (Table 3.1) are in good agreement with manufacturers’ product 

specifications (Table 2.2) and with data obtained using the Scherrer Equation (Equation 

2.9) applied to XRD patterns. 

 

 

3.1.2.  Surface properties 

3.1.2.1.  Specific Surface Area and Inter-particle porosity – N2 adsorption (B.E.T. 

and B.J.H. models) 

Multilayer N2 physisorption isotherms at 77 K on m-TiO2 and n-TiO2 are shown in 

Figure 3.7. n-TiO2 showed a clear Type II isotherm, indicative of chemical affinity 

between adsorbate, N2, and TiO2 surface and characteristic of porous materials with pores 

distributed around a single size which is in the transitional range mesoporosity – 

macroporosity, i.e.: from a few tens to a few hundred Angstroms. m-TiO2 on the other 

hand, showed a similar Type II isotherm where the much lower level of N2 adsorption 

and the smaller area of the hysteresis loop are consistent with this sample showing larger 

crystallites than the nanosized product. The phenomenon of hysteresis in adsorption – 

desorption isotherms highlights different pathways for adsorption and desorption 
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mechanisms respectively. Hysteresis can be explained in terms of capillary condensation 

governed by the Kelvin Equation: 

RT
VH

P
P 2ln

0


 (3.10) 

where P is the actual N2 pressure, P0 the vapour pressure of N2 at 77 K, H the mean 

curvature of the meniscus generated by N2 vapour condensation in the capillary pore,  

the liquid – vapour surface tension, V the molar volume of the liquid, R the universal gas 

constant and T the temperature. Considering pore with cylindrical geometry, the 

meniscus mean curvature, H can be expressed as: 

igr
H

,

cos
  (3.11) 

where  is contact liquid – pore wall contact angle and rg,i the geometrical radius of the 

pore i. This Equation governs all equilibrium systems involving menisci and accounts for 

condensation of a vapour species inside a capillary at pressure P below the saturation 

vapor pressure P0. In a bottle – neck geometry pore, condensation starts at the bottom of 

the bottle at a pressure given by: 

)cos2exp(
1

0 rRT
VPPa


  (3.12) 

where r1 is the radius at the bottom of the bottle shaped capillary. The pore continues to 

be filled up more or less rapidly with further addition of gas until saturation: 








0P
Pk  = 1. 

On the desorption route, however, the pore starts to be emptied at the neck of the bottle 

when the pressure is: 

)cos2exp(
2

0 rRT
VPPd


  (3.13) 

where r2 is the radius at the neck of the bottle shaped capillary. Therefore: 
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1
)1exp(
)1exp(

         
2

1
12 

r
r

P
Prr

a

d  (3.14) 

Equation 3.14 simply reads: for a given amount of adsorbate condensed in the pore, the 

pressure at which this amount is left in the pore during desorption is always lower than 

the pressure at which this same amount is condensed during adsorption, explaining the 

higher position of the desorption curve compared to that of the adsorption curve defining 

the hysteresis loop in Figure 3.7. 
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Figure 3.7 – N2 physisorption isotherms at 77 K for m-TiO2 and n-TiO2. 

Although the simple bottle – neck theory qualitatively explains the adsorption – 

desorption hysteresis, it fails if used for quantitative interpretations. A more general 

explanation of hysteresis is provided by Foster 17 assuming an open pore structure of the 

adsorbent. 

Figure 3.8 shows the mesopore volume distribution analysis obtained using the BJH 

model. n-TiO2 exhibited a pore distribution centred on 80 Å. This is a direct consequence 

of the type II N2 adsorption isotherm. On the other hand, no mesoporosity has been 

observed for m-TiO2. Coupling of BJH analysis with TEM micrographs shows that the 

adsorption 

desorption 
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pore volume measured through the BJH model on N2 adsorption data is mainly related to 

the volume arising from particle agglomeration rather than intra particle pore volume. 

The smaller n-TiO2 particles (18.4 ± 5.0 nm by TEM) generate clusters with mesopores 

of several tens of angstroms whilst the bigger m-TiO2 particles generate clusters with 

macropores; size distribution data for these cannot be obtained using the BJH model 

since its applicability range is restricted to the mesopore field only. 

microporosity                    mesoporosity                    macroporosity

0.0E+00
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Figure 3.8 – BJH pore distribution analysis for m-TiO2 and n-TiO2. 

Specific surface area data have been also used to derive particle size through the simple 

geometrical model described in section 2.2.2.1 and by Equation 2.15. There is good 

agreement between the techniques and the results are consistent with the manufacturers’ 

data on particle size. 

 

3.1.2.2.  Surface composition analysis – X-Ray Photoelectron Spectroscopy and 

Energy Dispersion Spectroscopy 

Figure 3.9 shows XPS spectra of m-TiO2 and n-TiO2. The Ti 2p3/2 and Ti 2p1/2 peaks at 

459.2 eV and 465.1 eV respectively (doublet separation of about 5.9 eV) together with 

the satellite peak shifted by about 13.8 eV from the main Ti 2p3/2 peak, are typical of 
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TiO2 18. The O 1s region is different for the two samples. n-TiO2 showed a mean peak at 

530.0 eV, evidence of an unmodified surface 19. The shoulder around 532.0 eV means 

that the surface is partially covered with OH groups 20, 21. m-TiO2 has an O 1s peak at 

about 531.0 eV and a shoulder around 533 eV. Nevertheless this signal seems to overlap 

with another small peak around 535.0 eV (see deconvolution in Figure 3.9). The latter is 

not an unambiguous signal and could be attributed to the oxygen of various groups. 

Nevertheless the peak at 535 eV could be attributed to P – O groups on the surface of m-

TiO2 due to simultaneous presence at 133.4 eV of a P 2p3/2 peak, Figure 3.10(a). Binding 

energies around 133 – 134 eV are typical of phosphorous bound to oxygen atoms. No 

phosphorous was detected on the surface of n-TiO2. XPS analysis also revealed the 

presence of K for m-TiO2 and traces of N for n-TiO2., Figure 3.10(b) and 3.10(c). Na and 

S were also detected, Figure 3.10(d) and 3.10(e). This is characteristic for titanias 

produced according to the sulphate process. S comes from the raw materials used in 

manufacturing and Na from NaOH used to neutralise the hydrolysis product (i.e. acidic 

TiO2 produced by hydrolysis of TiOSO4). 

Table 3.1 – Particle size evaluation by TEM, XRD and BET. 

Sample Particle size 

 Product Spec TEM XRD BET 

 nm nm nm nm 

m-TiO2 170 153.7±48.1 – 177.6 

n-TiO2 17 18.4±5.0 16.6±2.0 19.5 

 

EDS also revealed the presence of P and K for m-TiO2. n-TiO2 exhibited traces of K but 

no P at all. These analytical findings for m-TiO2 seem to confirm the presence of K and P 

disclosed in one of the manufacturer’s patent 22: the hydrous TiO2 is calcined in the 

presence of a P compound in an amount between 0.15 % and 0.55 weight %, expressed as 

P2O5, and in the presence of a K compound in an amount between 0.20 % and 0.60 

weight %, expressed as K2O 22. Figure 3.11 shows the quantitative analysis performed by 

EDS using P and K K lines and expressed as P2O5 and K2O. The results of 0.25 ± 0.02 % 
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for P2O5 and 0.19 ± 0.05 % for K2O are within the ranges declared in the manufacturer’s 

patent 22. 

 

Figure 3.9 – m-TiO2 and n-TiO2 XPS spectra (Ti 2p and O 1s regions). 

 
Figure 3.10 – m-TiO2 and n-TiO2 XPS spectra. 
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Figure 3.11 – EDS results for m-TiO2. P expressed as P2O5 and K as K2O. 

 

3.1.2.3.  Electrokinetic properties – -potential and surface charge density 

Figure 3.12 and Figure 3.13 show -potential and surface charge density trends for the 

two titania samples investigated. -potential trend for n-TiO2 is typical for titania 

particles as reported by other authors 23-25. The pH for which the -potential equals zero, 

named the iso-electric point (IEP), was found to be at pH 6.5. The PZC found for n-TiO2 

by the method of zero change of pH reads 6.5 too (see Figure 3.13, surface charge 

density), indicating that the solution contains indifferent electrolytes only 26, 27. The IEP 

for m-TiO2 was found at pH 2.1. The actual PZC is difficult to measure for m-TiO2 

because of the large variation of the titrant volume added for a small variation of pH at 

low pHs. However the trend indicates also a similar value to the IEP; indeed, once again, 

the solution contains indifferent electrolytes only. 

The -potential of m-TiO2 is clearly modified relative to that of n-TiO2, essentially by 

chemical modification of the surface. The atypical -potential trend, the high surface 
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charge density and the low IEP (pH = 2), can be interpreted together with XPS data. XPS 

identified P – O bonds on the m-TiO2 surface. Nelson et al. 26 observed that specifically 

adsorbed phosphates on titanium dioxide surfaces shift the IEP from about pH 7 to pH 2. 

In the case of m-TiO2 there is no specific adsorption of any phosphate so P – O groups 

must rather be part of the surface structure. It has become apparent that m-TiO2 is treated 

with a P compound during calcination 22. The thermal process allows foreign ions to 

move to the surface and become part of the final product surface structure. XPS also 

showed that surfaces are partially hydroxylated, therefore the really low IEP measured 

for m-TiO2 (and the possible value of the PZC suggested from the trend in Figure 3.13) is 

likely to be associated with P – OH surface groups, with deprotonation starting at much 

lower pH than for Ti – OH groups. Surface titanol groups, Ti – OH, are amphoteric and 

their ionisation equilibria can be written as 28: 

   HOHTiKaOHTi
s
1

2   (3.15) 

   HOTiKaOHTi
s
2  (3.16) 

with pKa1
s ≈ 4.2 28 and pKa2

s ≈ 8 28 (data for the nanosized Evonik Degussa P25 TiO2). 

Surface titanol groups are in the Ti – OH form at a pH equal to the PZC, which, 

thermodynamically can be derived from the two acidic constants 28: 

2
21
ss pKapKaPZC 

  (3.17) 

Equation 3.17 yields 6.1, very similar to the experimental value of 6.5 obtained by 

titration for n-TiO2. At pHs lower than PZC partial protonation of Ti – OH leads to 

positive Ti – OH2
+ sites and at pHs higher than PZC partial deprotonation of Ti – OH 

leads to negative Ti – O– sites (see reference 28 for surface speciation). 

P – OH groups undergo similar mechanisms of protonation/deprotonation leading to 

positive and negative surfaces, but are much more acidic, accounting for the lower PZC 

of the P-containing m-TiO2. 
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Figure 3.12 – m-TiO2 and n-TiO2 -potentials vs pH. 1% TiO2 suspensions in 0.01 M 

NaNO3 solution. 
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Figure 3.13 – m-TiO2 and n-TiO2 surface charge densities. 
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3.1.2.4. Dispersion stability – sedimentation test 

3.1.2.4.1. m-TiO2 and n-TiO2 dispersions in the presence of Na+, Cl- or deionised 

water 

The stability of TiO2 dispersions was tested in HCl, deionised water and NaOH, pH = 2, 

pH = 7 and pH = 12.5 respectively. According to the Deryagin-Landau-Verwey-

Overbeek (DLVO) theory 29, 30, dispersion/agglomeration of particles are controlled by 

the balance between attractive and repulsive forces. Since these systems contain only 1:1 

electrolytes, a mean field approach is able to describe the electric double layer 

interactions: repulsive contribution of entropic origin and attractive contribution resulting 

from Van der Waals (VDW) forces. -potential can therefore be used as a parameter to 

interpret/predict dispersion or aggregation phenomena. A common sedimentation test to 

verify dispersion stability 31 (Figure 3.14) highlighted that at pH = 2 in HCl, the m-TiO2 

dispersion is not stable and it readily sediments. At this pH there is no net surface charge 

on particles (IEP and PZC at pH = 2), interactions only come from attractive VDW forces 

so aggregation and sedimentation can be predicted. However, n-TiO2 at the same pH 

shows a -potential of about +20 mV (extrapolation of the trend in Figure 3.12 and 23-25). 

This is enough to prevent sedimentation and the dispersion is perfectly stable at 24 h but 

also after 4 days. Furthermore, according to Mandzy et al 24, a potential of about |25 – 30| 

mV is the minimum threshold to electrostatically stabilise a nanosized TiO2 dispersion 

(in presence of indifferent electrolytes only) mainly by breaking up big agglomerates, 

reducing their dimensions to primary particle size, and avoiding re-agglomeration. At pH 

= 7 (deionised water), the situation is exactly the reverse. The PZC is nearer 7 for n-TiO2 

so its dispersion is unstable. m-TiO2, having a -potential of about -75 mV at this pH, 

provides stable dispersion. At pH = 12.5 both of the samples show non-zero -potentials: 

about -25 mV for n-TiO2 and about -80 mV for m-TiO2 (Figure 3.12) and, as expected, 

are highly dispersed with no significant differences in stability within 24 h. However, 

after 4 days m-TiO2 looked better dispersed than n-TiO2. This difference is likely to be 

associated with its higher -potential which is able to compensate the greater VDW 

attractive interaction. 
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Figure 3.14 – Sedimentation test for m-TiO2 and n-TiO2 in HCl (pH = 2), deionised 

water (pH = 7) and NaOH (pH = 12.5). 

 

3.1.2.4.2. m-TiO2 and n-TiO2 dispersions in the presence of K+ 

The same dispersions of m-TiO2 and n-TiO2 at pH =12.5 have been prepared using a 

KOH solution (Figure 3.15). The potassium ion is considered to be an indifferent 

electrolyte too (no specific adsorption inside the Stern layer) but it is less polarising than 

sodium. Its hydration shell is smaller and weaker than the sodium one (see Table 3.2) 

and, as a result, stronger interactions between hydrated K+ ions and TiO2 surface may 

occur. According to Shaw 27, K+ is expected to slightly destabilise colloidal suspensions. 

Monovalent electrolytes may increase flocculation according to their hydrated ionic radii 
27. The smaller the solvated ionic radius the closer the counter-ion approaches the particle 

surface and the stronger the resulting interaction. Thus, monovalent cations can be 

arranged in a series of decreasing flocculating power (increasing solvated radius, see 

Table 3.2). This has been observed to be true for n-TiO2 where, although within 24 h no 

particular differences with the Na+ case have been noticed, after 4 days titania powder 
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completely settled in KOH while the same dispersion in NaOH was still highly stable. 

For m-TiO2 the observed situation is again totally different. The -potential trend in 

Figure 3.12 is still valid because there are just indifferent electrolytes in solution, so high 

dispersion stability is expected due to the high -potential value. However, this dispersion 

settled within one hour. A specific interaction between the high potassium activity 

environment and the P, K modified surface of m-TiO2 seems to exist, even though the 

nature of such interaction is not completely clear and further investigations might be 

needed. 
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Figure 3.15 – Sedimentation test for m-TiO2 and n-TiO2 in KOH (pH = 12.5). 

 

3.1.2.4.3. m-TiO2 and n-TiO2 dispersions in the presence of Ca2+ 

Divalent (and even more, trivalent) cations are known to decrease colloidal stability 

(increasing flocculation) 32. Their higher charge makes them more polarising than 

monovalent cations and the coulombic attraction between the divalent cations and the 

negatively charged surface, as well as the coulombic repulsion amongst the cations 
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themselves, is greater than in the case of monovalent ions; this results in the so-called 

ion-ion correlations in the electrical double layer. In the conditions of high surface charge 

densities and in the case of multivalent counterions (highly coupled systems), ion-ion 

correlations can be at the origin of a surface overcharging phenomena and apparent 

surface charge reversal (CR) 33-35. They introduce an attractive electrostatic contribution 

between particles with the same charges 36. Such phenomena have been demonstrated by 

many authors working on different colloidal systems and have been confirmed by several 

simulations 37-43 as identified in two recent reviews 44, 45. Labbez et al. recently obtained 

important results quantifying such charge correlations for colloidal silica dispersions 33. 

Table 3.2 – Data on hydration of aqueous Group IA ions and NH4
+. 

 Cs+ ≈ Rb+ < NH4
+ ≈ K+ < Na+ < Li+ 

hydrated 

ionic radius 

[Å] 

2.2846  2.2846  ≈2.3246  
2.3246 

3.3147 
 

2.7646 

3.5847 
 3.4046 

Approximate 

hydration 

numbers 

9.946 

648 
     

10.546 

748 
 

16.646 

1348 
 

25.346 

2248 

Hydration 

Enthalpy 

[kJ mol–1] 

26446  29346    
32246 

29549 
 

40646 

36549 
 51946 

 

These effects on different TiO2 samples have been proved here. Experimental results 

confirmed first evidences of TiO2 charge reversal in the presence of Ca2+ discussed by 

Mange et al. 40 and Böhmer et al. 50. Moreover, charge correlation effects observed can be 

used to explain TiO2 aggregation/dispersion in real cement structures. 

-potential measurements performed on m-TiO2 and n-TiO2 at different Ca2+ activities 

showed different trends to those for the Na+ case (Figure 3.16). As mentioned before, in 
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alkaline conditions n-TiO2 titanol groups are partially ionised to Ti-O– leading to a 

negative surface charge. Increasing calcium concentrations decrease the absolute value of 

-potential until Ca2+ ions completely balance the surface charge and the overall potential 

at the shear plane is zero. This new IEP is not at the PZC. Although the actual TiO2 

surface is still negatively charged, the net charge at the shear plane is zero due to 

negative/positive charge compensation. With further increase in calcium concentration, 

the surface attracts counterions in excess of its own nominal charge 33 and the net charge 

detected at the shear plane is now positive and indeed the -potential reversed (Figure 

3.16). OH– ions in the diffuse layer balance the excess of the positive charge. Ion – ion 

correlations are here responsible for this overcharging and subsequent CR 33, 50. 
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Figure 3.16 – m-TiO2 and n-TiO2 -potentials vs [Ca2+]. 

For m-TiO2 the process is analogous but, once again, the ionisation chemistry of the 

surface is affected by the presence of P – OH and not driven by Ti – OH groups only. 

This, together with the much smaller specific surface area, is responsible for the different 

IEP. 
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Dispersions prepared for both m-TiO2 and n-TiO2 at pH = 12.5 in Ca(OH)2 solutions 

revealed a high instability although both the systems were far away from their own IEPs 

(Figure 3.17). The high level of aggregation induced by the Ca2+ ions is also confirmed 

by the good transparency of the supernatant liquid after complete sedimentation. This is 

the consequence of the attractive electrostatic interactions promoted by ion-ion 

correlations, already observed also for C-S-H (calcium silica hydrate gel) particles 36, 38, 

39. 
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Figure 3.17 – Sedimentation test for m-TiO2 and n-TiO2 in Ca(OH)2 (pH = 12.5). 

 

3.1.2.4.4. m-TiO2 and n-TiO2 dispersions in the presence of SO4
2– 

The stability of TiO2 systems at pH = 2 in presence of SO4
2- ions (H2SO4 solution) has 

been found to be very similar to the case of Ca2+ (Figure 3.18). Phenomena described in 

the previous section can be used again here to interpret the experimental evidence of 

dispersion reduced stability. 
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Figure 3.18 – Sedimentation test for m-TiO2 and n-TiO2 in H2SO4 (pH = 2). 

 

3.1.2.4.5. m-TiO2 and n-TiO2 dispersions in the presence of Na+, K+, Ca2+ and SO4
2-, 

i.e. synthetic cement pore solution 

The synergistic effect of all the previously discussed ions has been studied for titania 

dispersions in an ionic soup used to model the cement pore solution. The composition of 

the synthetic pore solution according to Houst et al. 51, is given in Table 2.3 and accounts 

for a measured pH of 12.87 ± 0.02. Neither of the two dispersions is stable in this ionic 

solution (Figure 3.19) and a significant sediment is formed even after 10 minutes only 

(similar to the H2SO4 and Ca(OH)2 systems as expected). Figure 3.20 shows the 

appearance of such dispersions from 10 minutes to 30 minutes. The clarity of the 

supernatant solution and the height of the sediment give rise to interesting observations. 
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Figure 3.19 – Sedimentation test for m-TiO2 and n-TiO2 in synthetic cement pore 

solution (pH = 12.87). 

 

30 mins20 mins10 mins 30 mins20 mins10 mins
(a) (b)  

Figure 3.20 – Sedimentation test for: (a) m-TiO2 and (b) n-TiO2 in synthetic cement pore 

solution (pH = 12.87). 
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After 10 minutes, m-TiO2 showed a compact and small precipitate which did not change 

significantly in volume with time. Furthermore the supernatant solution did not appear 

totally clear both at 10 minutes and at longer times. According to Shaw 27 this is evidence 

of small particle aggregates which settle very compactly (small inter-aggregate volume) 

and leave the supernatant solution turbid due to even smaller aggregates kept dispersed 

by Brownian motion (deflocculated sediment). On the other hand n-TiO2 showed the 

opposite behaviour. The higher level of sediment formed after 10 minutes which, reduced 

with time, and the clearer supernatant solution (at any time) suggest bigger particle 

aggregates. Their bigger size prevents a compact early stage settling (higher inter-

aggregate volume and consequent higher sediment height). The volume of the sediment 

decreases in time due to space rearrangements caused by gravity. Nevertheless the 

supernatant solution appears clearer at any time because the bigger aggregates are less 

affected by thermal motion (flocculated sediment). The graphical model describing these 

different sedimentation phenomena is shown in Figure 3.21. 

 

Figure 3.21 – Flocculating/deflocculating sedimentation model. (a) m-TiO2, 

deflocculated sediment; (b) n-TiO2, flocculated sediment. 
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3.1.3.  Photocatalyst characterisation summary 

As a useful reference point in the thesis and to facilitate the reader during the discussion 

of the photocatalytic performances in relation to the photocatalyst properties, we resume 

in Table 3.3 the main physico – chemical properties evaluated. 

Table 3.3 – TiO2 main physico-chemical properties investigated. 

Physico-Chemical 

Property 
Unit Sample 

  m-TiO2 n-TiO2 

Crystal phase  – Anatase Anatase 

Band gap  eV 3.29 ± 0.02 3.34 ± 0.02 

SBET  m2 g–1 8.7 78.9 

BJH pore  Å > 500 79.6 

Surface 
modification  – P, K None 

IEP (*)  pH unit 2.1 6.5 

PZC (#)  pH unit ≈ 2 6.5 

Particle 

size 

Product spec nm 170 17 

TEM nm 153.7 ± 48.1 18.4 ± 5.0 

XRD nm – 16.6 ± 2.0 

BET nm 177.6 19.5 

(*) Iso Electric Point; (#) Point of Zero Charge 
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3.2.  Photocatalytic performance 

3.2.1.  Self-cleaning effect – Rhodamine B (RhB) test 

The degradation of colour of RhB was quantitatively measured by light absorption as a 

function of wavelength by reflecting light from the cement surface on which the dye was 

deposited (section 2.4.1). In this way, diffuse reflectance spectra were obtained as shown 

in Figures 3.22, 3.23 and 3.24. The peak area of the main absorption centred around 

541.5 nm is indicative of the concentration of the intact dye molecule and it can be 

observed that under illumination, the area reduces as a function of time, i.e. the dye 

molecule degrades. It can be noted that there is also degradation of colour in samples 

which do not contain photocatalyst and this highlights an important source of 

misrepresentation of catalyst efficiency where controls are not used. The loss of colour by 

photolytic degradation of the dye is quite common in fact; this effect is observed as 

coloured fabrics are bleached in sunlight. However, even by taking account of this effect, 

it can be shown that there is an enhanced degradation of colour in the presence of 

photocatalyst. 

An interesting feature of these data is the shift to lower wavelengths of absorption 

maxima exhibited by samples which experienced exposure to daylight during the dye 

deposition step. This feature is not reproduced when dye is deposited in the dark. A 

similar effect (hypsochromic shift) was observed by Chen et al 23, who discriminated 

between different degradation mechanisms as a function of the different illumination 

conditions experienced. The lower energies available from visible light are insufficient to 

induce photo-activation of TiO2 but they can lead to dye sensitisation and degradation of 

colour by this mechanism (Figure 3.25(b)). As a result, the selective stepwise de-

ethylation of RhB amino groups, responsible for the hypsochromic shift 23, leads to a 

sequence of structurally similar degradation products which absorb radiation at 

progressively lower wavelengths. Where samples were prepared in the dark, the only light 

exposure was to UV radiation which promotes true photocatalytic processes and reduces the 

hypsochromic effect (3.25(a)). Clearly, degradation mechanisms are important in 

understanding optimisation of photocatalyst efficiencies. However, it is evident from the 

above that photocatalysis can encompass more than one process. 
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Figure 3.22 – Diffuse reflectance 
spectra at various illumination time for 
white cement pastes without 
photocatalyst: (a) RhB deposition and 
conditioning under daylight, (b) RhB 
deposition and conditioning in darkness. 

Figure 3.23 – Diffuse reflectance 
spectra at various illumination time for 
white cement pastes containing m-TiO2: 
(a) RhB deposition and conditioning 
under daylight, (b) RhB deposition and 
conditioning in darkness. 

Figure 3.24 – Diffuse reflectance 
spectra at various illumination time for 
white cement pastes containing n-TiO2: 
(a) RhB deposition and conditioning 
under daylight, (b) RhB deposition and 
conditioning in darkness. 
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Whilst UV exposure promotes conventional photocatalysis-induced redox processes on 

the surface of TiO2, diagnosis of reaction pathways is complicated by the dye 

sensitisation mechanism and the influence of resulting products. A further physical 

implication is the particle size of the photocatalyst. The dye sensitisation route would 

appear to be less dependent on the normally expected nano-dimensionality of the catalyst 

because charge recombination effects must be less significant, i.e. degradation is not 

dependent on the production of electron-hole pairs. It is therefore difficult to reconcile 

higher degradation rates for RhB on microsized TiO2, with conventional photocatalytic 

mechanisms and the dominant effect under the conditions used in the study must 

therefore be correlated to other physical – chemical properties of the photocatalyst 

particles in the cement environment. 

(a) (b)(a) (b)

 

Figure 3.25 – RhB-TiO2 system under: (a) U.V. light irradiation: photo-sensitised 

pathway 23; (b) visible light irradiation: dye-sensitised pathway 23. 

These results have been presented at the 13th International Conference on TiO2 

photocatalysis: fundamentals and applications, San Diego CA, USA, 2008 and published 

in A. Folli, U. H. Jakobsen, G. L. Guerrini and D. E. Macphee, J. Adv. Oxid. Technol., 

2009, 12, 126-133 52. 
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3.2.2. Depollution – NOx oxidation test and modelling 

3.2.2.1. NOx oxidation test with mortar specimens 

Figures 3.26 (a), 3.26 (b) and 3.26 (c), show the nitric oxide, NO, concentration profiles 

obtained during the NOx oxidation test at three different flow rates and under 

illumination (section 2.4.2.1). In each graph trends obtained with photocatalytic cement 

mortars (either with m-TiO2 or n-TiO2) are compared to trends exhibited by TiO2-free 

white cement mortars. The flat character of profiles where TiO2 is not present indicates 

very low impact on NO oxidation by the cement environment itself. Trends also suggest 

that the lower the flow rate the lower the NO concentration at 90 minutes (assumed as 

pseudo steady concentration), hence the higher the conversion. 
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Figure 3.26 – NO concentration profiles at: (a) 3 l min–1, (b) 2 l min–1, (c) 1.5 l min–1. (d) 

NO conversion versus flow rate. 
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The photocatalytic oxidation of NO on pure TiO2 is a complex series of chemical 

equilibria as described in section 1.1.1. Adsorbed H2O and O2 react with valence band 

positive holes and conductance band electrons respectively, generating adsorbed 

hydroxyl radicals, HO·,53, 54. These radicals directly react with NO and, according to 

another series of chemical equilibria, they convert NO into nitric acid, HNO3, passing 

through unstable nitrous acid, HONO and nitrogen dioxide, NO2 53, 54. This general 

reaction mechanism can still support NO oxidation over TiO2 in the cement environment 

but due to the very high pH typical of cementitious materials, the reaction products and 

intermediates are likely to be associated with nitrates, NO3
–, and nitrites, NO2

–, rather 

than nitric and nitrous acids. Nevertheless, a few questions are still unanswered; for 

instance, the potential negative impact on the cementitious structure of the acidic species 

produced. OH– present in cement (mainly in cement pore solution) buffer the acidic 

species formed during the oxidation of NO, i.e. HONO and HNO3. Once this buffer 

capacity is no longer sustained by the alkaline liquor in the pores, the formed acidic 

species might further decrease the pH of the system below the stability limit of the C-S-H 

phase (around 11.5 55) and therefore promote decalcification of the latter. This issue is 

relevant in terms of durability of the cementitious structure. An accurate mass balance is 

therefore required to quantitatively assess the impact of photocatalytic oxidation products 

but this is complex and evidence for such calculations has not yet been found. 

The NO concentration after 90 minutes (assumed as pseudo steady conversion) versus 

flow rate is reported in Figure 3.26 (d) for both white cement mortars containing m-TiO2 

and white cement mortars containing n-TiO2. A comparison between the two trends 

suggests that n-TiO2 generally performs better than m-TiO2. Indeed for all the gas flow 

rates investigated, the NO conversion exhibited by mortars containing n-TiO2 is higher 

than mortars containing m-TiO2. In this case, results are in agreement with what is 

expected on the basis of the different specific surface areas of the two TiO2 powders. 

Note however that specific surface areas failed to explain the higher activity towards RhB 

degradation exhibited by samples containing m-TiO2. 
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3.2.2.2. Overall kinetics of photocatalytic oxidation of NO 

n-TiO2 (the better performing of the two catalysts in oxidising NO) has been deposited on 

the surface of glass beads and used in a further study (section 2.4.2.3) to highlight the role 

of TiO2 surface water in the photocatalytic oxidation of NO as well as the reaction 

regimes and possible deactivation phenomena. An image of a typical n-TiO2 coated glass 

beads is shown in Figure 3.27. 

 

Figure 3.27 – SEM micrograph of an n-TiO2 coated glass bead. 

Two preliminary blank tests (Figure 3.28 and 3.29) indicated no significant NO 

conversion due to the effect of UV light in the absence of TiO2 and no reaction with 

adsorbed species on TiO2 surface in the darkness, respectively was observed. Pseudo 

steady state conversions for sample GB20 have been studied at two different gas flow 

rates, 50 and 100 ml min–1, and two different initial NO concentrations, 50 and 25 ppm, 

to derive kinetic constant and NO adsorption coefficient for assumed Langmuir – 

Hinshelwood (L–H) kinetics. 
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Figure 3.28 – Effect of photolysis on NO (only uncoated glass beads present). 

 

Figure 3.29 – Effect of the adsorbed water on NO oxidation in the dark. 

The superficial velocity in the reactor, u, and the average gas transit time, , can be 

calculated according to Equations 3.18 and 3.19: 

S
Fu   (3.18) 

u
L

  (3.19) 
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where: F is the gas flow rate, S the bed cross section, equal to 3.14 cm2 (2 cm diameter) 

and L, the illuminated bed depth, equal to 0.2 cm, i.e. the total bed thickness. This 

assumption is valid since the photocatalytic bed is constituted by TiO2 coated glass beads 

and not TiO2 powder 56, 57. u is then used to derive the axial Peclet number, Pea, product 

of Reynolds number and Schmidt number according to Equation 3.20: 

ScRePe a 
eD

uL  (3.20) 

where De is the diffusion coefficient of NO in air, equal to 0.151 cm2 s–1. 

Table 3.4 – Fix bed reactor fluid dynamic parameters. 

Sample F u  Pea 

 ml min–1 cm s–1 ms - 

GB20 50 0.265 755 0.35 

GB20 100 0.531 377 0.70 

 

Table 3.4 summarizes results obtained for u,  and Pea for the two different flow rates 

investigated. The Peclet number represents the ratio between convective (uL) and 

diffusive transport (De). In the photocatalytic bed here considered the axial Peclet 

numbers for both the gas flow rates adopted are below 1, i.e. diffusion prevails over 

convection. The reactor does not have plug flow behaviour: NO concentration profile 

inside the fixed bed is flat and does not depend on the distance (length of the fixed bed). 

Therefore it can be treated as a simpler continuous stirred tank reactor (CSTR) or well – 

mixed reactor. Combining the mass balance for a CSTR in Equation 3.21: 

  VrCCF outNOinNO  ,,  (3.21) 

with the L–H kinetics in Equation 3.22: 

r
KC

kKC

outNO

outNO 
 ,

,

1
 (3.22) 

the following expression is derived: 
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kkKCCC outNOoutNOinNO

11

,,,



  (3.23) 

where: r is the reaction rate, CNO,in is the NO concentration at the entrance of the 

photocatalytic bed and therefore equal to the initial concentration of NO in the gas 

stream, either 50 or 25 ppm, CNO,out is the concentration at the exit of the photocatalytic 

bed, k the kinetic constant and K the L–H adsorption coefficient. From the linear 

regression using Equation 3.23 (R2 = 0.998), we observed the following overall 

constants: k = 3.02 10–4 mol m–3 s–1 and K = 1.24 103 m3 mol–1. These values are in good 

agreement with data already present in literature 53, 54 and provide solid evidence that, 

with the reactor used, the photocatalytic oxidation of NO follows the same kinetics 

already observed by other authors 53, 54. This has been considered as a validation to justify 

the reliability of our further conversion data. 

 

3.2.2.3. Surface hydration, N mass balance and regimes of NO oxidation 

Figure 3.30 shows the outlet NO, NO2 and NOx (
2NONONOx CCC  ) gas phase 

concentration profiles for n-TiO2 coated glass beads irradiated with UVA light with an 

inlet NO/air gas stream at 50 ml min–1 and NO concentration equal to 50 ± 0.5 ppm. 

Three light on – off cycles were monitored for each of the three samples. 
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Figure 3.30 – NO, NO2 and NOx concentration profiles. 

Before the first cycle, NO gas was flowed through the reactor in the dark until TiO2 

surfaces were saturated (i.e. until CNO,out = CNO,in). When light was switched on, the initial 
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drop in NO concentration was 8.2 ppm for GB20, 6.3 ppm for GB110 and 3.1 ppm for 

GB500, generating a well resolved peak for GB20 and GB110 but a very small one for 

GB500. This initial NO removal appears to follow the same decreasing trend as is 

observed for the initial TiO2 surface hydration as a function of increasing temperature, 

i.e.: GB20 > GB110 > GB500 (Figures 3.5 and 3.31). 

 

Figure 3.31 – DRIFT spectra of n-TiO2 coated glass beads at 20 °C, 110 °C and 500 °C. 

NO2 concentrations achieved a maximum value corresponding with the minimum in NO 

but do not account for the total NO loss in the gas phase. Indeed the NOx balance showed 

a drop with peaks similar to the NO profiles. A possible mechanism, consistent with these 

observations, is shown in Figure 3.32. 
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Figure 3.32 – NO photoadsorption on light activated TiO2 ( adsorption site; /\/\/\/\/ 

undefined bond). 

When light is turned on, ·OH radicals are formed from the interaction between water and 

photogenerated positive holes (Equation 1.39, donor route) and also via oxygen and 

photogenerated electrons (Equations 1.40 – 1.44, acceptor route). This latter route 

however is kinetically disadvantaged compared to the donor route because the transfer of 

the photogenerated electron to the adsorbed molecular oxygen is the slowest amongst all 

of the TiO2 charge transfer processes (Equation 1.40 and Equation 1.55 in Table 1.8 that 

we show again here to facilitate the reader). The adsorbed NO reacts very quickly with 

the adsorbed ·OH radicals forming the HONO adduct (Figure 3.32). An active site is now 

vacant and further NO is adsorbed at a higher rate than the conversion of HONO to NO2. 

The oxidation of HONO (and/or NO2
–) to NO2 (at this early stage in the cycle considered 

slower than NO adsorption) depends also on the content of water since the initial NO2 

formation follows the same decreasing trends as are observed for surface hydration, i.e.: 

CNO2, GB20 = 6.59 ppm > CNO2, GB110 = 5.53 ppm > CNO2, GB500 = 4.50 ppm. 
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Table 1.8 – Primary processes and associated characteristic time domains in the TiO2-

sensitized photoreactions 58. (*) Characteristic time for this reaction refers to organic 

molecules only. No data available for NO. 

Primary process Equation Characteristic time 

Charge carrier generation   
 eh hTiO2   (1.48) fs (very fast) 

Charge carrier trapping   

  } OHTi  { OHTi   h IVIV  (1.49) 10 ns (fast) 

} OH{Ti  OHTi IIIIV e  (1.50) 100 ps (shallow trap, 
dynamic equilibrium) 

IIIIV Ti Ti e  (1.51) 10 ns (deep trap) 

Charge carrier recombination   

 OHTi } OHTi  { IVIV  e  (1.52) 100 ns (slow) 

OHTi } OH{Ti   h IVIII   (1.53) 10 ns (fast) 

Interfacial charge transfer   

orgox  OHTi  org} OHTi  { IVIV   (1.54) 100 ns (slow) (*) 

 2
IV

2
III OOHTi O} OH{Ti  (1.55) ms (very slow) 

 

The proposed mechanism of a fast NO reactive photoadsorption and a slower initial 

conversion to NO2 is consistent with: i. the dependency of the area of the adsorption 

peaks (Figure 3.30) on the extent of surface hydroxylation (molecular and dissociated 

surface water) exhibited by GB20, GB110 and GB500; ii. the light – assisted formation 

of surface ·OH radicals through water and light generated positive holes being a very fast 

process (Equation 1.49, Table 1.8) 58, iii. the Langmuir – Hinshelwood kinetics used 

previously and employed by other authors 53, 54, 59. 

Summarizing the entire initial mechanism in a single equation, we obtain: 

2
OH    slow,OH   fast, NOHONONO      (3.24) 
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Equation 3.24 is consistent with what Devahasdin et al.53 hypothesised as a general initial 

regime or fast initial adsorption plus reaction. 

After this initial stage, the NO conversion decreases significantly for GB20 and GB110. 

GB500 shows only a very small variation. NO2 concentration in this period of time 

decreases. This is a typical feature of transient behaviour where NO conversion to HONO 

is the rate determining step and NO2 is an intermediate which is subsequently oxidised. 

The final product is HNO3 / NO3
–: 

3
OH   fast,

2
OH   fast,OH   slow, HNONOHONONO       (3.25) 

Once again the NO2 profiles and the NOx balance provide information on the role of 

surface water. The rate of conversion of NO2 (slope of the concentration profile) seems to 

depend again on the amount of ·OH radicals, hence water, on the surface since it follows 

the usual trend GB20 > GB110 > GB500, suggesting also greater amount of nitrates 

formed for GB20. NOx balance confirms this hypothesis. Throughout the first cycle, 

NOx balance in the gas phase does not reach the initial value in the dark and the deficit 

related to the missing N in the gas phase, considered equal to the amount of NO3
– formed 

and adsorbed on the TiO2 surface, is: 0.41 mol m–2 for GB20, 0.36 mol m–2 for GB110 

and 0.16 mol m–2 for GB500. 

When light is turned off after the first cycle, the reaction quenches immediately. NO and 

NO2 concentrations return to the initial values and NOx balance in the gas phase reaches 

100 %. The quick character of the initial concentration recovery (experienced also after 

the second cycle) when light is switched off is clear evidence and further proof that 

photocatalytic oxidation of NO is a radical – based process. 

In the second and third light off – on cycles, we note the same observations as for cycle 1. 

When light is turned, a fast NO reactive photoadsorption occurs with generation of NO2 

which approaches the transient period summarized by Equation 3.25. However, from 

cycle to cycle, we can observe that, for GB20 and GB110: 

i.the area of the peak related to the initial fast reactive photoadsorption of NO 

continuously decreases from cycle to cycle; 
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ii.NO concentration monotonically increases while NO2 concentration 

monotonically decreases; despite the fact that GB20 shows generally lower NO 

concentration and higher NO2 concentration than GB110 (lower water content), 

the differences between the two samples become smaller as a function of 

number of cycles. 

For GB500, the much reduced amount of water (molecular and dissociated) on the 

surface minimises considerably the effects observed for GB20 and GB110. The very 

small peak corresponding to fast reactive photoadsorption of NO experienced in the first 

cycle disappears completely in the following two. NO and NO2 concentrations remain 

quite constant in the second and third cycles with good NOx balance in the gas phase that 

suggests very low amount of nitrates formed in the first cycle, even less in the second and 

no measurable nitrates in the third (concentration of total NOx in the gas phase in the 

dark is equal to that during illumination, i.e., the balance approximates 100 % with NO 

and NO2 only). 

This evidence is likely to be attributed to deactivation of the reactive surface by means 

of: water consumption during the reaction (which is not continuously supplied through 

the gas feed) and irreversible adsorption of nitrates which reduces the number of 

available adsorption sites. 

Integration of the gaps in the NOx balance can provide a quantitative view of the 

deactivation phenomena described above. Figure 3.33 shows the progressive reduction of 

specific surface area for the three batches due to nitrate formation, under the assumptions 

that: i. all the NOx missing in the gas phase can be accounted for as NO3
– formation; ii. 

NO3
– does not desorb from the TiO2 surface; iii. the average radius of NO3

– is 1.96 Å 60. 

According to quantitative data shown in Figure 3.33, the deactivation of active sites due 

to adsorbed nitrates and consequent reduction in available surface area is occurring but 

the amount of available surface area is significantly still very high after a total 

illumination period of about 80 minutes. Therefore in this period of time, the 

consumption of water (molecular and dissociated) in the reaction might play a major role 

in the overall deactivation. The apparent absence of nitrate formation observed for 

GB500 in the third cycle is not completely understood yet, however different hypothesis 
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may be provided. Devahasdin et al. 53 observed no nitrate formation with NO2 as the final 

oxidation product once all the sites responsible for NO3
– formation are irreversibly 

occupied. Although this is likely to be the case after many hours of activity, in our 

conditions the available surface area is still high and it is difficult to reconcile this 

behaviour with occlusion of all the active sites. We propose alternatively that oxidation to 

nitrate is inhibited by the low availability of surface water, allowing oxidation of NO only 

to NO2 and not further. 

 

Figure 3.33 – Surface area loss due to NO3
– formation and adsorption compared to the 

total BET specific surface area (data referred to the TiO2 – coated glass beads). 

Data obtained by integration of the areas related to the NOx balance can also be used to 

plot the total amount of NOx lost from the gas phase (considered equal to the total 

amount of NO3
– formed) over the three cycles versus the water loss due to the pre-

treatment that GB110 and GB500 experienced (Figure 3.34). Even though more data 

points are necessary to identify a better trend, Figure 3.34 suggests that, although the 

absolute amount of water lost between GB20 and GB110 is similar to the amount lost 

between GB110 and GB500, the total number of moles of NO3
– produced by the latter is 

significantly lower. The reason might be found in the nature of water removed. DRIFT 

spectra showed that between 20 °C and 110 °C, H – bonded molecular water is removed; 

between 110 °C and 500 °C it is chemisorbed water (molecular and dissociated) which 

leaves the surface. Figure 3.34 therefore highlights that in the photocatalytic formation of 
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NO3
–, chemisorbed water is much more active than H – bonded molecular water. This 

can be considered as further experimental justification for the use of a Langmuir – 

Hinshelwood kinetic model (L-H kinetics implies both reactants being first adsorbed). 

 

Figure 3.34 – Effect of initial water content on total moles of NO3
– formed on TiO2 

surface. 

 

3.2.2.4. Synergistic effect of the couple H2O – O2 

Hashimoto et al. 59 proved that NO can also be oxidised, on light irradiated TiO2 surfaces, 

by superoxide radicals, O2
–· (Equation 3.31). Although our analysis focused on the effect 

of surface water and the data do not allow us to discriminate the contribution of adsorbed 

oxygen, this extra oxidation route through superoxide species must be active under our 

conditions as well and therefore contribute to the overall NO conversion. Since the 

generation of ·OH radicals from molecular oxygen depends on the amount of water 

present (synergistic effect of H2O – O2; O2 needs the protons exchanged by the reaction 

of water with positive holes - Equation 1.39), NO photocatalytic oxidation under 

conditions of water deficiency (GB500) might be characterised by a larger contribution of 

the superoxide route. This idea seems to fit quite well with the flat NO and NO2 

concentration profiles measured for GB500. 
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Finally, independent on the actual oxidising species that H2O and O2 produce, their 

coupling is necessary to sustain the activation of the photocatalyst since they are 

responsible for trapping and/or transferring the photogenerated charge carriers 

(conductance band electrons and valence band positive holes) that would otherwise 

promptly recombine. Significant removal of one of the two species (like in our case 

comparing GB20 with GB500) can therefore decrease the overall activity due to much 

higher levels of electron – hole recombination. 

 

 

3.2.3. Influence of particle agglomeration/dispersion on photocatalytic 

performance: a surface chemistry approach 

3.2.3.1.  TiO2 dispersion in hardened cement: a particle aggregation model 

Results obtained for TiO2 dispersions in synthetic cement pore solutions can be used to 

predict behaviour and properties of the two different titanias in a real cement 

environment. During the preparation of cement paste specimens (see section 2.3.1), 

cement, water and TiO2 are mixed together by mechanical stirring as described in the 

experimental section. Hydration of cement powder quickly produces a liquor with 

composition and pH very similar to the ion soup identified in section 3.1.2.4.5. In such 

conditions, considering also that TiO2 does not take part in any of the chemical reactions 

forming cement hydrated phases, it is assumed that m-TiO2 and n-TiO2 undergo 

aggregations as described in section 3.1.2.4.5. Mechanical stirring distributes particle 

aggregates all over the forming material. Once the cement has completely hardened the 

dispersion of the two TiO2s can be predicted according to the model shown in Figure 

3.35. For an equal mass of TiO2 introduced into cement, m-TiO2 is expected to have 

smaller and better dispersed aggregates than n-TiO2 for which aggregates are bigger and 

more difficult to spread. 

Validation of this qualitative model has been carried out by SEM-EDS investigation on 

real cement paste specimens containing either m-TiO2 or n-TiO2. Micrographs in Figure 
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3.36 were obtained for the surface layer of the cement samples (1 day cured) prepared 

with m-TiO2 (Figure 3.35(a)) and n-TiO2 (Figure 3.35(b)) whilst micrographs in Figure 

3.37 are of sections cut perpendicularly to the surface and show the layers beneath the 

surface. Surface micrographs (Figure 3.36) show a higher degree of m-TiO2 dispersion 

(white spots in Figure 3.36(a)). Cement prepared with nanosized n-TiO2 show larger 

particle aggregates (a lower degree of dispersion (see Figure 3.36(b))). This is especially 

evident when the scale of the micrograph is considered. Nanoparticulate agglomerates 

seem to be at least 1 m in dimension compared to m-TiO2 agglomerates which seem to 

be smaller and divided into smaller sub-agglomerates. A similar situation is achieved in 

the bulk of the specimens, Figure 3.37. Figure 3.37(a), related to cement prepared with 

m-TiO2, shows smaller and better dispersed TiO2 particle aggregates compared with n-

TiO2-containing pastes, Figure 3.37(b). These results, also illustrated as Ti-element maps 

(Figure 3.38) of 14 day cured cements, are in perfect agreement with the model proposed 

in Figure 3.35. 

 

Figure 3.35 – Hardened cement structures with: (a) m-TiO2 and (b) n-TiO2. 
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3.2.3.2.  Impacts on photocatalytic performances 

Knowledge acquired through the study of titania surface chemistry can be used to 

modulate the overall photocatalytic activity of Portland cement containing TiO2. In 

simple slurry conditions indeed, n-TiO2 is supposed to perform better than m-TiO2 due to 

its much higher specific surface area. This is not always true in solid materials like 

cement where TiO2 is highly agglomerated and the adsorption of target molecules 

depends on the 3D structure of the material, its porosity and, not least, the TiO2 

agglomerates porosity. In section 3.2.1, we highlighted that the degradation of 

Rhodamine B on the same cement specimens under UV light (a common test for the 

evaluation of the self-cleaning effect of photocatalytic concretes), was more efficient in 

the case of cement prepared with m-TiO2 rather than n-TiO2. On the other hand, studies 

on degradation of NOx (NO and NO2) 61 in similar specimens with UV light, showed 

better results using n-TiO2. Large molecules like Rhodamine B, with an average 

molecular diameter of about 1.6 nm 62, can penetrate only with difficulty the interior of a 

n-TiO2 cluster (pore size around 8 nm), but readily can access m-TiO2 clusters (see Table 

3.2). The smaller and better dispersed m-TiO2 clusters on the surface of the specimens 

(Figure 3.36(a)) together with their macropores (Table 3.2), offer a higher available 

surface area for adsorption and consequent reaction of big molecules like Rhodamine B 

than the bigger and poorly dispersed n-TiO2 clusters. Conversely, gaseous NOx, due to 

the much smaller dimensions, 100 pm – 200 pm 63, can easily penetrate both m-TiO2 and 

n-TiO2 clusters and the higher specific surface area for n-TiO2 (measured by N2 

adsorption) plays obviously a key role as expected. 

The surface chemistry approach presented here to interpret and justify the photocatalytic 

performances versus RhB and NOx previously described has been published on the 

Journal of the American Ceramic Society 64. 
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Figure 3.36 – SEM surface micrographs for cement specimens (1 day cured) prepared 

with: (a) m-TiO2, (b) n-TiO2. SEM conditions adopted: no impregnation, no coating, low 

vacuum mode. 

 

 

Figure 3.37 – SEM polished cross section micrographs for cement specimens (1 day 

cured) prepared with: (a) m-TiO2, (b) n-TiO2. SEM conditions adopted: impregnation 65, 

66, no coating, low vacuum mode. 
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(a) (b)

 

Figure 3.38 – SEM polished cross section micrographs for cement specimens (14 days 

cured) prepared with: (a) m-TiO2, (b) n-TiO2. SEM conditions adopted: impregnation 65, 

66, C coating, high vacuum mode. 
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3.3.  Pilot test 

3.3.1.  Surface texture and surface microstructure design and engineering 

Scanning electron micrographs in Figure 3.39 and Figure 3.40 show the surface 

microstructure obtained using, as casting surfaces, Zemdrain™ casting membrane and P 

320 SiC paper respectively (section 2.5.1). 

Surface texture obtained using the Zemdrain™ casting membrane (Figure 3.39) is 

characterised by a high degree of porosity leading to a highly open microstructure. On the 

other hand, although the surface obtained using the P 320 SiC paper showed a high 

degree of porosity too, the microstructure appears less open than the one obtained with 

the Zemdrain™ casting membrane. In fact Figure 3.40 shows a surface considerably 

covered with a layer that by SEM (backscattered electrons) appears lighter than the rest 

of the cement paste structures. EDS analysis showed that this layer is Portlandite, i.e. 

Ca(OH)2. During early setting (within 1 day from casting) , water is trapped as a thin film 

between the SiC paper and the forming cement surface (Figure 2.19). This thin film of 

water provides a site for enhanced Portlandite formation on the cement surface. 

Portlandite is known to crystallise as thin plates, either parallel to the cement surface or 

perpendicular to it and deep into the forming structure, as evidenced by SEM images 

(Figure 3.40). Large portlandite plates on the cement surface might however have a 

negative effect on the self-cleaning properties of the cementitious structure containing 

TiO2. Figure 3.41 shows a magnified area of Figure 3.40, where Ca(OH)2 plates cover 

and occlude TiO2 particle agglomerates. In section 3.2.3.2 we highlighted that big 

molecules (like RhB) tend to be adsorbed on the surface and do not penetrate inside the 

cement structure. Clearly high levels of surface Ca(OH)2 coverage may obstruct the 

adsorption of target molecules on TiO2 particles. 
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Figure 3.39 – Cement front casting surface obtained with Zemdrain™ membrane. 

 

Figure 3.40 – Cement front casting surface obtained with P 320 SiC paper. 
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Figure 3.41 – Cement front casting surface obtained with P 320 SiC paper, magnified 

detail of Figure 3.40. 

 

 

3.3.2.  Aesthetic durability – Accelerated weathering test 

Results for the accelerated weathering test conducted on white cement mortars containing 

(section 2.5.2) either m-TiO2 or n-TiO2 and with different surface finishing are shown in 

Figures 3.42, 3.43 and 3.44. S1, S2 and S3 are mortars with no photocatalyst and with flat 

and smooth surface, rough surface obtained with Zemdrain™ membrane and rough 

surface obtained with P 320 SiC paper respectively. These represent the controls used 

since they do not contain any photocatalyst. S1PM, S2PM, S3PM, S1PN, S2PN and 

S3PN are mortars with surface finishing corresponding to S1, S2, S3 but with either m-

TiO2 (PM) or n-TiO2 (PN). 
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Figure 3.42 – Accelerated weathering test; L* axis (lightness). 
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Figure 3.43 – Accelerated weathering test; a* axis (red - green component). 
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Figure 3.44 – Accelerated weathering test; b* axis (yellow – blue component). 
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In Figures 3.42 and 3.43, excluding the three samples with no photocatalyst (S1, S2 and 

S3), the values of lightness and red – green component for samples containing m-TiO2 

and n-TiO2 showed no significant differences between the two rough surfaces compared 

to the flat and smooth one. The initial and final values measured for these colour 

parameters are comparable within the experimental errors. In Figure 3.44, for samples 

containing photocatalysts, surfaces prepared with P 320 SiC paper seemed to perform 

slightly worse than the others, however differences are not large. These observations 

clearly highlights that in terms of erosion and soiling the three surfaces prepared behave 

similarly. Due to this, parameters measured for mortars with no photocatalyst, with m-

TiO2 and with n-TiO2 can be averaged over the three surfaces to better highlight the 

influence of the photocatalysts. Results are shown in Figures 3.45, 3.46 and 3.47. 
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Figure 3.45 – Accelerated weathering test; L* axis (lightness), average values. 



 148

-6

-5

-4

-3

-2

-1

0
no TiO2 m-TiO2 n-TiO2

a*
 (a

.u
.)

0 cycles 93 cycles

 

Figure 3.46 – Accelerated weathering test; a* axis (red – green component), average 

values. 
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Figure 3.47 – Accelerated weathering test; b* axis (yellow – blue component), average 

values. 
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Figures 3.46 and 3.47 show no significant benefit due to the presence of TiO2 in the 

mortar structure, however Figure 3.45 clearly exhibits that mortars containing TiO2 are 

whiter, when prepared, and remain whiter in time if TiO2 is present. The effect of the 

intermixed TiO2 is essentially dual: 

i. Filler effect: when intermixed, the very fine TiO2 (in this case there is no great 

difference between m-TiO2 and n-TiO2) densifies the surface in much the same 

way as micro-silica or other fine fillers do. TiO2 or any other fine filler therefore 

undoubtedly improve erosion resistance and reduce the amount of soiling 

penetrating the pores; 

ii. Pigmentation effect: white TiO2 is the standard white pigment for a wide range of 

products to increase reflectance. This is not related to the ageing or the ageing 

resistance and would be obtained just as effectively with standard rutile TiO2 of 

same fineness. 

Benefits towards erosion and soiling resistances obtained by introducing TiO2 in mortars 

are therefore not directly related to the photocatalytic activity of anatase TiO2. They are 

rather beneficial side effects that TiO2 offers since it also behaves as a filler and white 

pigment. 
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Application of TiO2 photocatalysis to cement and concrete provides an efficient strategy 

to simultaneously obtain: self-cleaning of building facades, retardation of natural surface 

ageing as well as air pollution mitigation, simply with the support of sunlight, 

atmospheric oxygen and water present as humidity and/or rain water. In this PhD project, 

performances in degrading rhodamine B, RhB, (a common industrial test to evaluate self-

cleaning activities), ability to retard natural ageing caused by processes such as soiling 

and erosion and performances in oxidising nitrogen oxide gaseous pollutants, NOx, are 

presented for two different TiO2 samples tested in cement and mortars, together with an 

insight into the fundamental chemistry about TiO2 photosensitised reactions responsible 

for the degradation processes involved. 

Discolouration of RhB on TiO2 in cement involves not only a proper photocatalytic 

mechanism (TiO2 – sensitised photoreaction) but also a dye – sensitised pathway. In the 

first mechanism light activates TiO2 through promotion of electrons from the valence 

band to the conductance band. Adsorbed water and oxygen react with valence band 

positive holes (left after promotion) and conductance band electrons respectively to 

generate hydroxyl radicals, HO·, which ultimately degrade the adsorbed dye. In the 

second mechanisms, electrons in the HOMO level of the dye undergo transitions to the 

LUMO level and are subsequently injected into the conductance band of TiO2. These 

electrons are therefore used by oxygen to generate oxidative species which degrade the 

already partially reacted dye. Dye – sensitised pathways are predominant when the 

system TiO2/RhB is irradiated with visible light. The lower energies available from 

visible light are insufficient to induce photo-activation of TiO2 but they can lead to dye 

sensitisation and degradation of colour by this mechanism. In these conditions, if RhB 

adsorbs on the TiO2 surface through the positively charged amino groups (most likely 

since TiO2 surfaces in highly alkaline conditions are negatively charged), a selective 

stepwise de-ethylation of RhB amino groups occurs. This mechanism is responsible for a 

sequence of structurally similar degradation products which absorb radiation at 

progressively lower wavelengths (hypsochromic shift in the UV-vis diffuse reflectance 

spectra). These findings, related to the photocatalytic degradation of RhB on 

photoactivated TiO2 supported on cementitious materials, match very well what is 

already observed for slurry suspensions in terms of influence of the incident radiation. 
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The oxidation of NOx on the other hand uniquely follows a photocatalytic pathway, 

where nitric oxide, NO, and nitrogen dioxide, NO2, are oxidised to nitric acid, HNO3, 

which, in the cement environment, readily transforms into nitrates, NO3
– due to the high 

pH of the system. Furthermore, the oxidation of NO is assumed to go through an initial 

stage of fast NO reactive photoadsorption with formation of NO2 which approaches a 

transition stage (and later on a pseudo steady state) where NO2 is converted to NO3
–. All 

the steps from NO to NO3
– in the regimes observed have been found to be ·OH radical – 

dependent, hence water content – dependent. Water consumption on the TiO2 surface (if 

not continuously supplied) and irreversibly adsorbed NO3
– species may be considered as 

the main factors for catalyst deactivation. Furthermore, kinetic data coupled with 

spectroscopic evidences about TiO2 surface hydration also showed that in the 

photocatalytic formation of NO3
–, dissociated and molecular chemisorbed water is much 

more active than H – bonded molecular water. This general mechanism of NOx oxidation 

on light sensitised TiO2 is considered valid also in the case of TiO2 contained in 

cementitious systems. It is believed that the much higher pH has the effect of readily 

transforming HONO and HNO3 into NO2
– and NO3

–. However more research is needed 

to identify if the high pH has any effect towards the stabilisation of the reaction 

intermediates, i.e. NO2
–, that in aqueous solution are known to be much more stable than 

their conjugated acid, HONO. 

The study has also linked photocatalytic performances to TiO2 surface/colloidal 

chemistry and structure of TiO2 clusters in cement. TiO2 primary and secondary particle 

size, dispersion and agglomerate porosity in cement define accessible surface area. In a 

highly coupled system like cement (high surface charge densities and presence of 

multivalent cations), ion-ion correlation forces in the electrical double layer can be at the 

origin of TiO2 surface overcharging phenomena and apparent surface charge reversal. 

Ion-ion correlations introduce an attractive electrostatic contribution between particles 

with the same charges that is ultimately responsible for enhanced agglomeration of TiO2 

crystallites. This results in a bigger secondary particle size (size of the crystallite 

agglomerates) when compared to non-highly coupled systems (low surface charge 

densities and presence of monovalent cations and indifferent electrolytes). However the 

degree of agglomeration has been proven to be very different when comparing m-TiO2 
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with n-TiO2. The much smaller specific surface area and the surface chemical 

modification with P generating surface P – OH groups with a very different pKa when 

compared with Ti – OH groups, are responsible for a much lower degree of 

agglomeration for m-TiO2. As a result m-TiO2 shows smaller and better dispersed 

agglomerates than n-TiO2 even though the primary particle size (crystallite size) is 

bigger. Big particle agglomerate pores, small and highly dispersed agglomerates of m-

TiO2 offer a higher available surface area for adsorption and reaction of big molecules 

like RhB which hardly penetrate n-TiO2 particle agglomerate pores. On the other hand, 

very small molecules like nitrogen oxides which can easily penetrate into n-TiO2 

agglomerate pores too, are better degraded by n-TiO2. Indeed in this case, dispersion and 

agglomerates porosity are not crucial; the available surface area is most likely to be due 

to the specific surface area determined by primary particle size. 

Not least in importance, an accelerated ageing test conducted on mortars containing TiO2 

revealed that the presence of titania is also beneficial to retard deterioration of facades 

(by erosion and soiling) due to its filler and pigmentation effects. 

The present study has also allowed identification of key aspects that may be the subject 

for future works. The first one is related to the overall efficiency of TiO2 in cement in 

relation to the surface/colloidal chemistry which defines particle agglomeration and 

dispersion in cement matrixes. Effective surface modifications to inhibit massive particle 

agglomeration in n-TiO2 in cement for example should lead to a much higher available 

surface area for big molecules (like RhB) to be adsorbed, therefore increasing the 

degradation rate of large molecule pollutants. In this way, it might be possible to obtain a 

multifunctional concrete element with optimised performances for self-cleaning and 

depollution using one TiO2 sample only. A second key issue is related to a potential 

negative impact on the cementitious structure associated with the acidic species produced 

during the oxidation of NO and NO2. Over very long time periods, nitric acid produced 

by the oxidation of NO and NO2 might lead to partial decalcification of the calcium 

silicate hydrate (C-S-H) phase. Investigations in this direction and accurate mass balances 

are required to quantitatively assess the impact of photocatalytic oxidation products. 

However this can be rather complex and evidences for such calculations have not yet 

been found. Finally, as already mentioned above, further research is needed to identify if 
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some NOx oxidation intermediates are stabilised by the very high pH of the system, 

causing changes in the overall oxidation mechanism. If so, carbonation of cement would 

have to be taken into account too, since it causes pH to drop over time. 

The work here presented has served as a solid experimental and theoretical support to 

design a new EU funded project (FP7 Eco Innovation Scheme) called Visible Light 

Active PhotoCATalytic Concretes for Air Pollution Treatment (Light2CAT). This 

new project, starting in early 2012, will be dealing with the development of a new 

generation of photocatalytic cementitious materials and concretes implementing visible 

light sensitive TiO2s as well as tackling those issues described before that yet need to be 

addressed. The methods to obtain visible light sensitization will be scanned over a wide 

range of techniques such as: metal ion coupling, selective surface hydrogenation as well 

as crystal structure engineering to alter the ordinary band structure of the TiO2 

semiconductor lattice. The main scope of Light2CAT is to significantly improve the 

performances of photocatalytic concretes in Northern latitudes where, due to atmospheric 

and sunlight conditions, the efficiencies of photocatalytic concretes based on ordinary 

TiO2 cannot be as high as in Southern Europe (ordinary TiO2 is activated by UV light 

only). Light2CAT involves 12 partners amongst Universities and Research Institutions, 

SMEs and larger multinational companies as well as public bodies and Governmental 

Institutions, over a total of 5 European Countries, namely: Denmark, Sweden, UK, Spain 

and Italy. Light2CAT project has a total budget of about 5 M € with an overall EU 

contribution equal to 3.6 M €. 

 

 


