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Abstract 

In big cities with dense population, the concentration of pollutants in the air is still quite 

too high, and air quality problems persist. A significant proportion of Europe’s 

population lives in areas, especially cities, where exceedances of air quality standards 

occur, which has been proved to be very pernicious for human health. On the other hand, 

polluted environment causes soiling and gradual deterioration of construction 

infrastructure and monuments (sculptures, buildings, pavements, roads, bridges, etc.). 

A proper maintenance to preserve aesthetics and, more importantly, the structural 

integrity of urban architecture (residential buildings, institutions, monuments, historic 

heritage, etc.) entails enormous regular budget expenditures. 

To address these problems that greatly affect society, in recent years the use of 

photocatalytic construction materials has emerged as a new technology to remediate 

the contamination of urban atmosphere and maintain the esthetics and functionality of the 

build patrimony.  Pavements and building vertical surfaces provide optimal substrates for 

the application of photocatalytic solutions given the large surface area exposed and the 

relatively flat configuration that facilitate the exposure of the photocatalyst to sunlight.  

The growing interest of this technology and the good results generally obtained at the 

laboratory have encouraged many producers of construction materials to develop and 

market their own photocatalytic products. In this sense, a large variety of type of products 

whose range of efficiencies is quite broad is available currently, such as paints, tiles, 

glass, plastics, cementitious materials, etc. Among these materials, cementitious 

substrates (e.g. cement paste or mortar and concrete) have become one of the most widely 

TiO2-modified materials used in construction field. 

Although photocatalytic construction materials show good prospects, some aspects such 

as improving the stability and the photoactive performance of the materials have not been 

fully addressed and are of important for its large-scale application. In addition, although 

some standards have been developed to assess the photocatalytic activity, an ideal 

method is still not available and some crucial drawbacks must be solved: (i) The 

currently used methods are related to the ability to remove specific contaminants (mainly 

NOx and Rhodamine B); (ii) differ in many experimental parameters which are relevant 

to the results, which makes it hard to compare experimental results between tests 

performed at different conditions;(iii)  require expensive equipment and/or are very time 

consuming; (iv) are not able to be applied on site; and (v) some of them are dependent on 

the colour of the sample, not being suitable for coloured samples.  

Then, it is clear that there is an important gap in the assessment of the photocatalytic 

behaviour of TiO2 construction materials, not literature references were found about any 

method able to give the global potential of a material as a photocatalyst.   

 



 

 

Provided the photocatalytic mechanism is determined by the energy states of charge 

carriers (photo-generated e
-
 and h

+
) and the reactive oxygen species (ROS, e.g. OH•, O2

•-
, 

H2O2, etc.) formed in the photocatalytic process, it seems that the ideal method should be 

based in the measurement of these species. However, they present some characteristics 

that make very difficult its direct detection, such as a very short lifetime and high 

reactivity; and the expensive analytical equipment and long analysis time required if 

using the currently available methods.  

 

In this context, this research deals with the developed of new procedures for assessing 

the photocatalytic activity of TiO2 construction materials based on the detection of 

active species formed during the photo-activation process, and to contribute, as far as 

possible, to solve the drawbacks of current standards. Clearly, it would be desirable that 

the newly developed method/s were able to probe, easy, rapid and cheaply, the wide 

available range of photocatalytic materials, especially the cement-based materials due to 

their extensive range of applications in the construction field. 

To undertake this global objective, several steps have been followed:  

 Selection of probes and active species to be measured for evaluation of the photo-

activity. 

 Development of the specific methods applicable to a wide range of construction 

materials with different photocatalytic activities and intrinsic properties. 

 Validation of the developed methods as compared with the standard methods used to 

assess the photocatalytic efficiency. 

 

In the development of the methods, a first step using a plain photocatalyst has been 

carried out in order to study the main features of the methods and to assess their meaning 

and real possibilities with simpler materials. Then a wide variety of construction 

materials with different photocatalytic activities and intrinsic properties have been used 

in the development and optimization of the methods. 

As a conclusion, new methods for evaluating the photocatalytic activity of TiO2 

construction materials based on the detection of the active species formed during the 

photo-activation process has been developed. Specifically, the Terephthalic acid (TA) 

fluorescence (FL) probe method, the Resazurin (Rz) and nitrobluetetrazolium 

(NBT) ink methods. The TA-FL probe method allows quantifying the photocatalytic 

OH• formed in the bulk solution, while the ink method detects free and shallowly 

trapped electrons, which the ones susceptible to participate in the redox reactions. 

 

 

 



 

 

Validation of the developed methods towards the current standards has allowed pointing 

out the importance of having methods that allow the comparison between different 

samples independently of a specific contaminant, and to demonstrate and justify the 

differences obtained, even in the ranking of materials, when using different contaminants 

to measure the photocatalytic efficiency.  

In addition, the potential to “simple-to-use”, the short timescale involved, the clear visible 

changes (for ink tests) and inexpensive measurements give the developed tests significant 

advantages over conventional photoactivity tests. Beside this, RZ –NBT ink test allows 

assessing the activity of photocatalytic construction materials using just a portable 

spectrophotometer or digital camera to record the change in colour, making it ideal for 

testing these materials “in situ"—a capability which is currently not available using the 

conventional tests. 

 

  



 

 

Resumen 

En las grandes ciudades con una densa población, la concentración de contaminantes en 

el aire es todavía demasiado alta y los problemas de calidad del aire persisten. Una 

proporción significativa de la población europea vive en zonas, especialmente en 

ciudades, donde se producen excedencias en las normas de calidad del aire, lo que ha 

derivado en grandes problemas para la salud humana. Por otro lado, el medio ambiente 

contaminado provoca suciedad y deterioro gradual en infraestructuras y 

monumentos. Un mantenimiento adecuado para preservar la estética y, lo que es más 

importante, la integridad estructural de la arquitectura urbana (edificios residenciales, 

instituciones, monumentos, patrimonio histórico, etc.) implica enormes gastos del 

presupuesto ordinario. 

Para abordar estos problemas que afectan en gran medida a la sociedad, en los últimos 

años, el uso de materiales de construcción fotocatalíticos ha surgido como una nueva 

tecnología para remediar la contaminación de la atmósfera urbana y mantener la estética y 

funcionalidad de las infraestructuras y  patrimonio de la construcción. Los pavimentos y 

las superficies verticales de las infraestructuras proporcionan sustratos óptimos para la 

aplicación de soluciones fotocatalíticas dada la gran superficie expuesta y la 

configuración relativamente plana que facilitan la exposición del fotocatalizador a la luz 

solar. 

El creciente interés de esta tecnología y los buenos resultados generalmente obtenidos en 

el laboratorio han alentado a muchos productores de materiales de construcción a 

desarrollar y comercializar sus propios productos fotocatalíticos. En este sentido, 

actualmente se dispone de una gran variedad de tipos de productos cuya gama de 

eficiencias es bastante amplia, tales como pinturas, baldosas, vidrio, plásticos, materiales 

cementosos, etc. Entre estos materiales, los sustratos cementicios (por ejemplo, pasta de 

cemento o mortero y hormigón) se han convertido en uno de los materiales más 

ampliamente utilizados en fotocatálisis el campo de la construcción. 

Aunque los materiales de construcción fotocatalíticos muestran buenas perspectivas, 

algunos aspectos tales como la mejora de la estabilidad y el rendimiento fotoactivo de los 

materiales no se han abordado completamente y son importantes para su aplicación a gran 

escala. Además, aunque se han desarrollado algunas normas estandarizadas para evaluar 

la actividad fotocatalítica, todavía no se dispone de un método ideal y deben resolverse 

algunos inconvenientes cruciales. Como por ejemplo: (i)  los métodos actualmente 

utilizados están relacionados con la capacidad de eliminar contaminantes específicos 

(principalmente NOx y Rodamina B); (ii) difieren en muchos parámetros experimentales 

que son relevantes para los resultados, lo que hace difícil comparar los resultados 

experimentales entre los ensayos realizados en diferentes condiciones; (iii) requieren 

equipos costosos y/o consumen mucho tiempo; (iv) no pueden aplicarse “in – situ”; and 

(v) algunos de ellos dependen del color de la muestra, no siendo adecuados para muestras 

coloreadas. 



 

 

 

Por tanto, hasta el momento está claro que hay una brecha importante en la evaluación del 

comportamiento fotocatalítico de los materiales de construcción TiO2, además, no se 

encontraron referencias bibliográficas sobre ningún método capaz de dar el potencial 

global de un material como fotocatalizador. 

Teniendo en cuenta que el mecanismo fotocatalítico esté determinado por los estados de 

energía de los portadores de carga (e
-
 y h

+
 foto-generados) y las especies reactivas de 

oxígeno (ROS, por ejemplo OH•, O2•-, H2O2, etc.) formados en el proceso fotocatalítico, 

Parece que el método ideal debe basarse en la medición de estas especies. Sin embargo, 

estas presentan algunas características que dificultan su detección directa, tales como una 

vida útil muy corta y alta reactividad; Y el costoso equipo analítico y el largo tiempo de 

análisis requerido si se utilizan los métodos actualmente disponibles. 

En este contexto, este trabajo trata de desarrollar nuevos procedimientos para evaluar la 

actividad fotocatalítica de materiales de construcción de TiO2 basados en la detección de 

especies activas formadas durante el proceso de fotoactivación y contribuir, en la medida 

de lo posible, a resolver los inconvenientes de las normativas actuales. Claramente, sería 

deseable que el método o los métodos recién desarrollados pudieran sondear, fácil, rápido 

y barato, la amplia gama disponible de materiales fotocatalíticos, especialmente los 

materiales a base de cemento debido a su amplia gama de aplicaciones en el campo de la 

construcción. 

 

Para llevar a cabo este objetivo global, se han seguido varios pasos: 

 Selección de sondas y especies activas a medir para la evaluación de la fotoactividad. 

  Desarrollo de los métodos específicos aplicables a una amplia gama de materiales de 

construcción con diferentes actividades fotocatalíticas y propiedades intrínsecas. 

 Validación de los métodos desarrollados en comparación con los métodos 

estandarizados utilizados para evaluar la eficiencia fotocatalítica. 
 

En el desarrollo de los métodos, se ha llevado a cabo una primera etapa utilizando 

diferentes fotocatalizadores puros para estudiar las principales características de los 

métodos y evaluar su significado y posibilidades reales con materiales más simples. A 

continuación se ha utilizado una amplia variedad de materiales de construcción con 

diferentes actividades fotocatalíticas y propiedades intrínsecas para el desarrollo y 

optimización de los métodos. 

 

 

 



 

 

 

Como conclusión, se han desarrollado nuevos métodos para evaluar la actividad 

fotocatalítica de materiales de construcción TiO2 basados en la detección de las 

especies activas formadas durante el proceso de foto-activación. Específicamente, el 

método de la sonda de fluorescencia de Ácido Tereftálico (TA -FL), los métodos de 

tinta Resazurin (Rz) y Nitroazul de tetrazolium (NBT). El método de la sonda TA-FL 

permite cuantificar la producción de OH• en la solución a granel, mientras que el 

método de la tinta detecta electrones atrapados libremente y superficialmente, los 

cuales son susceptibles de participar en las reacciones redox. 

 

La validación de los métodos desarrollados con respecto a las normas actuales ha 

permitido señalar la importancia de contar con métodos que permitan la comparación 

entre diferentes muestras independientemente de un contaminante específico y demostrar 

y justificar las diferencias obtenidas incluso en la clasificación de materiales cuando se 

utilizan diferentes contaminantes para medir la eficiencia fotocatalítica. 

Además, el potencial de "simple de usar", la corta escala de tiempo implicada, los claros 

cambios visibles (para pruebas de tinta) y el tipo de medición de bajo coste dan a las 

pruebas desarrolladas ventajas significativas sobre las pruebas de fotoactividad 

convencionales. Además de esto, la prueba de tinta RZ-NBT permite evaluar la actividad 

de los materiales de construcción fotocatalíticos usando sólo un espectrofotómetro portátil 

o una cámara digital para registrar el cambio de color, lo que los hace ideal para probar 

estos materiales "in situ"-una capacidad que actualmente no está disponible utilizando las 

pruebas convencionales. 
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Nomenclature  

Abbreviations, 

symbols and 

chemicals 

Definition 

#C Commercial samples 

#E Emulsion samples 

#L Lab-made samples 

∆Abs506t 

 

Variation of absorbance in function of the time at 

506 nm 

∆Abs608t 
Variation of absorbance in function of the time at 

608 nm 

∆LABat 

 

Variation of coordinate a*of CIELAB system in 

function of the time 

∆LABbt 
Variation of coordinate b*of CIELAB system in 

function of the time 

∆nRGBbt 
Variation of component blue of RGB colour system 

in function of the time 

∆nRGBRt 
Variation of component red of RGB colour system 

in function of the time 

BL (Fluorescence light) Black light 

BLB(Fluorescence light) Black light blue 

CB Conduction band 

CEN European Committee for standardization 

CIELAB 

LAB colour space (L* luminosity describing the 

brightness from black to white where 0 is black and 
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1.1 General concepts of semiconductor photocatalysis  
 

i) Catalysis and photocatalysis 

 

Catalysis, is the process by which the speed of a chemical reaction is increased by the 

participation of a substance called a catalyst, which is not consumed throughout the 

process (which does not imply that it cannot be Inhibited, deactivated or destroyed by 

secondary processes), being clearly differentiated from a reagent. When the activation of 

the catalyst involves the absorption of light by the latter, then we speak of photocatalysis, 

and the catalyst is commonly called "photocatalyst".  

Photocatalysis encompasses a set of chemical reactions of oxidation-reduction (redox) 

occurring on the surface of semiconductor materials when they are irradiated with light of 

suitable wavelength (λ). These reactions occur between very reactive species generated in 

the semiconductor (as a consequence of the absorption of the light) and the species 

adsorbed on its surface. On the other hand, in this process frequently develops a type of 

photocatalysis called "heterogeneous", since reagents and photocatalyst are in different 

phase. 

 

ii) Semiconductors[1] 

 

Semiconductors are particularly useful as photocatalysts because of a favorable 

combination of electronic structure, light absorption properties, charge transport 

characteristics and excited-state lifetimes. A semiconductor is defined as a nonconductive 

substance in its undoped ground state because an energy gap, the band gap, exists 

between the top of the filled valence band and the bottom of the vacant conduction band. 

Thus, electron transport between these bands must occur only with appreciable energy 

change. In semiconductor photocatalysis, excitation of an electron from the valence band 

to the conduction band is accomplished by absorption of a photon of energy equal to or 

higher than the band gap energy of the semiconductor. The photocatalytic properties of a 

semiconductor are explained based on its electronic structure as detailed below. 

The electronic characteristics of conductors, semiconductors, and insulators can be 

described according to the band theory. Because of the very large number of atoms that 

interact in a solid material, the corresponding energy levels are so closely spaced that they 

form bands. Each band has a different energy, and the electrons fill these bands from the 

lowest energy to the highest, similar to the way that electrons occupy the orbitals in a 

single atom. The highest energy filled band, which is analogous to the highest occupied 

molecular orbital (HOMO) in a molecule, is called the valence band (VB). The next 

higher band, which is analogous to the lowest unoccupied molecular orbital (LUMO) in a 

molecule, is called the conduction band (CB). The VB and the CB are separated by an 

energy gap, the band gap (Eg).  
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The filling of bands in a solid and the size of the band gap determine if a material is a 

conductor, a semiconductor, or an insulator (Figure 1.1). In general, for electrons to flow 

in a solid under the application of an electric field, they must be in a partially filled band 

or have access to a nearby empty band. In an electrical insulator, there is no possibility for 

electron flow, because the valence band is completely filled with electrons, and the 

conduction band is too far away in energy to be accessed by these electrons. In 

conductors like metals the valence band overlaps the conduction band. Thus, the electrons 

can access empty areas within the valence band and move freely across all atoms that 

make up the solid. Finally a semiconductor is a special case in which the band gap is 

small enough (generally less than 4 eV) that it can be bridged by either heat or light, 

because these stimuli promote electrons from the valence band to the conduction band. 

             

 

 

 

 

 

 

 

 

Figure 1. 1 Diagram of energy bands in solid (a) insulator, (b) semiconductor, and (c) conductor. VB: 

valence band; CB: conduction band; Eg: band gap. 

 

1.2 Basic principles of semiconductor photocatalysis 
 

The basic principles of semiconductor photocatalysis, as summarised by the schematic in 

Figure 1.2, have been reported by numerous studies [2-5] . When a semiconductor absorbs 

a photon of energy equal to or higher than its bandgap (hʋ ≥ Eg), an electron is promoted 

from its valence band to its conduction band, within a femtosecond timescale[6]. The 

photonic excitation leaves behind an exciton with an empty valence band hole and a filled 

conduction band (electron-hole pair, e
-
-h

+
) (Process I in Figure 1.2). The separated e

- 
and 

h
+
 charge carriers can follow different pathways, some photogenerated electron and hole 

reach the surface of semiconductor by diffusion (designated “Free charge carriers”) and 

react with an adsorbed electron acceptor (A) (process IIa), usually molecular oxygen. In 

turn, a donor species (D) can be oxidized by the valence band hole (process IIb), 

generally H2O or OH-. These charge transfer processes are dependent on the position of 

the valence and the conduction band edges respectively and also on the redox potential of 

the adsorbed species[3]. For a desired electron transfer reaction to occur, the potential of 

Energy of 

electrons 

 CB 

VB 

 CB 

 VB 

 CB 

VB 
Eg =0 

Eg 

Eg 

(a)                     (b)                      (c) 
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the electron acceptor species should be located more positive than the conduction band of 

the semiconductor, whereas the potential of the electron donor species should be located 

more negative than the valence band of the semiconductor.  

 

Electron–hole recombination can occur either in the semiconductor bulk or at the surface 

resulting in the release of heat or light (∆ or hʋ) (process III) and is detrimental for the 

photocatalytic activity because it competes with hole-donor and electron-acceptor 

electron-transfer reactions [3]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. 2 Schematic illustration of the basic principles of semiconductor photocatalysis.(I) absorption of 

radiation of energy higher or equal to the band gap, (Eg) of the semiconductor, thereby generating an 

electron–hole pair; (IIa) migration of photogenerated conductance band electrons, e
-
, to the surface and 

reaction with an adsorbed electron acceptor, A; (IIb) migration of photogenerated valence band holes, h
+
, to 

the surface and reaction with an adsorbed electron donor, D; (III) e
- 
-h

+
 recombination. 

 

1.2.1 TiO2 semiconductor photocatalysis 
 

Although there are many semiconducting materials in this world, only a few are very 

effective as semiconductor photocatalysts. Ideally, a semiconductor photocatalyst should 

be chemically and biologically inert, photocatalytically active, easy to produce and use, 

activated by sunlight and cheap[7]. In fact, not surprisingly, no semiconductor fits this list 

of ideals, although one semiconductor, titanium dioxide, TiO2, comes close. Thus, 

titanium dioxide displays all the desired features of an ideal semiconductor photocatalyst, 

with the exception that it does not absorb visible light. Titanium dioxide has a large 

bandgap, Eg≈3.2–3.0 eV, and, therefore, is only a UV light absorber and, as a 

consequence, is limited to absorbing a small fraction, ca. 5%, of the solar spectrum. 

Despite this substantial limitation, its positive features far outweigh this one negative, and 

so titanium dioxide has become the semiconducting material to use in the field of 

I 

IIa 

IIb 

hʋ ≥ 𝐄𝐠 

CB 

VB 

e
-
 

h
+
 

 A⋅- 

A 

D 

D⋅+ 

III hʋ/∆ I  
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semiconductor photochemistry. Its dominant position extends not only to basic research 

but, more importantly with respect to this overview, to commercial applications. 

 

1.2.2 TiO2 the lattice and electronic structure  
 

TiO2 exists mainly in three crystallographic phases: anatase, rutile and brookite. Unit cell 

structures of the rutile and anatase TiO2 can be described in terms of chains of TiO6 

octahedra, where each Ti
4+

 ion is surrounded by an octahedron of six O2- ions (Figure 

1.3).  

 

Figure 1. 3  Crystal structures of the two forms of titanium dioxide - (A) Rutile unit cell, (B) Anatase unit 

cell[8]. 

 

The two crystal structures differ in the distortion of each octahedron and by the assembly 

pattern of the octahedra chains. In anatase the Ti-Ti distances is larger and each 

octahedron is in contact with eight neighbours, whereas in rutile the Ti-O distances is 

larger than anatase and each octahedron is in contact with ten neighbour octahedrons. 

Deviations between the two forms of TiO2 lattice structures cause differences in mass 

densities and electronic band structures[9].  

These structures have different stability. Rutile is the most stable phase for particles 

above 35 nm in size, anatase is the most stable phase for nanoparticles below 11 nm, and 

brookite is the most stable in the 11-35 nm range nanoparticles[10] 

Anatase and rutile are the two phases which can be used for practical applications in 

photocatalysis due to their high photoactivity and higher stability compared to brookite. 

Although anatase is generally considered to be the single most photoactive phase [11],  

the synergistic mixtures of anatase and rutile have been often reported to possess even 

higher photo-activity. The difference in band structure between anatase and rutile (Eg, 

rutile ~3.0 eV and Eg, anatase ~3.2 eV) and band edge energy position can to some extent 

explain the difference in photo-activity. 
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As previous mentioned, the band energy positions, i.e. the oxidation potential of the 

valence band and the reduction potential of the conduction band, are crucial for the 

photocatalytic properties of the semiconductor. The band gap energy position effect on 

photocatalytic mechanism is well described on the example with anatase TiO2 at pH 7  

and the redox equilibria for O2 and H2O (Figure 1.4). The oxidation potential for the 

photo-generated hole is +2.53V vs. SHE, which is theoretically powerful enough to 

oxidize water and hydroxide ions to produce hydroxyl radicals (OH•). The reduction 

potential for the conduction band electrons is -0.52V vs. SHE is sufficient to reduce O2 

[12]. 

 

 

 

 

 

 

 

 

 

 

Figure 1. 4 Schematic diagram of reduction potential of photo-excited conduction band electron and the 

oxidation potential of the valence band hole at the surface of TiO2 anatase along with the main redox 

equilibria for O2 and H2O.  

 

1.2.3 Mechanism aspects of heterogeneous photocatalysis on TiO2 

 

The primary photocatalytic events and the characteristic time intervals for the photo-

reactions occurring on TiO2 semiconductor are summarized in Table 1.1 

  

H2/H2O (-0.41) 

 

 1 

 0 

 -1 
 

 e- 

h+ 

Eg = 3.2 eV 

-0.52 

+2.53 

 +3 

  +2 
 OH•/H2O (+2.27) 

 

O2•
-/O2 (-0.28) 

 
O2•

-/H2O2 (+0.28) 
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Table 1.1 Primary events in heterogeneous photocatalysis and the characteristic times for TiO2 

semiconductor. eCB
-
 is the conduction band electron, hVB

+
 is the valence band hole, A is an electron acceptor, 

D is an electron donor, ∆ and hʋ represent the heat and light respectively.  

 

Electronic 

step 
Primary process reaction Time 

Charge 

carriers 

generation 
𝑇𝑖𝑂2

hv≥Eg
→    eCB

− + hvB
+

 10
-15

s 

Hole charge 

carrier 

trapping 
hVB

+ + D → D∙+ 10
-7

s 

Electron 

charge 

trapping 
eCB

− + A → A∙− 10
-3

s 

Charge carrier 

recombination 
eCB

− + hvB
+  →  ∆ or hʋ 10

-8
-10

-7
s 

 

Generally, the electron donor (D) and the electron acceptor (A) are related to water/OH- 

and oxygen respectively, generating ROS (reactive oxygen species) able to promote 

further redox reactions.  

 

1.2.3.1 Generation of Reactive Oxygen Species (ROS) 

  

The photocatalysis mechanism to produce reactive oxygen species (ROS) start from the 

generation of electron-hole pairs after irradiation (Eq.1.1).  

 
        TiO2 + hυ →  e⁻ (TiO2)+ h⁺ (TiO2)                  (1.1) 

 

The generated valence band positive holes react with water molecules or hydroxyl group 

adsorbed on titanium dioxide particles generating hydroxyl groups (Eq.1.2 and Eq.1 3).  

 

         h⁺(TiO2) + H2O↔ OH• + H⁺                       (1.2) 
 

       h⁺(TiO2) + OH- ↔ TiO2+ OH•                   (1.3) 
 

The electrons of the conduction band, with strong reducing potential, react with oxygen to 

produce superoxide radicals (1.4).  

 

      O2 + e⁻ (TiO2) ↔ O2⁻•                                             (1.4) 
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From this point, these free radicals may react with the pollutant molecules converting 

them into other compounds or may create other oxidative species (Eq.1.5-1.9).  

 

        OH•+OH• ↔ H2O2                               (1.5) 
 

       H2O2+hυ↔ OH•                                    (1.6) 
 

  H2O2  + e- (TiO2)↔ OH⁻ + HO•           (1.7) 
 

        O2⁻• + H⁺ ↔ HO2•                (1.8) 
 

   HO2• + HO2• ↔ H2O2 + O2                             (1.9) 
 
 

The proposed photocatalytic reaction schemes for the generation of ROS were 

summarized in Figure 1.5. 

 

 

Figure 1. 5 TiO2 photocatalytic reaction scheme for the generation of reactive oxygen species. 

 

Most reports on photocatalytic systems focus on either the oxidation step (as in oxidative 

photocatalysis, OP) or, much less often, the reduction step (reductive photocatalysis, RP), 

although both are just one part of an overall two-part photocatalysed redox reaction.  

Concerning OP reactions, it is generally assumed that the oxidation of chemical 

compounds occurs via indirect transition mechanism with the intervention of hydroxyl 

radicals (OH•) [13-15]. However, several recent studies have support the idea that 

oxidation may occur directly via the photogenerated holes [16, 17].  The hydroxyl radical 

is a very powerful oxidant with a redox potential of +2.80 V vs. SHE at pH 7, while the 

photo-generated valence band hole in TiO2 anatase has a redox potential of +2.53 V vs. 

SHE at pH 7[12, 18].  Even though hole-oxidation and hydroxyl radical mediated reaction 

pathways are different process, both leaving to a distribution of photo-oxidation product 

very similar, making it difficult to distinguish between them.  
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Concerning RP on TiO2 photocatalytic reaction, the reduction reactions are less studied 

than oxidative reactions by h
+
/OH•, except for the photoreduction of molecular oxygen to 

O2•- [19, 20] because in some cases it is considered that this reductive process may 

determine the efficiency of the overall photocatalytic reactions [21]. In the case of direct 

reduction of other chemical compounds via the photogenerated electron has been studied 

individual cases such as the photo-reduction of water[22] and CO2 with water[23]. The 

photo-generated conduction band electron in TiO2 anatase has a redox potential of -0.52V 

vs. SHE at pH 7[12].  

 

Information about both OP and RP is essential as not every reactant will necessarily be 

sensitive to all possible pathways, and not in all photocatalytic samples the same reaction 

mechanisms will be present. 

 

1.3 TiO2 photocatalysis in construction materials   
 

Application of photocatalysis to construction materials began from the early 1990s[5].In 

this field, the main properties related to the nature of photoactive TiO2 catalyst: 

i. Self-cleaning effect and depollution effect due to redox reactions promoted by 

sunlight (or in general, weak UV light) on the photocatalyst surface [4];   

ii. Photo-induced hydrophilicity [24] of the catalyst surface, which may produce cooling 

and antifogging properties. Superhydrophilicity also 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).  

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

are:  

i. Its brilliant white colour, hence very suitable to obtain white materials;  

ii. High photocatalytic efficiency; 

 

iii. TiO2 is very cheap compared to another semiconductor photocatalysts;  

iv. Chemical stable and compatible with traditional construction materials[5]. 

 

The versatile functions of TiO2 significantly promote its application in building envelope 

(paints, tiles, glass, plastics, and panels), interior furnishing (paints, tiles, wall paper, 

window blinds and finishing coatings), and road construction (paints, concrete 

pavements, soundproof walls, tunnel walls, road-blocks)[5]. 
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1.3.1 Properties and applications of TiO2 construction materials 

1.3.1.1 Depollution Effect  

 

TiO2 photocatalytic process is considered as an efficient technique for photo-degradation 

of environmentally relevant outdoor and indoor air pollutants, derived from several 

sources such as industrial plants, heating systems, road traffic,  cigarette smoke, 

household product [25, 26].  

TiO2 can decompose many kinds of air pollutants: volatile organic compounds (VOCs) 

such as benzene, aldehydes and toluene; and variety of inorganic compounds, such as 

NOx (nitrogen oxides), SOx and NH3, at relative low concentrations. VOCs and NOx are 

major causes of concern on outdoor air quality [27-29]. Indoor air pollutants mainly 

include also NOx, VOCs and particulates. Indoor air presents high concentration of   

organic chemicals (most of which highly volatile) due to ordinary human activities. These 

chemical (alcohol, aldehydes aromatic compounds, etc.) are common ingredient in a wide 

series of household products such as detergent, perfums, and deodorants. 

The presence of NOx in the atmosphere has many damaging effects on human health and 

environment. In atmospheric chemistry NOx refers to the sum of nitric oxide, NO, and 

nitrogen dioxide, NO2. NO is considered a primary pollutant[30] because mainly 

introduced in the atmosphere directly from a source (high temperature combustions in 

transport and industrial activities). NO2, is considered as a secondary pollutant because 

mainly formed in the atmosphere by interaction of a primary pollutant (NO) with O2 (or 

O3) and/or sunlight. Compared with all other technologies, TiO2 as a photocatalyst 

provides the great advantage to decrease NOx levels in the atmosphere since it only 

requires UV exposure, atmospheric oxygen and water[3, 31].  

The depollution effect on photocatalytic building materials for NOx and VOCs are 

illustrated on Figure 1.6  

 

 

 

 

 

 

 

 

Figure 1. 6 Illustration of depollution effect on photocatalytic building materials. 
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1.3.1.2 Self-cleaning Effect 

 

As previous mentioned, the simultaneity of superhydrophilicity and photocatalysis redox 

reaction is very important to obtain self-cleaning surface, which is a consequence of 

photocatalytic degradation of deposits accumulating on the surface and subsequent 

washing away of reaction products by water in contact with the hydroxylated surface 

layer[12] (see Figure 1.7). 

In the built environment, it is a common phenomenon that the aesthetic and lustre of the 

surface of ordinary buildings are gradually lost in time due to aging of the material. The 

building surface could be soiled by greasy and sticky deposits, which results in a strong 

adherence of ambient dusts. As a result, dirt built up on the surface alters the visual 

appearance and the reflectance properties, which influences also heat gain on account of a 

higher heat absorption in darker materials. Without constant and proper maintenance, it is 

difficult to restore the buildings aesthetic properties[32]. 

 

Figure 1. 7  Illustration of self-cleaning effect on photocatalytic building materials. 

 

1.3.1.3 Self-disinfecting Effect  

 

The photocatalytic properties of TiO2 can also be used for destruction of wide spectrum 

of microorganisms including viruses, fungi, pollen and many species of bacteria which 

cause the triggering of undesired chemical and aesthetical changes, and control of the 

biological growth depositing on surfaces[33, 34]. The light induced bactericidal activity 

of TiO2 is often referred to as photosterilization, and is an effective way to decrease 

bacteria counts to negligible levels. [35]. Our recent exploratory studies [36, 37] have 

shown that photocatalysis can also reduce the number of pollen particles in aqueous 

solutions and on mortars specimens. Furthermore, the amount of allergen proteins of 

Cupressus arizonica and Platanus hybrid decreases after photocatalytic treatment and 

enzymatic activity was completely inhibited [38]( Figure 1.8). Applying TiO2 building 

materials to indoor furnishing, mainly in microbiologically sensitive environments, such 

as medical facilities and food industries, where biological contamination must be 

prevented, have been proved to be an effective way for sterilization[39] 
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Figure 1. 8 Combined images of SEM (grey scale) and carbon mapping (red scale) measured by EDS for 

both pollen allergen extracts (PAE) and four different configuration ( I PAE onto SEM  support; II PAE + 

UV; PAE onto photocatalyst (dark conditions); PAE onto photocatalyst + UV). 

 

1.3.1.4 Antifogging [40] 

 

Antifogging surface can be related to the superhydrophilic effect. Fogging of the surfaces 

occurs when humid air condenses, with the formation of many small water droplets, 

which scatter light. On a superhydrophilic surface, no water droplets are formed. Instead, 

a uniform film of water can from on the surface, and this film does not scatter light. Since 

fogging only forms on surfaces with contact angles higher than 20°, photocatalytic 

antiffoging materials the contact angle of the water will be changed down to nearly 0° 

during the irradiation. Anti-fogging glass is a typical anti-fogging photocatalytic 

construction material, and is usually used in mirrors in bathroom and driving mirrors of 

automobiles (Figure 1.9). 

 

 

 

 

Figure 1. 9 Anti-fogging effect of automobile side-view mirror: conventional mirror (left) and TiO2-coated 

mirror (right)[40]. 
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1.3.1.5 Cooling Effect [40] 

 

Surface wettability of TiO2 increase under UV exposure related to the decrease in water 

contact angle; thus TiO2 as a superhydrophilic material that allows water to spread 

completely on the surface rather than forming droplets. This phenomenon could increase 

the amount of heat consumed as a consequence of liquid-vapour phase transition, thus 

dissipating heat coming from sunlight, and absorbed by the building. It was suggested 

that sprinkling water onto the surfaces of buildings [12] with a TiO2 photocatalyst may be 

used as a novel building cooling method, with the intent to decrease the urban heat island 

problem for major cities, which occurs when built-up areas are warmer than the 

surrounding environment, and to reduce the electricity consumption by air conditioners in 

summer[40, 41] (Figure 1.10).   

 

Under UV exposure, the surface of the photoactive material becomes highly hydrophilic, 

thus it minimizes the amount of sprinkling water required to form a water film. 

Continuously supplied small quantities of water, with a layer thickness of approximately 

0.1 mm, can cover the whole building surface, and then while evaporates it subtracts heat 

from the surface. Thus, the building and surrounding can be cooled by the heat 

consumption that accompanies water evaporation. Moreover, natural rainwater can be 

collected and stored in specially designed reservoirs for this purpose so that the cost of 

the water can be reduced. The water film also helps in maintaining the building surface 

clean by the self-cleaning effect.  

The cooling of the building surfaces is expected to result in the reduction of electricity 

consumption by 10% to several tens of percentage. Therefore, photocatalytic materials 

could contribute to the development of energy saving technologies. 

 

Figure 1. 10 Energy-saving system using solar light and stored rainwater[40]. 

 



CHAPTER 1 INTRODUCTION 

 

14 

 

1.3.2 TiO2 photocatalytic cement-based materials 
 

Cementitious materials (e.g. cement paste or mortar and concrete) has become the most 

widely TiO2-modified material used in construction field due to: 

i. the nature of matrix represented by cement paste (e.g. strong binding properties 

and their porous structure in hardened state) is suitable for adding TiO2 

particles[17]; 

ii.  the wide usage of these materials in the traditional construction field.  

 

In particular, for cementitious materials, the main properties related to the nature of 

photoactive TiO2 catalyst are the self-cleaning capability and air purification potential.  

For these reasons, attention of this chapter hereon will be main focused on cement-based 

materials containing TiO2 and their use on the photocatalytic applications (self-cleaning 

and air purification). 

There are two possible ways to attribute photocatalytic properties to cementitious 

building materials: TiO2 can be added to the mixture proportion of cement-based 

materials or applied as a surface coating. Many works pay attention to the use of TiO2 as 

a surface coating to exploit the whole quantity of TiO2 employed, as only the surface 

layers can be activated by UV light[42]. If TiO2 is added in mass in the mix proportion of 

concrete, only the small percentage of it contained in the outer layers exposed to the 

external environment will exert photoactivity, and this approach ends up in wasting 

potentially active material. Although the best photo-efficiency and the highest 

exploitation of the photoactive admixture are exhibited by a mortar containing TiO2 as 

surface covering [43], there are severe durability problems on the surface layer, in 

particular the removal of the photoactive component due to wind (erosion), rain (leakage) 

and in general all environmental agents. On the other hand, bulk admixtures exhibit 

greatest stability, since erosive phenomena only have the effect of exposing fresh 

photocatalyst surface. TiO2 addition to finishing layers of mortar or plaster can be a good 

compromise to avoid durability problems on surface coatings and excessive usage of 

photoactive material in bulk admixtures[44]. 

The applications of these materials concern horizontal and vertical structures such as: 

i. Ready–mix materials: wall, columns, beams and pavements. 

ii. Precast materials: panel, columns, road barriers, sound-adsorbing panels, paving 

block, slabs, tiles, GFRC (Glass Fiber Reinforced Cement). 

iii. Pre-mix coatings: paints (thickness 0.3-0.4 mm), skim coat and fine coatings (1-3 

mm), and renderings (8-15 nm). 
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1.3.3 Research development and practical applications of photocatalytic 

cement based materials: self-cleaning and air purification applications 

 

Several research studies have confirmed the self-cleaning and air remediation 

effectiveness of photocatalytic cement based materials. 

Nitrogen oxides (NOx) 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. The NO removal paving blocks made by waste 

materials and TiO2 were evaluated by [5]. 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.  

Strini et al.[45] carried out photo-degradation 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. 

Chen et al. (2011) [46] evaluated colour changes of rhodamine B dye on various mortar 

mixtures with TiO2 added to the cement matrix using the CIE L*a*b* system with a 

spectrometer. The dye faded at a rate that was independent of the content of TiO2, 

indicating that the photocatalytic material was effective in discoloring the dye under UV 

irradiation through its self-cleaning ability. Diamanti et al. (2008) [44] measured colour 

changes of fiber-reinforced mortars with varying amounts of anatase in both powder and 

suspension forms. The samples, which were white at the beginning of the test, were 

monitored using a spectrophotometer. A change in colour occurred for almost all samples 

that were exposed outside. A yellowing effect was exhibited by samples with higher 

photocatalytic activity. 

Our group evaluated the effect of addition of photocatalyst on the characteristics of TiO2 

modified mortars and the influence of type of binder, surface roughness and 

microstructure, on their photoactivity for self-cleaning of organic dyes (rhodamine B and 

methylene blue) and NOx degradation. Mortars with four different types of cements and 

three levels of roughness were prepared. From the results, it was found that the available 

active surface is a parameter more influential than surface roughness for assessing 

photocatalytic efficiency. Concerning the composition of the mixes, the classification 

according to photocatalytic efficiency was the same for both NOx and self-cleaning, 

being, in decreasing order: Portland cement (quite similar to calcium aluminate cement 

for NOx), fly ash and slag mortars. The difference has been explained on the basis of 
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oxidation-reduction potentials and photoabsorption energy of the different constituents of 

cementitious matrix[17]. 

 

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 this sense, the European Project PICADA project (Photocatalytic Innovative Coverings 

Applications for De-pollution assessment, Figure 1. 1111) is indeed a pioneer example, 

which is intended to verify the benefits provided by the use of TiO2-based photocatalytic 

cementitious materials in a car park and photocatalytic vertical walls in a simulated street 

canyon. 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 [47]. Experimental evidence also 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%.  

 

 

Figure 1. 11 PICADA project, Guerville, France (www.picada-project.com). 

 

In recent years, various LIFE project related with the application of photocatalytic on 

construction materials has been performed in Madrid (Spain). 

i. Life Minox-street (2013): monitoring and modelling NOx removal efficiency of 

photocatalytic materials. 

ii. Life-Equinox (2013): Application in asphalt pavements for removing nitrogen 

oxides 
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iii. Life-Photoscaling (2014): Sustainability of photocatalytic technologies on urban 

pavements: From laboratory tests to in field compliance criteria- 

 

This last project, whose coordinator from CSIC is our research group, aimed to 

demonstrate the validity of photocatalytic technology in urban agglomerations by 

establishing instruments enabling scaling-up from laboratory measurements to application 

in cities, by developing a decision-support tool and by assessing the sustainability of 

different solutions in different environments to encourage the widespread use of this 

technology. To do this, two demonstration platforms (same materials, different 

emplacements) on an intermediate pilot plant technical scale with different photocatalytic 

materials’ types were performed (emulsion coating, cementitious slurries, hardened 

cement-based samples and ceramic tiles) (Figure 1.12) 

 

  

Figure 1. 12 Images of two platforms from Life –Photoscaling project (a) Centro de Automática y Robótica 

CSIC-UPM, Campo Real way, Km 0,2, 28500 Arganda del Rey( Madrid) and (b) Intitute Eduardo Torroja, 

CSIC. Serrano Galvache street, 4, 28033 (Madrid) 

 

Other projects in real-life applications have been, for example, In Bergamo, Italy, a street 

in the city centre was re-paved by the photocatalytic concrete paving blocks (total area of 

about 12000 m
2
). 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) [48]. In Antwerp, Belgium, 10000 m
2
 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[49]. For instance, 

the implementation of ordinary TiO2 in concrete over a total area of about 7000 m
2
 of the 

roads in Milan, ITALY, contributed to a reduction by 60 % the NOx concentration in the 

air in one single year [50]. In Madrid, Spain, different pavement area has been modified 

with various photocatalytic materials’ types (Figure 1.13).  

(a) (b) 
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Figure 1. 13 (a) Photocatalytic sprays on sidewalk tiles, (b) draining bituminous pavements 

percolated with photocatalytic slurry, (c) photocatalytic tiles to pavement sidewalks, and (d) photocatalytic 

tiles to pavement roadways. 

Laboratory results about self-cleaning effect of photocatalytic cementitious surfaces have 

been also proved to be achieved in real world applications. In the church Dives in 

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

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

city hall in Chambery (France), which the primary colour almost remained constant for 

approximately 5 years in different positions of the facade (West/ North/East/South) [51]. 

As an example of building in Spain where photocatalytic building materials have been 

used, we can highlight the Riberas de Loiola church in Donostia-San Sebastián, whose 

façade is covered with this type of material Figure 1.14. 

 

 

 

 

 

 

(a)  (b)  

(c) (d) 
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Figure 1. 14 Image of prestige construction made with photocatalytic cement (a) church Dives in 

Miserocordia  and (b) church Riberas de Loiola  (http://www.fym.es) 

  

1.3.4 Problems and limitations in real-life applications of photocatalytic 

construction materials  

 

Although the self-cleaning and depollution effects of photocatalytic construction 

materials are evident, there are still three main unresolved obstructions when these 

materials are used in real-life applications.   

i. Although the prices can vary in a more or less wide range according to market price 

and formulation of the material, today, the low economic profitability of the TiO2 

based photocatalytic materials is the main limitation for their extensive use. 

However, this cost evaluation is still very difficult to determine because it is should 

take into consideration many parameters such as the manufacture, application and 

maintenance costs in the long term. Not forgetting that the advantages of the 

application of these materials such as improving environmental conditions cannot be 

qualified in economic terms. 

 

 

(a) 

(b) 
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ii. The photocatalyst is able to degrade only pollutants which are absorbed on their 

surface. 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[52]. 

 

iii. Problem and limitation of current standard for evaluation of photocatalytic activity 

(more detail on section 1.4.5 Problem and limitation of current standard). 

 

Other limitations can derive from the nature of the cementitious materials:  

i. The conventional properties of cement-based materials would be changed by the 

addition of TiO2. For example, the strength, sensitivity and ageing process of TiO2-

containing mortar might be directly affected by TiO2 additives [17, 53-57]. In some 

cases contradictory results, mainly regarding influence in porosity and resulting 

mechanical strength.  However it is important to note that this effect depend of the 

characteristics of photocatalyst addition (e.g. amount, microstructure, mixed 

procedure). 

 

ii. Additionally, the use of organic admixture for concrete and other cementitious 

materials must be minimized to avoid possible reduction of the photocatalytic 

activity. Rachel et al. showed that the presence of ionic species, which could 

contribute to charge recombination in the activated photocatalyst, are the reasons for 

the catalytic activity loss[58].  In a study of our research group has been prove that  

the photocatalytic performance depend of the cementitious matrix composition, and 

the reason has been explained on the basis of oxidation-reduction potentials and 

photoabsorption energy of these different constituents[17]. 

 

iii. Moreover, photocatalytic activity may be lost by physicochemical change in the 

cement surface followed by carbonation[53].  The photocatalytic effect may also be 

limited due to the physical anchoring of the dirt in large pores of cement-based 

materials. TiO2 deactivation may be caused by deposition of surface species, 

intermediates, by-products or pollutants which are difficult to decompose[59]. It has 

been reported that the accumulation of contaminants on nano-TiO2 coated paving 

blocks in Hong Kong caused significant inactivation after 4 months [5]. This could 

imply that periodic servicing and washing the surfaces might be necessary to 

maintain the air pollution remediation properties.  
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1.4 Standards method for evaluation of photocatalytic activity 
 

National and international organizations have developed different standards to assess the 

photo-activity of photocatalytic materials. Japon and Italy are currently the most active 

nationals publisher of standard. The European committee, CEN TC 386-Photocatalysis 

and the International Standards Organization (ISO) are the worldwide biggest publisher 

of standards. Table 1.2 shows an overview of the different international and national 

standard published. The standards try to cover the applications mentioned in Section 

1.3.1.  

The following sections (1.4.1 -1.4.5) includes a short description of the most important 

standards applied to photocatalytic construction materials to assess the purification and 

self-cleaning properties, that as previous mentioned are the most common applications on 

these materials. 

Table 1. 2 Overview of International, European and National standard related with photocatalysis process. 

Application 

defined in 

section 1.4.1 

Principles of test 

method 
National standard 

European 

standard 

International 

standard 

Air 

purification 

Nitric oxide 

removal 

JIS R 1701-1:2010 
  

UNI 11247:2010 
  

UNI 11848:2013 
  

XP B 44-011: 2009 
  

UNE-ISO 22197-

1:2012  
ISO 22197-1:2007 

BS-ISO 22197-

1:2011   

 

CEN/TS 16980-

1:2016  

UNE 12197-1:2013 
  

VOC removal 

UNI 11238-1:2007 
  

UNI 11238-2:2007 
  

XP B 44-013 
  

Acetaldehyde 

removal 
JIS R 1701-2:2008 

 
ISO 22197-2:2011 

Toluene removal JIS R 1701-3:2007 
 

ISO 22197-3:2011 

Formaldehyde 

removal 
JIS R 1701-4:2008 

 
ISO22197-4: 2013 

Metyl mercaptane JIS R 1701-5:2008 
  

Self-cleaning 

Water contact 

angle chance 
JIS R 1703-1:2007 

 
ISO 27448:2009 

Methylene blue 

decomposition 
JIS R 1703-2:2007 

 
ISO10678:2010 

Rhodamine b 

degradation 
UNI11259:2008 

  

Disinfecting 

effect 

Antibacterial 

activity 
JIS R 10702:2006 

 
ISO27447:2009 

Antifungal 

activity 
JIS R 1705:2008 

  

- 

Light source for 

test under UV 

irradiation 

JIS R 1709:2007 
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1 

2 
3 

4 

5 

7 

6 

8 

1.4.1 ISO 22197 - Test methods for air-purification performance of 

semiconductor photocatalytic materials 

 

Three methods for photocatalytic air purification have been published. They differ mainly 

in the pollutant, whose removal is studied: nitric oxide (ISO 22197-1: 2007), 

acetaldehyde (ISO 22197-2: 2011), toluene (ISO 22197-3: 2011) and formaldehyde (ISO 

22197-4: 2013). 

All the three air-purification test methods have the same equipment system that shown in 

Figure 1.15.  The illumination source is the UVA light which is applied on a sample (50 × 

100 × 5 mm) in a quartz or borosilicate glass. The pollutant is in the mixture with air. The 

inlet and outlet gas streams are regularly analysed to evaluate any change. The material of 

reactor must be inert to UV light and pollutant. Stainless steel is the most suitable 

material to be used. At the beginning the test gas flows into the photo-reactor without any 

illumination (ca. 30 min before turning on the light). After starting the experiment 

(detected by turning on the light), the pollutant concentration in time is detected. Every 

air-purification standard differs in the concentration of test pollutant, overall gas stream 

flow rate, sample run test time and system for analysis[60].  

 

 

 

 

 

 

 

 

 

 

 

Figure 1. 15 Schematic illustration of the test equipment for the air purification ISO standards. (1) UV 

light, (2) glass cover, (3) tested sample, (4) standard gas – test pollutants, (5) air source, (6) humidifier, (7) 

mass flow controllers, (8) pollutant gas analyzer [60]. 
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1.4.2 JIS 1703-2:2007 Methylene blue decomposition 

 

This method represents a simple evaluation for new photocatalytic materials. It is based 

on assessment of photocatalytic bleaching rate of an indicator ink – Methylene Blue 

(MB).  

The photoreaction system for standard measurement is illustrated in Figure 1.16, and 

contains a sample (typically 10 cm plate) with photocatalytic layer and the cylinder fixed 

on the sample (3-4.7 cm diameter). The sample must be exposed to UVA light before 

starting the standard assessment. At “conditioning step”, 35 ml of MB solution (2∙10
-5

 M) 

is poured into the created vessel and left for 12 hours in the dark. After that, the 

concentration of MB in the solution must be higher than 10
-5

 M. If not, the conditioning 

step must be done again until it meets the requirements.  Then another 35 ml of MB 

solution is placed into the vessel and the UV transparent glass cover is put over it. After 

that the irradiation of the system by UVA light (1 mW∙cm
2
) begins and the solution is 

stirred every 20 min. The change of absorbance as a function of time is measured by 

spectrophotometer directly or by sampling (absorbance detection at 665 nm). The 

irradiation process lasts 3 hours or less – in the case of faster decolorizing of the MB 

solution. The reaction temperature is recommended to be 23±2 °C.  The blank experiment 

in the dark conditions is performed as well. Then the photonic efficiency of the active 

sample is calculated according to following equation (Eq. 1.9):  

 

ʂ𝑀𝐵 =  
100 ×𝑟(𝑀𝐵+)

𝐼𝑈𝑉
                                     (Eq. 1.9) 

 

Where r(MB
+
) represents the rate of MB bleaching (molecules∙cm

2
/s), IUV is irradiance 

(number of photons∙cm
-2

∙s
-1

). 

 If the photonic efficiency is bigger than 0.1%, the experiment should be done once again 

with the irradiance source 0.25 mW∙cm
-2

. The benefit of using this method is surely its 

simple and easy performance. The standard is given for low photoactivity samples ξ < 

0.1%. Higher photonic efficiency is not suitable for the evaluation according to this 

standard, and is probably caused by mass transfer effects which are not assumed in this 

method. It is suggested that MB would be more suitable for water purification standards 

rather than for photocatalytic evaluation of self-cleaning films[60, 61]. 
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Figure 1. 16 Schematic illustration of the set up using for the methylene blue standard. (1) UV light source, 

(2) glass cover, (3) testing cylinder, (4) testing area and (5) sample under test.[60] 

 

 

1.4.3 UNI 11259:2008 – Photocatalytic activity determination of 

hydraulic binder -Rhodamine method 
 

The method consists of measuring the self-cleaning capacity of hydraulic binders with 

clear cement base through a colorimetric method: the color evolution, with a colorimeter, 

is evaluated with the passage of time (4 and 26 hours) of samples of cement mortar whose 

surface has been treated with rhodamine B (RhB). The dye is deposited on the surface of 

the samples in a known concentration. The test allows evaluate if, through the 

discoloration of the rhodamine, the cement sample can be considered photocatalytic. The 

material tested is considered photocatalytic with respect to rhodamine if the percentages 

of color decrease are greater than 20% and 50% at 4 and 26 hours respectively. The color 

evaluation was monitored using a spectrophotometer via CIEL*a*b* color analysis of the 

coordinate a* due to the red colour of RhB. 

 

The experimental setup consists of the sample and the UV lamp, and the test is carried out 

at 20° ± 2°C; H.R. 70 ± 10%. Before proceeding with the test, the specimen is placed in a 

dark environment (at 20°±1°C and RH 60 ± 10%) for at least 24 h, the first measurement 

of the parameter a (0h), just before exposure of the probe to the lamp. Measurements are 

then taken after 4 and 26 hours of exposure.  

 

It is important to note that is the only one method designed to apply on hydraulic binder 

samples, such as cement-based materials. However, as requires the accurate measurement 

of the colour of the indicator film, it is only appropriate for clear samples.   
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1.4.4 ISO 27448:2009: Test methods for self-cleaning performance of 

semiconductor photocatalytic materials – measurement of water contact 

angle 
 

This method is known as the one based on photoinduced superhydrophilic effect. It uses 

an oleic acid and determines its degradation by changing of water droplet contact angle 

during illumination (the wettability is increased). The contact angle is measured until it 

reaches the value of 5° – then the test is suggested to be finished [60]. 

Firstly, each sample (10 cm
2
) is pre-treated by UV illumination. Secondly, the oleic acid 

is placed on the sample – either manually or by dipping. When the manual way is chosen, 

the sample must be weighted and the 200 µl of organic compound is placed in the centre 

of the sample so the created surface is homogenous (usually done by non-woven cloth). 

The weight of oleic acid on the sample should be 2 ± 2 mg.  In the case of dipping, the 

sample is placed in the solution of oleic acid and then pulled out at the rate 60 cm/min. 

Finally, the sample is dried at 70 °C for 15 min. No specification about the mass of oleic 

acid on the sample is given. Next step is the contact angle measurement – each sample is 

tested at 5 different places before and during UV irradiation (for manual coated samples: 

2 mW/cm
2
, for dipped ones 1 mW/cm

2
). It is recommended to carry out the experiment 5 

times with 5 samples prepared in the same way.  According to the ISO standard, the 

initial and final values of contact angle should be recorded as well as the irradiation time 

[60].  

 

Contact angle is defined as the angle between the surface plane and the tangent of the 

drop. The contact angle measurement provides a good way in prediction how the material 

is going to behave when deposited on the support. As seen in the Figure 1.17, it is not 

only the property of adsorbed material, support material and surrounding environment are 

important as well. All these 3 parameters, each characterized by the value of surface 

tension, decide whether the adsorbent is spreading over the surface or not.  

 

Figure 1. 17 Three different surface tensions effecting the drop shape [62]. 
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If consider a drop on the solid surface, Young’s equation describes the effect of the forces 

acting on the drop – by the relation between surface tensions and the contact angle 

(Eq.1.10).   

 

𝑌𝑆𝑉 = 𝑌𝑆𝐿 + 𝑌𝐿𝑉 × 𝑐𝑜𝑠𝜃          (1.10) 

 

The value of contact angle indicates whether the liquid drop is spreading on the support 

or not. If the contact angle is greater than 90°, the surface is non-wetting. In opposite case 

– the contact angle is smaller than 90°, the liquid is spreading on the surface meaning the 

surface is wetting. The smaller the angle, the better the wetting ability. If the contact 

angle is close to zero (complete wetting) the surface is called superhydrophilic. 

The Young’s equation considers the surface to be an ideal plane without any roughness. 

Actually this kind of surface is hard to find. We can often observe two different contact 

angles values for the same system. This phenomenon is characterized by the term 

“hysteresis”. Then it is possible to distinguish between the apparent contact angle and the 

true one. The relation between them depends on the value of surface roughness[62, 63] 

(Eq. 1.11). 

 

 

 

𝑐𝑜𝑠𝜃 = 𝑅𝑟𝑜𝑢𝑔ℎ𝑐𝑜𝑠𝜃𝑡𝑟𝑢𝑒     (1.11) 

 

 

The surface roughness is the ratio between actual surface area and the apparent surface 

area and is equal (ideal case) or greater than 1. In the case of wetting surfaces, the 

apparent contact angle is smaller than the true one[62, 63]. 

 

1.4.5 Problems and limitations of current standards  

 

In spite of successful application of TiO2 photocatalysis in construction materials, an 

ideal method to determinate the photocatalytic activity is still not available. The current 

ISO and planned CEN tests have three crucial drawbacks[60]:  

 

i.  are not rapid;  

ii.  require relatively expensive equipment, that in most cases, it require a reasonable 

degree of technical support for operation and maintenance; 

iii.  are not suited for use in situ. 
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Furthermore, the fact that the pre-conditioning protocols and experimental conditions 

stated in the published standards differs in many aspects makes it very difficult to 

compare experimental results [64, 65]  and to be able to predict the behaviour of a system 

in real conditions. It has been experimentally verified that the experimental conditions 

influence the resulting photocatalytic activity [65]. In addition to this, the diversity in 

methods for data analysis and expression of the test results increment these difficulties. 

The further Tables 1.3, 1.4 and 1.5 illustrating examples of the large differences which 

exist in the pre-conditioning protocol, experimental conditions and data analysis of 

published standards. 

Table 1. 3  General sample pre-conditioning step conditions of various standards 

Principles 
Standard Pretreatment 

Duration 

(hours) of test method 

Methylene blue 

decomposition 

JIS R1703-2:2007 Washed with purified water, and dry in 

the test chamber  at > 1 mW cm
-2

 
     ≥24 

ISO 10678:2010 

RhB 

discolouration 
UNI 11259: 2008 dark conditions, 20º±1, RH 60±10 ≥24  

Nitric oxide 

removal 

ISO 22197-1:2007 ≥1 mW cm
-2

 and immerse the test piece 

in deionized water , remove it, and air-

dry at room temperature 

≥ 5(UVA) 

and ≥ 2 

(water) 
UNE-ISO 22197-1:2012 

Acetaldehyde 

removal 

JIS R1703-2:2008 
≥ 1.5  mW cm

-2
 16-24 

ISO 22197-2:2011 

Toluene 

removal 

JIS R1703-3:2007 
≥ 1.5  mW cm

-2
 16-24 

ISO 22197-3:2011 

Water contact 

angle change 

JIS R 1703-1:2007 
2  mW cm

-2
 24 

ISO 27448:2009 

Antibacterial 

activity 

JIS R 10702:2006 
none none 

ISO 27447:2009 

 

Table 1. 4 Air purification ISO standard test conditions*. 

Parameter Nitric Oxide Acetaldehyde Toluene 

Concentration, [X]/ppmv 1.0 5.0 1.0 

Flow rate, f /(dm
3
 min

-1
) 3.0 1.0 0.5 

Test time, t / h 5 3 3 

Total pollutant load / mmol 40.2 40.2 4.02 

Analytical method 

Chemiluminescence: 

NO, NO2 

Acetaldehyde: GC-

FID 
Toluene: GC-FID 

Ion chromatography: 

NO3
-
 

CO2: IR 

* Common standard conditions include: (1) photoreactor; (2) irradiance (1.0mW cm
-2

); (3) light source: BL 

or BLB; (4) temperature: 25
o
C and (5) relative humidity: 50% 
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Table 1. 5 Comparative between NOx air purification standards: ISO 22197-1:2007 and UNI 11247:2010. 

Standardization 

body/publication 
ISO UNI 

Standard 22197-1:2007 11247: 2010 

Irradiance source 
Fluorescence light BL or BLB; Xenon with filter 

letting pass (300-400 nm) 

Hg vapour λ< 400 nm: 

λ<350 less than 10% 

Irradiance intensity 

(w/m2) 
10 20 

Temperature (ºc) 25 27 

Relative humidity (%) 50 0 

Ga flow (l/min) 3 1,5 

Initial concentration 

NO (PPM) 
1 0 

Initial concentration 

NO2(PPM) 
0 0,15 

Flow regime Laminar mixed 

Size sample (cm
2
) 49 64 

Pretreatment 

≥1 mW/cm
2
 (5 hours) and immerse the test piece 

in deionised water , remove it(2 hours), and air-

dry at room temperature 

3 days at 25±5°C and 

60±10 % RH 

 

On the other hand, the standard methods are designed to get a result of photocatalytic 

activity related to a specific contaminant. Only ISO 27448:2009 – measurement of water 

contact angle is designed to get a result regardless of a specific contaminant [64], 

although currently it reaction mechanism is still controversial [66, 67].  The problem stem 

from the assumption, that a photocatalytic materials have the same degradation 

performance for all contaminants.  Different studies show that a particular test method 

may favor one material and disadvantage another [65, 68] . Even, some studies indicated 

that are advisable make several different test to assessing the photoactivity of a material 

[69], however as previous mentioned as drawback (ii), the standards require relatively 

expensive equipment and technical support. Beside this, it is important to note that the 

standard methods are focused solely on the oxidative process and none considered the 

reductive photocatalysis.  

In the case of cementitious test pieces, that is become the most widely TiO2-modified 

material used in construction field, as previous explained in section 1.3.2, the current 

standards may not always are feasible for it use due to not consider some properties of 

cementitious materials that make it special, mainly their alkalinity and porous structure, 

thereby making that the test conditions are not appropriate for evaluation of these 

materials. For example, all four ISO air purification test described above (ISO-22197:1-4) 

are not good for assessing  the activities of porous materials due to high flow rates[70]. 

For the Acetaldehyde test system: ISO 22197-2, standard notes that ‘the measurement of 

CO2 may not always be feasible for cement-based test pieces due to a high ability to 
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adsorb and react with any CO2 generated, as might be expected for alkaline samples; In 

the case of ISO 27448:2009 – measurement of water contact angle, due to measurement 

characteristics, this method cannot be used for evaluation of rough surfaces, porous 

surfaces or highly hydrophobic materials[71]. 

As special case, the Rhodamine method - UNI 11259:2008 (section 1.4.3)  is the only 

method specified designed to measure the photocatalytic activity of cement based 

materials (“hydraulic binders”). However, in this case, the big disadvantage is the unequal 

distribution of dye film [11] and even in some cases, due to the colour of the sample; the 

colorimetric test is not feasible. Beside this, the colour evolution is slow (test time 26h) 

and little visual due to during the irradiation only decrease the intensity of colour. The 

higher limitation of this method is the dye-photosensitization under visible light that may 

results on higher degradation rate, which is not related with the photocatalytic activity of 

the materials[72]. 

 

1.5 Methods for evaluation of photocatalytic activity based on 

the detection of photo-generated charge carriers and 

reactive oxygen species (ROS) 
 

Considering the previous described limitations of current standards, recently, several 

other techniques have been proposed to evaluate the effectiveness of photocatalytic 

properties of semiconductor; even some are more often used that the conventional 

standards as they are easier and faster. Some of them, with a quantitative approach are 

based on the measurement of active species generated during the photocatalytic process 

(charge carriers and ROS). This new concept of measure, provides information additional 

for understand the photocatalytic mechanism, which make it more attractive for testing 

such materials.  

However, these species presents some characteristics that make its direct detection 

difficult, such as a very short lifetime (e.g. 10
-10 

s for OH•)[73] and high reactivity. As a 

result, a wide variety of indirect methods through the use of spectroscopic probes has 

been proposed. Some important aspects to consider when selecting an analytical method 

to determine ROS include: (i) sensitivity; (ii) selectivity and specificity towards the 

analyte of interest; (iii) measurements with sufficient fast time resolution; and (iv) 

stability of the probe and its reaction products. Other considerations that must be taken 

into account are related to the availability, robustness and cost of instrumentation and 

probe molecules. Moreover, the choice of operating conditions is essential to avoid the 

reaction of ROS with themselves or prevent further reaction of the product. 

The main techniques used with this purpose are indirect spectroscopic probes methods 

that can be summarized in the following categories: (i)  Electron Spin Resonance (ESR), 

where the spin-trap agent reacts with the unpaired electron of the free radical; (ii) UV/Vis 
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absorption spectroscopy, based on either the absorbance loss of the probe or the 

increasing absorbance of the product; (iii) chemiluminescence, based on the reaction of a 

chemiluminogenic probe with active species to yield a chemiluminescent product that 

irradiates light without being externally excited (iv) fluorescence, where the reaction 

between the probe and the active specie leads to the formation of products showing strong 

fluorescence when they are excited at a specific wavelength;(v) electrochemical analysis 

based on cyclic voltammetry (CV), chronoamperometry (CA) and electrochemical 

detection (ED). 

 

There are some papers gathering information about the main probes used with the aim to 

qualitatively/quantitatively determine the presence of ROS. Bartdoz et. al [80] discussed 

the properties of the spectroscopic probes most commonly used for ROS detection in 

cellular systems, highlighting their limitations. Among spectroscopic techniques, the use 

of fluorescence methodologies to detect ROS generated in biological and physiological 

media have been reviewed by Gomes et al.[74] and Soh [75]. On the other hand, Lu et 

al.[76] evaluated the current state and the limitations of different chemiluminescence 

systems used in the identification of ROS in biological systems, pointing out the necessity 

of future research to find specific chemiluminescent probes for ROS quantification. It can 

be noticed that the above mentioned works are focused on the analysis of ROS mainly in 

biological media which is quite different from photocatalytic systems. For instance, 

Murphy et al. [77]  has published a general overview about ESR characterization of solid 

surface, in which TiO2 has been included from the viewpoint of the physical 

characterization of nanoparticles. Fernandez-Castro et al. [78] provides an overview of 

the determination methods of ROS in the application of advanced oxidation process 

(AOPS) that includes the category "photocatalytic systems".  Wang et al. [79] performed 

a mini review of the main detection of active species, including charge carries and 

reactive oxygen species, by ESR during photocatalytic events. It is important to note that 

the most of works have been applied with the purpose of study of the determination 

methods of ROS, and less frequently of charge carriers. 

 

With the aim to facilitate the comprehension of the potential of each technology for the 

qualitative/quantitative determination of the active species, a division into sections 

depending on the technique categories has been made. Tables 1.6, with the selected most 

critical developments and scientifically interesting spectroscopies techniques for the 

determination of active species in TiO2 photocatalysis, were included with the following 

information: compounds used as probe; the analytical features that include the analytical 

techniques used for active specie determination with specification of the measured 

product, analysis pH if a specific value is required; and finally, the analysis of the 

strengths and weaknesses of reported methods, which also includes the influence of 

interferences. 

 

 

 



CHAPTER 1 INTRODUCTION 

 

31 

 

1.5.1 Electron Paramagnetic Resonance (EPR) or Electron Spin 

Resonance (ESR) 

 

EPR is the only spectroscopy technique that specifically and directly "saw" the unseen 

spins[80] and therefore allows the detection of the presence of any system 

paramagnetic (ions, free radicals, free electrons, etc.). 

 

This technique consists in subjecting a paramagnetic material to electromagnetic 

radiation. This radiation causes an excitation in the electrons, which absorbs this 

radiation, making its momentum align in the direction of the field. This allows the 

electron to pass from one spin to another, from + ½ to -½, or viceversa. The transition 

from one spin to another is the basic concept of EPR. If the electron changes its spin, it is 

due to the absorption or emission of energy. This energy is quantified and monitored 

which allows determining the amount of species ROS or unpaired electrons that are the 

material to be analyzed. 

 

Despite the interesting possibilities of this technique, as discussed above, these species 

(ROS and charge carriers) are generally unstable species, which practically prevents their 

direct measurements. This limitation is produces especially in aqueous solutions and at 

room temperature[80]. 

 

The most extensively known method to compensate this problem is the introduction into 

the system under investigation a specific compound (scavenging or trapping agents) that 

reacts with the radicals forming a more stable compound (spin-aducts), which then can be 

detected by EPR. EPR spin-trapping is capable of overcoming most of these limitations 

and currently represents the most efficient technique for detection of various radical 

species (e.g. EPR detection of the superoxide radical with DEPMPO is 40 times more 

sensitive than spectrophotometric analysis with cytochrome c [81]). 

 

The most commonly used spin trap compounds are those having the bonds: C = C, C = N, 

N = N, C = O or N = O. However, due to the importance of providing directly or 

indirectly information about the nature of the trapped radical, R•, the vast majority of spin 

traps are based on two structures: Nitro compounds (Eq.13) and nitrones (Eq.14). Both 

types of compounds have as a common characteristic that the addition reaction with a 

radical leads to the formation of a nitroxide radical. 

 

 ORNRRONR   (1.12) 
 

RNORCHRRRNOCHR     (1.13) 
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A wide variety of spin-traps are now available which can simultaneously trap different 

free radicals and trace them to their origin. DMPO (Table 1.6) is, perhaps, the spin trap 

and one of the probes most used for the quantitative determination of the •OH generated 

in different photocatalytic system [82, 83]. Although high sensitivity was observed using 

DMPO as molecular probe, its non-selectivity is an important drawback that has to be 

considered because DMPO may react with O2•-, 
1
O2 and ROO•. Therefore, it is difficult 

to distinguish between hydroxyl radicals and superoxide if they are generated 

simultaneously in one system. An addition of the quenching effect of superoxide 

dismutase (SOD) on superoxide or that of DMSO on hydroxyl radicals can provide 

additional confirmation to distinguee between these free radicals[84] 

 

In addition, Hirakawa et al. [13] argued that OH• spin trapping by DMPO in TiO2 

irradiated system was not reliable since DMPO agent can simultaneous react with both 

trapped holes. Some investigations are devoted to the ESR study of the hole trapped 

centers in TiO2 nanomaterials upon low temperature irradiation [85-87]. However, there 

is no consensus on the exact nature of this paramagnetic species. The aforementioned 

controversy on trapped holes assignments mainly results from the fact that holes are 

localized in TiO2 surface region, which are greatly susceptible to surface treatment and 

modification[87]. Therefore, the interpretations of the observed ESR signals of 

photoproduced holes are still less clear now.  In 1993, Micic [86] et al. reported their ESR 

signals reassignment of the trapped holes in the anatase and rutile. They prepared TiO2 

catalysts using isotopically exchanged water–D2O and 
17

O enriched water H2
17

O to 

identify the photogenerated surface centers.  

 

Among the spin traps, DMPO and BMPO are used most often for detecting superoxide 

anions. Harbour and Hair [88] have detected the superoxide generated from photoexcited 

CdS dispersions using DMPO as a spin trap.  Zhao et al. [53] have shown that use of the 

spin trap BMPO has advantages over DMPO as a spin trap for superoxide.  

  

Howe and Gratzel [89] firstly identified the electron centers generated from irradiation 

colloidal TiO2 by ESR measurement at low temperature. The trapped electron tends to 

localize in the d orbital of a cation and can be detected in the form of Ti
3+

.  Recently, a 

number of papers have appeared concerning the electron transfer in mixed phase (anatase-

rutile) titania materials, such as well-known Degussa P25 [90-92]. 

 

Regardless of the difficulties discussed above, mainly about the selectivity of the probe, 

the main drawback of this technique is that it requires a very expensive spectrometer 

which is not usually of laboratory but is almost an equipment of "great facilities".  
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1.5.2 Fluorescence spectroscopy  
 

Fluorescence spectrometry (also called fluorimetry or spectrofluorimetry) is an 

electromagnetic spectroscopy technique in which molecules are excited by absorption of 

a beam of light, usually light ultraviolet. The species that have been excited then relax to 

the fundamental state, releasing excess energy in the form of photons, usually visible light  

(though not necessarily). The equipment employed is basically a HPLC or a 

spectrophotometer, both coupled with a fluorescence detector. The main advantage of 

fluorescence is its high sensitivity and wide range of linear concentration, both 

characteristics superior to that of absorption spectroscopy. In addition to its simplicity in 

data collection, and a high spatial resolution in microscopic image [74]. The disadvantage 

of this technique is mainly because the number of chemical systems exhibit appreciable 

fluorescence. 

 

Numerous studies have emerged in recent years that rely on the use of dihydro-

compounds as fluorescent probes for the specific detection of some ROS species, 

generally O2•-. However, this issue is highly discussed in some works, among which the 

study by Nobuaki Soh [75]. According to this author, these dihydro-compounds have two 

serious disadvantages. One of them is that these compounds are originally highly 

photosensitive, to a greater or lesser extent, and as a result tend to autoxidize to produce 

background fluorescence in absence of ROS in fluorescent measurements. As a result, the 

experimental results obtained with these compounds should be interpreted with caution. 

Another drawback is that these lack selectivity and are usually thought which react with 

various types of ROS. Consequently, the selectivity of dihydro-compounds is 

controversial, although they are suitable for detection of their presence [75].  Figure 1.18 

shows the molecular structure of dihydro-compounds most commonly used as fluorescent 

probes. 

 

Undoubtedly, it is important to mention processes assisted with HPF and APF probes. 

Setsukinai et al (2003)[93], synthesized these two new probes for the detection of ROS, 

2- [6- (4-hydroxy) phenoxy-3Hxanthen-3-en-9-yl] benzoic acid (HPF) and 2- [6- (4-

amino-phenoxy-3H-xanthen-3-en-9-yl] benzoic acid (APF). Both compounds are initially 

weakly fluorescent, while the fluorescein form is highly fluorescent on the reaction with 

ROS (Figure 1.19). These probes have been extensively applied to the TiO2 

photocatalytic systems [94-96]. 

 

 Regarding the selectivity of these probes, Price et al. [97] studies the effect of DMSO as 

solvent. The study specifically states that if the solvent of APF and HPF probes 

containing 0.1% DMSO suppresses fluorescence by the presence of OH• and only detects 
1
O2.  Taking this relationship into account, one can estimate the relative importance of 

each ROS in the response studied. However, the main advantage of these probes is the 

very high price. These same authors affirm that the fluorescence detection is superior to 

EPR and to chemiluminescence by its greater sensitivity and for their convenience from 

an experimental point of view. This is in line with Gomes et al.[74]. 
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Figure 1. 18 Molecular structure of dihydrocompounds most commonly used as fluorescent probes[75]. 

 

 
 

 
Figure 1. 19  Structure of HPF and APF with ROS. 
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In recent years, a simple method to quantitative OH• fluorescence probing method 

consists in the appearance of a fluorescence product after the reaction of the molecular 

probe with •OH. The excitation of the reaction product at a specified wavelength results 

in the emission of fluorescence which is then recorded and translated in terms of 

concentration through a calibration curve. In this sense, compounds such as terephthalic 

acid (TA, [64, 98, 99], Table 1.6), coumarin [14, 99, 100] (Table 1.6), coumarin-3-

carboxylic-acid (3CCA, [100]) have been successfully applied in the quantification of 

OH• generated in photocatalytic system (Figure 1.20). Some of the main strengths 

displayed by these methods are simplicity, sensitivity, reproducibility and accuracy. 

However, some issues must be considered, as is the case of fluorescence pH-dependence, 

formation of other hydroxylated products in addition to the quantifiable ones.  Between 

them, the most extensively use is TA. 3 CCA present the lowest stability and produce 

various fluorescent species with different fluorescence intensity [78]. However, the 

trapping efficiency of OH• formed for coumarin was assumed on the level of about 4.7% 

[64, 101] , in comparison with a 35% yield of the reaction of TA with OH• [64, 102] 

 

 
 

 

Figure 1. 20   Structure of fluorescence probes used for quantification of OH• formed during the 

photocatalytic process. 
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1.5.3 Absorbance ultraviolet-visible spectrometry 

 

Absorbance probing methods consist of tracking either the loss of probe absorbance or 

the increase of the product absorbance. The equipment used in the works studied is a high 

performance liquid chromatograph (HPLC) or a spectrophotometer, both coupled with a 

UV/vis or photodiode array (PDA) detector [78]. 

 

This technique involves spectroscopy of photons in the region of ultraviolet-visible 

radiation. In this region of the electromagnetic spectrum, the molecules are subjected to 

transitions that can be quantified. This technique is complementary to fluorescence 

spectrometry, which transitions from the excited state to the basal state, whereas 

spectrometry of absorption measures transitions from the basal state to the excited state. 

The use of spectrophotometric collectors is perhaps the most simple; However, their 

sensitivity is usually lower than others [80]. 

 

One of the probes most successfully applied to determine OH• is dimethyl sulfoxide 

(DMSO) [103-105] (Table 1.6). The reaction between DMSO and OH• starts a set of 

chain reactions leading finally to formaldehyde. Then, a derivatization procedure with 2,4 

dinitrophenylhydrazine (DNPH) is carried out according to the EPA method 8315 A[106] 

to produce the corresponding adduct formaldehyde-2,4-dinitrophenylhydrazine (HCHO-

DNPH), which is finally analyzed by HPLC coupled with a UV detector[78]. However, 

other works showed an underestimation of OH• generated due to the photocatalytic 

degradation of formaldehyde, which is the quantification product[104]. Figure 1.21 

summarized the reaction process applied to determine OH• using DMSO.  

 

 
 

Figure 1. 21  Reaction mechanism considered to determine OH• using DMSO. 



CHAPTER 1 INTRODUCTION 

 

37 

 

 

Alternatively, salicylic acid (SA) is an aromatic probe widely used for the determination 

of OH•. Basically, the quantification method is based on the hydroxylation reaction of 

SA to yield 2,3-dihydroxybenzoic acid (2,3-dHBA) and 2,5-dihydroxybenzoic acid (2,5-

dHBA). Although quantification of the products concentration has been performed either 

with absorbance, fluorescence and electrochemical detectors, the measurements based on 

absorbance are the most frequently used[78]. The quantification of OH• with this method 

has been successfully achieved in fenton systems, electrochemical methods, process 

based on  ultrasound with or without photocatalyst[78]. According to the data 

summarized in Table 1.6, the use of SA as molecular probe provides sensitivity, 

reproducibility and repeatability in the analysis of OH•. Despite these strengths, it is 

important to select the proper ratio between SA and the quantification products, 2,3-

dHBA and 2,5-dHBA because they have similar hydroxylation kinetic constants that can 

result in the underestimation of OH•. Another limitation that may interfere in this 

analysis is the formation of reaction products other than the quantification ones. 

Furthermore, it must be considered that the degradation of SA has been observed under 

certain operating conditions in photocatalysis systems[107, 108],  facts that severely 

limits its application as molecular probe. 

 

A group of usable compounds as UV/Vis molecular probes includes tetrazolium salts. 

Among them, Nitroblue tetrazolium (NBT) and 2,3-Bis(2-methoxy-4-nitro-5-

sulfophenyl)-2H-tetrazolium-5- carboxanilide (XTT) were used in photocatalytic systems 

to identify the generation of O2
•-
 by absorbance measurements (Figure 1.22, [20, 21, 109, 

110], Table 1.6). Although luminol is the most applied one to determine O2•-, NBT and 

XTT may have easier application, simpler implementation and better results than luminol 

due to the fact that analytical quantification techniques are simpler and, above all, these 

probes are less affected by the presence of interferences such as H2O2, metals and ionic 

species that may oxidize the probes[78]. Water solubility problems may arise specially 

using NBT as molecular probe due to the product of the univalent reduction of NBT is the 

radical Tetrazoylyl, whose dismutation generates a stable and insoluble formazan [80].  

 

However, it is important to note that, Zhao et al.[111] report the enhanced oxidation 

properties of tetrazolium salts induced by UV-irradiation, and demonstrate that there is 

real deviation in the photo-induced superoxide anion radical assay based on tetrazolium 

salts due to reaction with electron under an O2 atmosphere. It is demonstrated that 

electrons originating from the photochemical reaction of the graphene oxide solution is 

the doubtless and dominant reason for XTT reduction under O2-free conditions.  
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Figure 1. 22  Structure and reaction with superoxide radical of tetrazolium salts, Nitroblue tetrazolium 

(NBT) and 2,3-Bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5- carboxanilide (XTT)[78]. 

 

In a recent years, a novel method to monitored the photocatalytic reaction of  

photocatalytic materials was developed by Mills et al.[112, 113]. The typical intelligent 

ink comprises a redox dye, which can be readily reduced by the conductance band 

electron in the semiconductor photocatalyst. Its mixture is usually prepared with glycerol 

(electron donor) for increase the reaction rate due to electron−hole recombination is 

controlled.  The reaction can be summarized as follow (Figure 1.23).  

 

 
 

 

Figure 1. 23 Proposed reaction scheme of the photocatalyst ink identifying the major underlying reactions. 

SC is the underlying semiconductor and D/D
−
 and SED/SEDox are the oxidised/reduced forms of the 

indicator dye and sacrificial electron donor, respectively, encapsulated in the polymer film printed or coated 

onto the semiconductor[112]. 
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The redox dyes that can be designed for photocatalytic activity evaluation are large (2,6-

dichloroindophenol (DCIP), acid orange 7, methylene blue, resazurin,  resorufin, solvent 

violet 11, etc., [112-115]. Amount the wide variety of inks, resazurin is the most 

extensively used due to its reduction create forms with different color that can be visually 

observed due to color change from blue to pink. (Figure 1.24) 

 

 
 

Figure 1. 24 Structures of Resazurin (blue, left) and its reduced form Resorufin (pink, right)[112]. 

 

This method is relevant due to the increasing number of researchers that using the 

reductive reaction of this Rz-based “intelligent” ink formulation to assess the activity of 

their photocatalytic films [68, 69, 116-118]. The ink test are fast (typically <10 minutes), 

simple to employ, and inexpensive. The photocatalytic change of colour of inks can be 

also monitoring just as effectively using a camera and a scanner[119]. 

 

 

1.5.4 Chemiluminescence (CL) 
 

Chemiluminescence (CL) can be defined as the chemical production of light. Thus, 

certain substances have the property of emitting light when, by absorbing energy from the 

oxidative reaction of its own molecule, are placed in a state of "Electronic excitation". 

The emission of light occurs when returning to its "basal" state, with which the absorbed 

chemical energy will be given in the form of photons (electromagnetic radiation), easily 

quantifiable. CL probes can improve the signal-to-noise ratio by eliminating the 

background fluorescence. In addition, the needed concentration of probes is relatively low 

due to the high detection sensitivity of the technique, which diminishes the possible 

interferences of secondary reactions. However, the use of CL probes is problematic, in 

some cases, due to low emission efficiency and specificity[76].  

 

The most used probe for the quantitative determination of O2•- in photocatalytic systems 

the luminol-based probes, leading to generation of chemiluminiscence (Figure 1.25)[120-

123]. However, there are few published works that treat the detection of OH• by luminol 

[124, 125].  Nevertheless, other ROS species including O2•- and H2O2 are generated at the 

same time, which the differentiation is difficult [76] and the background noise during the 

luminescence analyses which restrict its use to alkaline pH[78]. 
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Figure 1. 25 Chemiluminiscence reaction of luminol[78]. 

 

 

Other chemilumiscence probe, lucigenin, reacts with O2
•-
, H2O2 and 

1
O2 abut not with 

OH• [126, 127]. Other specific detection for the detection of OH• with CL probe is 

described in [128]. This paper indicates that indoxyl-bglucuronide (IBG) is a probe 

specific for OH• while it is insensitive to other ROS, such as O2
•-
, H2O2. Other study, 

[129], evaluates the luminescent response of  probe N, N, N1, N1- [2,6-bis (3-

aminomethyl-1-pyrazolyl) -4-hydroxymethylpyridine] Tetrakis (acetate) -Tb
3+

 (BMPTA-

Tb
3+

). These authors determine that the response was significantly higher in the presence 

of OH•, whereas there is almost no BMPTA-Tb
3+

 luminescence responses for additions of 

10 equivalents of O2•-, H2O2, 
1
O2 and ONOO

-
. Their results demonstrate that BMPTA-

Tb
3+

 is a very specific luminescent probe for the detection of OH•.  

 

Other interesting strategy for investigating the photocatalytic oxidation reaction is the use 

of single-particle chemiluminescence imaging. Tachiwaka et al.[96] proposed an 

“oxidative–reductive” CL system consist of luminescent dyes, such as Ru(bpy)3
2+

 (bpy = 

2,2′-bipyridine) and its derivatives, in conjunction with tri-n-propylamine (TPA) as a 

sacrificing coreactant. As summarized in reactions (1.14 and 1.19), a number of electrons 

(e
−
) and holes (h

+
) are formed in TiO2 upon UV irradiation. The photo-generated valence 

band holes (oxidation potential, Eox = +2.7 V vs. NHE) oxidize the dyes (Eox ≈ +1.5 V vs. 

NHE and TPA (Eox = +1.1 V vs. NHE) to generate the corresponding radical cations, i.e., 

dye
•+

 and TPA
•+

, respectively. TPA
•+

 produces a TPA radical (TPA•) (reduction potential, 

Ered = −1.5 V vs. NHE) after being deprotonated prior to annihilation of the radical with 

the dye˙
+
 to produce an excited state dye (dye*), which then decays to the ground state by 

emission of a photon in the visible region. The photo-generated electrons in TiO2 are 

efficiently scavenged by oxygen molecules dissolved in solution. 

  

http://www.chemspider.com/Chemical-Structure.13867714.html
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𝑇𝑖𝑂2 + ℎ𝑣(𝑈𝑉 𝑙𝑖𝑔ℎ𝑡) → 𝑒
− + ℎ+      (1.14) 

ℎ+ + 𝑑𝑦𝑒 → 𝑑𝑦𝑒•+       (1.15) 

ℎ+ + 𝑇𝑃𝐴 → 𝑇𝑃𝐴•+      (1.16) 

𝑇𝑃𝐴∗+ → 𝑇𝑃𝐴 • + 𝐻+        (1.17) 

𝑑𝑦𝑒•+ → 𝑇𝑃𝐴 • + 𝑑𝑦𝑒∗ + 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠   (1.18) 

𝑑𝑦𝑒∗ →  𝑑𝑦𝑒 + ℎ𝑣´(𝑣𝑖𝑠𝑖𝑏𝑙𝑒 𝑙𝑖𝑔ℎ𝑡)     (1.19) 

 

1.5.5 Electrochemical techniques 

 

Concerning to processes assisted by electrochemical techniques, there is an interest 

particular, since they allow a real-time analysis, which makes spatially this technique is 

interesting for measurements of short-lived species [130]. There are several types of 

sensors for monitoring O2
•-
, for example, the use of superoxide dismutase [131] and 

cytochrome c [132]. The mechanism for the latter is based on the reduction of 

cytochrome c by O2
•-
 followed by electrooxidation of the redox protein in the gold 

electrode. Salvador [133] studied the ratio of the steady state photocurrent to the anodic 

transient rising photocurrent to better characterize the formation of surface bound H2O2 

and OH• during basic photoelectrolysis on single crystal n-TiO2.  

 

Another route of detection by electrochemical methods is based on the mainly in capillary 

electrophoresis with chronoamperometric or amperometries for the radicals OH•, O2
•-
, 

NO and H2O2 [130, 134, 135]. The use of cyclic voltammetries has also been found to 

detect electronic transfers between molecules and to evaluate potential oxidation / 

reduction as well as kinetic and analytical thermodynamic aspects of samples in which 

radicals are generated[136]. 

 

The main advantage of photoelectrocatalysis is its great versatility coupled with 

simplicity of the reactor in terms of construction and management. However, for the 

application, the main limitation is to find electrodes with specific characteristics to make 

the process competitive. The materials that are generally used are: Ti / PbO2, Ti / SnO2, 

Ti / IrO2, glassy Carbon[137]. Anodic oxidation with diamond anodes doped with boron 

(BDD) is a new electrode material with many advantages in comparison with the other 

more well-known materials. This material has shown a high chemical stability and good 

electrochemical properties. The process of oxidation at the BDD anodes implies the 

production of OH• with only one adsorption on its surface, consequently its degradation 

contaminant is very high [137, 138]. Zigah et al. [139] used the scanning electrochemical 

microscopy (SI-SECM) for the detection and quantification of adsorbed OH• generated 

photoelectrochemically at the surface of a nanostructured TiO2 substrate electrode. 
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Special mention should be made of electrochemiluminescence (ECL) processes. This 

process allows the monitoring of species generated in the electrodes whose electron 

transfer reactions give rise to excited states that emit light. It is important to highlight the 

work [123, 140], whose purpose is present a new system sensitive to the measurement of 

the luminol-O2 adducts and luminol-H2O2. Even so, the practical applications of the 

luminol system are questioned by a number of factors, especially the very nonspecific 

ECL (ie, possibly due to the formation of oxygen in the anode in a aqueous solution, 

followed by chemiluminescence reactions involving the oxygen and the extremely basic 

conditions (pH> 11) that are necessary to generate a sufficient light emission [141]. 

 

 

1.5.6 Other techniques  

 

Recently, a number of papers have appeared to identify the presence of e- and hole charge 

carriers by time-resolved spectroscopy.  The most extensively used is the transient 

absorption spectroscopy (TAS). This technique can specifically track the migration of 

trapped photo-generated charges, to study the direction of hole transfer in the anatase: 

rutile system [142-144]. Other technique is the time-resolved microwave conductivity 

(TRMC) that allows  the quantitative and qualitative analysis of the separation of loads by 

measuring the changes in microwave absorption over time [145, 146]. 
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Table 1. 6 Main features of the probes used in the determination of reactive oxygen species(ROS)  

 

Probe Analytical features Strengths Limitations 

DMPO 

 

Analysis of DMPO-

OH 

ESR/EPR 

spectroscopy; LC 

with 

positive ion 

electrospray 

ionization using a 

tandem 

mass spectrometer 

(LC/ESI-MS/MS) 

 

Quantitative measurement of 

OH• 

High sensitivity and 

reproducibility 

Good solubility of DMPO 

Short analysis time 

EPR analysis is not affected 

by the photocatalytic 

suspension1 

Direct photolysis of DMPO 

was not observed 

DMSO, mannitol, Fe(II) and PO4 
3— 

present 

in solution act as OH• scavengers 

DMPO may also react with the 

Photo-generated holes in the 

catalyst 

Low DMPO-OH stability: half-

life of 

DMPO-OH is about 20 min. This 

compound disappears in the 

presence of 

Fe(II), PO4
3— 

and high •OH 

concentration 

Non-selective towards •OH. 

Reactions with 

con O2•
—

, 
1
O2 and ROO• may 

occur 

Coumarin 

 

fluorescence 

spectrophotometry 

Analysis of 7HC 

 

Quantitative measurement of 

OH• 

Good selectivity towards •OH, 

though it may 

react with O3 

Sensitive and fast method 

Good reproducibility 

Fluorescence only due to 7HC 

7HC is a stable product and it 

is commercially 

available 

The direct photoelectrolysis of 

coumarin did not 

occur 

Coumarin is not oxidized in 

active anodes, it 

requires the presence of OH• 

Disappearance of 7HC in the 

presence of O2 y O2•
—

 

Different values in the yield of 

Coumarin-OH• to give 7HC are 

reported [147-149] 

Photocatalysis: Slow 

disappearance of 

coumarin under UV. Besides, 

only dissolved •OH reacts with 

coumarin. At low coumarin 

concentration, the 

photocatalysis of 7HC occurs. 

Coumarin may cause a filter 

effect absorbing a fraction of the 

incident light 

TA 

 

Analysis of OHTA 

HPLC-UV/vis (pH 

3), HPLC-

fluorescence (pH 

2.8  or 4.37) , 

fluorescence 

spectrophotometry 

(pH 6–11) 

 

Quantitative measurement of 

OH• 

Good selectivity towards OH• 

High sensitivity 

Rapid and simple technique 

One quantitative product 

Fluorescence stability of 

TAOH lasts 24 h 

The UV analysis is possible at 

TAOH concentration higher 

than 1 mmol L
−1

 

 

 

The reaction TA-OH• is affected 

by the solution pH 

The presence of inorganic salts 

and organics result in •OH 

scavenging 

An excess of TA may quench the 

fluorescence 

Later oxidation, deprotonation or 

photolytic reactions are possible 

Solubility limitations of TA 

TA reacts only with dissolved 

OH• 

Photolytic degradation of OHTA 
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DMSO 

Analysis of HCHO-

DNPH 

HPLC with UV 

detector (pH 4) 

 

Quantitative measurement of 

OH• 

Selectivity DMSO-•OH 

Good reproducibility 

Simple and sensitive method, 

easy to operate 

One quantitative product 

High solubility of DMSO and 

low volatility 

Commercial availability of 

DMSO and DNPH 

Comparison of the •OH 

formation rates was 

identical using TA as 

scavenger[150] 

Only 0.3–0.5% of the •CH3 

radicals (precursor of 

HCHO) are consumed in the 

production of CH4 

Inorganic salts and other 

compounds 

present in the solution may act as 

scavengers 

The derivatization time of HCHO 

with DMSO requires 30 min 

Degradation of DMSO and 

HCHO applying UV/H2O2 that 

implies an underestimation in the 

quantification of •OH[104] 

SA 

 

2,3-dHBA and 2,5-

dHBA 

HPLC-ECD (pH 

7.4), HPLC-UV 

(pH 2), 

HPLC-PDA or 

HPLC-fluorescence 

(pH 5.9), capillary 

electrophoresis 

(pH 2.8 or 7.4), UV 

spectrophotometry 

 

Quantitative measurement of 

OH• 

Selectivity SA-•OH 

Sensitivity, reproducibility 

and 

repeatability 

Stability of the products 

Solubility of SA in water 

Good chromatographic 

separation 

There is no SA concentration 

change, when irradiated in the 

presence of TiO2/SiO2 

Electrophoresis requires lower 

sample volume and cheaper 

instrumentation, shows higher 

efficiency and higher 

reproducibility, and is faster 

than HPLC 

Results consistent with those 

obtained with an 

electrochemical 

sensor[151] 

 

The presence of DMSO, mannitol 

or other organics result in the 

scavenging of •OH 

The optimum concentration of SA 

to obtain a high efficiency in the 

capture of •OH is different based 

on the advanced oxidation process 

An excess of SA is recommended, 

avoiding solubility limitations 

Importance of the SA/2,5-dHBA 

ratio because of their similar 

hydroxylation kinetic 

constant[151] 

Production of several products, 

including catechol and 

hydroquinone 

Capillary electrophoresis requires 

specific pH for the proper 

separation of reagents 

and products[152] 

The mineralization process results 

in low reliability when 

electrochemical 

oxidation or electro-Fenton are 

applied 

Photocatalytic degradation  

Underestimation of OH• values 

Luminol 

 

Analysis of the 

chemiluminescence 

generated 

Photon counting 

system with 

photomultiplier 

tube (pH 9–11) 

 

 

Quantitative measurement of 

O2•- 

When photocatalysis is 

applied,the subsequent 

addition of 

luminol prevents its reaction 

with the photocatalyst 

Luminol is not selective. It also 

reacts with H2O2 and other 

species including trace 

metals such as Co, Cu,Mn, 

Cr,Mg, Fe and certain complex of 

these metals, N3•,CO3—•, SCN—

, I—, Br—, Br2—• and ClO2 

Luminol produces background 

noise during their luminescence 

analysis and its detection is 

restricted to alkaline pH 
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NBT 

Analysis of the 

absorbance of NBT 

or NBT-formazan 

UV–vis 

spectrophotometry 

 

NBT does not react with •OH 

or H2O2 

NBT does not react with TiO2 

Low water solubility of NBT 

Reaction with electron or O2•- 

under irradiation? 

XTT 

Analysis of the 

absorbance of 

XTT-formazan 

UV–vis 

spectrophotometry 

 

High solubility of XTT in 

water, especially compared 

with NBT 

Reaction with electron or O2•- 

under irradiation? 

 

 



 

  

 

CHAPTER 2  

Objectives of PhD´s work 
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As it has been stated in Chapter 1- Introduction, most of the experimental tests to 

evaluate the photocatalytic efficiency of construction materials in published standards and 

literature: 

 are related to the ability to remove specific contaminants; 

 differ in many experimental parameters, which makes it difficult to compare 

experimental results between tests performed at different conditions; 

 require expensive equipment and/or are very time consuming; 

 are not able to be applied on site; 

 some are dependent on the colour of the sample, not being suitable for coloured 

samples.  

 

Then, it is clear that there is an important gap in the assessment of the photocatalytic 

behaviour of TiO2 construction materials, not having found in literature any method able 

to give the global potential of a material as a photocatalyst. Thus, this work intends to 

undertake this aspect, with the global objective of the development of new methods for 

evaluating the photocatalytic activity of TiO2 construction materials based on the 

detection of the active species formed during the photo-activation process. From this, 

the efficiency for a specific contaminant will be deduced from their pathway of 

degradation through the corresponding redox processes.   

 

This global objective has been undertaken on the basis of the following partial objectives:  

i. Selection of probes and active species to be measured for evaluation of the 

photo-activity. 

 

ii. Development of the specific methods applicable to a wide range of construction 

materials with different photocatalytic activities and intrinsic properties. 

 

 

iii. Validation of the developed methods as compared with the standard methods 

used to assess the photocatalytic efficiency. 

 

 

 

 



 

 

 

 

 

  

 

CHAPTER 3  

Experimental part 
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The experimental part in this work was developed to achieve the objectives stated in 

Chapter 2. Provided that this work has as aim the developing of new methodologies of 

measure the activity of photocatalytic construction materials, this part has not been 

structured under the classical paragraphs. It has been divided into four main steps: (3.1) 

preliminary selections, (3.2) characterization of materials, (3.3) development of the 

methods and (3.4) validation (Figure 3.1). 

3.1) Preliminary selections: This step includes: (3.1.1) selection of probes for 

evaluation the photo-activity of photocatalytic materials based on the detection of 

photo-generated carriers (electrons and holes) and reactive oxygen species (ROS), 

(3.1.2) selection of the materials for the photocatalytic activity determination. 

These were selected with the objective to have a representative range which is 

currently available on the market and (3.1.3) selection of standards to assess the 

photocatalytic activity. These were chosen to cover the most common applications 

of photocatalytic construction materials (purification and self-cleaning properties). 

 

3.2) Characterization of materials: This step refers to the methods that were used for 

the physic-chemical characterization of the materials including both plain 

photocatalytic powders and photocatalytic construction materials. 

 

3.3) Development of new methods to measure the photocatalytic activity based on 

the detection of active species during the photocatalytic process on the selected 

construction materials. These methods were developed to be applied in a wide 

range of construction materials with different photocatalytic activities and intrinsic 

properties.  

 

3.4) Validation of methods that was performed through comparison between the new 

proposed methods with selected reference standards for determination of 

photocatalytic activity.  
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Figure 3. 1  Experimental design and methodology of this research. 

 

3.1 Preliminary selections 

3.1.1 Selection of probes to detect active species  
 

The selection of probes/test method for detection of generated active species during the 

photocatalytic activation of TiO2-based samples was based on three pillars that were 

analyzed as a whole (Figure 3.2): 

A. ROS or charge carriers’ objective for analysis: The aspects considered are the 

degree of participation and type of reaction (oxidative or reductive) of the 

active specie on the overall photocatalytic process. 

 

B. Requirements of the analytical equipment: Some important aspects considered 

when selecting the analytical method to determine the active species during a 

photocatalytic process include: (i) sensitivity; (ii) selectivity and specificity 

towards the analyte of interest; (iii) measurements with sufficient fast time 

resolution; (iv) other considerations that were considered are related to the 

availability, robustness and cost of instrumentation. Moreover, the choice of 

3.1.1 Selection of probes to detect the generated 

photocatalytic active species  

3.1.2 Selection of construction materials 

3.1.3 Selection of standards for determination of 

photocatalytic activity 

3.1  Preliminary selections 

3.4 Validation of development 

methods results 

3.4.1 Comparative of development methods results with 

regard to the expected results of previous selected standard 

methods for determination of photocatalytic activity 

3.3 Development of new methods 

for determination of the 

photocatalytic activity on 

construction materials based on 

the detection of generated active 

species 

3.2.1. Characterization of plain TiO2 photocatalysts 

3.2.2 Characterization of construction materials 
3.2  Characterization of materials 

3.3.1. Preliminary tests on plain TiO2 photocatalysts 

3.3.2. Application to construction materials 
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operating conditions is essential to avoid the reaction of active species with 

themselves or prevent further reaction of the product;  

 

C. Probe aspects: The requisites that were considered to select the adequate 

molecular probe include: (i) the selectivity of the selected probe; (ii) the 

stability of the probe and the quantifiable reaction product under experimental 

conditions of the photocatalytic process under study and properties of tested 

materials. In our case, the stability under UV light irradiation and pH of 

material tested (e.g. pH high alkaline of cement-based materials) are essential; 

(iii) the commercial availability of the reagents and products; (iv) the possible 

formation of several reaction products that makes the quantification tedious 

and less accurate. 

 

 

Figure 3. 2 Aspects to considered for selection probe/test methods to detect the generated photocatalytic 

active species. 
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Seven probes were pre-selected for the determination of the generated active species 

during the photocatalytic process on construction materials. These probes can be divided 

in two groups: (1) oxidative probes: Fluorescein (FC), Phenolphthalein (PH), Rhodamine 

B (RhB), Yellow Alizarin (YA), Rhodamine WT (RhWT) and TA (Terephthalic acid), 

and (2) reductive probes: NBT (Nitroblue tetrazolium) and Resazurin (Rz).  

All oxidative probes were monitoring in function of their fluorescence characteristic with 

a Perkin-Elmer LS-55 luminescence spectrometer. TA was prepared by mixing: TA (1 gr, 

0.0062 mol) with an aqueous solution of NaOH (62 mL, 0.402 M). Ethanol (70%) was 

added to obtain 100 mL of the TA solution [71]. In the case of the other probes a stock 

solutions of known concentration were prepared and from them, successive dilutions were 

made. This was necessary to generate calibration curves (fluorescence vs. concentration). 

FL and PH were dissolved in ethanol, 70% and 96% respectively. In the case of RhB, 

RhWT, MB and YA solutions were prepared in water. The water used to prepare all 

solutions was purified with a Millipore water system (resistivity 18 MΩ·cm). A summary 

of fluorescence wavelength used for each probe were displayed in the Table 3.1.  

 

Table 3. 1 Fluorescence excitation and emission wavelength of probes. 

Oxidative probes 
Fluorescence wavelength (nm) 

Excitation Emission 

Rhodamine B 365 564 

Fluorescein 350 550 

Phenolphthalein 498 523 

Yellow Alizarin 335 534 

Rhodamine WT 442 619 

Terephthalic acid 315 425 

 

In the case of reductive probes different formulations were used. This type of probes was 

monitoring by absorbance and colour measurements. The details about the composition 

and the measurement procedure followed in this research are described in the 

corresponding section of results relative of each probe. 

According to the results of this step (Chapter 4), two kinds of probes were selected in this 

research: One oxidative probe: Terephthalic acid (TA) and two reductive probes: 

Resazurin (Rz) and Nitroblue tetrazolium (NBT) ink probes. 
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3.1.2 Selection of construction materials 

 

TiO2 construction samples used in this work were of four different types: (a) commercial 

hardened cement-based materials, (b) commercial emulsion coatings, (c) lab-made 

cement-based samples, and (d) lab-made coloured mortars. Table 3.2 gives the details on 

the formulation of all products tested.   

The first and second type (a) and (b) were acquired from different manufacturers with the 

objective to have a representative range of photocatalytic construction materials, which 

are currently available on the market, for the two most commonly materials used in this 

field (cementitious samples and emulsions coating). The commercial coating emulsions 

(samples #E1, #E2 and #E3, Figure 3.3a) were applied on bases of Portland cement 

mortar via an aerosol spray at an air-pressure feed of 4.5 bar (Figure 3.3b). The mortar 

bases were coated in stages; spraying vertically from top to bottom in each action before 

subsequent shifts, in short even steps, across the surface from left to right. The process 

was repeated several times until the surface was fully covered, creating a layer of 0.0010-

0.0015 g/cm
2
. The mortar support was lab-made according to the standard UNE-EN-196-

1 and UNE-EN-197-1. The water cement ratio was of 0.5 and the ratio cement: sand 

(standard siliceous sand) of 1:3. After mixing, the mortars bases were moulded in petri 

dishes of 90 mm diameter and 16 mm height. The fresh mortars were cured for 28 days at 

>95%RH and 23±2°C inside the dishes. A Non-photocatalytic commercial hardened 

cement-based specimen (#C6) was also tested as reference to assess the effect of UV 

irradiation on probes degradation (photolysis). In one set of experiments, the tests were 

applied on two replicate emulsions specimens to analyze the repeatability of 

measurements (samples #E3A-#E3B). 

  

          

Figure 3. 3 (a) Image of the aspect of the three emulsions before application and (b) Image of emulsions 

coating process onto the prepared base mortars. 

 

 

 

 

(a) (b) (b) 
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The lab-made cement-based samples, types (c) and (d), were performed following the 

mixing procedure described on the standards UNE-EN-196-1 and UNE-EN-197-1. 

Samples #L1 and #L2, were cast using two types of cement (Portland cement I 52.5 R, 

and Limestone Cement, Cement BLII/A-L 42.5 R). This both lab-made samples included 

a 2% of TiO2 (Aeroxide® TiO2-P25 from Evonik) of weight of cement. The photocatalyts 

was pre-mixed together with the water that was used to cast the samples. #L3-#L5 were 

performed also using the procedure described on the standards UNE-EN-196-1 and UNE-

EN-197-1 (Figure 3.4) using three photocatalytic commercial cements (TX active) 

supplied form FYM Italcementi Group. The water cement ratio was of 0.5 and the ratio 

cement: sand (standard siliceous sand) of 1:3. The well blended pastes were introduced 

also into Petri dishes. The moulds with the mortars were vibrated to ensure thorough 

compaction.  These lab-made samples were cured in humid chamber for more than 28 

days at >95%RH and 23±2°C inside the dishes, and were kept in this conditions until the 

any test will be performed.  

 

 

Figure 3. 4 Lab-made samples (#L1 and #L2) preparation following the procedure described on UNE-EN-

196-1 and UNE-EN-197-1 standards. 

 

Sample #L1 Sample #L2 
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The series (d) were lab-made photocatalytic-coloured mortars and were prepared using 

the procedure and the amount of pigment commonly used in real works (Figure 3.5). 

Commercial photocatalytic mortar render produced by Grupo Puma S.L. (Spain) was 

used. This mortar contains TiO2-based photocatalyst Iactive Tecno 42.5R (FYM 

Italcementi Group) as cementitious material. Four different types of iron oxide-based 

pigments were used: red, black, yellow and brown. The samples were prepared as follow: 

Each dry pigment was mixed uniformly with the dry mortar (15% cement, 84% 

aggregates and 1% additives). This mix was poured onto the mixer containing the water. 

Water was adjusted until reaching similar consistency, being necessary the addition of a 

higher amount of water for photocatalytic mortars. The well blended pastes were 

introduced into Petri dishes with a diameter of 90 mm and a height 16 mm. The moulds 

with the mortars were vibrated to ensure thorough compaction. These samples were cured 

in humid chamber for more than 28 days at >95%RH and 23±2°C inside the dishes, and 

were kept in this conditions until the any test will be performed. Apart from the coloured 

photocatalytic samples, ordinary white non-photocatalytic (#L12) and white 

photocatalytic specimens without pigment (#L6,) were also cast.  

 

Figure 3. 5 Imagen of some lab-made coloured mortar mixtures (a) #L6, (b) #L8, (c) #L7 and (d) #L11. 

 

 

 

 

 

(a) (b) 

(c) (d) 
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Table 3. 2 Nomenclature and main characteristics of different commercial tested samples.  

Sample Formulation details Colour of samples Images 

(a) Commercial hardened cement-based materials 

#C1 

Commercial products purchased in 

hardened state –non-formulation 

detail 

 

White 

 

#C2 White 

 

#C3 White 

 

#C4 White 

 

#C5 White 

 

#C6 (non- 

photocatalytic 

replica of #C5) 

White 

 

#C7 White 

 

#C8 Grey 

 

#C9 
Grey and 

white(mottled) 

 

#C10 White 
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Sample Formulation details Colour of samples
1
 Images

2
 

(b) Commercial emulsion coatings onto Portland cement-based support  

#E1 

Polymeric emulsion on aqueous base 

Product aspect: white-transparent 

Colour after application: grey-beige 

transparent 

Crystallite form: anatase 

pH:8-data provided by the producers in 

the technical file. 

Light grey-beige 

 

#E2 Non-formulation detail Light grey-beige 

 

#E3 

Composition: H2O(74-93%), TiO2(5-

20%), diethylamine phosphate(1-2%) 

and diethyl ammonium acetate(0-2%) 

Product aspect: White 

pH:7-9
 
-data provided by the producers 

in the technical file. 

Light grey 

 
1
 and

 2
 color and images of emulsion samples are referred to the final aspect of emulsions coatings onto 

Portland based cement support.
 
 

Sample Formulation details Colour of samples Images 

(c) Lab-made cement-based samples (1/2) 

#L1 

W/C:0.5/1 (Cement BLII/A-L  42.5 R) 

C/S: 1/3 (standard siliceous sand; CEN 

UNE EN 196-1:1996) 

TiO2: 2% weight of cement (Aeroxide® 

TiO2-P25 from Evonik) 

White 

 

#L2 

W/C:0.5 /1 (Cement I 52.5 R) 

C/S: 1/3 (standard siliceous sand; CEN 

UNE EN 196-1:1996) 

TiO2: 2% weight of cement (Aeroxide® 

TiO2-P25 from Evonik) 

Grey 

 
  W: Water; C: Cement; S: Sand 
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Sample Formulation details Colour of samples Images 

(c) Lab-made cement-based samples (2/2) 

#L3 

Photocatalytic commercial cement 

W/C:0.5 /1 (Cement I 52.5 N) 

C/S: 1/3 (standard siliceous sand; 

CEN UNE EN 196-1:1996) 

 

White 

 

#L4 

Photocatalytic commercial cement 

W/C:0.5 /1 (Cement II 42.5 R) 

C/S: 1/3 (standard siliceous sand; 

CEN UNE EN 196-1:1996) 

 

White 

 

#L5 

Photocatalytic commercial cement 

W/C:0.5 /1 (Cement I 52.5 N) 

C/S: 1/3 (standard siliceous sand; 

CEN UNE EN 196-1:1996) 

Grey 

 
       W: Water; C: Cement; S: Sand 

Sample Formulation details Colour of samples Images 

(d) Lab-made coloured mortars samples (1/2) 

#L6 

(Photocatalytic 

sample without 

pigment) 

W (%): 17.3 

pigment proportion: - 

pigment colour:- 

white 

 

#L7 

W (%): 17.5 

pigment proportion*:0.04/0.26 

pigment colour: Red 

Red 

 

#L8 

W (%): 17.4 

pigment proportion*:0.05/0.33 

pigment colour: Yellow 

Yellow 

 

#L9 

W (%): 17.6 

pigment proportion*:0.10/0.66 

pigment colour: Brown 

Brown 
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Sample Formulation details Colour of samples Images 

(d) Lab-made coloured mortars samples(2/2) 

#L10 

W (%): 17.8 

pigment proportion*:0.015/0.1 

pigment color:Grey 

Light grey 

 

 

#L11 

W (%): 17.6 

pigment proportion*:0.03/0.1 

pigment color:Grey 

Dark grey 

 

#L12 

 (Non 

photocatalytic 

sample without 

pigment) 

W (%): 16.5 

pigment proportion:- 

pigment color: - 

White 

 
   W: Water; C: Cement; S: Sand.  * Pigment proportion: % weight of dry mortar /% weight of cement 

3.1.3 Selection of standard methods for determination of photocatalytic 

activity  

In order to cover the two main fields of applications of photocatalytic construction 

materials, i.e. air purification and self-cleaning, two type of standards were considered for 

the determination of photocatalytic activity of the construction materials. 

Air-purification activity was performed using the photocatalytic oxidation of gaseous NO 

to nitric acid test. In this case, as previous indicated, a wide variety of standards have 

been published using this contaminant as reference. In this work, two different standards 

were selected, ISO 22197-1:2007 and UNI 11247:2010, with the objective to get an 

enable broader comparative analysis. As previously stated, (Chapter 1), both standards 

are very different concerning pre-conditioning protocol, experimental conditions and data 

analysis. 

In the case of activity test based on self-cleaning properties, all samples were 

characterized using the standard UNI 11259:2008 (Rhodamine, RhB). This standard was 

selected because it is the only method designed to apply on hydraulic binder samples, 

such as cement-based materials. In addition, it is the only one that tries to simulate real 

conditions of the pollutant-deposition, assessing a dried film of the ink on the surface of 

the material. Beside this, RhB shows low sensibility for UV-light, stability in basic 

environments and high colorimetric sensibility.   

The detail of experimental conditions of both standardized test was described in Section 

3.4- Validation of development methods. 
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3.2 Characterization of materials 
 

The physic-chemical and optical properties of materials were characterized. In addition to 

the construction materials, the oxidative selected probe terephthalic acid (TA) and the 

reductive Rz ink was applied on TiO2 plain photocatalysts in order to better understand 

the behaviour of the both types of probes selected (oxidative and reductive) on 

photocatalytic system.  

Commercial TiO2 powder was used as supplied (TiO2 Hombikat UV100; TiO2-C). 

Besides that, from this commercial photocatalyst, different mixes anatase/rutile TiO2 were 

obtained by the heat treatment at 400-1000 °C. In a typical calcination process, 1.0 g of 

TiO2-C powder was transferred into a crucible, followed by calcination at 400–1000°C in 

a muffle furnace for 4 h (ramp up 40ºC/hour). The calcined and untreated TiO2 powders 

samples were characterized to evaluate the changes in properties. In this way, the 

different typical crystalline form anatase, anatase-rutile mixes and rutile were evaluated. 

Due to the large differences properties of tested materials, different techniques of 

characterization and procedures were used. The analytical methods used for the 

characterization of all materials are summarized in Table 3.3. The specific characteristics of 

the instruments and the working modalities of each technique employed are described 

below. 

 

Table 3. 3 Analytical methods used for the characterization of all materials used. 

 

 

 

Analytic method 
Characterization 

parameter 
Samples 

X-ray diffraction (XRD) 
Mineralogical 

composition 

 Plain photocatalysts 

 Construction samples 

 Pigment addition on lab-

made coloured mortars. 

X-ray fluorescence (XRF) Elemental composition 
 Pigment addition on lab-

made coloured mortars 

Physical gas adsorption Surface area (BET) 

 Plain photocatalysts 

 Construction samples; 

except the serie lab-coloured 

mortars (#L6-#L12) 

Mercury intrusion Porosimetry Porosity analysis  Construction samples 

UV-vis Diffused reflectance 
Optical properties -Light 

absorption 

 Plain photocatalysts 

 Construction samples 

X-ray photoelectron spectroscopy (XPS) Band edge position 
 Construction samples (#L3-

#L5 and #C8-#C10) 
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3.2.1. Elemental composition - X-ray powder diffraction (XRD) 

 

The X-ray diffraction is a non-destructive technique primarily used for phase 

identification of a crystalline material and can provide information on unit cell 

dimensions. In other works, unlike other techniques to obtain the chemical composition, 

XRD does not give elemental composition but can distinguish different packing ways of 

the same set of elements.  

The following information was revealed and analyzed by XRD: 

 Crystallographic structure. 

 Crystallite size (grain size). 

 Structural information when coupled to lattice refinement such as Rietveld 

refinement. 

 

X-ray diffractometers consist of three basic elements:  X-ray tube, sample holder, and an 

X-ray detector. X-rays are generated in a cathode ray tube by heating a filament to 

produce electrons filtered to produce monochromatic radiation, collimated to concentrate, 

and directed toward the sample. The interaction of the incident rays with the sample 

produces constructive interference (and a diffracted ray) when conditions satisfy Bragg's 

Law (Eq.3.1). 

                                                nλ=2d sin θ                                             (3.1) 

where n is called the order of diffraction and is equal to the number of wavelengths in the 

path difference between rays scattered by adjacent planes, λ is the wavelength of the 

incident photon, d is the interplanar distance, and θ is the diffraction angle. 

 

This law relates the wavelength of electromagnetic radiation to the diffraction angle and 

the lattice spacing in a crystalline sample. When electrons have sufficient energy to 

dislodge inner shell electrons of the target material, these diffracted X-rays are then 

detected, processed and counted. By scanning the sample through a range of 2θ angles, all 

possible diffraction directions of the lattice should be attained due to the random 

orientation of the sample material. Conversion of the diffraction peaks to d-spacings 

allows identification of the composition. Typically, the identification is achieved by 

comparison of d-spacing with standard reference patterns. 

In this work, this technique is fundamental to characterize the crystalline composition and 

structure of TiO2 photocatalyts, and in the case of construction materials, also the 

mineralogical composition of substrate or matrix. To analyze the elemental composition 

of construction materials, the analyzed samples are finely ground, homogenized, and 

average bulk composition is determined. In other cases, which will be specified when it 

results were present; the samples were characterized on film conditions on inert substrate. 

The TiO2 plain powder photocatalysts were analyzed without any treatment before. 
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For a more quantitative analysis, in the case of plain TiO2 photocatalyts, the crystal size 

of TiO2 crystalline forms (anatase and rutile) was determined according to the Scherrer’s 

equation, Eq. 3.2.  

                                                                 𝑑 =  
𝐾𝜆

𝛽𝐶𝑂𝑆Ɵ
                                         (3.2) 

 

where d is the average particle size of the phase under investigation, K is the Scherrer's 

constant (0.89), λ is the x-ray wavelength used (1.5406 Å), β is the width at mean height 

of the diffraction Peak expressed in radians and θ is the angle in radians of the diffraction 

peak. The value of the Scherrer constant (K) depends on normalized grain size 

distribution width. 

The rutile weight percentage (WR) of TiO2 plain photocatalytic samples were also 

calculated using the diffractograms employing Spurr´s equation, Eq.3.3[153].  

  

                                          𝑊𝑅 = 
𝐼𝑅

0.884𝐼𝐴
+ 𝐼𝑅                                  (3.3) 

where IA and IR are the diffraction peak intensities of anatase (101) and rutile (110) peaks, 

which correspond to the peak at 2Ɵ25.4 and 27.5⁰ respectively.  

 

This quantitative characterization of TiO2 photocatalyst phases did not apply on TiO2 

construction materials due to this type of analysis in complex composite matrices can lead 

to numerous errors. 

The equipment used in this work is a Bruker Advance-D8. Measurement conditions are 

included in Table 3.4.  

 

Table 3. 4 Main measurement conditions used on XRD characterization of samples. 

  

 

 

 

 

 

 

Voltage 40 Kv 

Current 30 mA 

Divergence yield 6 mm 

Time/step 0.5 s 

Step size 0.01973º 

Scan time 23´ 47´´ 

2theta 5-60º 
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3.2.2 Elemental composition - X-ray fluorescence (XRF) 

 

X-ray fluorescence is another non-destructive technique that reveals information of the 

chemical composition of samples. The XRF method depends on fundamental principles 

that are common to several other instrumental methods involving interactions between 

electron beams and x-rays with samples, including: X-ray spectroscopy (e.g., SEM-EDS), 

X-ray diffraction (XRD), and wavelength dispersive spectroscopy (microprobe WDS).  

The analysis of major and trace elements in geological materials by x-ray fluorescence is 

made possible by the behaviour of atoms when they interact with radiation. When 

materials are excited with high-energy, short wavelength radiation (e.g., X-rays), they can 

become ionized. If the energy of the radiation is sufficient to dislodge a tightly-held inner 

electron, the atom becomes unstable and an outer electron replaces the missing inner 

electron. When this happens, energy is released due to the decreased binding energy of 

the inner electron orbital compared with an outer one. The emitted radiation is of lower 

energy than the primary incident X-rays and is termed fluorescent radiation. Because of 

the energy of the emitted photon is characteristic of each type of atom that composes the 

sample, their intensity being proportional to the present amount of each from them. 

In this way, with this type of technique the type and proportion of each element present in 

the sample can be determined. The analyzed materials are finely ground, homogenized, 

and average bulk composition is determined. In this work, this technique was applied to 

characterize the composition of the four different types of iron oxide-based pigments used 

in lab-made coloured mortars. The equipment used in this work is a Tijer X-ray S-8 

spectrophotometer.  

 

3.2.3 Surface area and Porosity analysis- Physical gas adsorption and 

Mercury intrusion porosimetry   

 

The porosity analysis was done by to different methods depending on the size of the pores 

to be measured. Intrusion of a non-wetting liquid was used to determine pores in the 

micrometre scale down to nanometres, suitable for mortars samples. Gas adsorption was 

used to analyze pores in the nanoscale adequate for analysis of the porosity of the plain 

photocatalyst materials and the photocatalyst addition on mortar samples. The techniques, 

applications and range of pore size measured are given in Table 3.5.  

Table 3. 5 Techniques for pour size measurements and the range of pore sizes able to be measured. 

Technique Application Range of pore size detected 

Mercury Intrusion Porosimetry Mortar support 8 nm – 15 μm 

Physical gas adsorption Photocatalysts 0.5 nm – 100 nm 
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A porosity measurement by gas adsorption is a non-destructive method, measuring the 

quantity of gas adsorbed by increasing the pressure. The isotherms were measured during 

the increase in pressure and later the release on pressure.   

The following information was revealed and analyzed by N2 gas adsorption porosity 

measurements: 

 Surface area (SBET) 

 Pore size 

 Pore size distribution 

 Void structures 

 

The equipment used for the analysis of the N2 adsorption is an ASAP 2010 from 

Micromeritics. Priory to analysis the samples are degasified at a temperature of 50ºC until 

reaching a vacuum of 3-4 μm mercury. The amount of sample used is about 0.5 mg.  

Adsorption–desorption measurements were conducted on a Micromeritics NOVA2000 

apparatus at 77 K using nitrogen as the adsorption gas and the specific surface areas were 

calculated by the Brunauer–Emmett–Teller (BET) method in the relative pressure range 

of 0.003 to 0.3. Pore volume and pores-size distribution were calculated according to the 

Barret-Joyner-Halenda (BJH) method, using data from the adsorption isotherm branch.  

The pore size measurement done by mercury intrusion using the instrument Micrometics 

AutoPore IV 9500 measuring the external pressure needed to force the liquid into the 

pores.  

The construction materials tested were characterized using cubic samples ca. 1 cm
3
 of 

each sample. The TiO2 plain powder photocatalysts were analyzed without any treatment 

before (powder structure). 

  

3.2.4 Optical properties -UV-Vis diffuse reflectance  

 

UV-Vis-NIR spectroscopy is one of the most widely used spectroscopic techniques to 

obtain information about the electronic structure and composition of the samples, also 

allowing the identification of functional groups. This technique uses electromagnetic 

radiation from the ultraviolet (200-380 nm), visible (380-700 nm) and near infrared (700 - 

1000 nm) regions with which the samples are irradiated. From the relationship between 

the incident and the resulting radiation after interacting with the sample, the information 

of interest is obtained. 
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In the present PhD´s work, this technique was used to measure the light absorption 

characteristics of the TiO2 construction selected samples. As the samples are solid non-

transparent materials, the measurements are not possible using either the optical 

transmission–reflection or the spectroscopic ellipsometric methods. Thus, the 

measurement were done using the diffuse reflectance instead that is a more adequate 

technique [154]. In this type of spectroscopy studies the radiation reflected by solid non-

transparent samples, phenomenon from which information about its composition can be 

obtained, and it also closely related to the colour of the samples. The radiation reflected 

by a sample can be of two types, specular or diffuse (Figure 3.6). The specular reflectance 

follows the Fresnel theory [155] and is the one that predominates when the material on 

which the reflection takes place has high values of reflection coefficients for the incident 

wavelength. Diffuse reflectance occurs in all directions of the surface as a consequence of 

the absorption and dispersion processes (Kubelka-Munk theory, K-M theory[156]), 

predominating when the materials of the reflecting surface are weakly absorbent at the 

incident wavelength and when the penetration of the radiation is large in relation to the 

wavelength. In general, a measure of reflectance contains both reflection components, 

however, the specular component does not provide information about the composition, so 

that it is attempted to minimize the maximum by adjusting the position of the detector 

with respect to the sample, being the diffuse reflectance, the component that provides 

useful information. In this way, the absorption spectra of the samples are obtained from 

reflectance data using the K-M equation (Eq. 3.4 )[156]. 

 

                                      𝐹(𝑅) =
(1−𝑅)2

2𝑅
                                     (3.4) 

 

where R is the reflectance obtained values.  

 

 

 

 

Figure 3. 6 Diffuse and specular reflection of incident light on surface [157]. 
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In the spectrophotometers that carry out this type of measurements, the radiant energy 

emitted by the source passes through an optical system that connects the source to the 

monochromator. The monochromator disperses the radiation and transmits it as a narrow 

band of wavelengths through the exit slit which is optically communicated with the 

chamber containing the sample to be measured together with a standard. The detector 

system receives the radiation reflected by the sample and the standard and generates a 

quotient of the signals that is later transmitted to the computer for analysis and 

presentation. A special accessory called “integrating sphere” was used (Figure 3.7). This 

accessory provides the ability to collect a quantitative reflectance spectrum from highly 

scattering or irregularly shaped samples, but acquiring only diffuse light, not the specular 

signal and so the K-M theory can be applied. 

 

 

    

 

Figure 3. 7 Schematic diagram of UV-Vis spectrophotometer and image of accessory “integrating sphere”.  

 

On the other hand, another application of special interest related to the UV-Vis-NIR 

spectroscopy is the calculation of the Band Gap value of semiconductors. In the case of 

the reflectance mode, for the semiconductor materials, the absorbance values un K-M 

units at the different wavelengths can be expressed from the Tauc´s equation (Eq. 3.5) 

[156]. 

 

                                      𝐹𝑅(ℎʋ) = (ℎʋ − 𝐸𝑔)
𝑛                              (3.5) 

 

where Eg represents the Band Gap energy, FR is the absorption values in K-M units and n 

depends on the nature of the electronic transition involved. Specifically, its value is 1/2, 

3/2, 2 and 3 for direct, forbidden direct, indirect, and forbidden indirect respectively.  
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Typically, a Tauc plot represents the value of hʋ (eV) on the abscissa axis versus the 

value (FRhʋ)
n
 on the ordinate. The resulting curve has a characteristic linear regime 

whose interruption denotes the start of absorption. Therefore, the extrapolation of the 

linear region for the abscissa axis ((FRhʋ)
n
= 0) gives the energy value of the Band Gap 

(Eg) of the semiconductor. In the case of the Eg calculation, it is important to note that 

this application is focused to determine the pure semiconductor Eg values.  In our case, in 

the particular case of TiO2 construction samples used, which are complex mixed matrices, 

the value in the formula of Eg, will be denoted as “apparent photoabsorption edge” 

(PEapp).  

The equipment used in this work is a UV-Vis spectrophotometer Shimatzu UV-2600 

(Figure 3.8). Measurement conditions are included in Table 3.6.  

 

 

Figure 3. 8 Image of UV-Vis spectrophotometer Shimatzu UV-2600. 

 

Table 3. 6 Main measurement conditions used on UV-vis characterization. 

 

 

 

 

3.2.5 Valence band position - X-Ray Photoelectron Spectroscopy, XPS 

 

The phenomenon used for photoelectron spectroscopy is based on the photoelectric effect 

outlined by Einstein where the concept of the photon was used to describe the ejection of 

electrons from a surface when photons impinge upon it (Figure 3.9). For XPS, also 

known as electron spectroscopy for chemical analysis (ESCA), the photon energies of 

choice are the fundamental emissions from Al-κα (1,486.6 eV) or Mg-κα (1,253.6 eV) 

cathodes. The XPS technique is highly surface specific due to the short inelastic mean 

free path (IMFP) of the photoelectrons that are excited from the solid. The energy of the 

photoelectrons leaving the sample is characteristic of each element. 

 

 

 

Scan speed fast 

Sampling interval  1 nm 

Slit width 5 

Accumulation time 1 sec 
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Each peak area is proportional to the number of atoms being present in the material; the 

shape of the peak and the binding energy (BE) can be slightly altered by the chemical site 

of the emitting atom; hence XPS can provide chemical bonding information as well. The 

fundamental equation that relates the BE of the emitted photoelectron with the measured 

electron kinetic energy (KE) is given by (Eq. 3.6): 

 

 

                                𝐵𝐸 = ℎ𝑣 − 𝐾𝐸 − Ø                                  (3.6) 

  

where hν is the incident photon energy and Ø is the work function, which has to be well 

defined for each equipment in order to determine precisely the BE that is usually 

measured in reference to the material’s Fermi level. 

 

The analysis of the XPS spectrum (counts per binding energy) allows us to obtain the 

surface elemental composition by comparing to standard materials (quantitative) or using 

XPS databases (semiquantitative). The depth of analysis in XPS is about 1
–10

 nm 

depending on the incidence energy of the photons, the kinetic energy of the outgoing 

electrons, and the angle of collection (angle resolved XPS, ARPES). The XPS technique 

requires ultra-high vacuum conditions (UHV, pressure in a range from 10
-8

 to 10
-10

 mbar), 

and so the samples have to be evaluated always in dry conditions. The XPS is essentially 

a non-destructive technique but is very sensitive to surface contamination. 

 

In  this work, this technique was applicate for the determination of the energy position of 

the TiO2 valence band (BV) [158]. 

 

Figure 3. 9  Photo-electron generation from XPS technique[159]. 

 

The XPS measurements were performed in an ultrahigh vacuum (UHV) system with a 

base pressure of 1·10
-8

 Pa using Mg Ka line (1253.6 eV) of incident X-ray radiation. The 

angle between the hemispherical analyzer and the plane of the sample surface was 60º. 

The survey spectra were recorded with pass energy of 40 eV and energy step of 0.25 eV. 

The binding energy (BE) scale was calibrated with respect to the Au 4f at 84 eV. 
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3.3 Development of the methods for construction materials 
 

This part constitutes the main body of this research and, according to the results in the 

selection step; it is made of two types of methods:  

 Hydroxyl radical (OH•) quantification using terephthalic acid fluorescence probe 

method. 

 Electron (e-) reductive measurement using Rz and NBT ink method. 

 

Prior to the application of the methods both to plain TiO2 photocatalysts and to 

construction materials, it has been necessary to make an optimization of the probes for 

quantification of active species. 

1. Calibration of the probes. 

2. Optimal probe concentration. 

3. Selectivity analysis. 

 

3.3.1 Calibration of the probes  

 

The first optimization step is the probe calibration to quantitatively determine the 

concentration of photo-generated OH• and e- using terephthalic acid fluorescence probe 

method and Rz-NBT ink method respectively.  

The measurements of the amount of OH• formed at illuminated photocatalytic tested 

samples were performed by means of the acid terephthalic (TA) fluorescence (FL) probe 

method [15, 16]. TA readily reacted with the OH• formed on the irradiated photocatalytic 

samples to produce the highly fluorescent product, 2-hydroxyterephthalic acid (TAOH), 

gives a peak at the wavelength of about 425 nm by the excitation with the wavelength of 

315 nm  [99] (Figure 3.10). Fluorescence spectra of solutions were measured with a 

fluorescence spectrophotometer (Perkin–Elmer, LS-55, Figure 3.11). To do the 

fluorescence calibration curve, the fluorescence of TAOH standard solutions with various 

concentrations was measured. Thus, a fluorescence calibration curve was obtained by 

plotting the FL intensity measured at 425 nm as a function of the concentration of TAOH. 

Therefore, by comparison of the FL intensity at 425 nm of irradiated photocatalytic 

system with that of the known concentration of TAOH standard, the amount of produced 

TAOH can be determined. Thereby, the amount of free OH• formed in photocatalytic 

construction selected samples was estimated from that of TAOH by adopting the trapping 

factor of 35%, as commonly assumed in bibliography [102, 150]. 
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Figure 3. 10 Reaction for detecting OH• in solution with terephthalic acid (TA) to form 2 

hidroxylterephthalic (TAOH). 

 

 

Figure 3. 11 Fluorescence spectrophotometer (Perkin –Elmer, LS-55). 

The formation rate of e- at the illuminated photocatalytic tested samples was detected by 

the UV-Vis absorbance technique using Rz or NBT as a probe molecule. Absorbance 

spectra of probes were measured with a UV-Vis spectrophotometer (Shimatzu UV-2600, 

Figure 3.8). 

Resazurin (Rz, blue) readily reacted with e- to produce Resorufin (Rf, pink).  Rf can be 

reduced subsequently to its colorless counterpart dihydroresofurin (HRf). Figure 3.12 

shows the structure of the redox dye Rz and its reduced forms, resulting of the reaction of 

the redox dye with the electrons. However, previous studies demonstrated that the 

reduction of Rz ink by TiO2 photocatalysis was first order, and the time for Rf to HRf 

reduction is at least 3.5 times larger than the first reduction step [115]. As such, the rate of 

degradation of the Rz to Rf can be determined to by assessing the decrease in absorbance 

at 600 nm at early times, in which the rate of decrease is linear.  

 

 

 
     Resazurin                                     Resorufin                            Dihydro-resorufin 

  (Blue)                                              (Pink)                                  (Colourless) 

 

Figure 3. 12 Diagram to show the structure of the redox dye Resazurin (Rz) and its reduced forms. The 

reduction of Rz is 4e- in two steps. 
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As previously mentioned, Rz can be specifically reduced by e-; therefore, the e- generated 

as a result of the photocatalytic reaction can be detected by measurement the decreased 

intensity of the absorbance of Rz in the solution. To quantitatively determine the 

concentration of photo-generated e-, the absorbance of Rz standard compound solutions 

with various concentrations was measured. Thus, the absorbance calibration curve was 

obtained by plotting the absorbance intensity measured at 600 nm (which is the maximum 

value of the spectra) as a function of the concentration of Rz. Therefore, by comparison 

of the absorbance at 600 nm of irradiated TiO2 powder solution with that of the known 

concentration of Rz standard, the amount of e- generated as a result of the photocatalytic 

reaction was determined using the reaction of reduction of Rz summarized in Figure 3.12. 

In the case of NBT, in one step, reacts with 2e- to produce formazan. Figure 3.13 shows 

the structure of the redox dye, NBT, and its reduced form (formazan), resulting of the 

reaction of the redox dye with the electrons. The procedure to make an absorbance 

calibration curve to quantitatively determine the concentration of photo-generated e- 

using the probe NBT will be the same that using the NBT probe. However, in this case 

NBT, will not be used to quantitative determination of electron. The resultant formazan 

product is insoluble. Hence, when formazan is produced during photocatalytic reactions 

in aqueous solutions, it precipitates on the surface of TiO2 particles, rendering that the 

decrease the activity by the particles deposition of formazan on the active sites of 

particles. Therefore, this effect may difficult a suitable quantification of e- formed on 

irradiated TiO2 powder solution.  

 

 

 
 

Nitrobluetetrazolium                                                                Formazan 

    (Pale yellow)                                                                     (Purple) 

 

 

Figure 3. 13 Diagram to show the structure of the redox dye, Nitrobluetetrazolium (NBT), and its reduced 

form (formazan). The reduction of NBT is a 2e- process in one step.   
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3.3.2 Optimal probe concentration 

 

To determine the optimal probe concentration of TA, the product yield was measured as a 

function of probe concentration. To do so, 150 mg of the photocatalyst (Aeroxide® TiO2-

P25 from Evonik) suspended in 100 ml of aqueous solutions containing TA in the range 

of 0.5 to 3 mM was used as reference photocatalytic system. The suspensions were kept 

in dark under magnetic stirring for 5 hours in an aerated Pyrex glass cell until the 

adsorption–desorption equilibrium was reached. After that, the suspensions were exposed 

to irradiation under continuous agitation and the product formation yield after different 

irradiation times was determined measuring the FL spectra of the supernatant liquid after 

recovering the catalyst by centrifugation. 

 

In the case of reductive probes (Rz and NBT) the concentration of probes used was 

selected following the previously formulation described in literature [119] with some 

modifications that will be specifically explained in each corresponding section.   

 

3.3.3 Selectivity of the optimal probe concentration 

 

The selectivity of the optimal probe concentration for OH• was evaluated by adding 

different scavengers to the TA probe solution. Based on previous research, it is 

reasonable to consider that the reaction between OH• and TA is unaffected by the 

presence of other reactive species such as O2•
-
, HO2•, and H2O [99, 160]. It is also 

possible for the direct oxidation of TA by photo-generated h
+ 

to yield TAOH on the 

photocatalyst surface. However, the reaction between the photo-generated h
+
 and the 

probe depend of the concentration and pH of solution. This possibility is ruled out at low 

concentration of TA probe and the high solution pH, since the amount of terephthalic acid 

adsorbed on the photocatalysts would be quite small [98, 161]. The selectivity analysis 

was performed using the same previous photocatalytic reference system (150 mg of the 

photocatalyt Aeroxide® TiO2-P25 from Evonik) and experimental procedure used to 

stablish the optimal probe concentration, adding to the TA probe solution the scavengers, 

DMSO, as OH• scavenger, and EDTA, as h
+ 

scavenger, both with a concentration of 1 

mM. The amounts of these quenchers were selected based on previous studies [162, 163]. 

In this way, comparing the product formation yield after different irradiation times of 

reference system without scavenger and with the yield adding scavengers, it is possible to 

define the selectivity of probe for the OH•, and the interferences by the presence of other 

active species.  

 

In the case of reductive probes, Rz and NBT, the specifically reduction by e- only can be 

affected by the participation of the O2
•- into the reductive yield of inks or interference of 

O2 in the experimental conditions via competition for e- of the dissolved O2 with the ink 

(Eq.3.7).  
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                                  𝑇𝑖𝑂2(𝑒 −) + 𝑂2  
ℎ𝑣≥𝐸𝑔 
→    𝑇𝑖𝑂2 + 𝑂2

•−                            (3.7) 

 

In order to clarify the possible interferences in the e- reaction with the inks, 0.0055 g of 

TiO2 powder (reference photocatalytic system) was dispersed in 50 mL of Rz-NBT 

solution. After that, the suspensions were exposed to irradiation under continuous 

agitation and the absorbance variation of both probes was also monitored under 

irradiation in a Pyrex glass cell under N2-conditions (1 L/min) and ambient conditions. 

Thus, comparing the reduction yield after different irradiation times under N2-conditions 

and ambient conditions, it is possible to clarify any potential participation of the O2
•- into 

the reductive yield of inks or interference of O2 in the experimental conditions via 

competition of the dissolved O2 with the ink (Eq.3.7). The reduction product yield after 

different irradiation times was determined measuring the absorbance of the supernatant 

liquid after recovering the catalyst by centrifugation. 

 

3.3.4 Preliminary tests: Study on plain TiO2 photocatalysts 
 

3.3.4.1 Hydroxyl radical (OH•) quantification on irradiated photocatalyst using 

terephthalic (TA)  

The probe to assess the OH• production rate formed at illuminated photocatalyst/water 

interface of TiO2 plain photocatalyst was prepared using terephthalic acid (TA) 

neutralized NAOH (0.02 M, pH 12.4±0.2). 0.0055 g of TiO2 powder was suspended in 

100 mL of TA (2mM) probe solution in an aerated Pyrex glass cell. Previously, in the 

optimal probe concentration step, it has been proved that this is the optimal concentration 

for monitoring the hydroxylation reaction of terephthalic acid proceeds exclusively by 

OH•. 

The suspension was stirred for 15 min in the dark box, and after that, the powder sample 

was irradiated for 15 min under continuous stirring. Then, the photocatalyst was separated 

by centrifugation and analyzed by fluorescence. FL intensity of the supernatant solution 

was measured at 425 nm at different times of irradiation using the excitation with the 

wavelength of 315 nm. These experiments were performed for each sample irradiated at 

various periods, that is, 0, 2, 5, 10, 15 and 20 min. By comparison of the obtained 

fluorescence intensity with the previous performed fluorescence calibration curve, the 

amount of produced TAOH was determined. The amount of free OH• formed in TiO2 

photocatalyst was estimated from that of TAOH by adopting the trapping factor of 35% 

[64, 102, 164]. 
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3.3.4.2 Electron (e-) quantification on irradiated photocatalyst using Resazurin (Rz) 

probe 

 

Two formulations of Rz ink were used: (i) 3 g of glycerol and 0.04 g of resazurin dye in 

aqueous solution (1L) following the previously procedure described in literature [119]; 

and (ii) the same formulation without glycerol. Both Rz probes were tested without 

incorporation of polymer thickener [119], due to such addition is not necessary for testing 

photocatalytic powder samples. The ink system with glycerol is known as “intelligent 

ink” because e
-
-h

+ 
recombination is inhibited by the hole scavenger (glycerol), and 

therefore the photo-generated electrons have more time to take part in reduction processes 

of the dye.  

Experimental procedure was as follows: 0.0055 g of TiO2 powder was dispersed in 50 mL 

of Rz solution (with and without glycerol) in a Pyrex glass, at room temperature. The 

suspensions were kept in the dark under magnetic stirring until the adsorption–desorption 

equilibrium among the photocatalyst and Rz was reached. After that, the suspensions 

were exposed to irradiation during 15 minutes with a continuous magnetic stirring. 

Product reduction yield was determined measuring the supernatant solution after the TiO2 

powder had been removed by centrifugation from aliquots (4mL) of TiO2/Rz suspension 

at different irradiation times. The UV-Vis absorption spectra were measured with a 

Shimadzu UV-2600 spectrophotometer.  

 

3.3.4.3 Photocatalytic degradation of Rhodamine B 
 

In order to verify the photocatalytic performance of TiO2 photocatalyst samples, 

Rhodamine B (RhB) dye was selected. This organic color dye is often used as a standard 

target compound in self-cleaning dye tests as it was adopted in the Italian standard (UNI 

11259:2008) for determination of the photocatalytic activity of hydraulic binders. Also, 

the photocatalytic degradation pathway of RhB involves the participation of a wide range 

of photocatalytic active species [165-167]. 

The discolouration of RhB aqueous solution was performed under the same conditions as 

the TA fluorescence and Rz absorbance probe methods. In the RhB aqueous solution of 

50 mL with a concentration of 8 ppm, 0.05 g of TiO2 powders was dispersed. The 

solution was kept in the dark under stirring to saturate the adsorption of RhB into each 

sample and then UV irradiation of the solution was started. Concentration of RhB in the 

solution was determined as a function of irradiation time of in function of absorbance 

change at the wavelength of 550 nm with a spectrophotometer. Since the plots of 

logarithm of relative concentration of RhB in the solution ln(C/C0) against irradiation 

time were approximated to be linear, the slope of the linear relation, i.e., rate constant 

kRhB, was determined on each sample and used as the representative parameter of the 

photocatalytic activity of the samples.  
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3.3.4.4 Irradiation setup  

 

The photocatalytic tests using TiO2 photocatalyst suspension were performed inside the 

lab made reactor depicted on Figure 3.14. The light source consisted of two fluorescent 

tubes Philips Actinic BL 15W/10 SLV emitting photons in the wavelength between 350 

and 400 nm with an optimum at 360 nm, and four additional thin peaks can be seen at 

406, 435, 545 and 576 nm. The light spectrum of lamps was included in Figure 3.15. 

 

 

Figure 3. 14 Reactor and illumination system setup. 

 

Figure 3. 15 Light spectra of the Actinic BL 15W/10 SLV lamp used to supply UV radiation (data obtained 

using a fiber optic UV/VIS/NIR spectrophotometer-AvaSpec ULS3648-USB2-UA-25. 

 

The light spectral intensity of irradiance source was measured using a fiber optic 

UV/VIS/NIR spectrophotometer (AvaSpec ULS3648-USB2-UA-25, Figure 3.16a). This 

spectrophotometer was used with the AvaLight-DH-CAL (200-1099 nm) to calibrate for 

absolute spectral intensity (Figure 3.16b). It is supplied with a cosine corrector (CC-

VIS/NIR) and a combined halogen a deuterium lamps. Two calibration files are included: 

one for irradiance calibration over the full range (200-1099 nm) and one over the visible 
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and near infrared range (350-1099 nm). For the first file, both the deuterium and the 

halogen bulb should be used during calibration. The second file is to be used with only 

the halogen light. The halogen only spectrum provides a smoother black body calibration 

spectrum for the longer wavelengths. To measure the average light intensity of 

experiments, the top window of cosine corrector sensor was placed in a location that 

corresponded to the center and the same height as the top of TiO2 liquid suspension. The 

intensity was let to stabilize 15 minutes before performing the irradiance measurements 

and the average light intensity at the surface of the reaction solution was about 10 W/m
2
. 

 

Figure 3. 16 (a) UV/VIS/NIR spectrophotometer (AvaSpec ULS3648-USB2-UA-25) and (b) AvaLight-

DH-CAL. 

 

3.3.5 Development of the method on construction materials  
 

3.3.5.1. METHOD 1 Hydroxyl radical quantification using terephthalic acid (TA) 

fluorescence (FL) probe method 

The probe to assess the OH• production rate formed at illuminated TiO2 construction 

materials was prepared taking into account the previous defined optimum formulation 

(TA, 2 mM neutralized NAOH, 0.02 M - pH 12.4±0.2). A test cell (ϕ 67.53 mm × 40 

mm) to contain the probe has to be glued to the sample with silicone on the photocatalytic 

surface of mortars, as depicted in Figure 3.17. 25 ml of TA has to be added into the test 

cell, which is irradiated under continuous stirring. FL intensity of the solution is measured 

at 425 nm at different times of irradiation and then is returned to the test cell 

To assure that the samples are in the same conditions, they have to be preconditioned for 

3 days in a controlled environment at (23±5) °C and (60±10) % relative humidity. A heat 

control filter is placed on top of test cell in order to avoid any possible evaporation during 

the irradiation process.  

 

(b) (a) 
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Figure 3. 17 Diagram and image of experimental setup of OH• quantification method. 

 

3.3.5.2 METHOD 2: Electron (e-) reductive measurement using Rz and NBT ink 

method 

 

3.3.5.2.1 Preparation of inks 

 

Each ink was prepared based on the following generic formulation [112-114, 119] with 

some modifications. In this work used ultrapure water (25 mL), hydroxypropyl cellulose 

polymer (HC, 0.5 g), and 2 g glycerol, to which the correspondent dye was added, that is, 

0.04g of Resazurin or 0.1g of NBT.  The amount of Rz and NBT was adjusted until 

getting a clearly visible characteristic colour of the ink (pale yellow or blue – NBT or Rz 

respectively). The HC resin is added to contain the above components, also it favour that 

the dye kept in the surface and not absorbed through the network of pores. In the 

reference formulation used hydroxyethyl cellulose polymer; in this study, it was 

necessary using the polymer HC, in order to obtain a less dense solution suitable for 

further spray-coating of the samples. 

Each solution of ink is left stirring for a minimum of 8 hours with a magnetic stirrer to 

ensure all the dye is dissolved. The inks are stored in a fridge and used within 2 weeks of 

its preparation. Before the ink was used, it is stirred at room temperature for 1 hour.  

 

3.3.5.2.2 Coating of the samples with the inks 
 

The samples are spray-coated with the reductive inks at an air-pressure feed of 3.5 bar 

(Figure 3.18). The ink-coating process has been performed with the air brush typically 

held at 25 cm away from the samples and passing over the samples for 15 times (spraying 

left to right and back again), when the characteristic colour of the ink (pale yellow or blue 

– NBT or Rz respectively) is clearly visible. The ink-coated surface was ca. 8cm
2
. The 

ink coating then allowed to dry in the dark for 30 min before prior to irradiation.  
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Figure 3. 18 (a) air compressor, (b) air-brush, and (c) example of spray-coated process with Rz, the left of 

the samples was coated with NBT (pale yellow). 

 

3.3.5.2.3 Monitoring the photocatalytic degradation 

The photocatalytic degradation of the inks was monitored using both diffuse reflectance 

measurements, UV-2600 Shimatzu spectrophotometer, and a portable spectrophotometer 

with sphere geometry and horizontal alignment, CM-2300d-Konika Minolta. The first 

spectrophotometer was used to assess the variation of absorbance spectra of the ink film 

onto the surface during the experiment and the portable spectrophotometer, for the 

chromatic characterization of the ink films expressed according to CIELAB system 

(Figure 3.19). In order to assure an adequate surface colour characterization, the 

measurements were performed on three different point of the ink coloured surface and the 

mean value was used. 

The CIELAB system is based on three colour coordinates named L* a* and b* forming a 

three-dimensional space as illustrated in Figure 3.19. L* describing the brightness from 

black to white where 0 is black and 100 white, a* the colour tone from green (negative 

value) to red (positive value) and b* from blue (negative value) to yellow (positive 

value).  

 

Figure 3. 19 Three-dimensional CIELAB system represented by the three colour coordinates L* a* and b*. 

  

(a) (b) (c) 
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Beside this, the change of colour of the coating was also recorded as a function of 

irradiation time by the analysis of digital images obtained just by an ordinary mobile 

phone camera (Meizu M2 note). Using the digital images obtained, the Red, Green and 

Blue colors, i.e. RGB, were obtained as a function of irradiation time using the free 

download software ImageJ. Figure 3.20 illustrates the main instrumentation used here to 

carry out the ink tests of the photocatalytic samples.   

 

 
 

Figure 3. 20 (a) Spectrophotometer used for reflectance UV-vis measurements, (b) portable 

spectrophotometer used for CIELab color measurements, and (c) Mobile phone used for make digital 

images. 

 

Monitoring of inks during the photocatalytic degradation on the construction samples 

were performed in ambient conditions. Additionally, using a replicated specimen of 

sample #C8, the absorbance variation of both probes was also monitored under irradiation 

inside a reactor flushed with nitrogen (1 L/min, 20 %RH and 23±2 ºC). The reactor and 

the gas installation used was the same used than in the photocatalytic oxidation of 

gaseous NO to nitric acid. The UV-Vis spectra were recorded using the 2600 Shimadzu 

spectrophotometer. Thus, comparing the reduction yield after different irradiation times 

under N2-conditions and ambient conditions, it is possible to clarify, as previous 

explained in Section 3.3.1.3, any potential participation of the O2
•- into the reductive yield 

of inks or interference of O2 in these experimental conditions via competition of the 

dissolved O2 with the ink (Eq.3.7).  

                                 

3.3.5.3 Irradiation setup  

 

The illumination of developed methods on construction materials (Method 1 (Hydroxyl 

radical quantification using terephthalic acid fluorescence probe method and Method 2 

(Electron (e-) yield measurement using Rz and NBT inks) were performed inside the lab-

made reactor depicted on Figure 3.14 under ambient conditions of temperature and 

humidity. The light source used are the same that used on previous experiment using TiO2 

plain photocatalyst, consisted of two fluorescent tubes Philips Actinic BL 15W/10 SLV. 

The light spectrum of lamps was included in Figure 3.15.  

  

(a) (b) (c) 
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The irradiance on the construction sample tested surface was adjusted varying the 

distance between the light source and the sample. For accurate intensity measurements, 

the sensor was placed having its top window in the same height as the sample surface and 

in a location corresponding to the centre of the sample surface. The intensity was let to 

stabilize 15 minutes before performing the irradiance measurements. The selected 

construction materials were irradiated at 5±0.25 and 10±0.25 W/m
2
. A summary of 

experimental irradiation conditions used in each test on selected construction materials is 

presented in Table 3.9.  

 

3.4 Validation of development methods 
 

In order to confirm that the development analytical tests based on the detection of active 

species are suitable for monitoring the photocatalytic activity of construction materials, 

the results from proposed methods were validated through the comparison with the results 

of previous selected standardized methods for determination of photocatalytic activity 

(Photocatalytic oxidation of gaseous NO to nitric acid and Rhodamine (RhB) 

discoloration). The procedure details used of these standardized tests are described in the 

following sections.  

3.4.1 Photocatalytic oxidation of gaseous NO to nitric acid (ISO 22197-

1:2007 and UNI 11247:2010) 

 

The NOx oxidation tests consist of the continuous monitoring of the NO and NO2 

concentration during the gas phase heterogeneous photocatalytic oxidation of NO in air 

by the tested samples. The gas composition for the oxidation tests was generated by two 

gas bottles containing NO 4.6 ppmvol, balanced with N2, relative uncertainty: ± 5%, and 

pure dry air Alphagaz 1, O2 20% balanced with N2, purity above 99.999% The bottle of 

NO contains a small amount of NO2 (<7%). The flow of each gas was controlled by two 

mass flow controllers, keeping the flow rate stable and at desired quantity. The ISO 

standard uses an initial concentration of NO of 1000±50 ppb and a flow rate of 3L/min, 

while the UNI standard 400±50 ppb of NO and a flow rate of 1.5 L/min. The mass flow 

controllers were supervised and managed by Brooks Microprocessor Control & Read Out 

Unit Model 0154. The maximum flow rate, valve seat and o-ring material and type of gas 

controlled by each mass flow controller are specified in Table 3.7. 

 

Table 3. 7 Characteristics of the mass flow controllers used to adjust and control the flow rate of gases  

Controller Gas Maximum flow (l/min) Valve seat material O-ring material 

1 Dry Air 10 Viton Viton 

2 NO + N2 1 Kalrez PTFE/Kalrez 
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An overview of the experimental setup is illustrated in Figure 3.21, indicating the 

connections between the different equipment and valves used to control the flow pattern 

in the system.  Figure 3.22 included some pictures of the principal parts used in this work.  

 

 

 
Figure 3. 21 Experimental set-up for the NOx tests. 

 

               

            
 

Figure 3. 22 (a) Illumination system
(1)

,  transparent window of reactor
 (2)

  and  sample
(3)

 for the NOx 

remediation tests, (b) NOx analyzer
(4) 

and control system for the mass flow controllers
(5)

, and  (c)  NOx 

circuit
(6)

 and mass flow controllers
(7)

. 

 

ISO tests require a controlled humidity of 50%. The test gas humidification was achieved 

by dividing the air stream in two flows, where one of them was humidified by passing 

through 3 water flasks connected in series containing deionised water, and the other was 

passing in a tube connected to valve “I”, without humidification and thereafter the two 

flows were connected to form only one flow. In this way, the desired humidity was set by 

adjusting using the valve “I” (see Figure 3.21), that can be gradually closed or opened and 

herby step wise regulate the flow that was not humidified and altering the humidity. In the 

case of UNI standard, it was not necessary the use of humidifiers, and only used the 

degree of humidity of the feed flow that is approximately 20±2%. 

5 

(b) 
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The temperature for both tests was regulated by the ambient temperature in the laboratory 

(25±2°C). Both parameters were controlled during the test using humidity and 

temperature logger with digital display measuring each 10 seconds contained in a 

chamber after the reactor exit.  

The reactor used was made of stainless steel and the interior of the reactor in contact with 

the airflow was made of soda lime glass. The reactor window was made of Pyrex glass 

permitting the transmittance of UVA. The light source was located outside the reactor 

vertically above the reactor window to avoid its influence on the gas flow. 

The irradiance setup used on NOx air purification standard tests was the same that used 

on the proposed developed methods (two fluorescent tubes Philips Actinic BL 15W/10 

SLV, see spectra on Figure 3.15).  

The irradiation intensities used in all samples were 10±0.25 W/m
2
 and 20±0.25 W/m

2
 

according to the stipulated conditions on the ISO and UNI standard respectively. In one 

set of experiments, the UNI tests were performed using 10±0.25 W/m
2
 with the objective 

to get a compressive comparison with another’s terephthalic acid fluorescence probe (TA-

FL) method results using the same experimental irradiance conditions. The intensity of 

the irradiance was adjusted by altering the distance between the light source and the 

sample. The intensity was measured placing the top window of the UVA sensor 

(UV/Vis/NIR spectrophotometer AvaSpec ULS3648-USB2-UA-25) in the same height as 

the sample surface and placing the reactor window in top of the sensor window. The light 

source was switched on to stabilize 15 minutes before performing the irradiance 

measurements. The location of the measurements was in the middle of the fluorescent 

tube length and just below the middle of the tubes being the same position of the sample 

when present. 

The exit gas stream let to vent was passing through two carbon filters adsorbing the 

nitrous oxides before being emitted to the atmosphere. The tubes for the gas flow, valves 

and connections were made of stainless steel for avoid any alteration of NOx 

composition.  

A summary of the experimental conditions used on photocatalytic oxidation of gaseous 

NO to nitric acid test and the samples analysed was included in Table 3.8. 
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Table 3. 8 Summary of experimental conditions used on NOx oxidation test.  

 

In each ISO 22197-1:2007 test, first the NO/air test gas supply was adjusted to establish 

the required concentration of the test gas (outside reactor). Once established the 

concentration of supply air/NO gas, the gas stream was introduced into the reactor, and 

run over the sample in the dark for a period of ca. 30 min until the concentration was 

stable. Subsequently, the sample localized inside the reactor was irradiated for 5 hours. 

After that, the photoirradiation was stopped, switch on the zero-calibration gas under the 

same flow conditions (3 L/min) and was recorded the NOx volume fraction for 30 min 

(desorption).  

In the UNI set of experiments, the procedure was the following: (1) stabilization of the 

concentration in dark outside the reactor, (2) the gas stream was introduced into the 

reactor, and run over the sample in the dark for a period of ca. 30 min until the 

concentration was stable, (3) photocatalytic degradation (light on, 30 minutes) and (4) 

return to the original value (light off inside the reactor). 

NOx concentration of the gas was measured using a chemiluminescence analyser (AC-32 

M, Environment S.A., Figure 3.22b). The calculation of the amount of NOx removal 

during the irradiation by the test sample was calculated as stipulated in the both standards 

used, ISO 22197-1:2007 (Eq. 3.8-3.10) and UNI 11249:2010 (Eq.3.11) 

 

                      𝑛𝑁𝑂 (µ𝑚𝑜𝑙) = (
𝑓

22.4
) ∙  (∅𝑁𝑂𝑜 − ∅𝑁𝑂)𝑑𝑡                                            

  (3.8) 

 

               

           𝑛𝑁𝑂2  (µ𝑚𝑜𝑙) = (
𝑓

22.4
) ∙ ∫ (∅𝑁𝑂2 − ∅𝑁𝑂2,𝑂)𝑑𝑡                                           

 (3.9) 

 

 

Type of material 

defined in Section 

3.1.2* 

Standard 

procedure** 

Initial 

concentration 

(ppb) 

Flow rate 

(l/min) 

Irradiation 

time 

Irradiation 

intensity 

(W/m
2
) 

(a) 
#C1-#C7 ISO 1000±50 3 5 h 10 

#C8-#C10 UNI 400±50 1.5 30 min 10 

(b) ISO 1000±50 3 5 h 10 

(c) 
#L1-#L2 ISO 1000±50 3 5 h 10 

#L3-#L5 UNI 400±50 1.5 30 min 10 

(d) #L6-#L12 UNI 400±50 1.5 30 min 20 

*(a) commercial hardened cement-based materials, (b) commercial emulsion coatings, (c) lab-made cement-based 

samples, and (d) lab-made coloured mortars. Table 3.2 provided the details on formulation of all products tested. ** 

ISO: ISO 22197-1:2007 and UNI: UNI 11247:2010. 
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          Ӽ𝑁𝑂𝑋 (%) = 100 ·
(∅𝑁𝑂𝑋,𝑂·𝑡𝑖𝑟𝑟−∫∅𝑁𝑂𝑋𝑑𝑡)

∅𝑁𝑂𝑋,𝑂·𝑡𝑖𝑟𝑟
·  
𝑊𝑖𝑟𝑟,𝑡𝑒𝑜𝑟𝑖𝑐

𝑊𝑖𝑟𝑟
·
𝑆𝑡𝑒𝑜𝑟𝑖𝑐

𝑆
                       (3.10) 

 

 

where NO0 is the inlet concentration of nitrogen monoxide (µL/L), NO is the outlet 

concentration of nitrogen monoxide (µL/L), NO2,0 is the inlet concentration of nitrogen 

dioxide (µL/L), NO2 is the outlet concentration of nitrogen dioxide (µL/L), t is the  time 

of removal operation (min),  tiir  Time of irradiation(min),  f  is the flow rate converted 

into that at the standard state (0 °C, 1.013 kPa) (L/min), NOx,0  is the inlet concentration of 

NOx (µL/L), NOx is the outlet concentration of NOx(µL/L), S is the real surface of 

samples(m
2
), Steoric is the surface teoric of the sample (49 cm

2
). Wirr is the irradiation 

potency over the sample per surface unit (W/m
2
) and Wteoric is the teoric irradiation 

potency over the sample per surface unit (10 W/m
2
). 

 

 

                       𝑁𝑂𝑥𝑟𝑒𝑚𝑜𝑣𝑒𝑑 (%) = 100 ∙ [
(𝐶𝐵−𝐶𝐿)

𝐶𝐵
∙
𝐼𝑁

𝐼
∙
𝑆𝑁

𝑆
]                                    (3.11) 

 

where CB is the measured concentration of NOx in dark conditions (ppb), CL is the 

measured concentration of NOx in light conditions (ppb), IN is the nominal irradiance (20 

W/m
2
), I is the measured irradiance (W/m

2
), SN is the nominal surface of the sample (64 

cm
2
) and S is the measured area of the sample. 

 

3.4.2 Rhodamine (RhB) discoloration (UNI 11259:2008) 

 

RhB UNI standard was developed to measure the photocatalytic self-cleaning activity by 

materials based on hydraulic binders. The determination of the photocatalytic activity was 

done by measuring the colour intensity of the organic colorant rhodamine B on the 

surface of the sample, where higher photocatalytic activity corresponds to a higher colour 

intensity decrease. The colour was measured according to the CIELAB colour space (see 

Figure 3.19) by a portable spectrophotometer (CM-2300d-Konika Minolta, Figure 3.20b), 

that was also used for measuring the reductive inks test. 

According to the UNI standard, due to the red color of RhB, the chromatic coordinate a* 

from CIELAB colour space is used to assess the oxidation of dye during light exposure. 

Furthermore, the value of a* at 0 min, a*(0), must be at least of 12.  

0.5 ml of RhB aqueous solution (destilled water) with a concentration of 0.05 g/l ± 0.005 

g/l was used as ink. In the performed test used a higher initial concentration of RhB 

compared to the standard (3 ml of RhB solution 0.0083 g/l) to assure a homogeneous 

layer of the dye with this minimum characteristic value of a*(0) ≥ 12. The samples were 

coloured on the surface by RhB according to the following procedure: A circular area of 
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22 cm
2
 was delimited on the sample surface by a silicone base hydrophobic product that 

was let to dry over the night. 1.5 ml of solution was extended over the surface letting the 

water to evaporate. The addition of solution was repeated a second time resulting in a 

total addition of 3 ml solution. The resulting amount of RhB on the surface was 0.066 

g/m
2
 (137·10

-6 
mol/m

2
). The samples were stored 24 hours at 57% RH and 21ºC before 

the initiation of the irradiation of the samples.  

The experimental setup consists of the radiation source placed vertically above the tested 

samples. The tests were performed in a chamber (MP control –MP CLIM, Figure 3.23) 

with controlled humidity and temperature (20±1°C and a relative humidity of 60±10%). 

The UVA irradiance intensity used in this test must be 3.75±0.25 W/m
2
. 

 

      

Figure 3. 23 Imagens of the chamber with MP control –MP CLIM used in RhB tests. 

 

In this work, the RhB test was performed using an aluminium plate with 9 LEDs 

perimeter 365 nm-LEDs, which ensure a homogeneous light supply (Figure 3.24). The 

intensity of the irradiance was measured placing the top window of the UVA sensor in the 

same height as the sample surface. The distance adjustment was done by placing the 

samples on top of elevation tables adjusting the height. For accurate intensity 

measurements, the sensor was placed having its top window in the same height as the 

sample surface and in a location corresponding to the centre of the sample surface. The 

irradiance was let to stabilize 15 minutes before performing the irradiance measurements.  
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Figure 3. 24 Image of 365 nm LEDs illumination system used in RhB tests. 

The colour measurements were performed in the 3 different points of coloured area, 

repeated 3 times on each sample and the mean value was calculated. If a result exceeds 

more than ±10% variation with respect to another, the result is discarded and the 

measurement is repeated.  

The rate of decrease of a* is calculated after 4 h (R4) and 26 h (R26) exposition time (Eq. 

3.12 and 3.13). 

 

                               𝑅4(%) =
𝑎∗(0)−𝑎∗(4)

𝑎∗(0)
· 100                                               (3.12) 

 

                              𝑅26(%) =
𝑎∗(0)−𝑎∗(26)

𝑎∗(0)
· 100                                             (3.13) 

 

Where: a* (0) is the colour intensity coordinates of specimens before the UV irradiation, 

and a* (4) and a* (26) are the colour intensity a* coordinates of specimen at 4 hours and 

26 hours of irradiation respectively.  
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Table 3. 9 Summary of the main performed photocatalytic proposed and standardized tests on selected 

construction materials and irradiance conditions used.  

Sample 

type* 

Name 

Sample 

Proposed developed methods 
Standard methods for determination 

of photocatalytic activity 

METHOD 1: 

Hydroxyl radical 

quantification 

using terephthalic 

acid fluorescence 

probe method 

METHOD 2: 

Electron yield 

measurement 

using Rz and 

NBT ink method 

photocatalytic 

oxidation of gaseous 

NO to nitric acid 

(ISO 22197-1:2007 

and UNI 

11247:2010)** 

Rhodamine 

(RhB) 

discoloration 

(UNI 

11259:2008) 

(a) 

#C1 5 W/m
2
 5 W/m

2
 10 W/m

2
 3.75 W/m

2
 

#C2 5 W/m
2
 5 W/m

2
 10 W/m

2
 3.75 W/m

2
 

#C3 5 W/m
2
 5 W/m

2
 10 W/m

2
 3.75 W/m

2
 

#C4 5 W/m
2
 5 W/m

2
 10 W/m

2
 3.75 W/m

2
 

#C5 5 W/m
2
 5 W/m

2
 10 W/m

2
 3.75 W/m

2
 

#C6 5 W/m
2
 5 W/m

2
 10 W/m

2
 3.75 W/m

2
 

#C7 5 W/m
2
 5 W/m

2
 10 W/m

2
 3.75 W/m

2
 

#C8 10 W/m
2
 - 10 W/m

2
 - 

#C9 10 W/m
2
 - 10 W/m

2
 - 

#C10 10 W/m
2
 - 10 W/m

2
 - 

(b) 

#E1 5 W/m
2
 5 W/m

2
 10 W/m

2
 3.75 W/m

2
 

#E2 5 W/m
2
 5 W/m

2
 10 W/m

2
 3.75 W/m

2
 

#E3 5 W/m
2
 5 W/m

2
 10 W/m

2
 3.75 W/m

2
 

(c) 

#L1 5 W/m
2
 5 W/m

2
 10 W/m

2
 3.75 W/m

2
 

#L2 5 W/m
2
 5 W/m

2
 10 W/m

2
 3.75 W/m

2
 

#L3 10 W/m
2
 - 10 W/m

2
 - 

#L4 10 W/m
2
 - 10 W/m

2
 - 

#L5 10 W/m
2
 - 10 W/m

2
 - 

(d) 

#L6 10 W/m
2
 - 20 W/m

2
 3.75 W/m

2
 

#L7 10 W/m
2
 - 20 W/m

2
 3.75 W/m

2
 

#L8 10 W/m
2
 - 20 W/m

2
 3.75 W/m

2
 

#L9 10 W/m
2
 - 20 W/m

2
 3.75 W/m

2
 

#L10 10 W/m
2
 - 20 W/m

2
 3.75 W/m

2
 

#L11 10 W/m
2
 - 20 W/m

2
 3.75 W/m

2
 

#L12 10 W/m
2
 - 20 W/m

2
 3.75 W/m

2
 

*Construction samples used in this work were of four different types: (a) commercial hardened cement-based 

materials, (b) commercial emulsion coatings, (c) lab-made cement-based samples, and (d) lab-made coloured mortars. 

Table 3.2 provided the details on formulation of all products tested. **Bold type indicated ISO 22197-1:2007 test. 

The other ones were performed according UNI 11247:2010 standard. 
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As a summary, Figure 3.25 gives a schematic diagram of the design of this PhD´s project. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 25 Schematic diagram of this PhD´s project. 
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4.1 Selection of probes  
 

As explained in the experimental part, previous to the application of probes on the 

photocatalytic processes, a preliminary selection of probes was performed in order to 

choose the optimum one to be used in a further analysis of the active species formed in 

photocatalytic construction materials. 

To evaluate the suitability of the different probes, the first step was to make a calibration 

curves in function of the concentration, measuring it in function of their fluorescence 

intensity. In all cases, except for the TA probe, all of selected probes reacted with the 

active species leading to a decrease of their concentration; thus, the concentration 

calibration curves were performed using different concentration of each probe. TA is a 

special case as this probe was calibrated using the standard product TAOH. As previous 

explained, 2-hydroxyterephthalic (TAOH) fluorescence product results from the 

selectively reaction of TA probe with OH•. Figure 4.1 presents all of calibration 

concentration curves.  

From these calibration curves, the optimum concentration of the probes for the further 

experiments was selected. All of these optimum concentrations were localized in the 

higher range or linearity of the calibration curves in order to ensure a wider working 

range during the photocatalytic oxidative degradation. Accordingly, to this ranges, 

concentration values chosen for the probes were 70µM, 1.25 µM, 800 µM for FC, RhWT 

respectively. YA and PH were discarded because they did not presented linearity in the 

tested conditions (Figure 4.1c-d). For TA, the relationship between fluorescence (FL) 

intensity at 425 nm and the concentration of TAOH is given in (Figure 4.1f). Solutions of 

standard TAOH presented a linear relationship between FL intensity and concentration up 

to 2.5 µM concentration. The negative deviations observed at higher concentrations in a 

are considered to be caused by TAOH absorption and/or fluorescence quenching [168].  

In this case, the concentration of TA was 6.2 µM. 
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Figure 4. 1 Fluorescene calibration curves in function of probes concentration. (a) Fluorescein (FC), (b) 

Rhodamina WT (RhWT), (c) Yellow alizarin (YA), (d) Phenolphtalein (PH), (e) Rhodamine B (RhB), and 

(f) terephthalic acid (TA) 

 

Considering the importance of the OH• production on the photocatalytic process, all of 

oxidative probes were calibrated in function of the OH• concentration. Several 

concentrations of OH• were investigated, generating them through Fenton´s reaction. 100 

ml of each probe were mixed with 2 mg of FeSO4∙7H2O and different know quantities of 

H2O2 (30% v/v). After waiting for 10 minutes, fluorescence intensity was immediately 

measured [169, 170]. In Figure 4.2, the variation of concentration in function of H2O2 

concentration (µL) is presented for TA and FC. RhB was discarded because has a very 
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small detection range; this would limit its use as a detection probe of active species on 

further photocatalytic experiments. RhWT probe was discarded because no linear 

relationship found between the amount of OH• and fluorescence changes in the 

conditions analysed. The results for TA and FC showed that for obtaining linear 

fluorescence emission intensity, at least 200µl and 300µL of H2O2 were required 

respectively. At high concentrations (>650 µl, 35 mM) the rate production of TAOH and 

concentration decrease of fluorescein was diminished. The decrease in the rate production 

of TAOH is consistent with observations made by Kowaska et al. (2004) who state that a 

decrease in the rate production under UV with ~30 mM H2O2 is due to reaction between 

OH• and H2O2 [171]. Furthermore, it is likely that at higher concentrations of H2O2, the 

detection of OH• is reduced due to an increase in the number of OH• recombinations 

[172]. In addition, from this Figure 4.2, it can be observed that the TA probe are more 

sensitive for the OH• production that the FC probe. Beside this, the production of OH• 

can be directly quantitative by TA using the standard TAOH product yield. 

 

Figure 4. 2 Variation of probe concentration(C/Co) in function of the addition of H2O2 of (a) TA and 

(b)FC. 

 

Taking into account these results, it has been considered that TA probe is more suitable to 

further experiments for the determination of active species formed during the 

photocatalytic process on construction materials.  

The probe TA was selected due to has been found to serve as adequate probe for the 

quantification of OH•, translating the results of fluorescence intensity emission in terms 

of concentration through a calibration curve of the quantifiable hydroxylation, 2-

hydroxyterephthalic (TAOH) product resulted from the reaction of TA probe with OH•.  

It seems to comply the requirements to be an adequate probe to detect the generated OH• 

during the photocatalytic process as previously described on [15, 98, 99]. The application 

of this method allows monitor the production rate of OH•, which is usually considered as 

the main reactive oxygen specie of oxidative photocatalytic reaction [64]. Usually, the 

photo-generated OH• has two kinds of forms, that is, free OH• in solution and surface-

bound OH• on sample surface [13, 14]. Various authors suggest that TA could probe only 

the free OH• and it cannot react with h
+ 

or the adsorbed OH• [13, 14].  
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In the case of reductive probes (Rz and NBT), considering that they are the only ones able 

to monitor the reductive photocatalysis (RP) process, both were considered in this work. 

As previous mentioned most research on photocatalytic systems focus on either the 

oxidative photocatalysis, OP, or less the reductive photocatalysis, RP, although both 

equally take part on photocatalyzed redox reactions. In this way, using both selected 

probe type of methods (TA-FL and reductive probes) it will possible to correlate the 

measured rates of the both different photocatalytic processes, as will be discussed later. 

Apart from Rz dye, in this work, for the first time, NBT has also been used. This probe 

has been generally used as molecular probe to identify the generation of O2
•-
 in 

photocatalytic processes[20, 21]. However, the enhanced oxidation properties of 

tetrazolium salts induced by UV-irradiation, as is the case of NBT, demonstrated that 

electrons originating from the photochemical reactions are the dominant specie for 

tetrazolium based probes reduction under O2-free conditions. In other words, the 

tetrazolium salts were turned into strong oxidants by the UV irradiation, which can 

extract electrons (e-) directly from neighbouring substances other than selectively from 

the O2•-[111]. This work is the first one proposing the NBT probe to monitoring the e- 

reductive rate during a photocatalytic process. 

  

Among the variety of dyes used, Rz and NBT dyes were selected as both present certain 

interesting characteristics: both dyes during the reduction process change the colour (Rz -

from blue to pink, and NBT-from pale yellow to purple). The visible colour change is 

preferably because it provides easier detection method. On the other hand, it is also very 

stable under UV light, requirement indispensable to be an adequate probe to evaluate a 

photocatalytic process.  

 

This work is the first one proposing these three probes (TA, Rz and NBT) to monitoring 

the photocatalytic process on construction materials. These probes fulfil all the relevant 

requirements vinculated with the probe (see Chapter 3, Figure 3.2). 

 

4.2. Optimization of selected probes   
 

Previous the application of probes to quantitatively measure the OH• production rate and 

the e- reduction yield of a TiO2 photocatalytic process, a specific study on the selected 

probe was carried out for the calibration of probes, optimization of the concentration and 

establishment of the selectivity. 
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4.2.1 Calibration of probes  

 

The calibration curve of TAOH standard was previously displayed in the Section 4.1 – 

selection of probes, Figure 4.1(f). The absorbance calibration curve of Rz is shown in 

Figure 4.3. From the slope of Abs600 on irradiation time, the generation of e- (Re-, 

µmol/min) on irradiated TiO2 photocatalyst can be evaluated by comparing the Abs600 to 

that of the standard Rz solution using the e- reaction mechanism of Rz summarized in Eq. 

4.1. 

                                                   𝑅𝑧
2𝑒−

→   𝑅𝑓
2𝑒−

→  𝐻𝑅𝑓                                            (4.1) 

 

 

                             Figure 4. 3 Absorbance curve in function of Rz probe concentration. 

 

4.2.2 Optimal probe concentration  

 

Figure 4.4 (a-b) shows the production rate of TAOH as a function of the TA probe 

concentration in contact of a reference photocatalytic system (150 mg of the photocatalyst 

Aeroxide® TiO2-P25 from Evonik suspended in 100 ml of TA). A constant 

photocatalytic production system of active species was obtained, which allows to 

determine the OH• detection capability of the probe in function of the used concentration. 

At low concentrations of the probe, the amount of product increased, which indicates that 

TA concentration was the limiting factor in the OH• detection. From 2 mM TA, an 

increase in the concentration did not change the product yield. These data indicate that no 

additional product could be achieved by increasing the concentration of TA. As a result, 

in the plateau region concentrations, the moles of product are proportional to the moles of 

OH• produced. Under these conditions, assuming a 35% yield of the reaction of TA with 

OH• [102, 150], the probe allows the detection of up to 0.073±0.004 µmoles OH•/min.  

Based on these results, and taking into account the fluorescence background of TA and its 

solubility, a concentration of 2 mM TA was chosen for further experiments with selected 

plain photocatalyst and construction materials. 
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Figure 4. 4 (a) Irradiation time dependence of the TAOH concentration in function of TA probe 

concentration (0.2-3.5 mM) and (b) Formation rate of TAOH calculated from the corresponding slope of 

TAOH concentration on irradiation time in function of [TA]. 

 

In the case of reductive probes (Rz and NBT) the concentration of probes used was 

selected following the previously formulation described in literature [119] with some 

modifications that will be specifically explained in each corresponding section.   

 

4.2.3 Selectivity analysis 

 

The selected concentration of TA (2·10
-3

 M) and the pH of the solution has been tuned to 

be high (~pH12) favours the reaction with OH• [161]. The reaction between the photo-

generated h
+
 and the probe to form TAOH is unlikely because, unless the concentration of 

the probe molecules is quite high (in the range of 10
−1

-10
−2

 M), aromatic compounds like 

TA are oxidized by OH• more rapidly than by h
+ 

[99, 173, 174]. Even so, the selectivity 

of the previous selected concentration (2mM) was evaluated using the previous reference 

photocatalytic system (150 mg of the photocatalyt Aeroxide® TiO2-P25 from Evonik 

suspended in 100 ml of TA). Here DMSO was used as OH• scavenger, and EDTA as h
+ 

scavenger. The results are presented in Figure 4.5, where it can be deduced that DMSO 

inhibited completely TAOH formation, which means that the hydroxylation of TA 

proceeds exclusively through OH•. The inclusion of EDTA in the system implied a 16% 

less of fluorescence, which again means that most of the reaction is due to OH•. 

Additionally, quenching of the h
+
 might have led to a smaller formation of OH• due to 

equilibrium between these species[175]. Combining these results, it can be deduced that 

oxidation of the probe through h
+
 can be neglected at the experimental conditions used.  
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Figure 4. 5 Effect of various scavengers on percentage of TAOH formation rate at the selected 

concentration of TA (2mM).   

 

The selectivity of reductive probes (Rz and NBT) was evaluated using a reference 

photocatalytic system (5.5 mg of the photocatalyt UV 100 from Hombikat suspended in 

50 ml of Rz or NBT). Here the suspensions were exposed to irradiation under continuous 

agitation and the absorbance variation of both probes was also monitored under 

irradiation in a Pirex glass cell under N2-conditions (1 L/min) and ambient conditions. 

Thus, comparing the reduction yield after different irradiation times under N2-conditions 

and ambient conditions, it is possible to define potential participation of the O2
•-
 into the 

reductive yield of inks or interference of O2 in the experimental conditions via 

competition of the dissolved O2 with the ink (Eq. 3.7). The reduction yield was determine 

in function of the absorbance decreased at 600 nm and 259 nm [20] for Rz and NBT 

respectively after different irradiation time after centrifugation of photocatalyst.  

 

As shown in Figure 4.6, the concentration was decreased in both probes on TiO2 

suspensions under UV irradiation no matter whether it was in a N2-saturated or ambient 

(oxygen atmosphere). This means that the reduction of Rz and NBT occur via electron 

participation and not by O2
•- from photocatalyst. Beside this, in Figure 4.6, the reduction 

yield in ambient conditions (O2 atmosphere) was even lower than those under N2-

saturated conditions. From these results, it is clear that the rate of reaction 4.2 is reduced 

when O2 is presents for both inks. Thus, it can be concluded that the reduction yield in O2 

atmosphere for both inks is lower than those under N2-saturated conditions is attributed to 

the direct competition via the reaction of dissolved O2 with the photo-generated electrons 

(Eq. 3.7). This could explain the phenomenon shown in Figure 4.6. The results of this 

work are relevant due to the increasing number of researchers that are using NBT to 

assess the production of O2
•-
 on photocatalytic samples [20, 165, 176]. Since reaction 

defined as Eq. 3.7 is a competitive background, in this work, it was decided that, the 

study of selected materials that further presented was going to be carried out in ambient 
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conditions, which ultimately are the actual operational "real world" conditions of this 

materials. This analysis will be again performed in the experimental condition used on 

photocatalytic construction materials. 

 

 

Figure 4. 6 Decay in relative absorbance at 560 and 259 nm of Rz and NBT probes under ambient 

conditions (O2 atmosphere and N2 atmosphere) 

 

4.3 Preliminary study: application of selected probes on plain 

TiO2 photocatalyst nanoparticles in aqueous dissolution 
 

Prior to application the proposed methods on construction materials, the selected probes 

were applied on plain TiO2 photocatalyst in order to better understand the behavior of 

these probes in a pure TiO2 photocatalytic system, thus avoiding any type of interference 

of the matrix or support of selected construction materials on the measurements.   

 

4.3.1 TiO2 photocatalyst characterization  

 

Figure 4.7 presents the XRD patterns of the TiO2 samples. From this XRD results, the 

average crystallite sizes of anatase and rutile were determined according to the Scherrer 

equation, Eq.3.2 [177] and the percentages of anatase and rutile crystalline phases have 

been semi-quantified employing the Spurr equation, Eq.3.3[153]. Table 4.1 summarizes 

the main physical properties obtained from pure TiO2 photocatalyst powders using XRD, 

together with the BET analysis. 

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1

0 0,5 1 1,5 2

R
el

at
iv

e 
A

b
s 6

0
0 

Irradiation time (min) 

ambient (O2 atmosphere)

N2-atmosphere

(a) 

0

0,1

0,2
0,3

0,4

0,5

0,6

0,7

0,8

0,9

1

0 0,5 1 1,5 2

R
el

at
iv

e 
A

b
s 2

5
9 

Irradiation time (min) 

ambient (O2 atmosphere)

N2-atmosphere

(b) 



CHAPTER 4 RESULTS AND DISCUSSION 

98 

 

10 20 30 40 50 60

10 20 30 40 50 60

 

2Theta (degree)

TiO2-C
A

A
A

AA

 TiO2-400
A

A

A
AA

 TiO2-500
A

A

A
AA

  TiO2-600 A

A
A

AA

 TiO2-700 A

A

A AA

In
te

n
si

ty
 (

a.
u

.)

  TiO2-800 A

A

A AA

 TiO2-900 R

A

A
A

AA

  TiO2-950

R
R

R A

R

R

A
R

A AA

  TiO2-960

A R
R

R A R

R

R

R

A AA

 

 TiO2-1000

R
R

R

RR RR

 
Figure 4. 7 XRD patterns of TiO2 samples calcined at different temperatures 

 

 

As evident from Figure 4.7 and Table 4.1, the diffraction peaks of TiO2-C are broader 

than the rest and correspond to the anatase phase of TiO2 having a crystallite size around 

8 nm. Broad diffraction peaks indicate the presence of small grain size and large grain 

boundary, containing large number of defects, that produce strain and prevent growth of 

the nanocrystallite [178, 179]. Rutile structure slightly appears for the samples heated at 

900º C (1 %), and clearly at 950º C (51%) and 960° C (71%).  Finally, the anatase 

structure completely disappeared at 1000°C. Thus, TiO2 Hombikat (TiO2-C) 

photocatalyst used as TiO2 precursor powder sample shown extremely high crystalline 

phase stability, consistent with literature results[180]. Based on the Scherrer equation 

from the broadening of anatase (101) reflection and rutile (110) reflection, the crystalline 

sizes of anatase increase from 8.14 to 90.71 nm as the calcination temperature increases 

until formation of rutile. On the contrary, the crystallinity and crystalline size for rutile 

phase not follow a particular pattern in function of calcination temperature. The increases 
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of calcination temperature are also accompanied by decrease in the surface area of 

samples, as shown in Table 4.1.  

 

Figure 4.8 (a-b) presents the results obtained by diffuse reflectance spectroscopy (DRS) 

of TiO2 nanoparticles. From this figure, it can be observed a progressive red shift of 

absorption edges of TiO2 samples in function of calcination temperature. At lower 

temperature than 900ºC, the change in the absorption edges of TiO2 samples is slight, 

while a progressive reduction in the absorption of light can be observed at UV 

wavelengths, which can be attributed to the enhanced scattering of light with larger 

crystalline size [181]. A higher progressive red-shift in the band edge was observed at 

temperatures higher than 900ºC due to a gradual transition from anatase to rutile.  The 

absorption edge of TiO2-950 and TiO2-960 mixed samples showed two absorption 

shoulders; the second hump between 375-425 nm may be due to the presence of Ti
3+

 or 

oxygen vacancies generated during the process of phase conversion from anatase to rutile 

[179]. Absence of absorption hump in the other samples not indicated that defects are 

absent. The absorption at around 330nm on is due to phonon assisted indirect transition 

from edge to the center of Brillion zone [179]. This indirect transition decreased during 

the calcination process, until its disappearance in samples that clearly content rutile phase. 

The results of DRS are in good accordance with the previous described XRD results. 

The band gap (Eg) of TiO2 powder samples were obtained by plotting the Kubelka−Munk 

(K-M) optical absorption coefficients [F(R)] using Tauc relation (Eq. 3.4 and 3.5). The 

plot (F(R)hν)
1/n 

(n=2 for indirect band gaps like TiO2) vs hν follows a linear dependence 

in the region of the valence band to conduction band (VB-CB) transition, and the linear 

extrapolation to the abscissa gives the Eg value. The values of the band gap of the 

samples are also given in Table 4.1. The Eg values of samples closely match with the Eg 

of anatase (3.2 eV) for TiO2-C to TiO2-900 or rutile (3.0 eV) from TiO2-950. Notice that 

all the calcined samples have a band gap lower than the original TiO2-C. The lowering of 

band edge in TiO2 photocatalytic samples can be due to the presence of localized defect 

states in the forbidden zone of TiO2-photocatalyst near the bottom/top of its CB-VB. 
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Figure 4. 8 (a) absorption spectra obtained via DRS of TiO2 calcinated powder samples, the absorbance 

was plotted as the Kubelka–Munk function (FR) (b) Tauc plot of (FRhυ)
1/2

 vs the energy (eV) of the 

incident photon. Extrapolating the tangent of the band edge curve to the energy axis obtains the indirect 

bandgap energy (values included in Table 4.1).   

 

Table 4. 1 Summary of physicochemical and optical properties of TiO2 samples.  A: anatase; R: rutile. 

 

Samples 

Phase 

percentage 

(%)
*
 

Crystallite  

size(nm)
*
 

FWHM (
○
)

*
 

BET 

Surface 

area 

(m
2
/g) 

Band gap 

(eV) 

A R A R A R 

TiO2-C 100 - 8.14 - 0.99 - 310.08 3.32 

TiO2-400 100 - 11.25 - 0.65 - 109.50 3.30 

TiO2-500 100 - 16.5 - 0.51 - 79.41 3.29 

TiO2-600 100 - 32.48 - 0.37 - 48.79 3.26 

TiO2-700 100 - 49.1 - 0.26 - 26.73 3.25 

TiO2-800 100 - 69.17 - 0.18 - 12.88 3.22 

TiO2-900 99.1 1 75.29 163 0.17 0.074 9.52 3.22 

TiO2-950 44.9 51.1 90.07 138.33 0.18 0.075 3.37 2.94 

TiO2-960 28.5 71.5 90.71 135.85 0.21 0.076 3.25 2.91 

TiO2-1000 - 100 - 136.60 - 0.075 2.75 2.99 
*Estimated from the broadening of anatase (101) reflection and rutile (110) reflection in XRD 
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4.3.2 Quantitative formation rate of OH• on irradiated TiO2 

photocatalyst using terephthalic acid probe (TA) 
 

Figure 4.9 shows fluorescence (FL) spectra obtained from supernatant liquid of the 

irradiated TiO2-500 suspension for various duration times with 2 mM TA as an example. 

All observed FL spectra are identical to FL spectrum of TAOH [64, 99]. So, it can be 

deduced that fluorescent products generated during photocatalysis process in samples 

were due to the specific reaction between OH• and TA.  

 

Figure 4. 9 Fluorescence spectra at various irradiation periods that are obtained from supernatant liquid of 

the irradiated TiO2-500 suspension containing 2mM of TA probe. 

 

Figure 4.10(a) presents linear relationship between the FL intensity and the duration of 

UV-irradiation of TiO2 suspension samples. To quantitatively determine the concentration 

of TAOH, the calibration curve by plotting FL intensity at 425 nm against concentration 

of standard TAOH was used (FL (a.u.)=143.66⋅[TAOH](µM) (Figure 4.1(f), [64]). From 

the slope of FL intensity on irradiation time, the formation rate of OH• (µmol/min), was 

calculated by comparing the FL intensity obtained to that of the calibration curve using a 

trapping factor of 35% (Figure 4.10(b)). From this figure, it can be seen that when 

increasing the temperature of the treatment, the ROH• increases rapidly up to the samples 

heat-treated to 700-800ºC. Above 800ºC, ROH• decreases rapidly in coincidence with the 

appearance of rutile.  
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Figure 4. 10 (a) Time dependence of FL intensity of TiO2 samples (average of two measurements) and (b) 

Formation rate of OH• (µmol/min) calculated from the corresponding slope of FL intensity on irradiation 

time (Figure 4.10 (a)) by comparing the FL intensity obtained to that of the calibration curve, FL 

(a.u.)=143.66·[TAOH](µM), using a trapping factor of 35%.  

 

4.3.3 Formation rate of e- on irradiated TiO2 photocatalyst using 

Resazurin ink  
 

The formation rate of e- at photo-illuminated photocatalyst/water interface was detected 

by the UV-Vis absorbance technique using Rz as a probe molecule. Resazurin (blue) 

readily reacted with e- to produce Resorufin (Rf, pink). Rf can be reduced subsequently to 

its colorless counterpart dihydroresofurin (HRf). However, previous studies demonstrated 

that the reduction of Rz ink by TiO2 photocatalysis was first order, and the time for Rf to 

HRf reduction is at least 3.5 times more larger than the first reduction step [115]. As such, 

the rate of degradation of the Rz to Rf can be determined to by assessing the decrease in 

absorbance at 600 nm at early times (i.e. times in which the rate of decrease is linear). 

The linear changes of Abs600 of all TiO2 suspensions with the irradiation time are shown 

in Figures 4.11(a-b) using Rz probe with and without glycerol respectively. The nonlinear 

decrease with the increase of irradiation time in the more active TiO2 suspension is 

attributed to the exhaustion of the Rz. Consequently, it could be inferred that the 

produced e- at the TiO2 surface was proportional to the irradiation time. From the slope of 

Abs600 on irradiation time, the generation of e- (Re-, µmol/min) on irradiated TiO2 

photocatalyst can be evaluated by comparing the Abs600 to that of the standard Rz 

solution (calibration curve, Figure 4.3) using the e- reaction mechanism of Rz 

summarized in Eq. 4.1. 
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Herein, the e- production rates using both Rz probe formulations, which were calculated 

from lines in Figure 4.11(a-b), are given in Figure 4.11c, where the percentages of 

recombination have also been included as calculated through Eq. 4.2. From this figure, it 

can be seen that the production rate of e- in TiO2 suspensions shows marked differences 

in function of Rz probe formulation with increasing heat treatment temperature between 

400-1000ºC due to the differences on the e- measurement on hole scavenger system 

(glycerol) or Rz without glycerol. Image of colour change of Rz probe in function of 

irradiation time of TiO2-700 sample was included in Figure 4.12. 

 

 e- Recombination (%) = 100·[Re- (with glycerol) – Re- (without glycerol) / Re- (with glycerol]     (4.2) 

 

 

 

Figure 4. 11 Variation of the absorbance (Abs600) due to irradiation time of all TiO2 samples suspensions 

using Rz probe (a) with glycerol and (b) without glycerol, and (c) formation rate of e-(Re-). The percentages 

of surface e-recombination were also included using the Eq. 4.2.  
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Figure 4. 12 Image of Rz with glycerol probe degradation in function of irradiation time of samples TiO2-

700ºC (measures each 2 minutes, final time 14 minutes). 

 

4.3.4 Rhodamine B discolouration test  

 

In Figure 4.13a the relative evolution of RhB concentration in water in function of the 

time of irradiation is shown for every sample. From the slope of the lines in Figure 4.13a, 

the rate of RhB degradation (KRhB, min
-1

) has been determined, and has been plotted in 

Figure 4.13b. As higher is the temperature of the calcination, higher is the rate constant 

KRhB until reaching around 700-800ºC, when it starts to decrease in coincidence with the 

appearance of rutile, as the rate of OH• formation (ROH•). 

 

 
 

Figure 4. 13 (a) RhB photo-degradation and (b) pseudo first order kinetic rate constant (KRhB) for RhB 

degradation in the presence of TiO2 samples (average of two measurements).  
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Different calcination temperatures induce significant effects on the intrinsic properties of 

the material, such as crystal size, type of phase present and content, surface area, which 

have an important influence on the photocatalytic activity. Figure 4.14 (a-c) presents the 

kinetic constant of degradation of RhB versus the size of the crystallites, BET area and 

percentages of each phase (anatase or rutile).  

 

 

Figure 4. 14 Kinetic constant of degradation of RhB versus (a) Crystallite size, (b) BET area and (c) 

percentages of each phase (anatase or rutile).  

In terms of general catalysis theory, the smaller the particle size, the larger the surface 

area, and therefore higher concentration of active sites per square meter as well as higher 

absorbance of the pollutant on the catalyst surface, that should lead to higher reactivity 

area[182]. In the present research (see Figure 4.14a), for pure anatase samples, as 

temperature of the treatment increases, leading to higher size of crystallites, the efficiency 

of the RhB decomposition increases following a linear trend. When rutile starts to be 

present in the samples, for both phases, the trend becomes the opposite than those having 

anatase as the only phase. Consequently, the same behavior takes place concerning BET 

area. Photocatalytic efficiency increases as long as BET area increases for rutile and 

anatase-rutile mixed samples while the trend is the opposite for pure anatase. From figure 

4.14c it is clear that for pure anatase, the efficiency increases as the temperature of the 

treatment increases until rutile is formed, when the efficiency decreases almost linearly 

with the increase of the percentage of rutile.   
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Concerning the active species formed, the results of RhB photo-degradation and OH• 

production rate follow the same trend for all samples, with independence of 

microstructural parameters. In Figure 4.15, the correlation between ROH• and KRhB is 

given, showing a quite good lineal relationship. These results may suggest that the higher 

RhB degradation of samples should be attributed to the higher photo-induced OH• 

production process due to correlation between them. These results are in accordance with 

the previously reports [72, 183]. 

 

Figure 4. 15 Dependences of rate constant for RhB decomposition (KRhB) on the rate of OH• formation 

(ROH•) of TiO2 samples (geometric symbols: square: anatase, circle: anatase-rutile mixed, and triangle: 

rutile) 

 

Concerning electrons, e- (Re-), in Figure 4.16(a-b) the rates of formation of electrons, as 

detected by the probes, both with and without glycerol are presented. From this figure, it 

can be deduced that there is not a clear relationship between e- (Re-) and degradation of 

RhB. However, in Figure 4.16b, it can be seen that the results determined by RhB 

degradation seem to follow the same trend with those determined by a Rz without 

glycerol. These results are a sign that although e- participate on RhB, the complexity of 

the process involved on RhB degradation make the results show a large dispersion 

between both parameters, not allowing a clear relationship.  

On the other hand, provided that the e-production rate obtained using Rz with glycerol 

allows to measure the total photo-generated electrons transfer to surface after absorption 

light and before e
-
-h

+
 recombination process, and the e- rate obtained with Rz ink without 

glycerol gives the actual amount of e- located onto the photocatalyst surface after the 

recombination process, and serve as redox sources for react with adsorbed reactants (RhB 

in our case), it seems to be reasonable that only the e- rate obtained with Rz ink without 

glycerol showed some relationship with the photocatalytic oxidation of RhB. These 

results confirm again the importance of e
-
-h

+
 recombination rate as a limiting factor in 

photocatalytic process. 
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Figure 4. 16 Rate of degradation of RhB versus formation of electrons, as detected by the probes both (a) 

with, and (b) without glycerol. (geometric symbols: square: anatase, circle: anatase-rutile mixed, and 

triangle:rutile) 

 

As said, from the different number of electrons detected depending on the use of glycerol, 

the percentage of recombination of electrons has been calculated. The dependence of the 

degradation of RhB with the percentage of e- recombination is presented in Figure 4.17, 

where it can be observed that the e- recombination is different for samples with different 

crystal phase composition. Samples of pure anatase present the higher amount of 

recombination, finding an inverse linear relationship between the kRhB and the e-h 

recombination rate. In rutile-containing samples, although the surface recombination 

percentage was much lower than for anatase samples, this parameter do not seems to 

determine the final photocatalytic activity.  

  

Figure 4. 17 Rate of degradation of RhB versus the percentage of e- recombination (geometric symbols: 

square: anatase, circle: anatase-rutile mixed, and triangle:rutile  

 

In nanocrystalline semiconductor particles, when particle size decrease the e
-
- h

+ 

recombination becomes an important process, and therefore the photoconductivity and 

electron lifetimes increase with increasing particle size [184, 185]. Thereby in anatase 

samples, even though BET area diminishes with higher crystal size, increasing the 

temperature of calcination implies lower surface recombination, which seems to have a 
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dominant influence with respect to the crystallographic aspects. Under these 

circumstances, it is impossible to study the sole effect of a parameter. However, it is 

important to remark that the e- production with controlled e
-
-h

+
 recombination (Re- with 

glycerol) was higher when decreased the particle size due to a higher photonic efficiency, 

as expected; however, the limiting factor of e
-
-h

+
 recombination reversed trend on pure 

TiO2 anatase, as observed on results of e-production rate without glycerol (uncontrolled e
-

-h
+
 recombination). The possibility of trend reversed originated for different 

recombination rate corroborates the important influence of the dynamics of e
-
-h

+
 

recombination on the anatase samples. It is important also to notice that when rutile is 

present in the sample, the amount of OH• measured is higher than electrons detected 

using both probes with and without glycerol, which is not possible if every electron is 

being detected. 

In explaining this experimental observation, it is necessary to take into account that: (1) 

OH• can be generated also as a result of a multistep reduction of oxygen [96]; however, 

taking into account that the probe for detection of electrons should avoid the reduction of 

oxygen, in these experiments, OH• are considered as generated from oxidation of water 

by the holes; (2) considering its behaviour as charge carriers, three type of electrons have 

been described: deeply trapped electrons in defects, shallowly trapped electrons in the 

mid-gap states and free electrons in the conduction band; (3) in anatase, free and 

shallowly trapped electrons are in equilibrium and have a lifetime longer than 1 ms, being 

highly reactive. In rutile, most electrons are deeply trapped, not been reactive with 

O2[186]. Therefore, it can be deduced that the method of quantitatively analyse electrons 

using Rz probe, is not detecting deeply trapped electrons, which cannot be considered a 

drawback of the method, as only reactive electrons, and then, those susceptible of 

participate in the redox reactions, are detected. 

As a summary, the results obtained from this research have been depicted together in 

Figure 4.18, where the photocatalytic degradation rate of RhB, the production rate of OH• 

(ROH•), free and shallowly trapped electrons, e- (Re-) before and after recombination and 

percentage of recombination (%), have been presented in function of the temperature of 

the calcination, BET area, phase content and anatase crystalline size.  
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Figure 4. 18 Production rate of OH• (ROH•, µmol/min), free and shallowly trapped electrons (Re, 

µmol/min), e- surface recombination (%) and RhB photo-degradation (KRhB, min
-1

) in function of the 

temperature of calcination, BET surface area, anatase/rutile percentage content and anatase crystallite size. 

 

4.4 Development of methods on construction materials 
 

4.4.1 Characterization of construction materials  

 

4.4.1.1 Composition -XRD and FRX 
 

Figure 4.19-4.22 presents the XRD patterns of the samples tested. Taking into account 

that in some cases the TiO2 phases associated to the photocatalyst are undetectable due to 

the high amount of aggregates mask the TiO2 signals, images at the right side of Figure 

4.19-4.22 displayed the zooms to be able to observe the small peaks of TiO2 crystallite 

phases. 

Figure 4.19 includes the commercial cement-based samples (#C1-#C10) spectra.  In this 

figure, it can be seen the peak of the typical compounds present on cementitious 

materials: calcite, quartz, dolomite and portlandite. According to the results, it can be 

seen that the aggregates are siliceous for all the samples with the exception of #C7 and 

#C9 which include dolomite. Calcite also is shown in all samples. Concerning TiO2 

phases associated to the photocatalyst, it can be observed the main peak corresponding 

with anatase TiO2 (101, 2Ɵ25.4) in all samples except for the non-photocatalytic sample 
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(#C6) and sample #C9. Rutile phase, only could be detected (110, 2Ɵ27.5) in samples 

#C1-#C4, #C8 and #C10. The absence of TiO2 crystallite peaks in the photocatalytic 

sample #C9 do not mean that any TiO2 crystallite phases are present; provided #C9 this is 

a bilayer sample, and only includes the photocatalyst in a fine surface layer, the detection 

is quite difficult.  

    

Figure 4. 19 XRD of hardened cement-based samples. The right-hand side images are a detail of the XRD 

spectra at the left in order to identify the crystal phases of TiO2. (× Quartz, = Calcite, □ Dolomite, A 

Anatase and R Rutile). 

 

Figure 4.20a includes the XRD of the emulsion coatings applied on Portland bases 

support via aerosol spray (#E). Similar to previous results, the analysis of the powder of 
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the bulk sample, only allow detect calcite and quartz components, which may be assumed 

that correspond with the cementitious base, and are not related to the emulsions 

composition; Thereby, all emulsion coatings samples shown the same XRD spectra.  In 

this case, the cement-based supports of the emulsion coatings are compound of quartz 

(characteristics of siliceous aggregates) and portlandite. In order to avoid the masking of 

the signal due to the presence of cement-based support, the three emulsions were 

dispersed on a glass support (Figure 4.20b). From this analysis, it can be observed a high 

amorphous signal corresponding with the glass slide, although it can be intuited that the 

TiO2 crystal form of sample #E2 and #E3 is anatase. In contrast, in sample #E1 is hard to 

find a TiO2 crystalline phase although that data sheet supplied by the producers indicated 

that this product contains anatase. 

 

Figure 4. 20 XRD spectra of (a) cement-based support of emulsion coating samples. and (b) emulsion 

coating dispersed on glass support. (× Quartz, = Calcite and A Anatase). 

 

Figure 4.21 presents the XRD spectra of lab-made cement-based samples, where quartz 

(from the siliceous aggregates), portlandite and calcite coming are present. Regarding the 

TiO2 phases, in the case of samples #L1 and #L2, none crystalline phase could be 

detected. Note that in these samples, 2 % of weight of cement of TiO2 Aeroxide P25 from 

Evonik (75% anatase - 25% rutile) was added as photocatalyst into the cementitious 

matrixes. #L3-#L5, the signal corresponding with anatase can be observed. Regarding 

rutile, none signal can be observed in this type of samples.  
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Figure 4. 21 XRD of lab-made cement based samples.  The right-hand side images are a detail of the XRD 

spectra at the left in order to identify the crystal phases of TiO2. (× Quartz, = Calcite, • Portandite and A 

Anatase). 

 

Figure 4.22 included the XRD of lab-made coloured mortars (#L6-#L12). All samples 

shown the same composition of cement; thereby the same signal peaks were shown. The 

mineralogical composition of these samples is quartz, dolomite and calcite. Concerning 

TiO2 phases, only in the sample #L7 (red sample) anatase could be detected. As 

previously mentioned, the absence of TiO2 signals, does not necessary mean that TiO2 

phases are not present.  
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Figure 4. 22 XRD of lab-coloured mortar samples.  Right-hand images are a detail of the XRD spectra in 

order to visualize the crystallite phase of TiO2(× Quartz, = Calcite, □ Dolomite and A Anatase). 

 

Taking into account the XRD results, it can be said that the selected samples shown a 

representative selection of the wide variety of compositions found in the currently market, 

especially for higher widely used TiO2 crystalline phases (anatase and rutile). A summary 

of the TiO2 phases detected by XRD is given in the table (Table.4.2). 

In the case of lab-coloured mortars samples, apart from the analysis of the entire hardened 

samples, the original iron oxide based pigments used were also characterized by XRD and 

FRX. These results were included in the APPENDIX B (Effect of iron oxide based pigment on 

photocatalytic performance parameters of construction parameters), where a complete discussion 

about the effect of pigment addition of photocatalytic activity parameters was included.  
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Table 4. 2 TiO2 phases detected by XRD analysis of selected construction samples. 

Sample TiO2 phases detected 

#C1 Anatase ;  rutile 

#C2 Anatase ;  rutile 

#C3 Anatase ;  rutile 

#C4 Anatase ;  rutile 

#C5 Anatase 

#C6  Non-photocatalytic samples 

#C7 Anatase 

#C8 Anatase ;  rutile 

#C9 No peak detected 

#C10 Anatase ;  rutile 

#E1 No peak detected 

#E2 Anatase 

#E3 Anatase 

#L1 No peak detected 

#L2 No peak detected 

#L3 Anatase 

#L4 Anatase 

#L5 Anatase 

#L6 No peak detected 

#L7 Anatase 

#L8 No peak detected 

#L9 No peak detected 

#L10 No peak detected 

#L11 No peak detected 

#L12 Non-photocatalytic samples 

 

4.4.1.2 BET Surface area and porosity- physical gas absorption and mercury intrusion 

porosimetry (MIP)  

 

A summary of microstructure results obtained by MIP and BET are given in Table 4.3 

Figure 4.23–4.26 illustrated the cumulative and incremental pore size distribution of all 

selected construction samples. The samples selected shown a wide variety of 

microstructural values. In the case of emulsion coatings applied on Portland base support 

via an aerosol spray (#E), as previously occurred in XRD analysis, all the emulsion 

samples (#E1-#E3) showed the same microstructural characteristics that correspond to the 

cementitious base, and does not vary in function of the emulsion type used; Thereby in 

Figure 4.24 only displayed one cumulative and incremental pore size distribution 

example. 
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Figure 4. 23 Cumulative and incremental pore size distribution of commercial hardened cement-based 

samples.  

 
Figure 4. 24 Cumulative and incremental pore size distribution of cement-based support of commercial 

emulsions.  

 
Figure 4. 25 Cumulative and incremental pore size distribution of lab-made cement-based samples. 
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Figure 4. 26 Cumulative and incremental pore size distribution of coloured lab-made mortar samples. 

 

Table 4. 3 Summary data of characterization parameters by MIP and physical gas absorption measurements 

Sample 

Average pore 

diameter -

4V/A- (µm) 

Bulk 

density 

(g/ml) 

Porosity 

(%) vol 

BET 

surface 

area 

(SBET) 

(m
2
/g) 

Pore 

volume 

(cm
3
/g) 

Average 

pore 

diameter 

(nm)* 

#C1 0.0802 2.1086 18.9431 5.7396 0.022715 15.8300 

#C2 0.1081 2.1712 16.3124 4.0892 0.017047 16.6753 

#C3 0.1395 2.1613 16.0994 4.1239 0.018026 16.6735 

#C4 0.1056 2.1454 16.9565 4.2822 0.017728 16.5602 

#C5 0.1085 2.1396 16.9869 3.0117 0.014976 19.8898 

#C6  0.0724 2.2400 11.5586 3.0111 0.001545 18.6795 

#C7 0.2397 1.7528 33.1387 2.8939 0.017240 23.8294 

#C8 0.1119 2.1642 15.5408 4.3447 0.000121 - 

#C9 0.0771 2.371 10.4111 3.7417 0.000177 - 

#C10 0.0869 1.709 27.0282 11.4852 0.000702 - 

#E 0.0694 2.0496 17.3778 6.1582 0.02482 15.6421 

#L1 0.0469 2.0842 15.1386 6.2694 0.023865 14.9874 

#L2 0.0383 2.1263 13.4989 3.3290 0.020137 24.1957 

#L3 0.0803 2.129 13.2911 11.6097 0.032612 11.2363 

#L4 0.0795 2.069 15.7247 12.8321 0.3034194 10.6590 

#L5 0.0992 2.149 13.0642 3.9319 0.000085 - 

#L6 0.1383 1.7833 30.74 4.1994 0.000072 - 

#L7 0.2109 1.7817 31.08 3.5637 0.000164 - 

#L8 0.2464 1.7524 32.74 - - - 

#L9 0.22325 1.6967 35.01 - - - 

#L10 0.23805 1.66405 35.31 - - - 

#L11 0.1236 1.77885 31.57 - - - 

#L12 0.106 1.7975 30.99 - - - 

* Average Pore Diameter (4V/A by BET) 
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4.4.1.3 Optical properties - UV–Vis diffuse reflectance (DRS) 

 

The absorption spectra of the samples has been obtained from reflectance data (R) using 

the Kubelka -Munk equation (Eq. 3.4, [156]), (Figure 4.27 – Figure 4.30). Assuming that 

every material tested contained TiO2 as photocatalyst, that is an indirect semiconductor, 

the plots of the modified Kubelka-Munk function using Tauc relation (Eq. 3.5), 

[F(R)h]
1/2

 versus the energy of absorbed light (hv) can be depicted, and are given in the 

right side of Figure 4.27-4.30 [187, 188]. However, it is important to note that these 

samples are complex mixed matrices and not are pure semiconductor photocatalyst; thus, 

the value in the formula of Eg, will be denoted as “apparent photoabsorption edge 

(PEapp)” in composite materials [158, 189]. An example of PEaap estimation is illustrated 

in the inset diagram of Figure 4.27c and 4.27d. 

 

From UV-Vis absorbance analysis, it can be observed that all the samples, regardless of 

the type of samples, present higher absorbance in the UV (<400 nm) than in the visible 

light range. Only the samples #C8 (Figure 4.27), #E3 (Figure 4.27), and #L2; #L5 (Figure 

4.29) showed some absorption in the visible range. However, this enhancement of visible 

light absorption can be attributed to the grey colour of these samples; in comparison with 

the other ones (white or light grey samples). In the case of lab-made coloured samples 

(Figure 4.30), distinctive visible light absorbance is also displayed in function of the 

colour characteristic of samples. For example, the red sample (#L7) spectrum exhibits 

most light absorption in the visible region except the red end. From these absorbance 

results, it can be also observed significant differences in the UV range spectrum of 

samples, which may account for the different results of photocatalytic activity. The 

absorbance area of UV range was calculated by integrating the spectra over the 

wavelengths between 200-400 nm. The calculated numerical values are listed in Table 

4.4.  

 

The values of PEaap determined from plots of [F(R)h]
1/2

 versus hv of all samples are also 

given in Table 4.4. From these data, it can be observed that all commercial hardened 

cement-based samples (#C) showed similar values 3.25±0.1, except the sample #C8 and 

#C9 that showed a shifted value to lower energies (2.66 and 2.49 eV respectively).Values 

ca. 3.25 eV are consistent with data reported elsewhere for TiO2 anatase phase band gap 

[190].  The emulsion coatings showed more dispersed values of PEapp (3.16-3.40).  In the 

case of samples #L1 and #L2, which included as photocatalyst, 75% anatase- 25% rutile 

(Aeroxide® TiO2-P25 from Evonik), the values are very similar, and ca. 3 eV, which is 

consistent with data reported elsewhere [190]. Pure anatase has a band gap of 3.2 eV, 

whereas for rutile phase, it is 3.0 eV. However, a mixture of these phases, as is the TiO2-

photocatalyst added, yields lower band gap corresponding to the visible region [191]. The 

consistence of the values obtained as PEapp with the Eg values previously reported in the 

bibliography for pure photocatalyst samples seem indicate that this measurement is a 

fairly reliable estimate of the optical behaviour of photocatalyst on complex matrices. The 

other ones (#L3-#L5) that were prepared using a photocatalytic commercial cement also 

showed similar values from 3-3.2 eV.   
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Figure 4. 27 Absorbance spectra in Kubelka Munk units of commercial hardened cement-based samples (a-

b). Plot of Tauc’s relation versus photoenergy from DRS measurement (c-d). The inset diagram is the 

example of sample #C1 and sample #C7 apparent photoabsorption edge energy estimation (PEapp).   

 

 
Figure 4. 28 (a) Absorbance spectra in Kubelka Munk units of commercial emulsion coating onto Portland 

cement –based support and (b) Plot of Tauc’s relation versus photoenergy from DRS measurement. 

200 300 400 500 600 700
0

1

2

3

4

5

6

7

8

9

2 3 4 5 6
0

1

2

3

4

5

6

7

8

200 300 400 500 600 700
0

1

2

3

4

5

6

7

8

9

2 3 4 5 6
0

1

2

3

4

5

6

7

8

 

 
F(

R
) 

(a
.u

.)

Wavelength (nm)

#C1

#C4

#C2

#C5

#C3

#C6

 

 

(F
(R

)h
v)

1/
2

hv (eV)

#C1

#C6

#C2

#C3

#C4

#C52 3 4 5 6
0

2

4

6

8

 

 

(F
(R

)h
v)

1/
2

hv(eV)

 

 

F 
(R

) 
(a

.u
.)

Wavelength (nm)

#C10

#C8

#C7

#C9

 

 

(F
(R

)h
v)

1/
2

hv (eV)

#C7

#C8

#C9

#C10

2 3 4 5 6
0

1

2

3

4

 

 

(F
(R

)h
v)

1/
2

hv(eV)

200 300 400 500 600 700
0

1

2

3

4

5

6

7

8

9

2 3 4 5 6
0

1

2

3

4

5

6

7

 

 

F(
R

) 
(a

.u
.)

Wavelength (nm)

#E3

#E2

#E1  

 

(F
(R

)h
v)

1/
2

hv (eV)

#E3

#E1

#E2

(a) 

(a) 

(b) 

(c) 

(d) 

(b) 



CHAPTER 4 RESULTS AND DISCUSSION 

119 

 

 

Figure 4. 29 (a) Absorbance spectra in Kubelka Munk units of lab-made cement-based samples and (b) Plot 

of Tauc’s relation versus photoenergy from DRS measurement. 

  

 

Figure 4. 30 (a) Absorbance spectra in Kubelka Munk units of lab-made coloured mortar samples, (b) Plot 

of Tauc’s relation versus photoenergy from DRS measurement, (c) detail of visible range of Figure (a), and 

(d) detail of visible range of Figure (c). 
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From the data of lab-made coloured mortars, it is immediately evident that the addition of 

pigments modifies the absorption energy characteristics of the mortar samples, resulting 

in an absorption-edge shifted towards lower energy values of all pigment-photocatalytic 

samples respect to photocatalytic mortar formulation without pigments (#L12). These 

results are related with the presence of iron-oxides includes as pigments into the 

cementitious matrix.  As previous indicated, the evaluation of the effect of pigment 

addition of lab-made coloured mortars was included in APPENDIX B (Effect of iron oxide based 

pigment on photocatalytic performance parameters). 

The lowering of the band gap in TiO2 pure photocatalyst samples can be due to the 

presence of localized defect states in the forbidden zone of TiO2 photocatalyst near the 

bottom/top of its conduction/valence band. This distortion can bring an Urbach type 

absorption which occurs due to the electron transition between extended band and 

localized band tail. The structural disorder originates from impurities and defects (Ti
3+

 

and oxygen vacancies) produce an absorption tail extending the deep into the forbidden 

gap [179, 192]. This absorption tail is called Urbach tail and the associated energy 

(Urbach energy, Eu) is given by the tail region where absorption depends exponentially 

on the photon energy (h) as described by the Eq. 4.3. 

 

 

                                                𝐹(𝑅) = 𝐹𝑜 𝑒𝑥𝑝 (ℎ/𝐸𝑢)                                      (4.3) 

 

where Fo is a constant, Eu is the Urbach energy and h is the photon energy. 

 

 

For the calculation of Eu, ln F(R) is plotted against hv (eV). The reciprocal of the slope of 

linear portion, bellow optical band gap, gives de value of Eu. In composite materials, like 

the tested materials of this PhD´s work, the Urbach energy region was calculated 

considered the region below the PEapp previous calculated. The Urbach energy region of 

the samples is displayed in Figure 4.31-4.33. The calculated values of Eu from the 

reciprocal of these slope was included in Table 4.4. 

 

A complete study about the suitability of the determination of optical properties, Eu and 

PEapp in photocatalytic cementitious complex matrixes was published by our group in 

[158]. 
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Figure 4. 31 Determination of Urbach energy of photocatalytic commercial cement-based materials 

 

 
Figure 4. 32 Determination of Urbach energy of TiO2 photocatalytic commercial emulsions 
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Figure 4. 33 Determination of Urbach energy of TiO2 lab-cement based samples and lab-coloured mortars 

Table 4. 4  Summary of optical parameter calculated of tested samples   
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#C5 552.618 3.26 0.98 
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4.4.2 METHOD 1: Hydroxyl radical quantification using terephthalic 

acid fluorescence probe method (TA-FL) 

 

Figure 4.34 show an example of FL spectra of the probe solutions after irradiation in 

contact with the tested sample (#L5). The obtained FL spectra of solution have identical 

shape and wavelengths to TAOH standard solutions. So, it can be deduced that 

fluorescent products generated during photocatalysis process in samples were due to the 

specific reaction between OH• and TA.  

 

 
 

Figure 4. 34 Typical change of fluorescence intensity of TA on irradiated photocatalytic samples (examples 

of  #L5).  

 

Figure 4.35-4.38 (a-b) displayed the FL intensity as a function of irradiation time at 425 

nm for every samples, showing a linear increase in FL intensity against irradiation time. 

So, OH• produced at the surface of the samples obeyed a zero-order reaction rate kinetic. 

Using the previous fluorescence calibration curve of TAOH concentration (Figure 4.1(f)) 

and assuming 35% yield of the reaction of TA with OH• to produce OH• [102, 150], the 

rate of OH• formation by tested samples could be expressed by the slope of the linear fit 

of Figure 4.35-4.38(a). The obtained values, expressed per unit of area (µmol/min·cm
2
) 

are given in their correspondent Figure 4.35-4.38(b). Reference samples not containing 

TiO2 (#C6 and # L12) did not lead to any increase of fluorescence, indicating that the 

probe TA do not suffer any photolysis during the irradiation process. 
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Figure 4. 35 (a) Time dependence of the fluorescence intensity at 425 nm on commercial cement-based 

samples and (b) production rate of OH• calculated from the corresponding slope of fluorescence intensity 

on irradiation time of figure (a) using a trapping factor of 35%.  

 
Figure 4. 36 (a) Time dependence of the fluorescence intensity at 425 nm on commercial emulsions 

samples and (b) production rate of OH• calculated from the corresponding slope of fluorescence intensity 

on irradiation time of figure (a) using a trapping factor of 35%.  
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Figure 4. 37 (a) Time dependence of the fluorescence intensity at 425 nm on lab-made cement-based 

samples and (b) production rate of OH• calculated from the corresponding slope of fluorescence intensity 

on irradiation time of figure (a) using a trapping factor of 35%. 

 
Figure 4. 38 (a) Time dependence of the fluorescence intensity at 425 nm on lab-made cement-based 

samples and (b) production rate of OH• calculated from the corresponding slope of fluorescence intensity 

on irradiation time of figure (a) using a trapping factor of 35%.  
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The application of this method on photocatalytic samples allow obtained a new concept 

of photocatalytic activity measurements, “OH• production rate”, that allow the 

comparison between the samples. The samples do appear to show different “OH• 

production rate”, with the activities in the order in function of the light irradiance 

intensity are:  

 

5W/m
2
: #E3>#E2>#E1>#C2>#C1>#C5>#C4>#C3>#C7>#C6. 

 

10W/m
2
: #L7>#L10>#L6 >#L8#C9>#C8>#L11>#L9 

>#L5>#L3#L4>#C10>#L12. 

 

The differences between the OH• production rate between the samples were analysed in 

function of the intrinsic characteristic of the samples. In the particular case of lab-made 

coloured mortars, it is possible to individually evaluate the effect of pigment addition in 

the OH• production rate (APPENDIX B). Although the study of the influence of intrinsic 

properties of samples on the photocatalytic activity results is out of the scope of this 

work, the relationships between intrinsic samples parameter and the photoactivity results 

using all photocatalytic performed tests was included in the APPENDIX A.  

 

4.4.3 METHOD 2: Electron (e-) rate measurement using Rz and NBT 

ink method 

 

4.4.3.1 Optimization of procedure: analysis of interferences of O2
•- 

or O2 in the 

reduction yield of inks by electron  

 

Taking into account that the e- rate measurements using Rz and NBT ink method on 

construction materials were performed using different experimental conditions (dried 

spray ink) that the preliminary study on plain TiO2 photocatalyts (in solution), an analysis 

of the interferences of O2•- or O2 in the reduction yield of inks by electron under this 

experimental condition was again done. 

 

Figure 4.39 presents the evolution of the UV-Vis absorbance spectra in Kubelka -Munk 

units of NBT and Rz probes during the irradiation of a typical photocatalytic sample 

(#C8) under O2-atmosphere (ambient conditions) and N2-saturated atmosphere (1 L/min 

N2 flow into a reactor). The comparison between these results allowed identifying the 

interferences of O2, and the photo-generates O2
•- 

from O2, into the reaction of Rz
 
or NBT 

with the photo-generated e- in the conditions used on the further experiments on selected 

construction materials. As shown in Figure 4.39, Rf/DH-Rf and formazan were produced 

in the photocatalytic sample under irradiation no matter whether it was in a N2-saturated 

(O2-free conditions) or in ambient conditions. This indicates that the reduction reaction of 

RZ and NBT occur via electron participation, and not by O2
•-
. Figure 4.40, presents the 

plot of change in relative absorbance in Kubelka Munk units of Rz at 608 nm (λmax =608, 



CHAPTER 4 RESULTS AND DISCUSSION 

127 

 

Abs608) or formazan product from NBT at 560 nm (λmax =560 nm, Abs560) from the 

previous spectra. From the results illustrated in Figure 4.39, it is clear that the rate of 

reaction (Eq. 4.4) is reduced when O2 is present for both Rz and NBT inks. Thus, it can 

be concluded that the reduction yield in O2 atmosphere for both inks is lower than those 

under N2-saturated conditions that is attributed to the direct competition via the reaction 

of dissolved O2 with the photo-generated electrons (Eq. 4.5). This could explain the 

phenomenon shown in Figure 4.39-4.40. The results of this work are relevant due to the 

increasing number of researchers that are using NBT to assess the production of O2
•-
 on 

photocatalytic samples [20, 165, 176]. 

 

                  𝑅𝑧 (𝑜𝑟 𝑁𝐵𝑇)
𝑇𝑖𝑂2 (ℎ𝑣>𝐸𝑔)
→         𝑅𝑓/𝐷𝐻𝑅𝑓 (𝑜𝑟 𝐹𝑜𝑟𝑚𝑎𝑧𝑎𝑛)           (4.4) 

 

                                𝑇𝑖𝑂2(𝑒 −) + 𝑂2  
ℎ𝑣≥𝐸𝑔 
→    𝑇𝑖𝑂2 + 𝑂2

•−                           (4.5) 

 
 

Figure 4. 39 Spectral profiles for the photocatalyzed reduction of Rz and NBT inks under N2 atmosphere 

and air-free conditions by a replicate specimen of sample #C7 upon irradiation at 5 W/m
2
.  
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Figure 4. 40 Decay in relative absorbance at 608 nm and 560 nm of Rz and formazan from NBT of data 

presented in Figure 4.39.  

 

Interestingly, for the two kinetic reactions illustrated in Figure 4.40 for both inks, even in 

the presence of oxygen, the overall kinetic for reaction remains first order (R
2
 > 0.98, see 

Tables inside Figure 4.40). Fortunately, since reaction defined as Eq.4.4 is a constant 

competitive background kinetic feature that not changes the kinetic order, the e- reduction 

yields calculated under air conditions, although slower, is comparable with the obtained 

rate under not-interference oxygen conditions. Thus, in this work, it was decided that, the 

study of the selected construction materials that further presented was going to be carried 

out in air. In addition, the obtained results allow to correlate the activity of tested samples 

using the inks in air, with that measured using a the more traditional methods selected in 

this work, RhB discolouration and NOx oxidation, both carried out in presence of air. 

 

4.4.3.2 e- reduction rate in photocatalytic construction materials 

 

Before showing the results of Rz and NBT ink tests on the construction samples tested, it 

is important to indicate that, NBT was a good ink for monitoring the photocatalytic 

reduction of the tested materials under UV irradiation. In contrast, Rz was found to be 

unsuitable for assessing the photocatalytic activity due to e- action in emulsions (#E1, 

#E2, #E3) and lab-made mortars (#L1 and #L2) samples. It can be observed that for this 

type of samples, in the absence of illumination, the dye changed the colour (to a non-blue 

colour, usually violet or pink) and the spectra recorded changed its shapes (Figure 4.41).  

Considering that Rz is a commonly used pH indicator, the first parameter analysed as 

possible cause of this change in dark conditions was the pH of these samples. A simple 

test to evaluate the pH of the samples tested is the use of phenolphthalein. This compound 

is a typical pH indicator. The pH scale of phenolphthalein for acids and alkalis system 

goes from 0 (strongly acidic) to 14 (strongly alkaline). For it use as an indicator, it was 
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dissolved in isopropyl alcohol (isopropanol) in a 1% solution. The phenolphthalein 

indicator solution was applied to a surface of all tested samples.  

In the case of the cementitious samples (commercial, #C1-#C7, and lab-made mortars, 

#L1-#L2), which is commonly highly basic construction materials, only for the samples 

#L1 and #L2, the original colour of the phenolphthalein indicator changed to pink on 

contact with the surface, therefore these samples had a basic pH (8.2-12). For the other 

ones, the indicator maintained their original colour (colourless), thus the pH was ≤8.2 in 

samples #C1-#C7. Thus, Rz ink is pH-sensitive, and the test is not appropriate to highly 

alkaline materials. The difference of pH displayed for these samples are related with the 

process of carbonation. All the samples acquired in hardened state to commercial 

manufactures were carbonated in their surface as it was not any control of ambient 

conditions before they arrived at our installations. In contrast, the lab-made samples were 

cured in humid chamber for more than 28 days at >95%RH and 23±2°C inside the 

moulds, and were kept in this conditions until the tests were performed.  

In the case of emulsions, as they were applied on cement-based samples, the analysis of 

pH with phenolphthalein was first performed on the Portland base surface without the 

coating.  In this case, the indicator maintained their original colour (colourless), thus the 

pH was≤8.2 for the cementitious support of the emulsions. In line with the previous 

results, this substrate showed evidences of carbonation. When applying the Rz ink on 

these surfaces without emulsion coating, Rz was not altered. However, it changed on the 

emulsions. In this case, which is not due to pH, the conversion of Rz upon contact with 

emulsion coating in absence of illumination can be related with the chemical composition 

of them; yet,  it is out of the scope of this work a deep characterization of the influence of 

the composition of emulsions on the Rz ink colour change in absence of illumination, 

which should require a deep characterization of the broad variety of emulsions with 

different compositions of the current market in order to evince a clear trend from such 

compositions.  

These facts have pointed out possible limitations in the application of Rz ink method to 

assess the photocatalytic degradation by electron production rate on samples with very 

alkaline surface, such as cement-based materials, provided there are no evidences of 

surface carbonation; and on polymeric emulsion coatings. In real conditions, the 

application of this method requires then a previous simple verification. If the sample 

changes the colour of the ink completely (to a non-blue colour, usually pink), instantly, 

upon contact with the ink in the absence of illumination, the surface is ‘reactive’ and the 

test is not appropriate.  

The further analysis only included the Rz ink results on photocatalytic samples that not 

are ‘reactive’. 
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Figure 4. 41 Conversion of absorbance spectra and color of Rz upon contact with the emulsion coating 

samples (#E1, #E2 and #E3) and lab-made non-carbonated mortar samples (#L1 and #L2) in dark 

conditions – ‘reactive’ samples. Sample #C6 (non-photocatalytic) also included as reference spectra and 

color of Rz without any change. 

 

4.4.3.3 Monitoring of the e
- 
reduction rate using the inks 

 

In this research, three different methods have been compared: 

 UV-Vis absorbance using UV-vis spectrophotometer. 

 Colour monitoring - CIELAB colour system using UV-vis spectrophotometer. 

 Colour monitoring - RGB colour system using digital camera. 
 

4.4.3.3.1 UV-Vis absorbance and colour monitoring using UV-vis spectrophotometer 

 

Subsequent work demonstrated that all the photocatalytic samples tested produced the 

same changes in the absorption spectrum as previous displayed in Figure 4.39, but with 

different rates in function of the sample tested. All samples clearly show that the 

conversion of the Rz (608nm) to Rf (585 nm), and the subsequent reduction of Rf to DH-

Rf is occurring. Thus, in order to measure the overall photocatalyzed reduction of Rz as a 

function of irradiation time, just the change in absorbance at 608 nm, ∆Abs608t, is reported 

here as a function of irradiation time. For NBT, the change in concentration during the 

irradiation time was calculated as function of change in absorbance at 560 nm, ∆Abs560t 

(due to formazan production). In this way, the calculation of the change in absorbance in 

function of variation (∆) allows the comparison of change rate between series of samples 

with different original colour. 
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Figure 4.42(a-b) shows the data of the variation of absorbance in Kubelka−Munk units at 

560 nm and 608 nm, ΔAbs560t or ΔAbs608t (determined with a UV-Vis absorbance 

measurements), together with the change of a* coordinate (a*>0 red, a*<0 green), i.e. 

ΔLABat ,  and the b* coordinate (b*>0 yellow, b*<0 blue), i.e. ΔLABbt  obtained using a 

portable spectrophotometer) as a function of irradiation time, t, for Rz and NBT 

respectively. These colour coordinates had been considered as optimum within the other 

possibilities considering the range of colours formed by the photocatalytic reduction of 

inks during the irradiation time [Rz (blue) to Rf (pink) and DH-Rf (colourless) and NBT 

(pale yellow) to formazan (purple)] and it has been checked that they were the colour 

values that gave the biggest change over the course of the conversion for each dye.  

 
Figure 4. 42 Plot of the change in absorbance Kubelka−Munk units and change of color coordinate of 

CieLab system in function of irradiation time (a) ∆Abs608 and ∆Labat and (b) ∆Abs560 and ∆Labbt as a 

function of irradiation time. The inset graphs are the plot of ΔAbst vs ΔRGBt, showing the linear 

relationship for both inks.   
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From Figure 4.42, it can be observed again that for both inks the photocatalytic 

conversion measured as variation of absorbance or colour during the irradiation appears 

to be approximately first order kinetics (see the values of adjustment R-square included 

inside the graph). The collection and adjustment of data over irradiation time for both 

inks on the all materials tested are included in APPENDIX C.  

A plot of the data collected for all the samples shown in Figure 4.42 (a-b) and the rest of 

materials included in the APPENDIX C in the form ΔAbst vs ΔLABt, shown in Figure 4.43 

(a-b) for Rz and NBT respectively. These graphs reveal a linear relationship between 

these two parameters. The linear relationship observed between ΔAbst and ΔLAbt 

suggests that both parameters can be used to monitor the photo-degradation of the inks, 

since ΔAbst is proportional to ink concentration, and thus allows the monitorization of the 

rate of degradation.  

 

 
 

Figure 4. 43 Plot of variation of absorbance and colour measurement of all selected samples for (a) Rz - 

∆Abs608t vs ∆LABat, and (b) NBT- ∆Abs560t vs ∆LABbt 

 

In the case of the non-photocatalytic sample (#C6) over irradiation time for both inks, no 

significant changes of absorbance in Kubelka –Munk units during the tests could be 

observed (Figure 4.44 (a-b)). Thus, it can be considered that the non-photocatalytic 

process associated with the dye photolysis is negligible for both inks. 
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Figure 4. 44 Change in the diffuse reflectance spectrum of the (a) Rz and (b) NBT ink on non-

photocatalytic sample #C6, irradiated with UV irradiance at 5 W/m
2
.  

 

 4.4.3.3.2 Colour monitoring using image processing of digital photograph  
 

Figure 4.45 (a-b) shows the typical data of image processing over irradiation when 

illuminating at 5 W/m
2
 using a digital camera in a mobile phone as way of monitoring. 

Specifically, the red or blue components, i.e. RGBRt or RGBBt, were used to monitor the 

change in colour of the Rz and NBT inks at irradiation time taking into account, as in the 

previous Lab coordinates, the variation of the colour of the ink during the photocatalytic 

reduction [Rz(blue) to Rf(pink) and DH-Rf (colourless) and NBT (pale yellow) to 

formazan (purple)]. The normalised nRGBRt and nRGBBt, were calculated using Eq. (4.6) 

and (4.7) and the measured values of the red, green, and the blue components of the 

digital image of the ink coating at irradiation time, i.e. RGBRt, RGBBt, and RGBBt. 

Normalisation of the RGB data in this way helps to compensate for any minor changes in 

the lighting during the process of taken of the photographs. 

 

 𝑛𝑅𝐺𝐵𝑅𝑡 = 
𝑅𝐺𝐵𝑅𝑡

(𝑅𝐺𝐵𝑅𝑡+𝑅𝐺𝐵𝐺𝑡+𝑅𝐺𝐵𝐵𝑡)
                   (4.6) 

 

 

𝑛𝑅𝐺𝐵𝐵𝑡 = 
𝑅𝐺𝐵𝐵𝑡

(𝑅𝐺𝐵𝑅𝑡+𝑅𝐺𝐵𝐺𝑡+𝑅𝐺𝐵𝐵𝑡)
                        (4.7) 

 

 

Thus, the variation of colour during the irradiation was calculated using the Eq. (4.8) and 

Eq. (4.9) for Rz and NBT respectively:  

 

∆𝑅𝐺𝐵𝑅𝑡 = 𝑛𝑅𝐺𝐵𝑅𝑡- 𝑛𝑅𝐺𝐵𝑅(𝑡=0)                (4.8) 

 

∆𝑅𝐺𝐵𝐵𝑡 = 𝑛𝑅𝐺𝐵𝐵𝑡- 𝑛𝑅𝐺𝐵𝐵(𝑡=0)                (4.9) 
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As with previous measurements (absorbance in Kubeka-Munk units and the color 

monitoring using CIELab system), it was also observed that for both inks the 

photocatalytic conversion of RGB from digital photographs during the irradiation appears 

again to be approximately first order kinetics.  

 

 

 

Figure 4. 45 Plots of the variation of the normalized RGB component in function of irradiation time from 

digital photographs (a) ∆RGBRt for Rz and (b)  ∆RGBBt  for  NBT.  

 

The plot of the data in Figure 4.45 (a-b) in the form ΔAbs608t vs ΔRGBRt and ΔAbs560t vs 

ΔRGBBt, presented in Figure 4.46, reveals a linear relationship between the two 

correlated parameters. The linear relationship observed suggests that the RGB 

component, derived from digital images using a mobile phone camera also provides a 

reliable measure of the corresponding ∆Abst (Rz- ΔAbs608t or NBT- ΔAbs560t).  Therefore, 

it is possible to quantitatively measure the variation of the dyes concentration during the 
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photocatalytic process of a wide range of construction materials, not only using a lab-

based, diffuse reflectance spectrophotometer, but also, with similar efficiency and much 

more cheaply, the digital photography. This last method frees the ink from the laboratory 

and makes it possible to use these tests in field measurements. The data of digital images 

analysis over irradiation time for both inks on the all materials tested are included in 

APPENDIX C.  

 

 
 

Figure 4. 46 Plot of (a) ΔAbs608t VS ΔRGRt – Rz and (b) ΔAbs560t vs ΔRGBt – NBT of all selected samples 

 

Figure 4.47 shows the record of photographs taken for sample #C7 as an example of the 

change in colour of inks onto the photocatalytic sample as a function of the irradiation 

time. Table 4.5, as a summary, gives the parameters used to assess the photocatalytic 

conversion of dyes over the irradiation time. 
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Figure 4. 47 Example of photograph of the colour change of the Rz and NBT inks on sample#C7 upon 

irradiation at 5 W/m
2
.  
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Table 4. 5 Summary of parameters used to assess the photocatalytic conversion of dyes over the irradiation 

time. 

Resazurin (Rz) 

 

 

Optimum 

absorbance 

wavelength (nm) 

608 ∆Abs608t 

Optimum Lab 

component 

a (a*>0 red, a*<0 

green) 
∆Labat 

Optimum RGB 

component 
R(Red) ∆nGRBRt 

Nitroblue tetrazolium(NBT) 

 

Optimum 

absorbance 

wavelength (nm) 

560 ∆Abs506t 

Optimum Lab 

component 

b(b*>0 yellow, b*<0 

blue) 
∆Labbt 

Optimum RGB 

component 
B(Blue) ∆nRGBBt 

 

 

4.4.3.4 Determination of efficiency parameter:  Half-life of the ink decomposition 

 

Time-domain parameters that define first-order systems can be expressed in terms of a 

time constant. The half-life parameter, usually denoted by t1/2, is an often used parameter 

to characterization the response to a step input of a first-order, linear time-invariant 

system. In our case, t1/2 presents the elapsed time required for the dye to lose half its 

original concentration/colour. The value of t1/2 was calculated using the simple 

multiplication of time constant (t1) for ln2 (t1/2 = t1·ln2). The time constant (t1) values 

were obtained from the exponential adjustment of data collected of absorbance and colour 

(RGB and CIELAB) measurements for both inks during the photocatalytic test (see 

values from table of Figures 4.42 and 4.45 and Figures included in APPENDIX C. Half-life 

time calculation allows the comparison between different time-dominant parameters 

defined for first order kinetics, such as the case of absorbance or colour changes due to 

the reduction of Rz and NBT dyes on photocatalytic samples in function of irradiation 

time.  

 

Table 4.6 gives the t1/2 parameters obtained in function of the ink used and monitoring 

parameter for each photocatalytic sample. As expected from the linearity of the three 

techniques to monitor the ink degradations, as previously shown in Figure 4.42 and 4.45, 

the t1/2 obtained show equal values with a few inaccuracies.  Figure 4.48 (a) included the 

mean of t1/2 of the three-data processed and its corresponding error bars.   

 

 

 

https://en.wikipedia.org/wiki/Parameter
https://en.wikipedia.org/wiki/LTI_system_theory
https://en.wikipedia.org/wiki/File:Resazurin.PNG
https://en.wikipedia.org/wiki/File:Nitroblue_tetrazolium.svg
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Table 4. 6 Elapsed time required for the Rz and NBT to lose half its original concentration/colour (t1/2) for 

their reduction on photocatalytic cement-based samples. t1/2 were obtained from: 
a
change of absorbance in 

Kubelka−Munk units (from diffuse reflectance monitoring), 
b
change in color of LAB cielab components 

(form hand-spectrophotometer), and 
c
change in color component of RGB (from digital mobile camera 

images).  

 

Sample 
t1/2 (min) 

t1/2Abs
a
 t1/2Lab

b
 t1/2RGB

c
 

Resazurin (Rz) 

#C1 1.47 1.40 1.45 

#C2 1.34 1.33 1.53 

#C3 2.27 2.29 2.25 

#C4 1.39 1.38 1.37 

#C5 1.55 1.55 1.49 

#C6 (non-photocatalytic) - - - 

#C7 2.26 2.30 2.21 

#E1 * * * 

#E2 * * * 

#E3 * * * 

#L1 * * * 

#L2 * * * 

Nitroblue tetrazolium(NBT) 

#C1 1.84 1.89 1.75 

#C2 1.75 1.79 1.74 

#C3 2.59 2.63 2.47 

#C4 1.60 1.70 1.80 

#C5 2.13 2.02 1.81 

#C6 (non-photocatalytic) - - - 

#C7 2.76 3.10 2.66 

#E1 1.30 1.21 1.38 

#E2 0.93 0.77 0.77 

#E3A 0.66 0.52 0.71 

#E3B 0.68 0.59 0.76 

#L1 2.47 2.67 2.64 

#L2 2.63 2.43 2.33 

*Ink changes the colour completely upon contact with the sample in the absence of illumination (‘reactive’ 

surface). 
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Figure 4. 48 (a) Mean half-life time (t1/2 mean) obtained from the t1/2 obtained of the three techniques to 

monitor the photocatalytic reduction of Rz and NBT inks (change of absorbance in Kubelka−Munk units 

from diffuse reflectance monitoring,
 
change in color coordinate of CIELab form hand-spectrophotometer 

and
 
change in color component of RGB from digital mobile camera images), and (b) Linear relationship 

between the t1/2 mean obtained for Rz ink vs NBT ink. 

 

The application of this method on the photocatalytic samples has allowed obtaining a new 

concept of photocatalytic activity measurements, e- photocatalytic reduction yield. In this 

work, this parameter was quantified as elapsed time required for the dye to lose half of its 

original concentration/colour “half-life time (t1/2)” that allow the comparison between the 

samples. The ranking of samples according to their “half-life time (t1/2)”, under irradiation 

at 5W/m
2
, is: 

 

#E3A#E3B>#E2>#E1>#C4>#C2>#C1>#C5>#L2>#C3#L1>#C7>#C6. 

 

Requiring the two replicates of sample #E3 the smaller time for ink photocatalytic 

reduction and the sample #C7 the longest time (#C6 is a non-photocatalytic sample). 

Although Rz was found to be unsuitable for assessing the photocatalytic activity of 

“reactive samples” such as emulsion coating samples (#E) and lab-made mortars (#L) as 

previous explained, it is important to indicate that for non ‘reactive’ samples, both inks in 

the form t1/2 mean (NBT) vs t1/2 mean (Rz) reveals a linear relationship between them 

(Figure 4.48(b)). This means that although Rz need less time to lose half its 

colour/concentration, the linear relationship indicated that both results are comparable 

with a ratio t1/2 mean(Rz)/ t1/2 mean(NBT)=1.10, even though the organic molecule is 

quite different. An interesting comparison between different redox dye times to change 

the colour was reported by Mills et al. [114]. This work demonstrated that methyl orange 

and acid violet dye inks worked equally well, showing the same times to change of 

colour. In contrast, Basic blue 66 and Rz ink showing different time of reaction.  
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As previous mentioned, although the study of the influence of the intrinsic properties of 

samples on the photocatalytic activity results is out of the scope of this work, the 

differences between the e- reduction yields between the samples in function of the 

intrinsic characteristic of the samples was also included in APPENDIX A (Effect of 

physicochemical and optical properties of the materials on photocatalytic performance 

parameters). 

 

4.5 Validation of the methods 
 

To proof the validity of the proposed tests (TA-FL probe method and reductive ink 

methods) as procedures to assess the photocatalytic activity, the results obtained of their 

application on the different selected construction materials was compared with the 

photocatalytic activity performance obtained on the same materials using the standards: 

photocatalytic oxidation of gaseous NO to nitric acid (ISO 22197-1:2007 and UNI 

11247:2010) and Rhodamine (RhB) discoloration (UNI 11259:2008). Furthermore, as 

both methods have been developed with the objective to assess the photocatalytic 

efficiency, it was thus decided to also correlate their results. 

 

4.5.1 Photocatalytic activity results using photocatalytic oxidation of 

gaseous NO to nitric acid (ISO 22197:1-2007 and UNI 11247:2010) and 

Rhodamine (RhB) discoloration (UNI 11259:2008) 
 

The profiles of NOx (NO and NO2) concentration of all selected construction materials in 

function of time are included in the APPENDIX D. From this data, the removal rate (%) of 

NOx of the samples were determined as described in Section 3.4.1, Eq. (3.8-3.10) for the 

set of experiments based on the requirement of ISO 22197:1-2007 standard and Eq. (3.11) 

for the experiment based on the UNI 11247:2010 standard. The values of removal rate 

obtained are given in Figure 4.49.  
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Figure 4. 49 Photocatalytic removal rate (%) of gaseous NO to nitric acid using the test conditions defined 

on the standard: (a) ISO 221917-1:2010 and (b) UNI 11247:2010 at 10 W/m
2
 and (c) UNI 11247:2010 at 20 

W/m
2
. 

 

The summary results of RhB test were included in Figure 4.50. In the particular case of 

lab-coloured mortars, a homogeneous distribution of dye film was not easy to be 

achieved, leading to results with substantial bias. To buffer this, the test was performed 

on 3-5 different specimens and the values reported for each specimen is the mean of at 

least 3 different measurements in the coated area of the sample. Nonetheless, as the 

values of degradation at 4 hours showed higher deviations, the results not have been 

included in this work. The homogeneity of the dye film on the samples surface can be 

related with the higher hydrophobic characteristic of these samples that difficulties the 

homogeneous distribution of the RhB. On the other hand, since RhB degradation is 

calculated as the decreased in the intensity of the a* (red) colour coordinate, there is 

necessarily an underestimation in samples #L7(red sample) and #L9 (brown sample) due 

to the fact that loss of the colour of RhB implies the emergence the original colour of 

substrate (reddish). This reduces the reliability of such experimental procedure for 

photocatalytic performance comparison between the differently coloured mortars, in 

comparison with NOx degradation or the proposed methods of this work (TA-FL and 

reductive inks), whose results are independent of the colour substrate. Considering the 

previous indicated constraints of RhB test, the further correlations of photocatalytic 

results only included the samples white or light grey colour. 
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Figure 4. 50 Percentage of RhB degradation (UNI 11259:2008) of selected samples. 

  

4.5.2 Comparative between methods: TA-FL method, reductive ink 

tests, photo-oxidation of gaseous NO to nitric acid (ISO 22197:1-2010 

and UNI11247:2010) and RhB discoloration (UNI 11259:2008) 
 

4.5.2.1 NOx degradation vs RhB discoloration 
 

In order to validate the proposed methods as techniques to assess the performance of 

photocatalytic materials, both proposed methods (reductive ink tests and TA-FL method) 

have been correlated with the two sets of photocatalytic activity results of standards of 

photo-oxidation of NOx and RhB discolouration. 

Before these comparisons, both standardized methods are also compared between them in 

Figure 4.48 (a-c). From these figures, it can be seen that these two set of results (RhB and 

NOx) do not show a clear relationship, being the differences between methods higher if 

compared the NOx degradation with the RhB discolouration results at 4 hours (R4). The 

differences between both photocatalytic tests may be related to three parameters:  

(1) The different type of radiation used (UV and UV-Vis light for RhB and NOx test 

respectively)  

(2) The underlying mechanism of reaction 

(3) The intrinsic characteristics of samples.  
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It is important to note that all considered samples in Figure 4.51 are white or light grey; 

therefore, the deviations of RhB measurements due to variation of colour substrate are 

discarded. Beside this, as observed from UV-Vis absorbance analysis, all considered 

samples only shown absorbance in the UV range (<400 nm); therefore, the aspect related 

with the difference light activation could be also ruled out. Thus, it seems that the 

anomalies in the correlation are related with the underlying degradation mechanism of 

contaminant as well as the intrinsic samples characteristics of the wide variety of 

materials tested. Similar results also were reported on previous studies[193, 194]. These 

results highlight the problems that previously indicated about the comparison of 

photocatalytic activity results between materials using the current standardized methods. 

Herby the test method may favour certain materials and have negative influence on 

others, or in the case of RhB test can give “false positive or negative”.  Note that the RhB 

test method (UNI 11259:2008) estipulate that the material tested is considered 

photocatalytic if the percentages of color decrease are greater than 20% and 50% at 4 and 

26 hours respectively. Taking into account these results, the comparison between the 

standardized test and the proposed tests will be individually done.  

 

Figure 4. 51 Comparison between the photoactivity results determined by NOx (ISO 22197-1:2010) and 

RhB degradation upon irradiation at (a) 4 hours and (b) 26 hours. 

#C1 

#C2 

#C3 

#C4 

#C5 

#C6 

#C7 
#E1 

#E2 

#E3 
#L1 

0

10

20

30

40

50

60

0 5 10 15 20 25

R
h

B
 d

eg
ra

d
at

io
n

 (
%

)-
R

4 

NOx degradation (%) 

#C1 

#C2 

#C3 

#C4 

#C5 

#C6 

#C7 

#E1 

#E2 

#E3 
#L1 

0

20

40

60

80

100

0 5 10 15 20 25

R
h

B
 d

eg
ra

d
at

io
n

 (
%

) 
- 

R
26

 

NOx degradation (%) 

(b) 

(a)  



CHAPTER 4 RESULTS AND DISCUSSION 

144 

 

4.5.2.2 TA-FL vs reductive inks 
 

It is important to point out again that in both developed tests (TA-FL and reductive inks) 

and in NOx air purification standard test, the light source used is the same and their 

results are independent of the colour substrate. Therefore, in the different comparisons 

made using these results, the correlation remains unaffected by these parameters, as will 

be briefly further discussed. 

 

The results of both developed methods are correlated and shown in Figure 4.52. It can be 

seen that in spite of a wide range of the significant TiO2 selected construction materials, a 

reasonably good relationship has been achieved. These results are of particular 

importance as they demonstrate that an effective photocatalyst for oxidation reaction 

through OH• will also be effective for reductive reaction by e-, as the measured rates of 

the different processes are related directly to each other. 

 

 

 

Figure 4. 52 Plot of OH• production rate (µmol/min cm
2
x10

-4
) vs time taken for Rz (a) and NBT (b) to lose 

half its color (t1/2) on photocatalytic samples. t1/2 mean is the average value of data collected by absorbance 

and color (RGB and CIELAB) measurements for both inks. 
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4.5.2.3 NOx degradation vs TA-FL and reductive inks 
 

The results of the methods (TA-FL and reductive inks) are correlated with the NOx 

results in Figure 4.53 (a-c) and 4.54 (a-b) respectively. It can be seen that in spite of 

having different TiO2 photocatalytic materials, the results of both types of methods 

correlated very well with the NOx degradation results, with an almost linear relationship, 

indicating that the greater formation rate of OH•/ e- reduction yield (lower time taken for 

Rz and NBT to lose half its colour (t1/2)), the higher photocatalytic degradation of NOx. 

The less value of R
2
 lineal adjustment of Rz can be attributed to less number and low 

variability of samples tested. The correlation obtained encourages the validation of both 

proposed tests as methods for determination of the photocatalytic performance, 

considering that the NOx air purification test is considered as reference in the evaluation 

of the photo-activity of photocatalytic samples, due to the high importance of the 

decontamination of outdoor air.  

It can be noted that NOx degradation results were obtained using two different procedures 

(ISO 22197:2010 and UNI 11247:2010 standards). Both NOx tests present large 

differences in their experimental conditions that make different numeric linear adjustment 

with the photocatalytic activity results obtained using the development tests; thus, the 

comparison between the NOx standardized tests and the new proposed test will be 

individually presented in different graphs.   
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Figure 4. 53 Plot of OH• production rate (µmol/min cm
2
x10

-4
) of photocatalytic samples vs NOx 

degradation (%). t1/2 mean is the average value of data collected by absorbance and color (RGB and 

CIELAB) measurements for both inks.  
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Figure 4. 54 Plot of time taken for Rz and NBT to lose half its color (t1/2) on photocatalytic samples vs 

NOx degradation (%). t1/2 mean is the average value of data collected by absorbance and color (RGB and 

CIELAB) measurements for both inks.  

 

 

On the other hand, these results may suggest that the higher NOx degradation of samples 

should be attributed to the higher photo-induced e- or OH• production process, due to 

correlation between them, as verified in Figures 4.53 and 4.54. In order to clarify these 

relationships, additional results were presented in Figure 4.55. In this figure, it was 

compared the NOx degradation ability, in µmol/min·cm
2
 units of the data shown in 

Figure 4.53(b), with the OH• formation rate (µmol/min·cm
2
) determined by TA-FL 

method. Both set of experiments was performed at 10 W/m
2
 in order to ensure an 

adequate comparative of the data.  
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It is generally accepted that the photocatalytic degradation of NOx on TiO2 proceeds 

mainly via direct OH• oxidation [5, 195, 196], following Eq. (4.10) and (4.11). Several 

authors have also reported that superoxide radical (O2•-), may also contribute to the 

conversion process (Eq. (4.12) and (4.13)  [197, 198]. 

 

                                NO +2OH• NO2 + H2O                                (4.10) 

 

                                NO2 + OH•  NO3
-
+H

+
                                   (4.11) 

 

                                NO + O2
•-
 NO3

-
                                             (4.12) 

 

                                2NO+O2
•-
2NO2                                                          (4.13) 

 

From the Figure 4.55, it can be deduced that again there is a clear proportionality between 

the OH• production rate and NOx degradation parameters. This good relationship might 

induce to think that the photocatalytic oxidation of NOx takes place mainly through the 

OH• generated (following Eq. (4.10) and (4.11)). However, as simplified approximation 

using the previous Eq (4.10-4.11), it could be said that to degrade a given number of 

moles of NOx, 3 times more of OH• are stoichometrically needed. Therefore, based on 

the results of Figure 4.55 [NOx (µmol/min·cm
2 

x10
-3

) =1.04 OH• (µmol/min·cm
2 

x10
-4

)], 

the obtained NOx degradation rate was ca. 30 times larger than the OH• detected, 

considering that degradation of NOx had taken place all through OH•. These 

experimental results suggest that other species in equilibrium with OH• must be involved 

into the NO degradation process. 

 
Figure 4. 55 NOx removal (UNI 11249:2010) vs production rate of OH• on µmol/min· cm

2
 units. 
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To evaluate if the O2
•-
 could be the responsible of all the part of the degradation that is not 

produced by OH•, a series of RhB oxidative tests were carried out on the same samples 

using scavengers for OH• (DMSO) and O2•-(deoxygenating the system by purging with 

argon (Ar)). This oxidative test has been proved to be an effective technique to identify 

the oxygen active species generated [199-201]. For this, the cementitious samples were 

grounded and 150 mg of powder of each sample was suspended in 25 ml of RhB aqueous 

solutions (1ppm). The suspensions were kept in dark under magnetic stirring for 5 hours 

in an aerated Pyrex glass cell until the adsorption–desorption equilibrium was reached. 

After that, the suspensions were exposed to irradiation on continuing stirred conditions 

and the decrease of colour after different irradiation times was determined measuring the 

variation of the a* coordinate of the supernatant liquid after recovering the mortar 

powders by centrifugation. The results are given in Figure 4.56, where the percentage of 

degradation of RhB with respect to the test without scavengers after 30 minutes of 

irradiation is given (RhB discolouration without any scavenger is considered 100%). In 

this figure, the production of the corresponding radical species by photocatalytic sample 

involves a decreasing of degradation when removed its activity by the addition of 

corresponding scavenger. As expected, the degradation rates exhibited significant 

decrease in the presence of DMSO, meaning that OH• were generated for all samples. 

This experiment was repeated in the anaerobic conditions, with larger degradation due to 

O2
•-
 in all the cases except for #C1, that had a negligible effect of RhB degradation 

compared without scavenger under otherwise identical conditions, indicating that O2
•-
was 

not generated by this sample. These results demonstrated that the surplus in the amount of 

NOx degraded in relation to the amount of OH• produced (around 30 times) cannot be 

attributed exclusively to the contribution of O2
•-
. 

  

Figure 4. 56 Percentage of degradation of RhB with respect to control test without scavenger. 
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In order to confirm these previous results of RhB oxidative test with scavengers, XPS 

measurement of three samples were performed. In this way, it is possible to calculate the 

position of valence band of the TiO2 photocatalyst into the cement matrix. This technique  

has been proved to be an effective technique to calculate the position of valence band 

(VB) of the TiO2 cement complex matrix [158]. The VB spectrum of selected samples is 

presented in Figure 4.57. Beside this, for the VB-XPS it can be seen a VB tail induced by 

structural disorders in all samples [158, 192, 202], more pronounced in the case of 

samples #C8 and #C9. The structural disorder originates from impurities and defects (Ti
3+

 

and oxygen vacancies) produce an absorption tail extending the deep into the forbidden 

gap near the bottom/top of its conduction/valence band. The presence of tails can result in 

a decrease of the band gap of photocatalytic samples [179, 192].  

 

The conduction band (CB) bottom of samples was calculated by subtracting the value of 

apparent photoabsorption edge (PEapp, from absorbance measurements, Table 4.4) from 

VB position (Eq. 4.14). Table 4.7 included the all values for this calculation. From these 

values, a probable band energy diagram is displayed in Figure 4.58.   

 

 

                                              𝐶𝐵 (𝑒𝑉) = 𝑉𝐵( 𝑒𝑉) − 𝑃𝐸(𝑒𝑉)                                       (4.14) 

 

 

 

 

Figure 4.56 clearly shows that although most of the samples show a potential energy of 

CB position for reduction of O2 to O2
•-
, the sample #C8 not shown enough potential 

energy for this reaction. These results confirmed the above obtained results using RhB 

oxidation test with scavengers, that evidenced the sample #C8 is not producing O2
•-
. 
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Figure 4. 57 XPS Valence Band (VB) spectra of selected samples. The values presented in the figure 

indicated the maximum energies associated with the BV and band tails. The band tail energies were shown 

using parentheses.  

 

Table 4. 7 Calculation of the probable position of VB and CB of TiO2 samples. 

Samples PE
1
(eV) VB position

2
(eV) CB position (eV) VB position

 
 tail

2
(eV) 

#L3 3.19 2.16 -1.03 1.30 

#L4 3.15 2.24 -0.91 1.35 

#L5 3.05 2.22 -0.83 0.95 

#C8 2.66 2.87 0.21 1.52 

#C9 2.72 2.13 -0.59 1.39 

#C10 3.25 2.26 -0.99 1.54 

    1 data obtained from reflectance and 2 from XPS measurements 
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Figure 4. 58 Schematic illustration of approximate position of conduction band (CB), valence band (VB) 

and band tail of VB of selected samples.  

 

Additionally, Looking at the Pourbaix diagram of potential versus pH (Figure 4.59, 

adapted from [17]) for nitrogen species and the couples OH
–
/OH• and O2/O2

•- 
 it is clear 

that the potential of the couple OH
–
/OH• is significantly higher (more oxidant) than 

nitrogen couples, indicating that all oxidation steps of nitrogen species are easily 

performed by OH•. Figure 4.59 shows that at the basic pH of cement-based samples O2
-
 it 

is able to oxidize NO2 to NO3
-
 but higher pH is needed, not reached by every binder with 

pH>13.6), to give the reaction for the couple NO2-/NO. 
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Figure 4. 59 Pourbaix diagram for nitrogen species together with the equilibrium lines corresponding to 

OH•/OH- and •O2-/O2. 

 

Therefore, taking into account all of above results, the surplus in the amount of NOx 

degraded in relation to the amount of OH• produced cannot be attributed exclusively to 

the contribution of O2
•-
. However, OH• must then be in equilibrium with the main specie 

responsible for this oxidation process, in a way that, despite the absolute value of 

production of OH• is not stoichiometric related to the mineralization of NOx, it is 

proportional to it. In fact, through pulse radiolysis experiments [32] it was found that 

there is an equilibrium between free OH• produced by irradiation in TiO2 suspension and 

surface trapped h
+
 (Eq. 4.15).  

 

                                   Ti
4+ 

+ OH• ↔ Ti
4+

O
•- 

(=h
+
)
 
+ H

+ 
                          (4.15) 

 

The correlation between the photocatalytic activity and the OH• formation therefore could 

be explained due to equilibrium between h
+
 and free OH• (OH•↔ h

+
). According to the 

results in this research, this equilibrium must be significantly shifted towards the surface 

trapped h
+
 (about 30 times, as previously explained). These results coincide with those 

obtained in previous studies. Ishibashi et al. [18] reported that the quantum yield of OH• 

production during TiO2 photocatalysis was estimated to be 7·10
−5

 in aqueous solution by 

means of a method using TA-FL probe method. This value is much lower than the 

quantum yield of ordinary photocatalytic reactions (∼10
−2

). Conversely, the quantum 

yield of h
+
 generation estimated by iodide ion oxidation was equivalent (5.7·10

−2
) to that 

of ordinary photocatalytic reactions. This implies that oxidative reactions on TiO2 

photocatalyst occur mainly via photo-generated h
+
, not via OH•. Zhang et al. [203] 

already found for decomposition of acetaldehyde to CO2, the equilibrium is significantly 

shifted to the surface trapped (about 10
3
 times) than that of the OH• formation.  
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Based on the experimental results from the present study, a mechanism for NOx 

conversion to NO3- is proposed, which is shown in Figure 4.60. 

 

 

 

 

 

 

 

 

 

Figure 4. 60 Schematic illustration of reaction mechanism proposed based on the detection of OH• and 

NOx removal.  

 

 

The assumption about the direct participation of h
+
 in the NOx degradation process also is 

in accordance with the good linear relationship of NOx test with the reductive ink 

methods (NBT and Rz, Figure 4.54). In fact, during photocatalytic processes, when a 

semiconductor absorbs a photon with equal or higher energy than its band gap energy, it 

results in the formation of an e
-
-h

+
 pair [h

+
 in the VB and an e

-
 in the CB], according to 

Eq. 4.16. Therefore, it might be expected that the rates of e
- 
and h

+
 photo-generated are 

comparable. 

                              TiO2 +hν TiO2 (e
-
) + TiO2(h

+
)                        (4.16) 

 

Thus, the results of this work provide support that it might be indicate that an effective 

photocatalyst for oxidation reaction by OH•/h
+ 

will also be effective for reductive e
- 

reaction, i.e., the measured rates of the different processes would be related one to 

another. Figure 4.61 presents a schematic diagram of the relationship between methods 

and the species determined for each one of them.  
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Figure 4. 61 Schematic diagram of relationship between methods. 

 

4.5.2.4 RhB discoloration vs TA-FL and reductive inks 
 

Concerning the second set of comparisons, the data from the developed methods vs RhB 

discolouration test (UNI 11259:2008) are shown in Figure 4.62. As before, the retained 

samples for the comparative are white or light grey and only shown absorbance in the UV 

range (<400 nm); therefore, the aspects related with the possible deviations in the 

comparison related with the colour substrate and light activation should be ruled out. As 

expected, taking into account the previous correlations, the proposed tests and the RhB 

discolouration show much deviation respect to the linearity (Figure 4.62). In addition, as 

indicated in the previous comparison between both standardized tests (Figure 4.51), the 

approach seems different in function of irradiation time of RhB discolouration at 4 hours 

(R4) or at 26 hours (R26). Although it is true that for OH• the same trend can be seen, 

indicating that the higher the OH• production rate, the higher the RhB degradation. In the 

case of e- reduction yield, no correlation can be found, in agreement with the tests with 

plain powder photocatalyst. 

The non-correlation in the data may be attributed to the underlying degradation 

mechanism of the contaminant as well as to the intrinsic characteristics of the wide 

variety of materials tested. However, the fact that is the only one method whose results 

follows a different tendency in comparison with the others, make us believe that the 

deviations are mainly related with the underlying RhB mechanism degradation, rather 

than the intrinsic characteristic of the samples. The oxidative degradation pathway of 

RhB under UV light by TiO2 photocatalytic samples may involves the participation of 

mainly O2•-, h
+
 and OH• [165-167]. Thus, it is reasonable to think that the fact of the 

RhB dye degradation results depends on more complex redox reactions that the other 

proposed tests, which only depend of yield production of one active species (e- yield –

reductive inks and OH• production – TA-FL method), can explain the deviations of 

comparative results with respect to the linearity shown in Figure 4.62. As previous 
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explained, it is considered that the linearity of the other standard test (NOx air 

purification test) is possible as the photo-generated holes would dominate the 

photocatalytic NOx degradation, and thereby the direct relationship of them with the e- 

and OH• detected by the others proposed methods allows this direct correlation with low 

deviations. 

 

 

 

Figure 4. 62 Plot of OH• production rate from TA-FL measurements and time taken for Rz and NBT to 

lose half its color (t1/2) on photocatalytic samples under an irradiance vs percentage of RhB discoloration at 

4 hours (a, c and d) and 26 hours (b, e and f). RhB test performed using the procedure defining on UNI 

11259: 2008 standards. t1/2 mean is the mean value of data collected by absorbance and color (RGB and 

CIELAB) measurements for both inks.  
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Concerning RhB, Watanabe and co-worker[204] reported that degradation pathways of 

RhB is established by two parallel different pathways: cleavage of whole conjugated 

chromophore and N-de-ethylation under UV-Vis radiation, although it is important to 

note that it was not considered the effect of dye -sensitization in this results [72] as no Vis 

light was used.  Natarajan et al.[205] established that the same two parallel pathways 

occur under UV-LEDs (see Figure 4.63). Cleavage is associated with invariance in the 

main absorbance peak position followed by progressive decrease in the intensity. N-de-

ethylation of RhB is characterized by steps of successive blue shift in the absorbance peak 

of photodegraded dye, in which five main different levels are associated with different 

stage of photo-degradation [206, 207]. Characteristic peak of RhB at 554 nm is 

progressively shifted to 539 nm (N,N,N'-Triethylrhodamine), 522 nm (N,N'-

Diethylrhodamine), 510 nm (N-Ethylrhodamine) and 498 nm (Rhodamine) (Figure 4.64).  

 

Figure 4. 63 Probable mechanism for the photocatalytic degradation of RhB dye (Taken from [205]). 

N-de-ethylation 



CHAPTER 4 RESULTS AND DISCUSSION 

158 

 

 

 

Figure 4. 64 Configuration of mainly degraded RhB molecules on N-de-ethylation process.
 1 

554 nm RhB
, 2 

539 nm (N,N,N'-Triethylrhodamine),
3 
522 nm (N,N'-Diethylrhodamine),

4
 510 nm (N-Ethylrhodamine) and 

5 

498 nm (Rhodamine)[207]. 

 

Many workers reported that the N-de-ethylation process occurs sequentially, and this 

process is competing with the chromophore destruction[193, 208]. However, Zhuang et al 

[209]considered that the irradiated TiO2 with both the N-de-ethylation (incomplete) and 

cycloreversion of RhB, resulting in the higher mineralization efficiency. Also is 

interesting to note that other works [210, 211] demonstrated that the effect of N-de-

ethylation process predominates during the initial radiation period. 

Concerning the participation of the primary active species in each degradation pathway, 

h
+
 and OH• yielded are beneficial for the cleavage of benzene from RhB, and superoxide 

from photo-generated electron and molecular oxygen are beneficial for the removal of 

ethyl [211]. Wu et al. [72] considered that the N-de-ethylation reaction of RhB by OH• is 

mostly induced by the OH• at the surface of the TiO2 film whereas oxidative degradation 

of the dye chromophore (cycloreversion of RhB) is mainly caused by the free OH• in the 

bulk solution. This fact is in agreement with the linear relationship previously found in 

the preliminary study for TiO2 plain photocatalysts in solution, between OH• detected 

using the TA probe and RhB degradation (see Figure 4.14). According to the absorbance 

spectra of RhB dye tested under plain TiO2 photocatalysts, the maximum absorption of 

the dye spectrum decreased gradually with irradiation time and no peak shift was 

observed in all plain photocatalysts samples analyzed, which confirm that only 

cicloreversion route of RhB degradation occurred (some examples of spectrum are 

included in the APPENDIX E). 

In contrast, according results of this work, the absorbance spectra of RhB dye tested 

under action of the selected construction materials during UV-365 nm LEDs irradiation 

shown very different behaviors. In some cases, the maximum absorption of the dye 

decreased gradually with irradiation time and no peak shift was observed (Figure 4.65a, 

example of sample # C7). However, other samples showed the two types of change, 

decrease in absorbance and the other shift in the absorbance maximum (Figure 4.65b, 

example of sample #C2). In this sample, the shift in wavelength maximum of RhB 
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corresponds to an incomplete de-ethylation of RhB to give N, N, N´ Triethylrhodamine 

(540 nm). Thereby, these results demonstrated the different TiO2 samples tested shown 

different reaction routes of RhB degradation. Therefore, the final values of RhB 

degradation not only depend of the amount of photo-generated active species, but also the 

predominant route that follow, which may make it difficult to correlate the RhB 

degradation results with the other methods.  

 

Figure 4. 65 Examples of temporal absorbance spectral changes of RhB dye by #C7 and #C2 samples. 

Other interesting aspect is shown in in Figure 4.66 where the change in RhB degradation 

vs. irradiation time for all the samples compared.  From it, one relevant aspect needs to be 

reported, as the rate of decomposition in function of the time do not follow the same 

tendency in all samples, e.g. the initial rate of degradation (R4) by #L2 and #C2 is the 

same, however the further degradation rate of #C2 is much faster than the one 

photocatalyzed by the #L2 sample. This may again indicate that the TiO2 samples tested 

shown different mechanisms of degradation, even in function of irradiation time and that 

the different routes may be change during the time as previously indicated. 

 

Figure 4. 66 RhB degradation of all analyzed samples in function of irradiation time. 
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Other cause that can explain the differences in the degradation rate of RhB and the other 

photocatalytic performance results can be related with the parameter considered during 

the RhB test. It must be keep in mind that dye degradation calculated in function of the 

loss of colour (coordinate a* CIELab system) for evaluation of self-cleaning performance 

on UNI 11259:2008 standard performed test, only gives an indication of the breakup of 

the molecule due to the breaking of chromophores. During the N-de-ethylation, additional 

chromophoric compounds are formed, which complicate the quantification of RhB 

degradation based on the loss of color. In fact, is probably that there is an underestimation 

of RhB discolouration on samples that shown N-de-ethylation due to the appearance of 

N-de-ethylated chromophores. Therefore, for an adequate measurement of photocatalytic 

kinetics of RhB, techniques as Total Organic Carbon (TOC) measurements and mass 

spectrophotometry should be used. 

 

As a summary, three aspect may be considered that as possible causes to the divergences 

between the RhB test (UNI 11259:2008) and the other photocatalytic tests (TA-FL, 

reductive inks and NOx air-purification) on construction materials: The first is the more 

complex underlying mechanism of dye test degradation, which is dependent of the 

participation of various photo-generated active species (mainly h
+
, OH• and O2

•-
) , the 

second is the presence of two parallel different pathways, that even may change during 

the irradiation time. And the third can be related with the parameter considered during the 

RhB test (red color, coordinate a* CIELab system), that is not appropriate parameter to 

monitor the RhB degradation due to the interferences that may suffer the estimated values 

by the appearance of other N-de-etylated chromophores. This fact again underscores the 

dangers of extrapolating photocatalytic performance results from RhB dye discolouration 

tests to other photocatalytic tests. Even, the serious limitations of results comparison 

between different samples analyses only with RhB test. 

 

In order to get more insights about the relationship between the photocatalytic 

degradation rate of reductive ink tests and RhB standard method, a simpler comparison 

using replicated specimen of same sample (#C7) under different irradiances intensity was 

performed. In this way, the effect of intrinsic properties on the underlying mechanism of 

degradation of both tests was annulated. To do this, RhB discolouration and Rz ink 

conversion tests were performed using the coating procedure described in the standard of 

RhB discolouration (UNI 11259:2008, described detail in Section 3.4.2). As the coating 

procedure is different as previous test (spray coating), some modification of Rz probe 

formulation was required in order to obtain a homogeneous layer covering the entire 

surface of the photocatalytic material with a clearly visible characteristic colour of the ink 

(blue). The probe was made from ultrapure water (4 mL), hydroxyethyl cellulose polymer 

(0.2 g, 1.5 wt. % aqueous solution, glycerol (0.3 g) and Resazurin (4 mg). The amount of 

probe deposited onto the sample was 500 microliters. A glass rod was used to spread out 

the probe layer onto the samples. 
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The portable spectrophotometer (Figure 3.20b) was used to measure the variation of 

colour and the absorbance in function of irradiation time of coated replicates of sample 

#C7(#C7A, #C7B, #C7C, #C7D, #C7E) subjected to different UV irradiances (0−3.75 

W/m
2
). The corresponding identification of samples in function of the irradiation 

intensities used was displayed in Table 4.8. This sample was selected because previously, 

through the application of the RhB standardized test, showed that the RhB degradation 

pathway was the chromophore degradation route, and not N-de-etylation pathway was 

observed. In this way, the underlying mechanism of both processes can be easily 

understanding, and the the RhB degradation monitoring can be estimated avoiding the 

interferences that may suffer by the appearance of other N-de-etylated chromophores. 

Each data was then analysed to determine the value of kinetic degradation rate in form 

abs/min. Under these experimental conditions of coating procedure and maxima 

irradiance intensity of 3.75 W/m
2
, the rate of conversion of Rz to Rf was slower than in 

the previous performed tests (using a light of 5W/m
2
 and the spray coating procedure). In 

order to gain a measure of the dependence of the degradation rate with the light intensity, 

avowing the possible interferences of the second step of reduction (Rf to DH-Rf), which 

also show different kinetic rate (at least 3.5 times more larger than the first reduction step 

[115]), the kinetic rate of degradation of the Rz to Rf can be determined to by assessing 

the decrease in absorbance at 608 nm at early times (i.e. times in which the rate of 

decrease is linear). The results during irradiation time (#C7E, sample irradiated at 3.75 

W/m
2
) are given in Figure 4.67. The rate of conversion of Rz to Rf (RRz) and degradation 

of RhB (RRhB) were calculated using the variation in the absorbance at 608 nm and 550 

nm respectively during 120 min of irradiation. The results plotted in the form of relative 

absorbance vs. time under different irradiation intensity are illustrated in Figure 4.67(c 

and d) for Rz and RhB respectively. From the slope of the dependences of these figures, 

both rates (abs/min) were calculated. The values obtained are presented in Table 4.8.   

Figure 4.68 shows the chronological series of images recorded for the replicated 

specimens of sample #C7 at different irradiation intensities. This figure evidence the 

more noticeable visible change of Rz ink in less time that RhB.  
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Figure 4. 67 Variation of UV–Vis absorbance spectra of the (a) Rz and (b) RhB probe deposited onto a 

sample of replicated specimen of sample #C7 (#C7E) as a function of irradiation time at 3.75 W/m
2 

(b) Plot 

of the relative Abs610 vs. irradiation time of (c) Rz and (d) RhB onto replicated specimens of sample #C7 at 

different irradiation intensity (0-3.75 W/m
2
). 

 

Table 4. 8 Identification of samples and results of analysis of Rz and RhB degradation on photocatalytic 

replicated samples (#C7A-#C7E). 

Sample 

Irradiance 

intensity 

(Wm
-2

) 

RRz 

(Abs/min) 

RRhB 

(Abs/min) 

#C7A 0 0.00001 0.00002 

#C7B 0.75 0.00052 0.00030 

#C7C 1.5 0.00107 0.00035 

#C7D 2.5 0.00131 0.00049 

#C7E 3.75 0.00190 0.00081 

 

 

 

 

 

 

(a) 

#C7E 

(b) 

#C7E 

(c) 

(d) 

#C7A 

#C7B 

#C7C 

#C7D 

#C7E 

#C7A 

#C7B 

#C7C 

#C7D 

#C7E 



CHAPTER 4 RESULTS AND DISCUSSION 

163 

 

 

 

 
 

Figure 4. 68 Chronological series of images recorded for the replicated specimens of sample #C7 at 

different irradiation intensity. 

 

The results of RRz and RRhB (data from Table 4.8) vs. irradiance intensity (W/m
2
) are 

shown in Figure 4.69 (a). These plots reveal that the degradation rates of both probes are 

directly proportional to the UV irradiance intensity, whose linear correlation is 0.9838 

and 0.9424 for Rz and RhB respectively. The relationship between these results in the 

form of abs/min is shown in Figure 4.69 (b). In contrast to previous results performed 

using different samples, from this data, the degradation of RhB, was found to be 

proportional to Rz ink conversion. These results confirm the previous discussion, as 

sample #C7 not showed degradation by N-de-ethylated pathway; therefore, the possible 

deviations between tests related to the presence of two parallel degradation pathways, and 

the appearance of N-de-ethylated chromophores can be excluded. On the other hand, 

these tests were performed using replicated specimen of the same piece of cement based 

sample (#C7 under different UV irradiances intensities); thereby, under these 

experimental conditions, the divergences in the correlation between both tests by the 

different intrinsic properties of samples, as important as, the type of photocatalyst or 

surface properties (BET, porosity, etc.) can be excluded.  

Therefore, it could be said that the good linear relationship between both tests, when the 

tests were done using replicated specimen by the same sample (#C7), demonstrated that a 

direct relationship between the electron yield rate and the oxidative rate of RhB existed. 

Considering that the underlying mechanism of RhB dye degradation is more complex that 

the Rz conversion by electron due to the photocatalytic oxidation by RhB is dependent of 

the participation of various oxidative photo-generated active species (mainly h
+
, OH• and 

O2•-) [165-167]; This relationship can be explained considering the same explanation 

used previously that allows that the three methods results (NOx air purification test, TA-

FL and inks test) are comparable (see Figure 4.61). Thereby, based on these results, it 

might consider that the photocatalytic oxidation of RhB take place mainly through the h
+
 

or OH• generated, and the direct relationship between the species (e
-
↔h

+
↔OH•) allows 

that the results of RhB and Rz are comparable in this case. Note again that this direct 
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correlation only is possible under these conditions because the possible deviations by the 

intrinsic properties of samples and degradation by N-de-ethylated pathway are not 

present. These results also are in agreement with [211], that demonstrated that  h
+
 and 

OH• yielded are related with the cleavage of benzene from RhB. 

 

These results although allows some clarify the complex mechanism of RhB, but continues 

to show the limitations of extrapolating photocatalytic performance results from RhB dye 

discoloration tests to other photocatalytic tests.  

 
 

Figure 4. 69 (a) RRz  and RRhB  vs. irradiance intensity (W/m
2
) and (b)  Relationship between  RRz and RRhB. 

The numbers in parenthesis indicated the values of irradiance intensity used (W/m
2
). 
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As a summary, it is important to emphasise that the comparisons between the different 

tests are very interesting due to each test follow markedly different underlying reaction 

mechanism and different physical and chemical form of dye/probe/contaminant used 

during the test, i.e. NOx (inorganic compound) is a gas-phase test, RhB and reductive 

inks dried film organic dye-test, and TA-FL method used a liquid probe. Table 4.9 

underline the main differences of the different procedures. 

Since all the tests are semiconductor photocatalyzed redox reactions, and the reaction rate 

directly depends on the amount of reactive oxygen species (ROS) or charge carriers (e
-
-h

+ 

pairs) present, and these ROS are generated from the holes-electron pairs, then it could be 

assumed that an effective photocatalyst for oxidation reactions by ROS would also be 

effective for reductive reactions through electron, i.e, that the measured rates of the 

different processes will be related to one another. Rz and NBT ink test, which is based on 

the reduction of the ink (and concomitant oxidation of glycerol), is also correlated with 

the ability of photocatalytic samples to oxidative degradation of an inorganic (NOx) 

compounds, and even with the TA-FL probe method that only react with the oxidative 

specie OH•. In this case, the results have supported this affirmation due a direct 

relationship of the main active species involved on the degradation pathways.  However, 

RhB do not show a clear direct relationship with another photocatalytic tests, due to 

mainly the more complex underlying mechanism of dye test degradation.  

 

Therefore, from one isolated photocatalytic test on a specific contaminant, no general 

conclusions of the general expected photocatalytic performance of photocatalytic 

materials must be derived. The results of this work are relevant to the high number of 

researches that only determined the photocatalytic activity of new photocatalyst using one 

single method [212-215].   

 

In addition, the good correlation between the new developed tests (TA-FL and reductive 

ink) with both NOx degradation tests, which are made following the standard ISO 

22197:2007 and UNI 11247:2010 are of particular importance to extrapolate directly the 

photocatalytic results of TA-FL probe method and reductive ink tests to NOx degradation 

tests, which are generally considered as the standard reference tests for determination of 

photocatalytic activity on photocatalytic materials, in particular in the construction field.  
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Table 4. 9 Summary of the main differences between photocatalytic performed test. 

Test/standar

d name 

probe/ 

contaminant 

Physical form of 

probe/contaminant 

during the test 

Inorganic/organic 

composition of 

probe/contaminant 

Reaction 

mechanism 

Results 

independent 

of colour 

subtract 

Reductive 

ink tests 

 (Rz or NBT) 

+glycerol+HC 

Dried film onto 

surface sample 
Organic 

electron(e-) 

reduction 
yes 

Rhodamine 

(RhB) 

discoloration 

(UNI 

11259:2008) 

Rhodamine B 

(RhB) 

Dried film onto 

surface sample 
Organic 

Active 

species 

oxidation 

(OH•, O2
•- , 

h+) 

Two routes 

(N-de-

etylation 

and 

cleavage 

chromophor

e) 

no 

photo-

oxidation of 

gaseous NO 

to nitric acid 

(ISO 22197-

1: 2007) 

Nitrogen oxides 

(NOx=NO+NO2) 
Gas Inorganic 

Active 

species 

oxidation 

(h+, OH• 

and O2
•-) 

yes 

Terephthalic 

acid 

fluorescence 

probe (TA-

FL) method 

 

Terephthalic acid 

(TA) 
liquid Organic 

OH• 

oxidation 
yes 

 

These results are also encouraging as the timescale for obtaining both ink tests (10 

minutes) and TA-FL probe method results (20-40 min) results, is considerably smaller 

than that both conventional standardized photocatalytic activity tests (photo-oxidation of 

gaseous NO to nitric acid - ISO 22197-1: 2007(6 hours) and UNI 11247:2010 (1 hour), 

and therefore offers advantages as a quick test. Note that the time presented in parenthesis 

not includes the longer time that requires the NOx-air purification tests. Beside this, the 

possible use of the reductive ink technology for assessing the photocatalytic activity as a 

simple and inexpensive manner in situ using a digital camera make them as more 

attractive method for testing such materials. In addition, both proposed test can be 

performed under ambient conditions without any control of temperature and humidity 

conditions. This type of measurement it’s possible due to the short time require for the 

proposed test. 
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The importance of the results of the present work, is that the photocatalytic activity 

calculated using Rz and NBT, was obtained in a wide range of photocatalytic construction 

materials (cement-based materials and emulsion coatings), with different photocatalytic 

activities and intrinsic properties (physicochemical and optical properties), even with 

different crystallite forms (anatase and rutile).   
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Conclusions 

This research has made it possible the development of new methods for evaluating the 

photocatalytic activity of TiO2 construction materials based on the detection of the 

active species formed during the photo-activation process, which is the global 

objective postulated for this PhD´s work. Specifically, one method for detecting 

hydroxyl radicals have been developed; the Terephthalic Acid (TA) Fluorescence (FL) 

probe method, and two methods that detect the available electrons; the Resazurin (Rz) 

and NitroBlueTetrazolium (NBT) ink methods.  

 

As part of this general conclusion, the following partial ones have also been derived:  

1. The application of the TA-FL probe method and NBT /RZ ink method on 

photocatalytic construction samples has allowed to obtain a new concept of 

photocatalytic activity measurements, the “OH• production rate” and “e-reductive 

yield”, which allows the comparison between the samples independently of a 

specific contaminant.  

2. The TA-FL probe method allows quantifying the photocatalytic OH• formed in 

the bulk solution, while the ink method detects free and shallowly trapped 

electrons, which are the only one susceptible of participate in the redox reactions. 

3. The characterization of the reductive (e-) and oxidative (OH•) production rate of 

activated photocatalytic materials give fundamental information for better 

understanding the mechanisms of the processes and therefore further development 

of highly efficient photocatalyst.  

4. TA and NBT were good probes for monitoring the photocatalytic activity of every 

tested materials. In contrast, Rz was found to be unsuitable for assessing the 

photocatalytic activity on samples with very alkaline surface, such as cement-

based materials, provided there are no evidences of surface carbonation; and on 

polymeric emulsion coatings. 

5. The reduction reaction of NBT under the analysed condition occur via electron 

participation, and not via O2
•- 

, like as numerous previous literature indicate. 

6. A good relationship between both developed methods with NOx degradation tests 

was observed when probing the photocatalytic efficiency on construction 

materials, which is of particular importance to extrapolate directly the 

photocatalytic results of TA-FL probe method and reductive ink tests to NOx 

degradation tests, which this are generally considered as the standard reference 

tests for determination of photocatalytic activity on photocatalytic construction 

materials. 
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7. The results demonstrated that the photocatalytic degradation of NOx photo-

oxidation occur mainly via photo-generated h+. Thus, the relationship between the 

active species monitored on proposed methods, e- and OH• with the generated h+ 

makes it possible the positive correlation between methods.  

8. The comparison of photocatalytic activity when determined using the developed 

methods and NOx standard with RhB discoloration standard not indicates an 

encouraging correlation using a range of different construction samples was 

analysed. The possible causes to the divergences between the RhB test (UNI 

11259:2008) and the other photocatalytic tests (TA-FL, reductive inks and NOx 

air-purification) are related to the more complex underlying mechanism of RhB 

dye test degradation; among them, the presence of two parallel different 

degradation pathways, and the interferences that may suffer the estimated 

discolouration values by the appearance of other N-de-etylated chromophores. 

9. These results outline the danger of extrapolating photocatalytic performance 

results from RhB discoloration tests to other photocatalytic tests, especially when 

the physic-chemical properties of samples are different. Therefore, from one 

isolated photocatalytic test on a specific contaminant, no general conclusions of 

the general expected photocatalytic performance of photocatalytic materials must 

be derived. These findings should be considered when the standardization 

methods will be proposed. 

10. The potential to “simple-to-use”, the short timescale involved, clear visible change 

(only for ink tests) and inexpensive measurement give the proposed tests 

significant advantages over conventional photoactivity tests contaminant based. 

Beside this, RZ –NBT ink test allows assessing the activity of photocatalytic 

construction materials using just a portable spectrophotometer or digital camera to 

record the change in colour, making it ideal for testing these materials “in situ"—a 

capability which is currently not available using the conventional tests. 

11. The use of these methods opens the door to improve significantly the degree of 

quality control of commercial photocatalyst products, and to speed up research 

work on the photocatalytic field.   
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Conclusiones 

Esta investigación ha permitido el desarrollo de nuevos métodos de evaluación de la 

actividad fotocatalítica de los materiales de construcción con nano partículas de 

TiO2 en función de la producción de especies activas durante el proceso de foto-

activación, que es el objetivo global postulado para este trabajo de doctorado. 

Específicamente, se ha desarrollado un método para detectar radical hidroxilo; El 

método de la sonda de fluorescencia (FL) del ácido tereftálico (TA), y dos métodos que 

detectan los electrones disponibles; Los métodos de tinta Resazurin (Rz) y a nitroazul 

de tetrazolio (NBT). 

 

A partir de esta conclusión general, también se han derivado las siguientes conclusiones 

parciales: 

1. La aplicación del método de la sonda TA-FL y el método de la tinta NBT / RZ 

sobre las muestras de construcción fotocatalíticas ha permitido obtener un nuevo 

concepto de mediciones de la actividad fotocatalítica, la "tasa de producción de 

radicales hidroxilos (OH•)" y el "rendimiento de producción de electrones (e-)", 

lo que permite la comparativa entre las muestras independientemente de un 

contaminante específico. 

2. El método de la sonda TA-FL permite cuantificar el OH• formados en la solución, 

mientras que el método de la tinta detecta electrones libres y atrapados 

superficialmente, que son los susceptibles de participar en las reacciones redox. 

3. La caracterización de la tasa de producción reductora (e-) y oxidativa (OH•) de 

los materiales fotocatalíticos activados proporciona información fundamental para 

una mejor comprensión de los mecanismos involucrados en el proceso 

fotocatalítico y, por tanto, el desarrollo de fotocatalizadores altamente eficientes. 

4. TA y NBT fueron sondas adecuadas para monitorizar la actividad fotocatalítica de 

todos los materiales ensayados. Por el contrario, se encontró que Rz no era 

adecuada para evaluar la actividad fotocatalítica en muestras con superficies muy 

alcalinas, tales como materiales a base de cemento, siempre que no existan 

evidencias de carbonatación superficial; y tampoco en revestimientos de emulsión 

poliméricos. 

5.  La reacción de reducción del NBT bajo las condiciones de análisis ocurre por la 

reacción con los electrones formados, y no por la participación de los superóxidos 

(O2
•-
) formados en el fotocatalizador, como indica numerosa bibliografía previa. 

6.  Una buena correlación entre los resultados de ambos métodos desarrollados y las 

pruebas de degradación de NOx cuando se determinó la eficiencia fotocatalítica 

en materiales de construcción fue obtenida, lo cual es de particular importancia 



 CONCLUSIONS-CONCLUSIONES 

172 

 

para extrapolar directamente los resultados fotocatalíticos de los métodos TA-FL 

y pruebas reductoras de tinta, a las pruebas de degradación de NOx (óxidos de 

nitrógeno), que generalmente se consideran como las pruebas de referencia para la 

determinación de la actividad fotocatalítica sobre materiales de construcción 

fotocatalíticos. 

7. Los resultados demostraron que la degradación fotocatalítica de la foto-oxidación 

de NOx se produce principalmente a través de h
+ 

(hueco) foto-generado. Por lo 

tanto, la relación entre las especies activas monitoreadas en los métodos 

propuestos (e- y OH•) con el h+ generado hace posible la correlación positiva 

entre los métodos. 

8. La comparación de los resultados de actividad fotocatalítica determinados usando 

los métodos desarrollados y los métodos estandarizados de NOx, con el test de 

decoloración de RhB(rodamina B) no mostro una correlación alentadora usando 

las diferentes muestras de construcción ensayadas. Las posibles causas de las 

divergencias entre la prueba RhB (UNI 11259: 2008) y las otras pruebas 

fotocatalíticas (TA-FL, tintas reductoras y purificación de aire por NOx) están 

relacionadas con el mecanismo subyacente más complejo de la degradación del 

colorante RhB; Entre ellos, la presencia de dos vías de degradación diferentes 

paralelas y las interferencias que pueden sufrir los valores de decoloración 

estimados por la aparición de otros cromóforos N-de-etilados. 

9. Estos resultados demostraron el peligro de extrapolar los resultados del 

rendimiento fotocatalítico de las pruebas de decoloración de RhB a otras pruebas 

fotocatalíticas, especialmente cuando las propiedades físico-químicas de las 

muestras son diferentes. Por lo tanto, a partir de una prueba fotocatalítica aislada 

sobre un contaminante específico, no deben derivarse conclusiones generales del 

rendimiento fotocatalítico esperado de los materiales fotocatalíticos. Estos 

hallazgos deben considerarse cuando se propongan los métodos de normalización. 

10. El potencial de "uso simple", la corta escala de tiempo implicada, el cambio 

visible (sólo para pruebas de tinta) y la medición económica otorgan a las pruebas 

propuestas ventajas significativas sobre las pruebas de foto-actividad 

convencionales basadas en contaminantes. Además de esto, la prueba de tinta RZ-

NBT permite evaluar la actividad de los materiales de construcción fotocatalíticos 

usando sólo un espectrofotómetro portátil o cámara digital para registrar el cambio 

de color, lo que lo hace ideal para probar estos materiales "in situ" -una capacidad 

que actualmente no está disponible utilizando las pruebas convencionales. 

11. El uso de estos métodos puede abrir una puerta para mejorar significativamente el 

grado de control de calidad de los fotocatalizadores comerciales y acelerar los 

trabajos de investigación en el campo fotocatalítico. 
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The results included in this PhD Thesis work give rise to scientific diffusion on: 4 

published articles and 4 in preparation, 5 collective publications, presentation at 

congress and courses or seminaries. Apart from these, resulted in a 1 patent 

application.  

As a final point, the following is a list of these production and scientific diffusion 

activities derived from this Doctoral Thesis along with relevant information about them.  

 

Published articles on specialist journal or books  
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TITLE: Characteristics and efficiency of photocatalytic cementitious materials: Type of 

binder, roughness and microstructure 

AUTHORS: E. Jimenez-Relinque, J.R. Rodriguez-Garcia, A. Castillo, M. Castellote  

REF. JOURNAL: Cement and Concrete Research 71 (2015) 124–131 

DOI: 10.1016/j.cemconres.2015.02.003 

 

TITLE: Quantification of hydroxyl radicals on cementitious materials by fluorescence 

spectrophotometry as a method to assess the photocatalytic activity 

AUTHORS: E. Jimenez-Relinque, M. Castellote  

REF.JOURNAL: Cement and Concrete Research 74 (2015) 108–115 

DOI: 10.1016/j.cemconres.2015.04.011 

 

TITLE: Photocatalytic behavior of colored mortars containing TiO2 and iron oxide based 

pigments 
AUTHORS: A. Laplaza, E. Jimenez-Relinque, J. Campos, M. Castellote 

REF. JOURNAL: Construction and building materials 144 (2017) 300-310 

DOI: 10.1016/j.conbuildmat.2017.03.146 

 

TITLE: TiO2 cement-based materials: Understanding optical properties and electronic 

band structure of complex matrices. 

AUTHORS: E. Jimenez-Relinque, I. Llorente, M. Castellote. 

REF. JOURNAL: Catalysis Today, 287(2017)203–209 

DOI: 10.1016/j.cattod.2016.11.015 
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Collective publications 
 

SPEA7; 7
th

 European Meeting on Solar chemistry&Photocatalysis: Environmental 

applications. Abstract Book Volume pp101. ISBN 978-989-97667-3-0 

TITLE: Assessing The Feability Of Using «Other» Probes To Quantify By Fluorescence 

Spectroscopy The OH∙ Formed In Photocatalysis Of TiO2  Based construction Materials 

AUTHORS: E. Jiménez-Relinque and M. Castellote.  
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Book Volume.  pp106.    ISBN 978-80-7080-854-2 

TITLE: Efficiency of TiO2 enriched photocatalytic construction materials based on their 

production of active species 

AUTHORS: E. Jiménez-Relinque and M. Castellote.   
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229.  ISBN 978-      84-945077-8-6 

TITLE:  Influence of Physicochemical and Microstructural Properties of TiO2 

Cementitious materials on Photocatalytic Pollution Degradation 

AUTHORS: E. Jimenez-Relinque and M. Castellote.  

 

Advanced Courses 2015 Eduardo Torroja. ISBN: 978-84-7292-395-9. Published by: 
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Madrid (Spain).  pp 84-96.  
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Curso de especialización del CSIC “Cursos Avanzados Eduardo Torroja: Evaluación, 

Intervención y Mantenimiento de Edificios y Estructuras.”, IETcc, 2014. 

TITLE: Seminario S6: Construcciones Sanas para un Entorno Mejor: Gestión, 

Prevención, Diagnóstico y Descontaminación. Taller de fotocatálisis en construcción (2 

h) 

 

Curso de “Construcción Sostenible” Organizado por AECID (Embajada Española en 

Uruguay) y CSIC (MINECO), 2014. 

TITLE: Módulo IV: Construcciones sanas para un entorno mejor. Calidad de ambiente 

interior, descontaminación y utilización de materiales fotocatalíticos (3 h). 

Curso de especialización del CSIC “Cursos Avanzados Eduardo Torroja: Durabilidad, 

Rehabilitación y Sostenibilidad.”, Organizado por el IETcc, 2015.  

TITLE: Seminario S11: Calidad del aire interior y fotocatálisis en construcción. La 

Fotocatálisis en Construcción: Fundamentos y métodos de medida (1 h).  

 

Curso de “Construccion Sostenible” Organizado por AECID (Embajada Española en 

Guatemala) y CSIC (MINECO), 2015.  

TITLE: Módulo III: Construcciones sanas para un entorno mejor. Calidad de ambiente 

interior, descontaminación y utilización de materiales fotocatalíticos (3 h). 

 

Congress 

 

Photocatalytic and Advanced Oxidation Technologies for Treatment of Water, Air, soil 

and surfaces.  

November 2010; San Diego (California). 

PARTICIPATION TYPE: Poster 

TITLE: Photocatalytic activity determination by tobacco extracts removal by self-

cleaning surfaces: A parametric study 

AUTHORS: M. Castellote, N. Bengtsson and E. Jiménez 

 

2nd European Symposium on Photocatalysis (JEP 2011). 

September 2011; Burdeos (French)     

PARTICIPATION TYPE: Poster 

TITLE: Degradation of a tobacco extract in self-cleaning surfaces: kinetic based 

transposition of results in any experimental condition to the wanted reference and 

prediction in different scenarios. 

AUTHORS: N. Bengtsson, E. Jiménez and M. Castellote  
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SPEA7; 7
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 European Meeting on Solar chemistry&Photocatalysis: Environmental 

applications.  

June 2012; Porto (Portugal) 

PARTICIPATION TYPE: Poster 

TITLE: Assessing The Feasibility Of Using «Other» Probes To Quantify By 

Fluorescence Spectroscopy The OH∙ Formed In Photocatalysis Of TiO2 Based 

construction Materials 

AUTHORS: E. Jiménez-Relinque and M. Castellote 

 

FOURTH International Conference on Semiconductor Photochemistry (SP4).  

June 2013; Prage (Czech Republic) 

PARTICIPATION TYPE: Poster and oral communication 

TITLE: Efficiency of TiO2 enriched photocatalytic construction materials   based on their 

production of active species 

AUTHORS: E. Jiménez-Relinque and M. Castellote 

 

3
rd

 European Symposium on Photocatalysis (JEP 2013). 

September 2013; Portoroz (Slovenia) 

PARTICIPATION TYPE: Poster 

TITLE: Photocatalytic mineralization of VOCs as a function of the conditions of the air in 

air conditioning installations. 

AUTHORS: Eva Jiménez-Relinque y Marta Castellote 

 

3
rd

 European conference on environmental applications of advanced oxidation processes 

October 2013; Almeria (Spain) 

PARTICIPATION TYPE: Poster 

TITLE: Turning Waste Into Valuable Resources: Potential of Electric Arc Furnace Dust 

As Photocatalytic Material.  

AUTHORS: María Sapiña, Eva Jiménez-Relinque and Marta Castellote 

 

8th European meeting on solar chemistry and photocatalysis: Environmental 

Applications. 

June 2014; Thessaloniki (Greece) 

PARTICIPATION TYPE: Oral 

TITLE: Cleaning the Air we Breathe: Degradation of Allergens of Pollen by 

Heterogeneous Photocatalysis  

AUTHORS: Eva Jimenez-Relinque, Maria Sapiña, Roman Nevshupa, Elisa Román and     

Marta Castellote  
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XXXV Meeting of electrochemistry of the Spanish royal society of chemistry and 1
st
 E3 

mediterranean symposium: electrochemistry for environment and energy.   

July 2015; Burgos (Spain) 

PARTICIPATION TYPE: Oral 

TITLE: Detection and quantification of reactive oxygen species (ROS) on photocatalytic 

construction materials 

AUTHORS: Eva Jimenez-Relinque 

 

V Encuentro-edificación sobre rehabilitación de edificios (RIR) 

March 2015; Madrid (España) 

PARTICIPATION TYPE: Oral 

TITLE DEL TRABAJO: Fotocatálisis en construcción: tecnología eco-sostenible y 

rehabilitación eficiente 

AUTHORS: E. Jimenez-Relinque  

 

The third International Conference on Photocatalytic and Advances Oxidation 

Technologies for treartment of Water, Air, Soil, and Surfaces (PAOT-3) 

September 2015; GDSANK (Polonia)  

PARTICIPATION TYPE: Oral 

TITLE: photocatalytic matrials put in place: In sity Laboratory Comparison and durability 

of the efficiency  

AUTHORS:Maria Sapiña,  E. Jimenez-Relinque  and M. Castellote  

 

International Congress on the Chemistry of Cement (ICCC 2015) 

October 2015; BEIJING (China) 

PARTICIPATION TYPE: Oral 

TITLE: Influence of Chemical Composition of Cementitious Matrix, Surface Roughness 

and Microstructure on Photocatalytic activity of TiO2 Mortars 

AUTHORS: E. Jimenez-Relinque, J.R. Rodriguez-Garcia, A. Castillo and M. Castellote  

 

The 20th International Conference on Semiconductor Photocatalysis & Solar Energy 

Conversion (SPASEC-20)  

November 2015; San Diego (California) 

PARTICIPATION TYPE: Oral 

TITLE: Photocatalytic Construction Materials´ Potential to Diminish Gramineae 

Allergens Airborne  

AUTHORS: M. Sapiña, E. Jiménez-Relinque, R. Nevshupa, E. Roman y M. Castellote.  
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The 20th International Conference on Semiconductor Photocatalysis & Solar Energy 

Conversion (SPASEC-20)  

November 2015; San Diego (California) 

PARTICIPATION TYPE: Oral 

TITLE: Photocatalytic Performance on TiO2 Cement-Based Materials in Function of 

Hydroxyl Radicals Production  

AUTHORS: E. Jimenez-Relinque y M. Castellote  

 

French Conference on Catalysis (FCCAT) 

May 2016; Frejus (Francia) 

PARTICIPATION TYPE: Poster 

TITLE:  Quantitative characterization of electrons produced by various photocatalysts 

AUTHORS: E. Jimenez-Relinque y M. Castellote  

 

French Conference on Catalysis (FCCAT) 

May 2016; Frejus (Francia) 

PARTICIPATION TYPE: Poster 

TITLE:  Pollen allergens removal by photocatalysis 

AUTHORS: Maria Sapiña, E. Jimenez, R. Nevshupa , E.Roman, M.Castellote 

 

Second International Conference on Concrete Sustainability 

June 2016; Madrid (Spain) 

PARTICIPATION TYPE: Oral 

TITLE: Influence of Physicochemical and Microstructural Properties of TiO2 

Cementitious materials on Photocatalytic Pollution Degradation 

AUTHORS: E. Jimenez-Relinque y M. Castellote  

 

9th European Meeting on Solar Chemistry and Photocatalysis: Environmental 

Applications(SPEA9) 

June 2016; Strasburg (France) 

Participation type: Poster 

Title: TiO2 Cement-based Materials: Understanding Optical Properties of Complex 

Matrixes for Optimal Photocatalytic Performance 

AUTHORS: E. Jimenez-Relinque, I. Llorente y M. Castellote  

 

  



 CONCLUSIONS-CONCLUSIONES 

180 

 

Patents  
 
DISPOSITIVO PORTATIL DE MEDIDA DE ACTIVIDAD FOTOCATALITICA Y PROCEDIMIENTO DE MEDIDA 

DE ACTIVIDAD FOTOCATALITICA 
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optical properties of the materials on 
photocatalytic performance parameters 
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A.2 Optical properties  
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Appendix B Effect of iron oxide based pigment 
on photocatalytic performance parameters  
 

From the series of lab-made photocatalytic coloured mortar (samples type (d) on Chapter 

4) is possible to evaluate the effect of iron-based pigment addition on the photocatalytic 

performance parameters (RhB discolouration, NOx degradation and OH• production 

rate). More detail about this study in [216].  

 

B.1 Iron oxide based pigment characterization-XRF and XRD 

 

In the case of lab-coloured mortars samples, apart from the analysis of the entire hardened 

samples (included in Chapter 4), the original iron oxide based pigments used were also 

characterized by XRD and FRX. From XRD pigments patterns (Figure B.1), it can be 

said that the composition of red pigment is mostly hematite (Fe2O3), goethite (FeOOH) 

mainly composes the yellow pigment, and magnetite (Fe3O4) is used as black pigment. 

Brown pigment, is a mixture of red and yellow pigment (hematite and goethite), and also 

includes calcite (CaCO3) in their composition.  

 

Figure B.1 XRD of iron oxide based pigments used as addition on lab-made coloured mortars. (◊ = 

Goethite, • = Hematite, x = Calcite and ∆ = Magnetite). 
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XRF elemental composition (Figure B.2) analysis has revealed that the highest amount of 

Fe corresponds to the red pigment (96.47%) followed by the yellow one (86.35 %), then 

the brown one (65.66 %), quite close to the black one (60.95 %). Consequently, the loss 

on ignition of the pigments, that refers mainly to the amount of calcite in their 

composition, shows important differences, being the smaller one the corresponding to the 

red pigment (0.5 %) and the higher one that of the black pigment (33%). Additionally, it 

must be remarked the 1% of equivalent TiO2 of the black pigment. 

 
 

Figure B.2 Elemental composition of the pigments, referred to the corresponding oxide. 

 

B.2 Effect of iron oxide based on photocatalytic parameters 
 

Considering the previous results about the reduced reliability of RhB UNI 11259:2009 

experimental procedure for photocatalytic performance comparison between differently 

colored mortars, in comparison with NOx and OH• degradation previous test, whose 

results are independent on the color of the substrate, the following evaluation of the effect 

of iron-based pigment addition on TiO2 mortar will be based on the results of these last 

test.  
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Previous studies postulated different theories about the effect of iron-based pigments 

addition on photocatalytic activity of photocatalytic coloured mortars (PHCMs). One kind 

of explanation assumed that the pigments could physically occupy the active sites on the 

surface of TiO2 particles, which consequently would modify the TiO2 particles activation 

[43, 217], and even may block the pores in the concrete surface layers, this shielding 

affecting the diffusion of gas pollutants into the active sites [217]. This physical factor, 

might incurred in a reduction of the photocatalytic activity. In contrast, some other 

authors claimed that the presence of iron-based oxides may improve the TiO2 

performance under visible light irradiation by shifting the absorption spectra to a lower 

energy region [218-220]. In addition, several experimental works have probed an 

enhanced of photocatalytic activity by limiting the recombination of the photogenerated 

electron-hole pairs at the interface of iron oxide–semiconductor for cases such 

TiO2/FeOOH [221], Fe3O4/SiO2/TiO2 [218] and Fe2O3/TiO2 nanocomposites [220, 222].  

To understand the behaviour of PHCMs, is necessary to address the metal oxide 

(pigment)-substrate (TiO2 based mortar) heterojunctions under visible and UV irradiation 

light. Generally, when metal oxide nanoparticles were coupled to the surface of 

photocatalyst, both compounds can lead to metal oxide-semiconductor heterojunction. 

This composite structure can absorb light energy separately; the total photon energy 

absorbed can be enhanced effectively. Furthermore, with suitable electronic band 

structure, the photo-generated e
-
 and h

+ 
can be separated effectively due to photo-induced 

electrons tend to transfer to the higher energy CB to the lower energy CB of the other 

material or viceversa, thus promoting the charge separation and improving the 

photocatalytic performance.   

Evident modifications of the absorption energies characteristics of mortar samples with 

the introduction of pigment were observed, which could lead to a shift of the absorption-

edge towards lower energy values with respect to photocatalytic mortar formulation 

without pigments (See Chapter 4, Table 4.4). In order to easily see this effect, the shifts 

of the PE with respect to the photocatalytic mortar without pigment addition (#L6) were 

presented in the Figure B.3. However, it was noticeable that a lower photo-absorption 

apparent band edge (PEAPP) did not lead to a higher NOx photocatalytic degradation (see 

Figure B.4). The OH• production rate obtained lead to the same behavior due to direct 

correlation between the NOx and OH• results (see Chapter 4, Figure 4.51c).  
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Figure B.3 Wavelength shift (nm) of PE calculated of PHCMs with respect to the reference photocatalytic 

mortar without pigment addition (#L6). #L7 red pigment ,#L8 yellow pigment,#L9 brown pigment ,#L10  

grey pigment (0.015/0.1), #L11 grey pigment (0.03/01)). Parenthesis numeric values indicated pigment 

proportion (% weight of dry mortar/% weight of cement). More detail about the composition of samples in 

Chapter 3, Table 3.2. 

 

 

Figure B.4 NOx degradation of photocatalytic samples in function of the absorption band edge energy 

(eV). Photocatalyts samples (#L6 without pigment, #L7 red pigment, #L8 yellow pigment, #L9 brown 

pigment, #L10 grey pigment (0.015/0.1), #L11 grey pigment (0.03/01)). Parenthesis numeric values 

indicated pigment proportion (% weight of dry mortar/% weight of cement). More detail about the 

composition of samples in Chapter 3, Table 3.2. 

 

Therefore, the photocatalytic activity performance of these mortars could be depending 

on the behavior of the coupling structure iron oxide–semiconductor of PHCMs. As 

previous explained the metal oxide-semiconductor heterojunction, iron oxide pigment-

TiO2 mortar in our case, could lead to promoting the charge separation, resulting in a 

decreasing of e
-
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+ 
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During photocatalytic processes, when a semiconductor absorbs a photon with equal or 

higher energy than its band gap energy, it results in the formation of h
+
 in the VB 

(valence band) and an e
-
  in the CB (conduction band), according to reaction (1). It was 

commonly accepted that h
+
 was quickly converted to OH• upon oxidation of chemisorbed 

water or OH- on the catalyst surface, according to reaction (2). The yield of OH• 

depended on the competition between oxidation of water adsorbed on the surface
 

(reaction (2)) and e
-
-h

+
 recombination according to reaction (3). Therefore, it can be 

assumed that the greater the formation rate of OH• the higher separation efficiency of e
-
-

h
+
 pairs. Furthermore, previous works demonstrated that there is an equilibrium between 

free OH• produced by irradiation in TiO2 suspension and surface trapped h
+
 (reaction 4) 

[64, 161].  

 

TiO2 +hν  TiO2 (e-) + TiO2(h+)                                                         (1) 

  h+ +H2O/OH- ads→ OH•ads                          (2) 

                                            h+ + e-→  Heat or light                                                     (3) 

                           Ti4+ + OH• ↔ Ti4+O•- (= h+) + H+                                                              (4) 

Therefore, providing the type and concentration of the photocatalyst is the same in the 

different PHCMs, the previous measurement of the OH• formation rate calculated using 

the proposed method TA-FL can be a useful measure to evaluate the effect of pigment 

addition as limiting or enhancing the e
-
-h

+
 pairs recombination. 

Accordingly to the previous result using the TA-FL probe method (see Figure 4.38), it 

could be said that only #L7-red pigment (0.387, 24.22) and #L10-Grey pigment (0.174, 

19.84) mix formulations resulted in an improved charge separation in comparison with 

the samples without pigment, #L6 (0.161, 11.51), which leads to a higher OH• production 

rate, and beneficial effect on NOx degradation (%). The above parenthesis values 

indicated the mean values of OH• production rate (µmol/min·cm
2
x10

-4
)
 

and NOx
 

degradation (%) respectively. The other colored samples did not show this efficiency 

improvement.  
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Taking into account that the ability of promoting the charge separation into the coupling 

structure iron oxide–semiconductor, and thereby the reduction of e
-
-h

+
 recombination, 

depend on the bands energy positions of coupling structure iron oxide–semiconductor, the 

approximated position of the VB and CB can be seen in Figure B.5. The energy position 

of all VB and CB have been calculated through equations (Eq. 5 and 6) [223]. 

  

CB (V vs. NHE) = 1.23 -  PE (eV)/2                                                                       (5) 

VB (V vs. NHE) = 1.23 + PE (eV)/2                                                                               (6)  

  

These equations have been applied to the experimental apparent photo-absorption band 

edges (PEAPP) obtained in DRS measurements (see Table 4.4).  At the typical pH levels of 

mortar samples (pH 12-14), the hole in the VB of all the samples can oxidize the 

H2O/OH- leading to OH• (H2O/OH- /OH•-= 2-1.85 vs NHE at pH 12-14). However only 

#L6 (without pigment) and #L7(red pigment) can reduce the O2 leading to O2•- (O2/O2•- = 

-0.33eV vs NHE, at pH 12-14). 

  

 

Figure B.5 Approximated band-edge position of valence bands (VB) and conduction bands (CB) for the 

different mortars and equilibrium lines corresponding to OH/OH• and O2/O2•- at pH 12-14. Photocatalyst 

samples (#L6 without pigment, #L7 red pigment, #L8 yellow pigment, #L9 brown pigment, #L10  grey 

pigment (0.015/0.1), #L11 grey pigment (0.03/01)). Parenthesis numeric values indicated pigment 

proportion (% weight of dry mortar/% weight of cement). More detail about the composition of samples in 

Chapter 3, Table 3.2. 
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Based on the calculated CB positions of the different mixes, it can be said that the 

observed photocatalytic production rate of OH• of the coloured samples was found to 

decrease linearly with the CB energy position (Figure B.6), which verificates the 

significance of the energy band position in the heterostructure iron-based pigment –TiO2-

mortar. This relationship might be attributed to an easier electron-hole recombination 

process due to unfavorable energetic bands positions of the heterostructure for the 

electron transfer from the iron based pigment to TiO2 semiconductor. 

 

Figure B.6 Production rate of OH• for PHCMs in function of the CB energy position. 

 

Specifically, in the case of hematite, that are the main component of the used red pigment, 

includes high-energy acceptor states [219, 220, 222, 224] in the CB. Thus, under visible 

light irradiation e- can promote from the VB of Fe2O3 into its CB, including their high-

energy region. Therefore, this same behavior may also apply to analyze the influence of 

red pigment addition of PHCMs, which is mainly composed of Fe2O3, on the 
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BL, see the spectra on Chapter 3, Figure 3.15).  Despite that a large fraction of 
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this way, h
+ 
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contaminants. In addition, adsorbed oxygen can be reduced by photo-generated electrons 

leading to O2•˙ (O2/O2•-=-0.33eV vs NHE, see Figure B.5), which can further promote 

the photocatalytic degradation of adsorbed compound. In a different way, UV light can 

induce e
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-h

+
 pair formation in TiO2-based mortar. In this case, the transfer of photo-

generated e
-
 occurs from TiO2-based mortar CB to Fe2O3 pigment CB. Under the 

condition used in this study, which comprises both UV and visible radiation, the two 

processes can synergistically occur. The effectively charge separation and transfer on 
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interface TiO2-based mortar and Fe2O3 red pigment under UV-Vis that might be 

responsible for the observed higher NOx photocatalytic activity and OH• production rate 

in comparison with the others PHCMs and the reference sample without pigment (#L6).  

Moreover, the main effect on photocatalytic activity is believed to be the transfer of 

photo-generated e
-
 from iron oxide pigment CB to TiO2-based mortar CB. This would 

justify that RhB test performed only under UV light show degradation rate much lower 

than expected, even than mortar samples without pigment (#L6), in comparison with OH• 

production rate and NOx degradation rate under UV-Vis light. In addition to this, as 

previous mentioned, in the case of red samples, an underestimation of the degradation of 

RhB due to the emergence the original color of substrate may occur. 

A schematic mechanism for the e
- 

transfer mechanism of #L7-red pigment sample is 

proposed in Figure B.7.  

 

 

Figure B.7 Schematic of the proposed process for transfer and spatial separation of UV-visible excited 

electrons in #L7 (red pigment samples). 

 

Other important parameter that regulates the electron transfer ability is the content of iron 

with respect to TiO2 particles, as demonstrate the different efficiency of grey samples 

(#L10 and #L11), which present different black pigment proportion, #L10 grey pigment 

(0.015/0.1) and #L11 grey pigment (0.03/01)). Parenthesis numeric values indicated 

pigment proportion (% weight of dry mortar/% weight of cement). Previous experimental 

works [225, 226]  reported that there was an optimum doping content in TiO2 particles for 

the most efficient separation of photo-induced electron–hole pairs; as the Fe/TiO2 ratio 
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increased, the OH• formation rate first increased and then drastically decreased. So, an 

optimum loading of pigments must exist. Figure B8 shows the results of production rate 

of OH• in function of Fe/Ti content (data obtained from the X-ray fluorescence analysis 

of the mortar samples) finding a clear potential relationship. In this case, only ratios 

Fe/TiO2<0.35 (#L10and #L7) led to enhanced photocatalytic activity with respect the 

samples with only TiO2 (#L6). 

 

 

Figure B.8 Production rate of OH• for PHCMs in function of Fe/Ti. Photocatalyts samples (#L6 without 

pigment, #L7 red pigment, #L8 yellow pigment, #L9 brown pigment, #L10 grey pigment (0.015/0.1), #L11 

grey pigment (0.03/01). Parenthesis numeric values indicated pigment proportion (% weight of dry 

mortar/% weight of cement). More detail about the composition of samples in Chapter 3, Table 3.2. 

 

 

Therefore, from the series of lab-made photocatalytic coloured mortar (PHCMs) analysis 

in this work, it can be considered that the photoreactivity of photocatalytic colored mortar 

under UV-Vis light appears to be a complex function of the band-edge structure and thus 

of e
-
-h

+
 recombination rate. The possibility of e- transfer between the CB of iron oxide-

based pigments and TiO2-mortars and viceversa seems to be a key parameter to enhance 

the efficiency of coloured mortars. The ratio Fe/Ti in the final formulation has also 

demonstrated to be an important parameter regarding the electron transfer ability with 

respect to the e
-
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recombination rate. 
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Appendix C Collection and adjustment of data 
over irradiation time for RZ and NBT inks on the 
all materials tested 
 

C.1 Rz ink – Absorbance and CIELAB colour 
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C.2 NBT ink – Absorbance and CIELAB colour 
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C.3 Rz ink – RGB from images 
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C.4 NBT ink – RGB from images 
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Appendix D Photocatalytic activity results using 
photocatalytic oxidation of gaseous NO to nitric 
acid (ISO 22197:1-2007 and UNI 11247:2010)  
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Appendix E Absorbance spectra variation of RhB 
dye tested under plain TiO2 photocatalysts 
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