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The present work offers a general overview about application of titanium dioxide (or titania), TiO2, photoca-
talysis to concrete technology in relation to enhanced aesthetic durability and depollution properties achieved
by implementing TiO2 into cement. Chemistry of degradation of Rhodamine B (RhB), a red dye used to assess
self-cleaning performances of concretes containing TiO2, as well as oxidation of nitrogen oxides (NOx),
gaseous atmospheric pollutants responsible for acid rains and photochemical smog, is investigated using
two commercial titania samples in cement and mortar specimens: a microsized, m-TiO2 (average particle
size 153.7 nm±48.1 nm) and a nanosized, n-TiO2 (average particle size 18.4 nm±5.0 nm). Experimental
data on photocatalytic performances measured for the two samples are discussed in relation to photocatalyst
properties and influence of the chemical environment of cement on titania particles. Impacts on applications
in construction concrete are also discussed.

© 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The photochemistry of TiO2 has become a subject of intense re-
search since Fujishima and Honda [1] andWrighton et al. [2] reported
the photocatalytic splitting of water on TiO2 and Sr-doped TiO2

respectively in the 1970s. Applications of TiO2 photocatalysts to
construction materials began towards the end of the 1980s. Two im-
portant effects related to the nature of photoactive TiO2 coatings had
by this time been discovered: a) the self-cleaning effect due to redox
reactions promoted by sunlight (or in general, weak U.V. light) on the
photocatalyst surface [3], and b) the photo-induced hydrophilicity
[4,5] of the catalyst surface, which enhances the self-cleaning effect
(inorganics causing dirt and stains on surfaces can be easily removed
due to rainwater soaking between the adsorbed substance and the
TiO2 surface). Photocatalytic glasses provide an example of self-
cleaning and anti-fogging (wetting) properties, e.g. Pilkington Active™
[6]. Recently, photocatalytic cementitiousmaterials have been patented
by Mitsubishi Corp.(NOxer™), and Italcementi SpA (TX-Aria™ and TX-
Arca™) [7–10]. The application of TiO2 photocatalysis to concrete aims
to achieve two main goals, the self-cleaning effect discussed above
and the depolluting effect due to the oxidation of nitrogen oxides
(NOx) in the atmosphere to NO3

−, especially in street canyons where
NOx concentrations can be considerable due to combustion engine
acphee@abdn.ac.uk
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exhausts. The great advantage provided by such products is that the
only requirements, beyond TiO2 in the construction material used, are
sunlight, oxygen and water.

1.1. Self-cleaning and aesthetic durability

Development of TiO2–cementitious binders providing self-cleaning
has been carried out in order to enhance aesthetic durability of cemen-
titiousmaterials, particularly those based uponwhite cement. Although
the use of such products is still restricted and limited, many buildings
have been designed and constructed since 2000, to fulfil high aesthetic
standards. Relevant examples are: Church “Dives in Misericordia”,
Rome, ITALY, Music and Arts City Hall, Chambéry, FRANCE, Police
Central Station , Bordeaux, FRANCE, Air France Building, Roissy-Charles
de Gaulle Airport, FRANCE, Saint John's Court, Montacarlo, MONACO.

In order to verify self-cleaning performances of photocatalytic
cements/concretes, several tests involving organic substances have
been set up and include the degradation of colour in dyes. Rhodamine
B (N-[9-(2-Carboxyphenyl)-6-diethylamino-3H-xanthen-3-ylidene]-N-
ethyl-ethanaminium chloride) is one of the most common dye tests
and is adopted as an Italian standard (UNI 11259 (February 2008)
[11]). Rhodamine B, RhB, degradation on TiO2 surfaces has been ex-
tensively studied in slurry systems (TiO2 suspended in aqueous solu-
tions of RhB) under different illumination conditions [12–16]. Results
have shown efficient degradation of colour under both U.V. light and
visible light. Under U.V. light illumination RhB is degraded by an
ordinary TiO2-sensitised photoreaction [12,17]: a TiO2 photocatalytic
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Fig. 2. RhB–TiO2 system under visible light irradiation: dye-sensitised pathway [12].
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process involving photon absorption and electron promotion from
the valence band, leaving positive holes, to the conductance band
of the semiconductor (Fig. 1). Under visible light illumination, RhB
undergoes a dye-sensitised photoreaction [12,17]: the organic mole-
cule absorbs visible light photons which can only promote electrons
from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO) in the organic molecule since
they do not possess enough energy to activate TiO2 (band gap in
the near UV). These electrons are further injected from the RhB
LUMO to the conductance band of TiO2, leading to the formation of
RhB+ molecular ion radicals on the TiO2 surface. The transfer of the
conductance band electron to adsorbed oxygen on the TiO2 surface
produces O2

– . Both radical species arising from this process are highly
reactive leading ultimately to mineralization of the organic molecule
(Fig. 2) [12,13].
1.2. Depollution

Air pollution due to nitrogen oxides (NOx) is a dramatic issue that
modern societies are facing. They are amongst the main responsible
for photochemical smog [18] (mixture of hazardous chemicals formed
in the atmosphere due to interaction of sunlight with already present
pollutants); together with sulphur oxides (SOx) they generate acid
rains [18–20]; direct exposures or acid vapours generated by reaction
with atmospheric moisture can cause emphysemas and bronchitis due
to their interaction with lung tissues [18] and, not least, they seriously
affect plant regular metabolism [18]. In atmospheric chemistry NOx
refers to the sum of nitric oxide, NO, and nitrogen dioxide, NO2. NO is
considered a primary pollutant [18] because mainly introduced in the
atmosphere directly from a source (high temperature combustions
in transport and industrial activities [18–21]). NO2, on the other
hand, 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 [18–21]. Further reactions in the atmosphere
can transform NO and NO2 in nitric acid, HNO3, peroxyacyl nitrates
(PANs), RC(O)OONO2, peroxynitric acid, HNO4, etc… The sum of all
these species and NOx is known as NOy, total reactive nitrogen.

NOx emission has been and still is subject of intense environmen-
tal regulations. Therefore their control and remediation have been
the subject of intense research. Amongst the most used technologies
for NOx remediation (combustions modifications, dry processes and
wet processes [22,23]) photocatalytic oxidation (PCO) of NOx has be-
come, over the past ten years, a valid alternative as confirmed by the
large number of literature produced [17,24–36] and the continuous
growing number of commercial products available in the market.
These products are essentially paints or cements containing photoac-
tive TiO2 [7,37,38], photocatalytic pavement blocks [8], filters and
membranes for indoor/outdoor air purifications, etc… Despite all
the other technologies, PCO provides the great advantage to promote
NOx oxidation on the surface of light activated TiO2 using only atmo-
spheric oxygen and water.
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Fig. 1. RhB–TiO2 system under U.V. light irradiation: TiO2-sensitised pathway [12].
Depolluting performances of cementitious materials containing
TiO2 are usually assessed in gas flow reactors with a photocatalytic
bed consisting in the concrete specimen to be analysed. Reactors are
fed with air streams containing nitrogen oxides at a given partial pres-
sure and NO and NO2 concentrations are monitored in darkness and
under illumination [24,25,34,39]. Alternatively, real world exposure
tests offer a mean to address performances in actual outdoor condi-
tions, by monitoring the concentration drop of NOx in the air where
photocatalytic concrete is used as pavement blocks or in vertical
walls [9,24,29].

2. Experimental

2.1. TiO2 samples

Throughout this study, two commercially available titanias: m-TiO2

(microsized, Huntsman Tioxide Pigments A-HR) and n-TiO2 (nanosized,
Millenium Chemicals PC-105), both 100% anatase, have been tested.
Before starting any degradation experiments, these samples have
been characterised in order to evaluate their main physical–chemical
properties such as: light absorption characteristics, mineralogy, specific
surface area, porosity and particle size. Light absorption measurements
were undertaken to derive band-gap information and have been carried
out on TiO2 powders using U.V.–vis diffuse reflectance spectroscopy
(StellarNet EPP2000 Spectrometer). Spectra were processed according
to the Kubelka-Munk transform approach for indirect semiconductors
as described in [40]. X-Ray Diffraction patterns have been obtained
using a Bruker D8 Advance diffractometer equipped with a CuKα1
1.54 Å X-Ray source operating at room temperature, in order to confirm
the mineralogy and crystallinity. BET (Brunauer-Emmett-Teller [41])
specific surface area (SBET) has been obtained by N2 adsorption on pow-
der samples using aMicromeritics ASAP 2020. These data enabled char-
acterisation of sample porosity as determined by the BJH (Barrett-
Joyner-Halenda) model [42], assuming cylindrical pores. Samples
were degassed at 150 °C before adsorption measurements. Finally, par-
ticle size evaluation was carried out by three different techniques: TEM
imaging (and further image analysis), XRD via the Scherrer Equation
(Eq. (1)) and a simple geometrical model derived from the BET specific
surface area assuming particles to be rigid spheres (Eq. (2)).

d ¼ 0:9⋅λ
FWHM⋅ cosθP

ð1Þ

d ¼ 6
ρA⋅SBET

ð2Þ

In Eq. (1): λ is the X-ray wavelength, FWHM, the full width at
half maximum height for the anatase 101 peak at 25.2° (2θ), θP,
the Bragg's diffraction angle for the same peak. In Eq. (2): ρA is the
density of anatase taken as 3.895 g cm−3, and SBET, the BET specific
surface area.



Fig. 4. Photocatalytic reactor for NOx oxidation.
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2.2. Aesthetic durability: self-cleaning performances (RhB test)

Two sets of photocatalytic cement pastes were prepared, one for
each of the two commercial TiO2 products. The TiO2 and fresh white
Portland cement (CEM I 52.5 R) powders were dry mixed in the
mass ratio 3.5 : 96.5. 20 g of the mixture was subsequently hydrated
with 8 g of distilled water (water:cement ratio, w/c=0.4). A third set
(control) was prepared without photocatalyst. After mixing, pastes
were cast in 42 mm diameter moulds and cured for one day at room
temperature and 80.5% relative humidity (over a saturated solution
of (NH4)2SO4). Six cement discs were produced for each set.

After one day of curing, all samples were coated with 20 μl of
aqueous RhB solution (1.0 g l−1). The coating area was approximate-
ly 1.2 cm2. Three of the six discs per set were conditioned for 30 min
under daylight, the remaining three were coated and conditioned
for 30 min in darkness. All three sets were subsequently irradiated
with a UVItec LI-208.m lamp (2 tubes 8 W each, main wavelength
312 nm) and reflectance measurements were performed after various
illumination times using a StellarNet EPP2000 Spectrometer.

2.3. Depollution: NOx oxidation

Mortar samples for the NOx oxidation test have been prepared
according to the procedure described in the European Standard
ISO 679 [43]. In this case mortars were cast in 9 cm diameter×1 cm
thickness plastic Petri dishes. Three sets of twelve mortar discs each
were produced: one with m-TiO2, one with n-TiO2 and one without
photocatalyst as a control. Samples were cured for seven days at
room temperature in sealed plastic bags and further seven days at
room temperature and 60% of relative humidity.

NOx oxidation experiments have been carried out in a continuous
gas flow reactor according to the Italian Standard UNI 11247 [34].
The scheme of the lab plant used is illustrated in Fig. 3. S1 is the
NOx cylinder, S2 the air cylinder, F and FC the mass flow meters for
NOx and air respectively, R the photocatalytic reactor, A the chemilu-
minescence analyzer and E the software/computer system for the
analyzer. The photocatalytic reactor consists of a Pyrex glass chamber
having a total volume of 3.58 l where the specimen under testing can
be located on the bottom part supported by a proper sample holder.
The gas inlet tube allows the air/NOx mixture to flow directly onto
the specimen upper surface whilst the gas outlet tube is positioned
underneath the sample holder. The system is kept at room tempera-
ture. U.V. light is provided by an OSRAM ULTRAVITALUX lamp having
a main emission in the U.V.–A field distributed around a maximum
intensity wavelength of about 365 nm. The lamp–sample distance
was set to achieve on the upper sample surface an average irradiance
of 20±1W m−2. A schematic diagram of the photocatalytic reactor
equipped with the U.V. lamp is illustrated in Fig. 4. Experiments
were carried out at an inlet NO concentrations of 600 ppb in air
with a ratio NO/NO2 equal to 2 at three different flow rates:
3 l min−1, 2 l min−1 and 1.5 l min−1. All the oxidation experiments
have been performed according to the following procedure. The disk
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Fig. 3. NOx oxidation lab plant flow chart. S1 NOx cylinder, S2 air cylinder, F NOx flow
meter, FC air flow meter, R photocatalytic reactor, A NOx analyser, E computer.
sample was wrapped in a sealing film in order to let the upper surface
free and protect the side surface. After introducing the disk sample
in the photocatalytic reactor the gas stream (at given flow rate) was
switched on and the system let to stabilise for half an hour in
the dark in order to achieve constant NO and NO2 concentrations.
The U.V. light was then switched on and the NO, NO2 concentrations
monitored for a further 90 min.

3. Results and discussion

3.1. TiO2 samples

Light absorption characteristics for both the photocatalysts are
shown in Fig. 5 (a) and (b) presenting the Kubelka-Munk trans-
formed function derived from the UV–vis Diffuse Reflectance Spectra
for the untreated TiO2 powders, a common approach to derive band
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Fig. 5. Light absorption edges for m-TiO2 (a) and n-TiO2 (b) expressed through the
Kubelka-Munk transform approach for indirect semiconductors; the band gap is
derived by extrapolating the linear portion of the spectrum on the x-axis.

image of Fig.�5


Table 1
TiO2 physical characterisation data.

Sample Crystalline
Phase

Band Gap SBET BJH
Фpore

Particle size

Product spec TEM XRD BET

eV m2g−1 Å nm nm nm nm

m-TiO2 100% Anatase 3.29±0.02 8.7 > 500 170 153.7±48.1 – 177.6
n-TiO2 100% Anatase 3.34±0.02 78.9 79.6 17 18.4±5.0 16.6±2.0 19.5
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gap of indirect semiconductors [40]. The computed band gap values
are reported in Table 1. The values are typical of anatase samples
[40]. The results of X-ray diffraction analyses are shown in Fig. 6.
The peak positions confirm that both commercial TiO2 products
are essentially anatase [44,45]. Surface area data are presented in
Fig. 7(a). The much lower level of N2 adsorption on the microsized
sample is consistent with this sample showing larger crystallites
than the nanosized product as expected, and indeed, the BJH analysis
(Fig. 7(b)) shows that considerable agglomeration has occurred in the
nanosized sample under the conditions of testing, i.e. the pores arise
from inter-particle volume. The corresponding porosity data cannot
be obtained for the microsized sample as pore sizes are outside the
measurable range.

Fig. 8 shows transmission electron micrograph images of both
products. Again the crystallite size difference between the two
samples is evident and this is quantitatively supported by the histo-
grams shown as insets in the figure. The above data are summarised
in Table 1. There is good agreement between the techniques and
the results are consistent with manufacturers’ data on particle size.

3.2. Aesthetic durability: self-cleaning performances (RhB test)

The degradation of colour of RhB (structure in Fig. 9) was semi-
quantitatively measured by light absorption as a function of wave-
length by reflecting light from the cement surface on which the
dye is deposited (U.V.–vis Diffuse Reflectance Spectroscopy).
Figs. 10, 11 and 12 show the spectra obtained. The peak area of the
main absorption centred on 541.5 nm is indicative of the concentra-
tion of the dye molecule and it can be observed that under illumina-
tion, the area reduces as a function of time, i.e. the dye molecule
degrades. It can be noted that there is also degradation of colour in
samples which do not contain photocatalyst and this highlights
an important source of misrepresentation of catalyst efficiency
where controls are not used. The loss of colour by photolytic degra-
dation of the dye is quite common, in fact this effect is observed as
coloured fabrics are bleached in sunlight. However, even by taking
account of this effect, it can be shown that there is an enhanced
degradation of colour in the presence of photocatalyst [46]. This
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proves the self-cleaning effect of cement surfaces if TiO2 is present
in the structure.

An interesting feature of these data is the shift to lower wave-
lengths of absorption maxima exhibited by samples which experi-
enced exposure to daylight during the dye deposition step. This
feature is not reproduced when dye is deposited in the dark. A similar
effect (hypsochromic shift or blue shift, i.e. shift of the absorption
band towards lower wavelengths) was observed by Chen et al. in
slurry systems [13], who discriminated between different degradation
mechanisms as a function of the different illumination conditions
experienced. The lower energies available from visible light are
insufficient to induce photo-activation of TiO2 but they can lead
to dye sensitisation and degradation of colour by this mechanism.
As a result, the selective stepwise de-ethylation of RhB amino groups
responsible for the hypsochromic shift, leads to a sequence of
structurally similar degradation products which absorb radiation at
progressively lower wavelengths [13]. Where samples were prepared
in the dark, the only light exposure was to UV radiation which
promotes true photocatalytic processes [3,17] which, in the case of
RhB mineralization, have been observed to be not selective (reduc-
tion of the hypsochromic shift) [13,46]. Clearly, degradation mecha-
nisms are important in understanding optimisation of photocatalyst
efficiencies. However, it is evident from the above that photocatalysis
can encompass more than one process. Whilst UV exposure promotes
conventional photocatalysis-induced redox processes on the surface
of TiO2, diagnosis of reaction pathways is complicated by the dye
sensitisation mechanism and the influence of resulting products. A
further physical implication is the particle size of the photocatalysts.
m-TiO2 performed better than n-TiO2 (RhB deposited under day light
conditions) or at least same as n-TiO2 (RhB deposited in darkness),
see Figs. 11 and 12. According to the BET specific surface areas,
8.7 m2 g−1 for m-TiO2 and 78.9 m2 g−1 for n-TiO2, and particle
sizes, about 150 nm for m-TiO2 and about 18 nm for n-TiO2, the latter
is expected to exhibit much higher activities due to higher surface
area for adsorption of the RhB and much lower electron–hole recom-
bination in the particles volume. However, considering that: i) the
degradation of RhB, as described above, is a combination of conven-
tional TiO2-sensitised and dye-sensitised which (the latter) does
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Fig. 7. (a) N2 adsorption isotherms; and (b) BJH plot for porosity evaluation.
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Fig. 9. Rhodamine B structure.
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not depend on electron–hole recombination (Figs. 1 and 2) and
ii) the activity loss due to electron–hole recombination is always in
favour of n-TiO2 since uniquely depends on primary particle size
(crystallites size), a possible explanation could be that once intro-
duced in cement the actual surface area available for RhB adsorption
is not the BET specific surface area measured on the two powders
and m-TiO2 could offer a higher surface for RhB adsorption than
n-TiO2. Precise evaluations of such available surface areas are ex-
tremely difficult to achieve; nevertheless speculations can be done
observing the dispersion of the two titania samples in cement using
SEM-EDS (see section TiO2 dispersion in hardened cement: a particle
agglomeration model).

3.3. Depollution: NOx oxidation

Fig. 13 shows the nitric oxide, NO, nitrogen dioxide, NO2 and total
nitrogen oxides, NOx=NO+NO2, concentration profiles obtained
during the NOx oxidation test at three different flow rates and
under illumination. In each graph trends obtained with photocatalytic
cement mortars (either with m-TiO2 or n-TiO2) are compared to
trends exhibited by TiO2-free white cement mortars. The flat charac-
ter of profiles where TiO2 is not present indicates very low impact on
NO and NO2 oxidation by the cement environment itself and/or even-
tual not catalysed photooxidation. Trends also suggest that the lower
the flow rate (i.e. the higher the average gas transit time) the lower
the NO and NO2 final concentrations (at 90 min) hence the higher
the conversions.

This is more evident in Fig. 14 (a) where the total NOx conversions
at 90 min are plotted versus the gas flow rate. The decrease of the
conversion with the increase of the flow rate indicates that 90 min
of reaction time are not enough to reach the actual steady state
(conversion constant at different flow rates). The comparison be-
tween photocatalytic activities of mortars containing either m-TiO2

or n-TiO2 suggests that n-TiO2 generally performs better than m-



Fig. 10. Diffuse reflectance spectra at various illumination time for white cement pastes
without photocatalyst: (a) RhB deposition and conditioning under daylight, and
(b) RhB deposition and conditioning in darkness.

Fig. 12. Diffuse reflectance spectra at various illumination time for white cement pastes
containing n-TiO2: (a) RhB deposition and conditioning under daylight, and (b) RhB
deposition and conditioning in darkness.
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TiO2. This reflects the values calculated for the photonic efficiencies
(Fig. 14 (b)), being 0.10% for n-TiO2 and 0.08% for m-TiO2. The
calculated photonic efficiencies seem to be in the same range as
the ones reported by Kalousek et al. [47] on very similar systems.
In this case (NOx oxidation), results are in agreement with what
expected on the basis of the different BET specific surface areas of
the two TiO2 powders, which however failed to explain the higher
activity towards RhB degradation exhibited by samples containing
m-TiO2.
Fig. 11. Diffuse reflectance spectra at various illumination time for white cement pastes
containing m-TiO2: (a) RhB deposition and conditioning under daylight, and (b) RhB
deposition and conditioning in darkness.
The analysis of the concentration profiles (Fig. 13) seems to indi-
cate a very peculiar behaviour for the photocatalytic oxidation of
NOx when TiO2 is supported on cementitious materials (very high
pH systems). The photocatalytic oxidation of NO on powder TiO2 or
TiO2 supported on not high pH materials (e.g.: glass slides or beads,
textile tiles, metal meshes, fabrics, etc.) is a complex series of chem-
ical equilibria [28,35,48,49]. Adsorbed H2O and O2 react with light
generated valence band positive holes and conductance band elec-
trons on the surface of TiO2 to form adsorbed hydroxyl radicals,
HO , [28,35,48,49]. These radicals directly react with NO and, passing
through nitrous acid, HONO, and nitrogen dioxide, NO2, as intermedi-
ates, they convert NO into nitric acid, HNO3, [28,35,48,49]. Since
the reaction pathway occurs with a fast initial reactive photo-
adsorption (NO→HONO→NO2) [48], the NO2 concentration initially
increases reaching a maximum and then decreases approaching a
constant value (series of reaction kinetics). A very similar mechanism
was supposed to be true for the case of cementitious materials
containing TiO2 where the very high pH would allow the formation
of NO2

– and NO3
– rather than free HONO and HNO3. However our ex-

perimental findings evidenced no presence of NO2 initial concentra-
tion maxima. Although more experimental work needs to be done
to fully understand this feature, some observations can be made con-
sidering the change of redox potentials of the nitrogen oxidation
states in relation to change in pH. Fig. 15 shows the Frost diagram
for the nitrogen oxidation states in acid and basic environments
(courtesy of Rieger, Philip H., Electrochemistry, 2nd edition [50]). In
the Frost diagram species corresponding to minima are expected to
be thermodynamically stable since redox events from immediate
nearby species are energetically downhill [50]. In acidic conditions
the series NO→HONO→N2O4 (↔2NO2)→HNO3 do not show any
increased stability states. All the species are highly reactive and the
very high ΔG° for HNO3 accounts for its high oxidative power. In
alkaline conditions however both NO2

– and NO3
– are positioned

in two minima with very similar ΔG°. This could imply that NO is
mainly converted to NO2

– and NO2 to NO3
– where the series of reaction

above no longer occurs since NO2
– shows a much higher redox stabil-

ity. It is also interesting observing the feature of Eh versus pH
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Fig. 13. NOx, NO and NO2 concentration profiles at: (a), (b), (c) 3 l min−1, (d), (e), (f) 2 l min−1, (g), (h), and (i) 1.5 l min−1.
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diagram (Fig. 16, constructed using the Nernst equation) for N spe-
cies when compared to the couple OH–/•OH (assuming •OH as the
main oxidant). Fig. 16 clearly shows that ΔEh between the couples
OH–/•OH and N(II)/N(III), OH–/•OH and N(IV)/N(V) and OH–/•OH
and N(III)/N(V) remain quite constant all over the pH domain,
however, the ΔEh between the couples OH–/•OH and N(III)/N(IV)
significantly reduces in highly alkaline environments, making this
oxidation step (NO2

– to NO2) not as favourable as the others. The
effect of the high pH could therefore be the potential switch off
or inhibition of the step from N(III) to N(IV) in the overall oxidation
mechanism (Fig. 17), hence accounting for the absence of initial
maxima in NO2 concentration profiles.

3.4. TiO2 dispersion in hardened cement: a particle agglomeration model

In the attempt to understand the different activities exhibited by
m- and n-TiO2 towards RhB and NOx, a surface chemistry approach
has been adopted. In a recent paper of the same authors [51] surface
chemistry and electrokinetic properties of the two titania samples
have been investigated. Coupling surface chemical analyses, ζ-
potentials and surface charge densities profiles with sedimentation
experiments in simulated cement pore solutions, have shown
that in conditions of high pH and in the presence of non-indifferent
electrolytes (e.g. Ca2+) at high ionic activities (a typical cement envi-
ronment), both m- and n-TiO2 particles show tendency to surface
overcharging and agglomeration due to ion-ion correlation phenom-
ena [51–54]; similarly to C–S–H (calcium silica hydrates) particles in
cement [55,56]. The structure of particle clusters due to enhanced
agglomeration in cementitious environment is however very differ-
ent if comparing m-TiO2 with n-TiO2 [51]. m-TiO2 agglomerates are
smaller, with bigger pores and better dispersed than n-TiO2 ones.
A surface chemical modification (with phosphorous and potassium
applied during manufacturing to enhance and control crystal growth
as well as to improve dispersability in water systems [51]) together
with the larger particle size exhibited by m-TiO2 are responsible for
the small, deflocculated and highly dispersed agglomerates observed
relative to that for the smaller n-TiO2 [51] which shows larger, floccu-
lated and not well dispersed agglomerates [51]. The model in Fig. 18
and the SEM micrographs in Figs. 19 and 20 related to cement speci-
mens containing TiO2 show the agglomeration/dispersion features
described above. On the basis of such experimental evidence, photo-
catalytic activities can be interpreted in terms of available surface
area in the hardened structure rather than B.E.T. specific surface
area of titania in powder form. Large molecules like RhB, with an
average molecular diameter of about 1.6 nm [57], can penetrate
only with difficulty the interior of a n-TiO2 cluster (pore size around
8 nm), but readily can access m-TiO2 clusters (see Table 1). Moreover,
RhB does not penetrate inside the cement pore structure. The smaller
and better dispersed m-TiO2 clusters on the surface of the specimens
(Figs. 19(a) and 20(a)) together with their macropores (Table 1), may
offer a higher available surface area for adsorption and consequent re-
action of big molecules like Rhodamine B than the bigger and poorly
dispersed n-TiO2 clusters. Conversely, gaseous NOx has much smaller
dimensions, 100 pm–200 pm [58], and can easily penetrate both
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m-TiO2 and n-TiO2 clusters, accessing a higher surface area in both
catalyst types; the higher specific surface of n-TiO2 corresponds
to the higher NOx degradation on this catalyst.

4. Conclusions

Application of TiO2 photocatalysis to cement and concrete pro-
vides an efficient strategy to simultaneously obtain: self-cleaning ef-
fect of building facades, retardation of natural surface ageing as well
as depollution of air, simply with the support of sunlight, atmospheric
Fig. 15. Free energy-oxidation states diagram for the nitrogen oxidation states in acid
(solid line) and basic (dashed line) solutions.
oxygen and water present as humidity and/or rain water. In this
paper, performances in degrading rhodamine B, RhB, (a common
industrial test to evaluate self-cleaning activities) and performances
in oxidising nitrogen oxide gaseous pollutants, NOx, are presented
for two different TiO2 samples (Table 1) tested in cement and
mortars, together with an insight into the fundamental chemistry
about TiO2 photosensitised reactions responsible for the degradation
processes involved.

Discolouration of RhB on TiO2 in cement involves not only a
proper photocatalytic mechanism (TiO2-sensitised photoreaction)
but also a dye-sensitised pathway. In the first mechanism light
Fig. 17. Proposed mechanism of NOx oxidation on pure TiO2 (a) [48] and on TiO2 in
mortar specimens (b). The equilibrium in grey indicates inhibition of the oxidative
step.
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activates TiO2 through promotion of electrons from the valence band
to the conductance band. Adsorbed water and oxygen react with
valence band positive holes (left after promotion) and conductance
band electrons respectively to generate hydroxyl radicals, HO ,
Fig. 19. SEM surface micrographs for cement specimens (1 day cured) prepared with: (a)
vacuum mode. The white spots in the micrographs indicate TiO2 particle clusters. In the ca

Fig. 20. SEM polished cross section micrographs for cement specimens (1 day cured) prepare
low vacuum mode. The arrows in the micrographs indicate TiO2 particle clusters.
which ultimately degrade the adsorbed dye. In the second mecha-
nisms, electrons in the HOMO level of the dye undergo transitions
to the LUMO level and are subsequently injected into the conductance
band of TiO2. These electrons are therefore used by oxygen to gener-
ate oxidative species which degrade the already partially reacted dye.

The oxidation of NOx on the other hand uniquely follows a photo-
catalytic pathway, where nitric oxide, NO, and nitrogen dioxide, NO2,
are oxidised to nitrites, NO2

–, and nitrates, NO3
–. The very high pH

typical of the cement environment seems to drive a different mecha-
nism than the one occurring using powder TiO2. The absence of initial
maxima in the NO2 concentration profiles would suggest that the step
NO2

– to NO2, in the series of reactions typical of the case with powder
TiO2, might be inhibited.

In all these processes water and oxygen play a fundamental role
since they are the precursors for the hydroxyl radicals, HO , and
other oxygen-based species (e.g. peroxides, superoxides) responsible
for mineralisation and oxidation of organics and inorganics.

The study has also linked photocatalytic performances to TiO2

surface/colloidal chemistry and structure of TiO2 clusters in cement.
TiO2 primary and secondary particle size, dispersion and agglomerate
porosity in cement define accessible surface area. Big particle agglom-
erate pores, small and highly dispersed agglomerates of m-TiO2

offer a higher available surface area for adsorption and reaction
of big molecules like RhB which hardly penetrate n-TiO2 particle
m-TiO2, and (b) n-TiO2. SEM conditions adopted: no impregnation, no coating, low
se of specimens prepared with m-TiO2, clusters are smaller and better dispersed.

d with: (a) m-TiO2, and (b) n-TiO2. SEM conditions adopted: impregnation, no coating,

image of Fig.�18
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agglomerate pores. On the other hand, very small molecules like ni-
trogen oxides which can easily penetrate into n-TiO2 agglomerate
pores too, are better degraded by n-TiO2. Indeed in this case, disper-
sion and agglomerates porosity are not crucial; the available surface
area is most likely to be due to the specific surface area determined
by primary particle size.
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