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Abstract:

The present work addresses the photocatalytic properties of two commercia titanias for application in concrete
technology. A microsized, m-TiO, (average particle size 153.7 nm + 48.1 nm) and a nanosized, n-TiO, (average
particle size 18.4 nm + 5.0 nm) have been tested. Cement paste samples (CEM | 52.5 cement, w/c=0.4) containing
both photocatalysts have been evaluated based on Rhodamine B (RhB) discolouration under U.V. light, a standard
test for self-cleaning cementitious materials. Experimental data are discussed in relation to photocatalyst properties
(e.g.: particle size), dye adsorption and degradation characteristics. The influence of the chemical environment
on photocatalyst performance and its impact on applications in construction concrete are also discussed.

I ntroduction

The photochemistry of TiO, has become a subject
of intense research since Fujishima and Honda (1) and
Wrighton et a. (2) reported the photocatalytic splitting
of water on TiO, and Sr-doped TiO, respectively in
the 1970s. Although TiO, has been known since 1929
to be responsible for the fading of colour in paints (3
4), it was only since the 1970s that TiO,-based photo-
cataysis has been widely applied as an advanced
oxidation technology for environmental applications.
Water and air remediation by oxidation, gas phase NOy
oxidation and solar cell goplications have been amongst
the most studied processes involving TiO, photo-
chemistry as confirmed by the considerable number of
publications, including several reviews (5-8), which
have become available.

Applications of TiO, photocatalysts to construction
materials began towards the end of the 1980s. Two
important effects related to the nature of photoactive
TiO, coatings had by this time been discovered: a) the
self-cleaning effect due to redox reactions promoted
by sunlight (or in genera, weak U.V. light) on the
photocatalyst surface (9), and b) the photo-induced
hydrophilicity (10-11) 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 TiO, surface). Photocatalytic glasses provide
an example of self-cleaning and anti-fogging (wetting)
properties, e.g. Pilkington Active™ (12). Recently,
photocatalytic cementitious materials have been patented
by Mitsubishi Corp.(NOxer™), and Italcementi SpA
(TX-Aria™ and TX-Arca™), containing the TX-
Active™ principle (13-18). The application of TiO,
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photocatalysis to concrete aims to achieve two main
goals, the self-cleaning effect discussed above and the
depolluting effect due to the oxidation of NOy in the
amosphere to NO3, expecidly in street canyons where
NOy concentrations can be considerable due to engine
exhausts. The great advantage provided by such
products is that the only requirements, beyond TiO- in
the construction material used, are sunlight and rain-
water.

Development of TiO, — cementitious binders
providing self-cleaning has been carried out in order to
enhance aesthetic durability of cementitious materials,
particularly those based upon white cement. Although
the use of such productsis still restricted and limited,
many buildings have been designed and constructed
since 2000, to fulfil high aesthetic standards. Relevant
examples are; Church “Dives in Misericordid’, Rome,
ITALY, Music and Arts City Hall, Chambéry,
FRANCE, Police Centra 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, severd tests involving
organic substances have been set up mainly based
upon the degradation of colour in dyes. Rhodamine B
(N-[9-(2-Carboxyphenyl)-6-diethyl amino-3H-
xanthen-3-ylideng] -N-ethyl-ethanaminium chloride) is
one of the most common dye tests and is adopted as
an Italian standard (UNI 11259 (February 2008)).
Rhodamine B (RhB) degradation on TiO, surfaces has
been extensively studied in durry systems (TiO;
suspended in agueous solutions of RhB) under different
illumination conditions (19-23). Results have shown
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efficient degradation of colour under both U.V. light
and visible light. Under U.V. light illumination RhB is
degraded by an ordinary sensitised photoreaction (5,
19) (a TiO, photocatalytic process involving photon
absorption and electron promotion from the vaence
band, leaving positive holes, to the conduction band of
the semiconductor, Figure 1(a)). Under visible light
illumination, RhB undergoes a dye-sensitisation process,
which is, effectively, a catal ysed photoreaction (5, 19).
The organic molecule absorbs visible light photons,
which, whilst having insufficient energy to promote
TiO, photo-activation, can promote electrons from the
highest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital (LUMO) in the
organic molecule. These electrons are further injected
from the RhB LUMO to the conduction band of TiO,,
leading to the formation of RhB™ molecular ion
radicals on the TiO, surface. The transfer of the
conduction band electron to adsorbed oxygen on the
TiO, surface produces O; . Both radical gpecies arising
from this process are highly reactive leading ultimately
to complete mineralization of the organic molecule
(Figure 1(b)) (19-20).

Knowledge acquired from RhB degradation studies
in aqueous TiO, slurry systems (19-23) has been
extremely important in understanding degradation
phenomena in other TiO,-containing systems (solid
surfaces). These insights into the surface chemistry of
adsorption are more widely applicable and we consider
herefactorsrelevant to TiO, photocatalyst performance
in cement systems.

Experimental and M ethods

TiO, Samples — Throughout this study, two
commercia available titanias: m-TiO, (microsized)
and n-TiO; (nanosized), both 100% Anatase form,
have been tested. Before starting any degradation
experiments, these samples have been characterised
in order to evauate their main physical-chemica
properties such as: light absorption characteristics,
mineralogy, pecific surface areg, porosity and particle
size. Light absorption measurements were undertaken
to derive band-gap information and have been carried
out on TiO, powdersusing 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 (24). X-Ray Diffraction patterns have
been obtained using a Bruker D8 Advance diffracto-
meter equipped with a Cuk,: 1.54A X-Ray source
operating at room temperature, in order to confirm the
mineralogy and crystalinity. BET (Brunauer — Emmett
— Teller (25)) specific surface area (Sger) has been
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Figure 1. RhB-TiO, system: (8 U.V. light irradiation: photo-
sendtised pathway; (b) visible light irradiation: dye-sensitised
pathway (19).

obtained by N, adsorption on powder samples using a
Micromeritics ASAP 2020. These data enabled charac-
terisation of sample porosity as determined by the BJH
(Barrett — Joyner — Halenda) model (26), assuming
cylindrical pores. Samples were degassed at 150°C
before adsorption measurements. Finaly, particle size
evaluation was carried out by three different techniques:
TEM imaging (and further image analysis), XRD via
the Scherrer equation (1) and a simple geometrical
model derived from the BET specific surface areas
assuming particles to berigid spheres, equation (2);

d- 09-1 )
FWHM -cos6,
6
d=—— 2
Pn- SBET

where: in eg. (1), A is the X-ray wavelength, FWHM,
the full width at half maximum height for the Anatase
101 peak at 25.2° (20), 6p, the Bragg's diffraction angle
for the same peak and in eq. (2), pa, the density of
Anatase taken as 3.895 gem™, and Sger, the BET
Specific Surface Area.

Cement Pastes Preparation — Two sets of photo-
catal ytic cement pastes were prepared, one for each of
the two commercia TiO, products. The TiO, and fresh
white Portland cement (CEM | 52.5) powders were
dry mixed in themassratio 3.5:96.5. 20g of the mixture
was subsequently hydrated with 8g of distilled water
(water:cement ratio, w/c=0.4). A third set (control)
was prepared without photocatalyst. After mixing,
pastes were cast in 42mm diameter moulds and cured
for one day at room temperature and 80.5% relative
humidity (over a saturated solution of (NH,4)2SO,). Six
cement discs were produced for each set. The amount
of titanium dioxide mixed with cement fulfils general
criteria specified in Italcementi patents (13, 14, 16).
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RhB Discolouration Experiments — After one day of
curing, all samples were coated with 20ul of aqueous
Rhodamine B solution (1g/l). The coating area was
approximately 1.2cm? Three of the six discs per set
were conditioned for 30 minutes under daylight, the
remaining three were coated and conditioned for 30
minutes in darkness. All three sets were subsequently
irradiated with a UVItec LI1-208.m lamp (2 tubes 8W
each, man waveength 312nm) and reflectance
measurements were performed after various illumina-
tion times using a StellarNet EPP2000 Spectrometer.

SEM Invegigation on TiO, Dispersion in the
Cement Matrix — A SEM investigation was performed
in order to evauate the dispersion effectiveness of
TiO; in the cement system. The instrument used was a
FEI Quanta 400 Scanning Electron Microscope
equipped with a Thermo NSS-UPS-SEM-INORAN
System SIX for X-ray microanaysis (EDS). Back-
scattered electron images have been collected for the
top surfaces (no impregnation, no coating, low vacuum
mode) and across a section perpendicular to the surface
(impregnation according to the method described in
(27, 28)).

Results and Discussion
Physical Characterisation of Commercial
Photocatalysts

The results of X-ray diffraction analyses are shown
in Figure 2. The peak positions confirm that both
commercia TiO, products are essentialy Anatase (29,
30). Specific surface data are reported in Table 1. The
much lower level of N, adsorption on the microsized
sample is consistent with this sample showing larger
crystalites than the nanosized product as expected,
and indeed, the BJH analysis (Figure 3) shows that
considerable agglomeration has occurred in the nano-
sized sample under the conditions of testing, i.e. the
pores arise from inter-particle volume. The correspond-
ing porosity data cannot be obtained for the microsized
sample as pore sizes are outside the measuregble range.

Figure 4 shows transmission electron micrograph
images of both products. Again the crystalite size
difference between the two samplesis evident and this
is quantitatively supported by the histograms shown as
insets in the figure. The above data are summarised in
Table 1. In terms of particle size evaluation, there is
good agreement between the techniques and the results
are consistent with manufacturers' data.

Photocatalytic Performance
The degradation of colour of RhB was quantita-
tively measured by light absorption as a function of
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Figure 3. BJH plot for porosity evaluation.

wavelength. In the present study, the measurement of
light absorption was obtained by reflecting light from
the cement surface on which the dye is deposited. In
this way, diffuse reflectance spectra are obtained as
shown in Figure 57. The peak area of the main
absorption centred around 541.5 nm is indicative of
the concentration of the intact dye molecule and it can
be observed that under illumination, the area reduces
as afunction of time, i.e. the dye molecule degrades.
It can be noted that there is aso degradation of colour
in samples which do not contain photocatalyst and this
highlights an important source of misrepresentation of
catayst efficiency where controls are not used. The
loss of colour by photolytic degradation of the dye is
quite common — in fact, this effect is observed as
coloured fabrics are bleached in sunlight. However,
even by taking account of this effect, it can be shown
that there is an enhanced degradation of colour in the
presence of photocatalyst.

An interesting feature of these data is the shift to
lower wavelengths of dosorption maxima exhibited by
samples which experienced exposure to daylight during
the dye deposition step. This feature is not reproduced
when dye is deposited in the dark. A similar effect
(hypsochromic shift) was observed by Chen et al (20),
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Table 1. TiO, physica characterisation data ((a) particle mean count, (b) Gaussian interpolation from histograms).

Sample  Crystalline BandGap  Sger BIH @ pore Particle size
Phas
TEM (@ TEM () XRD  BET
eV mfg* A nm nm nm nm
i Qutside 153.7+48.1 145.4+59 - 177.6
- 0,
m-TiO, 100% Anatase 3.29+0.02 8.7 mesoporosity field
n-TiO, 100% Anatase 3.34+0.02 789 796 184+45.0 182+05 16.6+2.0 195
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Figure 4. T.E.M. micrographs and particle size distribution of: (&)
m-TiO,, (b) N-TiO,.

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 TiO, 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 (RhB adsorption on negatively charged
TiO, surface), responsible for the hypsochromic shift,
leads to a sequence of structuraly similar degradation

products which absorb radiation at progressively lower
wavelengths. Where samples were prepared in the
dak, the only light exposure was to UV radiation which
promotes true photocatal ytic processes, more aggressive
oxidation due to the action of photo-generated holes
and hydroxyl radicals, and reduces the hypsochromic
effect.

Clearly, degradation mechanisms are important in
understanding optimisation of photocatalyst efficiencies.
However, it is evident from the above that photo-
catalysis can encompass more than one process. Whilst
UV exposure promotes conventional photocatalysis-
induced redox processes on the surface of TiO,,
diagnosis of reaction pathways is complicated by the
dye sensitisation mechanism and the influence of
resulting products. A further physical implication is
the particle size of the photocatalyst. The dye sensitisa-
tion route would appear to be less dependent on the
normally expected nano-dimensionality of the catalyst
because charge recombination effects must be less
significant, i.e. degradation is not dependent on the
production of electron-hole pairs. It is therefore difficult
to reconcile higher degradation rates for RhB on
microsized TiO,, with conventional photocatalytic
mechanisms and the dominant effect under the cond-
itions used in the study must therefore be dye
sensitisation.

It is interesting to contrast the behaviour of the
photocatalysts studied with different reducing agents.
In thefirst stage of a gas phase study conducted on the
oxidation of NOy, we observed that in contrast to the
experience with RhB, the nanosized TiO, seemed to
perform better than the microsized TiO,. Although
these data are very preliminary, this observation high-
lights the complexity of interpreting data from photo-
catalytic studies. Of the different degradation mech-
anisms aready mentioned, the conventional photo-
catal yst mechanism is the only one active for NOy but,
in assessing the oxidising potential of the different
cataysts, other factors (such asthe efficiencies of light
absorption, charge trandfer processes and adsorption)
must be considered. If it is accepted that adsorption of
the oxidisable species on the catalyst is the first step
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Figure 5. Diffuse reflectance spectra at
various illumination time for white cement
pastes without photocatdyst: (a) RhB
deposition and conditioning under daylight,
(b) RhB deposition and conditioning in
darkness.
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Figure 6. Diffuse reflectance spectra
at various illumination time for white
cement pastes containing m-TiO,: (a)
RhB deposition and conditioning under
daylight, (b) RhB deposition and
conditioning in darkness.
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Figure 7. Diffuse reflectance spectra
at various illumination time for white
cement pastes containing n-TiO,: (a)
RhB deposition and conditioning under
daylight, (b) RhB deposition and
conditioning in darkness.

of degradation, it must then be important to consider
how efficiently the adsorbate is adsorbed. To address
this properly, one needs to consider the surface charges
on the catalyst under the conditions of the experiment
and the charges on the target molecule. In agueous
solution without complexing cations, the zeta potential
of TiO, varieswith pH according to Figure 8. Chen et
a. (20) presented a detailed anaysis of adsorption
characteristics for RhB on TiO, which highlights the
significance of surface charges to adsorption geometry.
Of the two possible binding modes for RhB on TiO,
(20), only binding via the amine groups the subsequent
degradation leads to the observed hypsochromic shift
(selective stepwise de-ethylation (20)). This suggests
that surfaces on TiO; in this study are negative under
these conditions. This is confirmed by the ionization
of surface TiOH groups in an akaline environment
(39):

TiOH + OH = TiO + H,0 3)

Whilst surface charges dictate adsorption properties,
they also have an important influence on the dispersion
of the particles. Aggregation/dispersion behaviour of
TiO, particles in the cement environment cannot be
described by the DLVO (Derjaguin, Landau, Verwey,
Overbeek) theory (31, 32) on stability of colloids.
DLVO is applicable to systems where particles are
weakly charged in monovaent electrolytes at low
concentrations and is inappropriate for highly coupled
systems characterised by high ionic strengths, high
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Figure 8. TiO, {-potential in aqueous solution without complexing
cations (20).

surface charge densities and containing multivalent
ions, which exhibit specific adsorption on particle
surfaces. Indeed, the Poisson-Boltzmann equation
supporting the DLVO theory doesn’t take into account
the ion-ion correlations between co- and counter- ions
in the Electric Double Layer (EDL, Stern modd),
which can account for the attraction between particles
with apparently the same charges. Such phenomena
have been demonstrated by many authors working on
different colloidal systems and have been confirmed
by severa simulations (33-39) as identified in two
recent reviews (40, 41).

Attractive forces due to ion-ion correlations are
expected at high surface charge densities. Thisis shown
in detail by Mange et al. (39) for TiO, (Anatase)
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Figure 9. SEM surface micrographs for cement specimens (1 day cured) prepared with: (a) m-TiO,, (b) n-TiO,. SEM conditions adopted:

no impregnation, no coating, low vacuum mode.

Figure 10. SEM polished cross section micrographs for cement specimens (1 day cured) prepared with: (8) m-TiO,, (b) n-TiO,. SEM
conditions adopted: impregnation (27, 28), no coating, low vacuum mode.

suspensions a high pH in the presence of C&* ions
and by Jonsson et al. and Labbez et al. for C-S-H
(calcium — silica hydrates) particles in hydrated
cement. Furthermore, surface charge density is highly
particle size-dependent. Abbas et a. showed for a
fixed electrolyte concentration that, according to the
corrected Debye-Hucke theory of surface complexa-
tion, the smaller the particles, the higher their surface
charge density due to an improved screening efficiency
of the counter- ions as the particle surface becomes
increasingly curved (42). This effect, confirmed by
Monte-Carlo simulations, is extremely enhanced below
a particle diameter of 10 nm. The same authors have
also shown that the surface charge density increases
with the electrolyte equilibrium concentration.

From the considerations above, a higher surface
charge density for the n-TiO, in the high ionic
strength environment of cement should therefore be
expected. This would lead to a stronger ion-ion cor-
relation effect, between the negatively charged TiO,

surfaces and the associated agqueous Ca* ions, and,
ultimately, ahigher degree of agglomeration. Further, it
is known that aggregation aso depends on the number
of particles in the system. If we approximate TiO,
particles to perfect spheres, from a simple geometric
calculation we can derive that for a given mass of
TiO,, the total number of particles for the n-TiO, is 9°
times the one for the m-TiO,, aso suggesting a higher
degree of agglomeration inthe n-TiO,.

An SEM survey on the hardened cement samples
has been carried out to evaluate the dispersion effective-
ness of the two titanias in the cement environment.
Micrographsin Figure 9 were obtained for the surface
layer of the cement samples prepared with m-TiO,
(Figure 9(a)) and n-TiO, (Figure 9(b)) whilst micro-
graphsin Figure 10 are of sections cut perpendicularly
to the surface and show the layers beneath the surface.
Surface micrographs (Figure 9) show a higher degree
of m-TiO, dispersion (white spots in Figure 9(a)).
Cement prepared with nanosized n-TiO, show larger
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particle aggregates (a lower degree of dispersion (see
Figure 9(b))). This is especialy evident when the
scale of the micrograph is considered. Nanoparticulate
agglomerates seem to be at least 1 um in dimension
compared to m-TiO, agglomerates which seem to be
smaller and divided in smaler sub-agglomerates. A
very similar situation is achieved in the bulk of the
specimens, see Figure 10. Figure 10(a), related to
cement prepared with m-TiO,, shows smaller and
better dispersed TiO, particle aggregates compared
with n-TiO,-containing pastes, Figure 10(b). This
evidence seems to be in good agreement with the
simulations by Abbas et a. and the hypothesis derived
from the expected surface charge density and ion-ion
correlations. Whilst it should also be considered that
the commercia titanias may already be agglomerated
prior to introduction to the cement, the considerations
aboveoffer some explanation as to the different degrees
of agglomeration that could be expected (and are
observed) as a consequence of the cement environment.
Electrokinetic measurements are currently being per-
formed to quantify actual surface charges and (-
potential trends. Beyond understanding the different
dispersion characteristics of TiO, in the cement
environment, these parameters can aso be useful to
interpret the adsorption chemistry of RhB (or other
charged molecules) on TiO, in cement/concrete
systems, particularly where adsorbed Ca?* ions compete
to form the eectric double layer. The selective de-
ethylation (hypsochromic shift (20)) observed for
TiO, exposed to daylight (Figure 6-7 (a)) suggests that
RhB is bound to the catalyst via its amino groups
(partia positive charge), indicating that the surface is
negatively charged. Thisis consistent with the arguments
presented on dispersion. The difference in performance
between m-TiO, and n-TiO, is therefore considered to
be a consequence of aurface charge density. It is
tentatively proposed that the higher negative surface
charge on n-TiO, is more readily satisfied by Ca*
adsorption, reducing the binding of RhB wheress,
Ca’ is less strongly associated with m-TiO, and RhB
binding is quantitatively more significant leading to
higher rates of degradation via dye sensitisation.

Conclusions

A series of RhB dye discolouration studies have
been undertaken using two commercial TiO, samples
of different particle size distributions (predominantly
microsized — 150 nm and nanosized — 18 nm), dispersed
in white Portland cement. Differences in dye dis
colouration characteristics were observed for the
microsized catalyst depending on whether or not the
sample was exposed to visible light. Only a small
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effect was observed for samples containing the nano-
sized catdyst. Samples containing microsized TiO,
experiencing visible light exposure showed evidence
of selective de-ethylation through a dye-sensitisation
mechanism (hypsochromic shift (20)) leading to a
different dye degradation pathway to that taken by
exposure to UV only. The observation from photo-
catalytic tests that microsized titania shows a higher
RhB discolouration performance than nanosized titania
in the cement environment is likely to be associated
with either a higher degree of digpersion, observed by
SEM, and the higher exposed surface area for dye
adsorption, or more fundamental surface chemistry,
which isbeing addressed in a subsequent paper.
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