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Abstract

Mortars made with Portland cement, two different calcium aluminate cements and air lime were
chosen to incorporate photocatalytic additives, because they have large exposed surfaces that
boost the photochemical oxidation (PCO) of atmospheric pollutants such as nitrogen oxides.
TiO, as reference catalyst, and two doped titania, Fe-TiO, and V-TiO,, which were expected to
increase the sensitivity of the additives towards the visible light, were studied. Cementing
matrices, particularly air lime and high alumina cement mortars, yielded significant amounts of
NO removal under the three illumination conditions studied (UV, solar and visible light), with
high selectivity response for NO abatement (up to 60 to 80%) and low NO, release. The
presence of calcium carbonate has been shown to have a synergistic effect, enhancing the PCO

of these mortars under different light sources.



1. Introduction
Atmospheric pollution is one of the most severe problems that scientific community has to face
up. Industrial activity is responsible for the presence of toxic gases in the atmosphere.
Regarding the chemical composition of these pollutants, nitrogen oxides NOy (NO + NO,) have
been recognised as potential agents causing respiratory diseases and acid rain [1]. In order to
remove NO, from the atmosphere, photochemical oxidation (PCO) has been developed in

different systems by means of the use of photocatalysts.

Photocatalysts can be immobilized into cementitious materials with the aim of enhancing their
activity and developing applications in new areas. Cement-based materials offer a large ratio of
fixation sites for the photocatalysts, as well as extensive exposure surfaces and have been
reported as target supports of these photocatalysts [2-7]. These modified materials have been
proved to be efficient to depollute the environment by degrading NO, (DeNOy effect) [8-10].
Furthermore, photocatalysts can give rise to an increase of the hydrophilicity of the surfaces
since they are known to generate photo-induced superhydrophilicity. This point is related to the
self-cleaning ability of these surfaces. This ability is based on the synergy of two properties: by
one hand, the photo-induced oxidation of the adsorbed organic compounds and, by the other
hand, the photo-induced super-hydrophilicity [11]. As main responsible for the stains on the
surface of building materials literature has pointed out to composites including organic
compounds, such as fatty acids and hydrocarbons, that can trap dust and atmospheric particles
[11]. For hydrophilic surfaces water drops spread over the surface and form a film of water
(initially water is chemisorbed onto the surface of the photocatalyst; then, the thickness of the
layer is increased because these water molecules adsorb water by physisorption, either by van
der Waals forces or by hydrogen bonds) [12]. This film of water will act as a barrier to prevent
the close contact between the surface of the building material and the pollutants. Pollutants
close to the surface of the material will be easily removed by this loose water barrier. Therefore,
during the process of spreading of water drops, the contaminants on the surface are washed

away [13].



For mortars with photocatalysts, water contact angle is expected to decrease making surfaces
easily washable by rain water and preventing dirt from accumulation, according to the
aforementioned reasons. These building materials would be self-cleaning surfaces [14-17]. This

fact reduces the cleaning maintenance costs, obtaining an environmentally friendly material [18-

19].

Semiconductor metal oxides are commonly used as photocatalysts in PCO reactions [20].
Semiconductors have an electronic structure characterized by a filled valence band and an
empty conduction band. When the energy provided by a photon (light source) matches or
exceeds the bad gap, one electron overcomes the energy barrier and is promoted from the
valence band to the conduction band, leaving a hole (positively charged) in the valence band
[21]. In the presence of air and oxygen, pollutants -that are adsorbed on the semiconductor

surface-, may undergo photo-oxidation.

The most common photocatalyst used in building materials is TiO,. The PCO chain reaction of

the NO, removal by TiO, has been generally accepted as follows [7]:

TiO, + hv > e + h' (1)
H,O + h* -» H" + OH- (2)
0, + & — Oy (3)
NO + Oy — NO; 4)
NO + OH- — HNO, (5)

HNO, + OH. —» NO, + H,0  (6)

NO, + OH. —» NOz + H* 7)

Titania is an excellent photocatalyst under UV light. Nevertheless, outdoor radiation only
presents a minor 4-5% of UV photons [22]. Different attempts to improve the sensitivity of

titania towards photons of the visible light spectrum have been carried out [23-25]. Among



these strategies, the doping of TiO, with transition metals (Fe, V, Cr...) has shown to be useful

[25-27] and will be employed in this work.

Although usually ordinary Portland Cement, PC, has been studied as the main building material
acting as support of TiO,, previous studies have also shown the potential usefulness of
cementing matrices based on calcium aluminate cement (CAC) to support bare TiO,. Different
behavior was found for high alumina cements, HAC (iron-lean calcium aluminate cements) and
cements with a high amount of ferrite phase (iron-rich calcium aluminate cements, so called
low alumina cements, LAC), the first ones being the most effective in the NOy removal. This
efficiency was related to a good ability for NO, sorption: the incidence of UV illumination gave
rise to the formation of holes on calcium aluminates (Lewis acid sites) that preferentially
interacted with the Lewis base NO, [28]. However, the effect of other photocatalysts with
expanded sensitivity towards visible light on the atmospheric NOy removal has not yet been

tackled in these calcium aluminate cements.

On the other hand, lime-based materials for construction purposes have shown a growing
development over the last years [29-31]. Lime mortars, in monolayer as well as in renders,
could also be an interesting supporting binder for these active agents, but this topic remains

almost unexplored in the literature [32].

Chemical composition, heterogeneity and pore structure of the supporting materials can have a
strong influence on the PCO activity [7,20]. Synergistic effects improving the atmospheric NOy
removal efficiency have been reported in different systems leading, for example, to a precise

separation between active sites which reduces the electron-hole recombination rates [32-35].

The present work aims to explore the use of photocatalytic additives with expanded sensitivity
towards visible light radiation in four different binding materials (PC, two calcium aluminate
cements, HAC and LAC, and air lime-based mortars) to remove atmospheric NO gases. The
outcome of this research could be useful to apply new depolluting building materials that would

be active under different illumination conditions, particularly in exposed areas with low sunlight



illumination (where the scarce UV component is further restrained). Three nanostructured
photocatalytic additives were used for the obtaining of the active mortars: bare TiO,, which was
used for comparative purposes, and two different doped TiO,, Fe-TiO, and V-TiO,. DeNOy
activity of these mortars was assayed under three distinct radiation types, namely UV, solar and
visible radiation, in order to investigate the real effect of the doped additives in these binding
matrices. Attention will be also focused on the release of harmful NO, as intermediate product
of the PCO of the NO: for depolluting building materials, a complete NO photo-oxidation until
nitrates (which can be rain-washed) would be desirable in order to effectively reduce the
atmospheric pollution. The efficiency of these new photocatalytic cementing matrices in terms
of NOy (considering NO removal and NO, release) vs. NO degradation will be assessed.
Finally, the hydrophilicity of the mortars is also monitored by the static water contact angle, as

an indicator of the potential self-cleaning ability of these mortars.

2. Experimental section

2.1. Materials
Four different binders were used to prepare the mortars:
a) Portland Cement (PC) (type CEM 1132.5 N, Portland),
b) High alumina cement (HAC) (Ternal White, Kerneos)
¢) Low alumina cement (LAC) ( EN 14647 CAC, Ciments Molins Industrial)
d) Dry slaked lime (class CL 90-S according to European standard [36], CALINSA,
Spain).
Chemical and mineralogical compositions, obtained by X-ray fluorescence (XRF) and X-ray
diffraction (XRD), of the binders are summarized in Table 1. A siliceous aggregate was also
used: its mineralogical composition and grading has been reported elsewhere [37].
Three photocatalysts were used: bare TiO, (Aeroxide P25, Evonik) and Fe-TiO, and V-TiO,

(synthesized by flame spray pyrolysis, FSP [27], and supplied by Centro Tecnoldgico



L’Urederra, Spain). According to the data provided by the supplier, Fe-TiO, was obtained by a

. 3+ - . . . .
solution of Fe™" ion as precursor, whereas V-TiO, was obtained from a V,05-TiO, mixture.

2.2. Characterization of the photocatalytic additives

Specific surface area was determined in samples by the BET method (ASAP 2020 equipment,
Micromeritics) studying N, adsorption at 77K. XRD and XRF were used to study the
mineralogical and chemical composition of the additives. Table 2 summarizes the experimental
specific surface values obtained for bare titania and doped additives. Particle size of the
crystallites was determined according to the Scherrer equation from the XRD results (Table 2)
[38]. Anatase and rutile appeared as the only crystalline compounds in all samples (Fig. 1a).

The surface chemical composition of the powders was investigated by quantitative studied of X-
ray photoelectron Spectroscopy (XPS) (Equipment ESACALAB 200-X with ECLIPSE data-
system (VG Scientific) and MgK-alpha excitation). Survey spectra are depicted in Fig. 2a. The
assessment of the O 1s region (Fig. 2b) was conducted using Gaussian values to decompose the
different contributions of the peak. The resolution of this area provided three different peaks (in
Fig. 2b indicated as I, II and III). Peak I in the Figure is attributed to the crystal lattice oxygen in
the oxide, Ti—O (529.5 eV) in TiO, whereas the assignment of the second one (II, 531.5 eV)
was related to the Ti-OH. Experimental results showed that the doping of the titania lattice with
either Fe or V caused an enlargement and widening of this second peak [39].

XPS spectra, in Fig. 2d, also showed peaks related to V2p 3/2 and V2p 1/2, which appeared at
515.8 and 523.7 eV, respectively [27]. These peaks are mainly related to the presence of V*
[40-43]. The absence of a shift of the anatase (1 0 1) peak (Fig. 1b) in XRD pattern proved that
there is no V*" incorporation into the TiO, lattice [40-42]. Considering these data, the very low
solubility of vanadia in TiO, and the precursors used in the FSP synthesis, vanadium located
dominantly on the titania surface appears as the most probable structure. This agrees with the
known fact that -in FSP processes- TiO, nucleates first, giving rise to a titania core, and then
different vanadium compounds create a shell after their deposition on the titania surface [44-

46], as we experimentally confirmed with their superficial detection by XPS. The vanadium



structures (generally VO,) would be isolated monomeric vanadyl centers with V*" according to
the XPS results and to the low vanadium loading [44,47], since quantitative data (XRF) for V
revealed the presence of 1% of V in the doped samples. Therefore, the vanadium-bearing
additive can be characterized as heterostructures between TiO, and VOi. For the sake of brevity,
this additive will be called as V-TiO,.

For iron-doped titania, XPS spectrum in the region of 700 to 740 eV was unable to identify the
peaks of Fe (Fig. 2e) due to the low concentration of dopant and the fact that XPS only
characterizes the most outer surface of the samples [48]. By X-ray fluorescence, Fe-TiO,
additive showed a percentage of 0.179 % for Fe. By XRD, we did not find evidences of
secondary Fe,O; phases. Furthermore, other changes in the XPS spectra, in XRD and
considering also the chemical precursor used in the synthesis, suggest the definite incorporation
of Fe into the TiO, lattice. The experimental evidences can be summarized as follows: (i) The
chemical shift of the titanium peak Ti2p 3/2 in the XPS spectrum: from the stoichiometric TiO,
lattice (458.1) to 459.1 for Fe-TiO,, proving some changes in the chemical bonding [48] (Fig.
2¢). (ii) The increase in the hydrophilicity of the sample (OH adsorbed as proved by the second
peak after deconvolution of the Ols, in the XPS results in Fig. 2b), in accordance with results of
Ti0O, samples doped with iron [25]. (iii) The clear displacement of the anatase (1 0 1) XRD peak
(see Fig. 1b, from 25.30° 20 to 25.41° 20), in good agreement with the reduction in the lattice
parameters and a parallel shrinkage of the unit cell for low concentration of Fe dopant [49]. The
presence in the titania lattice of Fe'™ in the low spin state, coordination 6, replacing Ti*" (with
higher ionic radius) is compatible with this XRD peak displacement. (iv) The enhancement in
the percentage of rutile formation for Fe-TiO, (69.1% of anatase and 30.9% of rutile), as
compared with 78.8% and 21.2% in bare TiO, (Table 2).

Therefore the characterization showed that the vanadium-bearing additive was a heterostructure
between TiO, and VO (vanadyl centers) whereas in the case of the Fe-doped additive Fe*" was
found to substitute Ti*" within the TiO, lattice.

The light absorbance of the photocatalysts was examined using a UV-2100 Shimadzu

instrument. The UV—-vis diffuse reflectance spectra were recorded in the wavelength range 300—



800 nm. The doped additives showed increased absorption within the visible region, evidencing
that these compounds increased their sensitivity towards visible illumination as compared with
bare TiO, (Fig. 3).

Surface charge and particle size distribution of the alkaline suspensions of the additives (1 wt.
%) were determined using an electroacoustic-based zeta potential analyser (ZetaProbe,

Colloidal Dynamics) and Malvern Nanozeta Sizer, respectively.

2.3. Mortar preparation and curing regimes
Samples were prepared with a binder:aggregate ratio of 1:3 by weight, which has been used in
previous works. The binder:water ratio was adjusted in each fresh mortar in order to ensure a
good workability (spread in the flow table test of 175 = 10 mm) [50]. Three different
concentrations of each photocatalyst (TiO,, Fe-TiO, and V-TiO,) were studied: 0.5 wt. %, 1 wt.

% and 2.5 wt. % with respect to the binder weight.

Binder, aggregate and additives were blended for 10 min at low speed in a mixer. Water was
then added and mixed for 90 s at low speed. Then, fresh state properties were determined as
described below. Afterwards, mortars were cast in cylindrical moulds (40 mm of diameter and
36 mm of height) and de-moulded 24 h later (7 days later in the case of air lime samples).

Curing conditions were as follows:

- PC moulds were cured at 20°C and 95 % RH (Relative Humidity).

- Mortars of calcium aluminate cements, HAC and LAC, were subjected to two distinct
curing regimes: curing condition 1 was the same used for PC mortars, in which calcium
aluminate cements are expected to develop metastable hydrates. Parameters for curing
condition 2 were 60°C and 100% RH: under such conditions, calcium aluminate
cements yield cubic, stable calcium aluminate hydrates and higher porosity [28].

- Air lime mortars were cured at 20 °C and 60% RH.

Considering the relatively low percentages of the additives, the final color of the prepared



specimens did not undergo any changes at naked eye after the additive incorporation.

2.4. Characterization of the mortars with photocatalysts
Pore size distributions (PSD) were obtained by mercury intrusion porosimetry (MIP)
(Micromeritics-AutoPorel V-9500; pressure 0.0015 to 207 MPa). Additional characterization by

FTIR-ATR (Nicolet-Avatar 360, resolution of 4 cm™') was also done.

Microstructural examination and elemental mapping of the observed areas was carried out by
Scanning Electron Microscopy combined with energy-dispersive X-ray microanalysis (SEM-
EDS, FEI Instrument, Quanta 3D FEG, with INCA IE 350 Penta FET X-3 EDS, Oxford

Instruments).

With the aim of evaluating the changes in the hydrophilicity of the mortars, the static water
contact angle (WCA) was measured with mortars exposed to UV, solar and visible light. A
video-based optical contact angle measuring instrument (OCA 15EC Dataphysics) was used.
The reduction of the WCA could allow the dirt (oily smog, dust, carbonaceous particles ...) to
be washout by rain. Surfaces with WCA between 0° < 0 < 90° are generally considered to be
hydrophilic and when the WCA becomes less than 10°, it is considered superhydrophilic [13].

In all instances compressive strengths of the mortars were tested at different curing ages (28, 91,
182 and 365 days). Specimens with the photocatalytic additives showed enough mechanical
resistances to allow the real application of the mortars and values after one curing year were
generally above 30 MPa for PC samples, 35-40 MPa for HAC and LAC mortars and 1.5 MPa

for air lime mortars.

2.5. Photocatalytic studies: DeNOy ability
Photocatalytic activity was studied in a flow-through setup [51] onto discs of the samples (slices
obtained from the cylindrical samples prepared as described in 2.3) of height 1 cm and diameter
4 c¢m and one year-curing old. The total exposed area of the discs was 25.14 cm®. A scheme can

be seen in Fig. S1 of the Supplementary Information. Two different lamps were used as



irradiation source: Osram Ultravitalux 300W, for UV illumination, and Philips SON-T PIA Plus
250W, for solar and visible irradiation, with intensities of 43.4 W m™and 36.7 W m™ measured,
respectively, by a Traceable ultraviolet light meter Control Company (UV-A sensor 320-390
nm) and a Photo-Radiometer HD2302.0 Delta Ohm (visible sensor LP-471 RAD 400-1050 nm).
For UV-A, these light intensities are in line with an average value of 35 W m™ that has been
reported for UV-A illumination (summer days in Central Europe) [52] and has been selected as
a mean value of the UV-A light intensities (times close to noon, summer solstice, clear sky day)
for subtropical regions including Southern Europe [53]. For solar light, the lamp provided
around 10% of the intensity of the irradiation from 400-1050 nm determined for outdoor
exposure in a sunny summer day (considering the solar constant as 1366 + 2 W m™ and the
angle of incidence and the number of sunny hours, 342 W m™ would be the average global
power density at the top of the atmosphere. Just 70% reach the ground, so that an average value
of 240 W m™ can be estimated as the total solar irradiance (from which visible spectrum
accounts for ca. 38-41% of the total irradiation). In order to achieve strict visible radiation a
coloured glass filter (FGL420, Thorlabs) was used for solar radiation which cuts off completely
wavelengths shorter than 410 nm. Experimental conditions were 50 = 10% RH and 25 + 2°C.
The cylindrical photoreactor (height 12 cm; diameter 14 cm) was fed by a 500 ppb NO stream at
a 0.78 L'min”' flow. Concentrations of NO and NO, were determined by a chemiluminescence
detector (Environnement AC32M). Conditions of the photocatalytic assays fall within the same

order of magnitude used in similar experimental settings [7,28].

NO, stream flowed over the sample in the dark for 10 min in order to stabilize NO
concentration and to avoid the interference of the adsorption phenomena, which, together with
the direct photolysis, were subtracted after running blank experiments for all tests. Then, the
photoreactor was irradiated for 30 minutes. After that, the light was switched off and NOy
stream continued flowing over the sample 10 minutes more. (Fig. S2 in the Supplementary
Information shows, as an example, one experimental profile of the NO, abatement curves).

Error analysis of the experimental results obtained by this method, as expressed in terms of

10



relative standard deviation, was calculated under reproducibility conditions to be 3.3% from
replicate analysis of at least three identical samples. The performance of the photocatalytic
additives in powder was studied under UV, solar and visible irradiation (Fig. 4). The positive
effect of the doped structures was observed under solar and visible illumination (higher NO
removal than bare TiO,). The simultaneous presence of anatase and rutile, with formation of
oxygen vacancies at the grain boundaries, accounts for the bare TiO, activity under strict visible

irradiation [54].

3. Results and discussion

3.1. Role of the binding matrices in the NO, removal
Results of the NO abatements of all tested mortars under UV, solar and visible irradiations were
monitored (Fig. 5). The experimental results showed, in general, a dosage-dependant pattern:
the higher the dosage of additive, the higher the percentages of NO abatement. There is no
evidence supporting a drop in the effectiveness owing to a coupling electron-hole as a
consequence of an excess of the photocatalytic additive in the mortars. This outcome is
reasonable taking into account the relatively low maximum percentage of the additive used
(2.5%) and its incorporation in bulk, which lead to a good separation between the particles of
the additive.
As it can be inferred from the results, the use of photocatalysts in all instances greatly improved
the performance of the controls (photocatalyst-free mortars). The NO removal observed in the
control samples can be ascribed to adsorption phenomena, among which the disproportionation
of NO due to the alkaline pH of the mortars may be highlighted [2].
Lime and HAC mortars, among all the binding matrices, showed the best values of NO
abatement under UV, solar and visible light. For example, under UV light (Fig. 5a), percentages
above 20% of nitric oxide removal were measured in many cases for these matrices. The good
performance of high alumina cement with photocatalysts may be related to: (i) the sensitivity of

the calcium aluminates towards illumination, acting as Lewis acid sites, as we established in a
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previous work, in a better degradation of nitrogen oxides in high alumina cement mortars [28];

and (ii) the appropriate pore size distribution: HAC mortars exhibited a low amount of small
pores (below 0.05 pm), favouring the gas intrusion in samples in comparison with PC mortars
[7,55]. See, as an example, MIP curves of HAC mortars and PC mortars (in the latter case with
a strong population of pores below 0.05 pm when photocatalysts were incorporated) (Fig. 6a
and Fig. 6b). Cement mortars with a strong prevalence of nanopores (in this case meaning pores
below 0.05 pm) have been seen to restrain the diffusion of the gaseous pollutants into the

mortar structure, thus reducing their photocatalytic efficiency [55].
In the case of air lime mortars, the high nitric oxide removal rates might be explained taking

into account the pore structure of these monolithic specimens, with a good interconnected
structure evidenced by the critical pore size of these mortars (around 0.7-0.8 pm) and the almost

unimodal pore size distribution (Fig. 6¢). This critical pore size can be defined as the most
common diameter that allows the maximum percolation through the interconnected pore
network. NO molecules would be able to easily reach the inner parts of the air lime mortars,
being adsorbed onto the photocatalytic active sites.

Furthermore, the availability of significant amounts of calcium carbonate in these mortars (both
HAC and lime mortars) would be responsible for the reaction with nitric acid (final product of
the NO photooxidation), yielding calcium nitrates that are easily removed from the
photocatalyst surface thus enhancing the PCO reaction [33]. Otherwise, the formation of nitric
acid on the surface of the photocatalyst (the rate limiting step [56]) would result in a
deactivation of the compound [57]. The synergistic effect of calcium carbonate to improve the
PCO efficiency of TiO, has already been mentioned in other works [33,58,59] as well as the
positive effect of the simultaneous presence of TiO, and nanolime (colloidal nano-structured
calcium hydroxide) [60].

In order to confirm these assumptions, selectivity (expressed in percentage) of the
photocatalytic matrices was calculated (%NOy removal x 100 / %NO removal) as an estimation

of the NO degraded that finally yields nitrate instead of the harmful NO, [61] (Table 3). Under
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UV light, it can be observed that air lime mortars as well as HAC mortars showed the highest
ratios as compared with PC or LAC mortars, generally well above 60% or even 70%. These
selectivity percentages are outstandingly higher than other reported in the literature (ca. 50% for
different photocatalysts [61]) and better than other immobilizing systems including
photocatalysts [62], thus remarking the interest of these binding materials which present a
favourable ability to yield catalytic materials with improved depolluting properties. These high
selectivity values prove that both air lime and HAC mortars completely removed large
percentages of NO until total oxidation without secondary and non-desirable release of large
quantities of NO, [63]. Under solar and visible illumination sources, selectivity values for these
mortars were very high (above 70% and even 80%) and the doped additives exhibited an
increase in their selectivity performance. This finding supports the interest of these air lime and
HAC mortars as matrices to achieve an effective depolluting performance of atmospheric
environment, with very good rates of NO removal with a comparatively low release of NO,,
irrespective of the nature of light impinging on them.

FTIR-ATR examination of the tested mortars after conducting the NO, abatement tests was also
helpful to confirm the enhanced action mechanism of these air lime and HAC mortars, which
involves a complete PCO of NO: the absorption band of calcium carbonate underwent a
dramatic reduction as consequence of its intense consumption due to the reaction with nitric
acid (as the final NO photoxidation product). As an example, Fig. 7a shows the FTIR spectra of
air lime sample with TiO,, before and after its exposure to NO (in which a prolonged 2 hours
period was used in order to raise the intensity of the PCO reaction). A clear reduction of the
CO> absorption bands at ca. 1425 cm™, 880 cm™ and 710 cm™ was observed. At the same time,
and as a consequence of the acid-base reaction between the final PCO product (nitric acid) and
calcium carbonate, new moderate bands appeared at 665 and 685 cm™, which were ascribed to
the formation of hydrogencarbonate (HCO5) [59]. Small sharp band at 830 cm™ would be
indicative of the traces of nitrates, since they correspond to v2 vibration mode of the D3h ionic

nitrates [64]. Some other weak signals could also be ascribed to nitrates: 730 cm™, v4 vibration

mode of the D3h ionic nitrates and 760 cm™ to the v6 of the -ONO, group vibration (C2v).
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Similar results were obtained in a HAC mortar (Fig. 7b), with a clear reduction of the
absorption linked to the presence of carbonate group and with the appearance of two sharp
bands at 685 and 760 cm™, ascribed to the HCO; and nitrate formation. Comparatively, a
sample of LAC mortar yielded much more attenuated changes (Fig. 7c). In Fig. 7b and 7c, the
broad peak around 900 cm™ can be related to the asymmetric stretching vibration of AI-O
bonds of [AlO4] tetrahedra in C;A and Ci,A; [65].

When the influence of the source of illumination was considered, the efficiency in the NO
removal of the UV light was found to be the highest, as can be observed by the percentages of
NO degraded (Fig. 5). Under the solar illumination, all the values of NO removal were lower
due, among other factors, to the lower irradiance provided by the light source. Solar light
includes a small percentage (4.5%) of UV photons, but their effect in UV sensitive catalysts can
usually outweigh the contribution of the visible light activity [26]. The experimental results
under solar illumination showed a good agreement with those measured under UV light: the
matrices (air lime and HAC mortars) with the highest NO removal under UV light also
presented the highest NO removal under solar illumination. Results under strict visible
illumination also yielded the highest values of NO degradation for these HAC and air lime
binding matrices. In addition, LAC mortars (cured under condition 1) also showed noticeable
ability for NO removal. The presence of doped TiO, increased the NO removal activity of the
mortars under visible light. Considering the low irradiance of the lamp as compared with the
sunlight irradiance, these results of NO removal would be expected to clearly increase in
outdoor exposure.

However, this favourable DeNOx ability of these materials does not include the potential impact
on the aesthetic appearance of the fagades that should be further studied.

The NO removal reactions were adjusted to pseudo-first-order kinetics, in agreement with the
expression In(Cy/Cy) = —kt, in which k is the apparent rate constant of disappearance of the
nitrogen oxide, and C, and C; are the initial and instant concentrations of NO, respectively [66].
The plotting of In(C/Cy) vs. time of irradiation yielded a linear relationship. Table S1 in

Supplementary Information collects the values of the kinetic constants of the linear adjustments.
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From the results, it can be observed that the fastest systems were also the most efficient
composites for the abatement of NO. Kinetics analysis showed that both lime and HAC mortars
degrade NO at the highest rate. Other significant conclusion was that, under UV illumination,
pristine TiO, was the additive yielding the swiftest processes whereas Fe-TiO, and V-TiO,
showed somewhat sluggish activities. Under solar irradiation, HAC mortars with bare TiO,
degraded NO at the highest rate, whereas air lime mortars showed relatively fast processes with
the three tested additives.
3.2. Role of the doped additives in the photocatalytic activity

Under both solar and visible illumination, the mortars with the doped additives (Fe-TiO, and V-
Ti0,) exhibited some differences that deserve a painstaking discussion from a mechanistic point
of view. In general, the presence of Fe-Ti0O, favored the activity under solar and visible light for
air lime mortars, while keeping a reasonably high level of efficiency for HAC mortars under the
two different curing regimes. Under an illumination source including a visible light component,
the broader sensitivity of V-TiO, generally improved the DeNOy process, although samples
usually yielded lower activity in comparison with Fe-TiO, (except for PC and LAC mortars).
After the doping process, the photocatalytic activity of the parent TiO, lattice may be modified
owing to the formation of new energy levels between the valence band and the conduction band
(CB). The increased sensitivity of the VO,-TiO; heterostructures in the V-TiO, additive towards
visible light (as proved by the bathochromic shift of the band gap energy) can be explained
considering the good dispersion of vanadium oxide on TiO, (yielding monomeric vanadyl
centers) and also the formation of a new energy level in the energy gap due to the d-orbital
levels of these centers [47]. Therefore, the excitation of a 3d electron of the V* into the TiO,
conduction band took place [67-68]. The trapped electrons would migrate to the TiO, surface
and the adsorbed O, would be reduced to O, , while the hole migration would transform the
surface hydroxyl group into hydroxyl radical (OHe) [23]. It should be noticed that NOy
photocatalytic oxidation is mediated essentially by the hydroxyl radical and, to a much lesser

extent, by O, [69,70].
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Basically, the action mechanism of the Fe-TiO, would involve a charge transfer from the d
orbital of Fe’" to CB of TiO,. A detailed mechanism for photogeneration of active species has
been reported by Choi et al. [68]. For a complete consideration, the energy levels of the
impurities for hole and electron traps are very important, but also the energy involved in the
charge release and migration in the lattice plays a capital role. In a dual phase of active titania
(anatase and rutile), the improvement in the photocatalytic effect due to the iron dopant has
been ascribed to the reduction in the recombination rates, i.e., the efficiency of Fe-doping for
separating electron-hole pair in TiO, [25].

It has been proven (see section 2.2.1) that, whereas vanadium appeared mainly on the TiO,
surface as vanadyl V** centers (TiO,-VO heterostructures), iron, as Fe’", substituted Ti*" within
the titania lattice. Experimental results showed, in general, a better performance for Fe-TiO,
samples than for V-TiO, samples, in spite of the fact that V-TiO, showed a more intense light-
harvesting in the visible light spectrum (see Fig. 3). Different factors can be argued to explain
this performance:

1) The different energy levels between Fe*"/Fe’" or V>*/V*" with respect to the CB of the
titania lattice (Ti*"/Ti*" level). The Fe*"/Fe’" energy level is located very close to
Ti*"/Ti*" level, so that a trapped electron in Fe*" can be quickly transferred to a nearby
Ti*, leading to a interfacial electron transfer [68].

2) At the same time, whereas V°* (for the V**/V°* level) can only act as an electron
scavenger, Fe'" (for the Fe''/Fe*" level) can trap a hole with long lifetime, as a
consequence of the immobilized electron in the Fe*", as explained before [68]. The
impact of the hole formation and the subsequent generation of the hydroxyl radical on
the NO, PCO has been mentioned, and Fe-doped titania then appears to be more
effective for the NO, removal.

3) The different exposure of active sites in the mortars. Given that PCO is a superficial
phenomenon, specific surface of the additives as well as their real distributions in the
mortars are of the utmost importance. Although V-TiO, has a higher specific surface

than Fe-TiO,, its trend to agglomerate in alkaline aqueous suspensions (a well-known
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phenomenon for nano-materials) should be studied. To this aim, different experiments

were carried out:

a)

b)

¢)

d)

First, zeta potential tests of the additives were executed. Particles in suspension
(in this case achieved in the plastic state of the binding pastes) of relatively
small surface charge, tend to agglomerate, reducing their exposed active sites.
Particles with zeta potential values between +30 and -30 mV are considered to
be unstable, with a strong tendency to form flocs. The used photocatalysts
showed zeta potential values in alkaline aqueous suspension of +38.95 mV,
+11.90 mV and +6.85 mV, for bare TiO,, Fe-TiO, and V-TiO,, in line with
other reported values [71]. The zeta potential values of the two doped additives
fall within the instability region and the V-TiO, is the additive with the
strongest tendency to agglomerate.

As a second series of experiments, TEM observations of these same aqueous
additive suspensions were also performed. V-TiO, samples, with a lower
particle size, presented larger and denser agglomerates of particles as clearly
observable in Fig. 8.

The third series of experimental tests included the obtaining of particle size
distributions in aqueous media of alkaline pH and high Ca®* concentration with
the aim of mimicking the conditions of the fresh mortars during the bulk
addition (Fig. 9). The results confirm the previous determinations of zeta
potential and TEM micrographs, with higher agglomerates detected for V-TiO,
additive (with a significant tail of particle size above 1100 nm).

Finally, SEM-EDS examination of the mortars clearly showed how the V-TiO,
generated areas with strong agglomeration of the particles. Elemental mapping
indicate a homogeneous distribution of the Fe-TiO, additive within the binding
matrices (Figure 10 shows air lime and Fig. 11 PC mortars), traceable by the Ti
elemental mapping. However, for V-TiO, additive a clear accumulation of Ti

and V in some specific areas was seen in both types of mortars (in Fig. 10 and
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11, Ti and V elemental mapping showed matching brighter spots, as indicated
by white arrows). These agglomerates reduced the active sites and resulted in
spots of high recombination electron-hole pairs, reducing their lifetime and,
subsequently, the NO, removal. For mortars with Fe-TiO,, the more
homogeneous distribution of the photocatalyst accounts for their better
photocatalytic efficiency.
To sum up, the V-TiO, additive yielded a lower amount of active sites in the mortars,
contributing to a generally lower PCO efficiency.
4) Finally, the percentage of dopant can have a certain influence on the catalytic activity.
An excess of dopant can also offer recombination sites for electron-hole pairs. In the
current work, the dopant percentage of vanadium (1%) was much higher than that of the
iron (below 0.5%) according to the XRF results.
Considering the final DeNOy ability in comparison to other DeNOy values reported in the
literature [72], these cementing matrices yielded significant amounts of NO removal under the
three illumination conditions, with high selectivity response for NO abatement that involves
good percentages of NO, abatements. As a way of example, for depolluting pavements (a piece
of concrete including a final active coating with higher percentage of catalyst) under UV
irradiation, NOy abatement ranged from 20 to 30% [73], so that the systems of the current work
would be more efficient in terms of DeNO, ability considering the lower obtaining costs and
catalyst consumption. Under solar illumination, some of these matrices reached NO removal
values up to 15% (reported values for powder additives ranged between 17 and 25% [57]), with
just a maximum 2.5% of additive by weight of binder. Under strict visible light, some of the
mortars modified with photocatalysts yielded NO abatement percentages up to 5% (values of ca.
2% to 20% for pure powdered additives have been reported under visible light) [59,74]. These

results encourage addressing studies on other photocatalysts with higher visible light sensitivity.

3.3. Hydrophilicity of the mortars: water contact angles
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The hydrophilicity of the samples as measured by the static WCA was assessed. This parameter
could serve as indicator of the self-cleaning ability of these cementing matrices, since the lower
the contact angles the more effective dirt-prevention of the mortars [75]. When incorporated to
cementing systems, besides the properties of the additives, the chemical and mineralogical
composition of the binder, its roughness as well as its pore size distribution, also have a strong
influence on the wettability of the surface of the mortars. From the point of view of the
environmental effectiveness of these mortars, a reduction in the contact angles of the surfaces
would have two positive effects: on one hand, a reduction in the chemicals used for cleaning
purposes and, on the other hand, the final removal of the PCO products (nitrates) by rain would
increase the cyclability of the photocatalysts, releasing the final product from the active sites.

In the current work the WCA was assessed in the specimens under the different illumination
sources (1 hour of exposition) (Fig. 12). Although the sharp roughness of the surface of the
mortars limited the hydrophilicity, results showed that the presence of the photocatalysts
reduced the WCA, thus increasing the wettability of the mortars. Final static WCA values were
in line with those reported for samples with high surface roughness [16]. Under UV and visible
light, the average reduction of the WCA was similar, around 21%, while a 19% of reduction
was measured for mortars under solar light. Bare TiO, caused an average reduction of 25.9%,
whereas for Fe-TiO, and V-TiO, percentages of reduction were lower: 18.8% and 16.6%,
respectively. The strongest reduction was seen for LAC and PC mortars (WCA reductions of
24.5 and 23.7%, respectively). For air lime mortars, WCA could not be measured due to the
large porosity of these specimens (as a matter of fact, water drops could not —as suspected- be
stabilized on the surface). Experimental results proved that the presence of photocatalysts
increased the hydrophilicity of the mortars under light exposure, which can be positive for the

dirt-prevention ability of these materials.

4. Conclusions
Different mortars with photocatalysts in bulk have been prepared and their abilities to degrade

atmospheric nitrogen oxides were studied under different light conditions. Lime and HAC
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mortars, among all the tested samples, showed the best NO abatement percentages under UV,
solar and visible lights. This fact has been related to the synergistic effect caused by the
presence of significant amounts of calcium carbonate that reacts with nitric acid as final product
of the NO photoxidation. The sensitivity towards visible light has been proven by the increase
in NO removal percentages of the mortars with the doped additives (Fe-TiO, and V-TiO,),
being the Fe-TiO, the most effective.

Selectivity values for NO degradation were very high (well above 60% for HAC and air lime
mortars) implying a low release rate of harmful NO,, so that these mortars are very interesting
as supporting materials for an effective removal of atmospheric nitrogen oxides. Doped
additives under visible light irradiation also yielded very high values of selectivity.

Finally, mortars with photocatalysts showed a water contact angle reduction, which, together

with the photocatalytic activity, might contribute improving their self-cleaning ability.
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Table 1. Chemical and mineralogical compositions of the raw cementing phases.

. . Na,O Main Minor
Binding A|0203 C(? N Fe0203 S(')Oz 8003 +K,0  mineralogical mineralogical
phase (%) (%) (%) (%) (%) (%) phases phases
. Ca3A120(, (C3A),
PC 40 620 40 200 16 03 %1321& ((%Zsé)) CasAlFe;01
2

(C4AF), CaSOy4

CaAL Oy, (CA), CapAl14033 (CiAy),
CaAl,Og (CA) CaCO; (C)

CayFeAlOs (C4AF),
CapAl14033 (Ci2A7),
B-Ca28i04 (CzS),
Ca3TiFezOg, FeO

HAC 70.5 285 0.2 0.6 <03 <05

LAC 41.5 380 105 3.0 0.1 0.1 CaAl,04 (CA)

Airlime 04 685 05 103 14 014  Ca(OH) (P) CaCO; (C)

Table 2. Characteristics of the photocatalytic additives.

Photocatalytic ~ Particle size  Density Su??ggf;ea Anatase Rutile
additive (nm) (g cm™®) 2 1 (%) (%)
(m”g~)
TiO* 21 4.26 50 78.8 21.2
Fe- TiO; 16 3.90 101 69.1 30.9
V- TiO; 15 3.38 113 77.5 22.5

*Density and particle size according to data provided by the supplier
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Table 3. Selectivity values (ratios of NOx/NO removal in percentage) of all tested
binding matrices under UV, solar and visible irradiation.

Ultraviolet light

LAC cured LAC cured HAC cured HAC cured

PC 20 °C 60 °C 20 °C gooc  Airlime

0.5% 47.7 49.5 459 74.3 60.8 72.8

TiO, 1.0% 47.8 63.6 51.8 77.7 58.6 75.5
2.5% 69.5 67.5 61.0 78.7 69.5 80.8

0.5% 53.0 51.0 534 63.9 65.1 62.8

Fe-TiO, 1.0% 43.1 52.5 50.1 61.3 66.3 77.1
2.5% 65.6 57.3 61.9 68.3 71.0 78.4

0.5% 439 44 4 45.1 62.0 67.5 54.0

V-TiO, 1.0% 50.3 46.4 44.5 66.1 60.7 66.5
2.5% 54.1 57.3 57.7 69.3 60.7 76.7

Solar light
PC LAC cured LAC cured HAC cured HAC cured Air lime
20°C 60 °C 20°C 60 °C

0.5% 59.0 71.1 333 83.5 79.0 82.2

TiO, 1.0% 60.3 594 47.0 79.8 77.9 82.4
2.5% 63.2 76.8 60.1 85.1 80.3 79.4

0.5% 51.7 77.9 30.3 78.5 72.9 81.8

Fe-TiO, 1.0% 48.0 62.9 59.6 77.9 74.2 85.0
2.5% 54.7 55.1 60.2 76.2 78.1 79.3

0.5% 39.6 59.7 35.2 79.0 58.3 67.3

V-TiO, 1.0% 17.4 73.4 41.5 48.8 71.2 76.7
2.5% 36.2 70.9 81.0 67.8 84.5 80.6
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Visible light

LAC cured LAC cured HAC cured HAC cured

PC 20°C 60 °C 20 °C gooc  Arlime

0.5% 80.8 70.6 66.0 70.4 78.1 63.1

TiO, 1.0% 62.2 83.9 69.9 72.6 65.3 71.4
2.5% 70.7 87.7 82.4 445 65.5 77.1

0.5% 44.9 77.1 76.7 77.9 78.1 82.5
Fe-TiO, 1.0% 61.4 85.9 76.4 63.2 57.8 82.2
2.5% 72.1 79.6 73.1 71.3 68.9 86.1

0.5% 72.2 76.2 84.8 76.4 65.9 50.9

V-TiO, 1.0% 83.9 82.5 77.9 80.2 76.1 74.3
2.5% 84.5 72.6 85.1 80.8 73.8 82.2
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Figure 1. a) XRD patterns of the three photocatalytic additives. b) XRD detail of the (1

0 1) peak of the anatase for bare TiO,, V-TiO; and Fe-TiO..
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Figure 2. XPS results of the photocatalysts: a) survey spectra; b) O region; ¢) Ti region,
d) V region for the V-TiO, sample; e) Fe region of the Fe-TiO, catalyst.
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Figure 3. UV-vis diffuse reflectance spectra of the three photocatalysts.
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Figure 8. TEM micrographs of (a) Fe-TiO; and (b) V-TiO, aqueous suspensions.
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Figure 10. Elemental mapping of air lime mortars with Fe-TiO, and V-TiO,. White
arrows indicate the brighter spots of accumulation of V-TiO,.
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Figure 11. Elemental mapping of PC mortars with Fe-TiO, and V-TiO,. White arrows
indicate the brighter spots of accumulation of V-TiO,.
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Figure 12. Static water contact angle for mortars with 2.5% of additive before (0 h) and
after (1 h) UV, solar and visible light illumination.
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Figure S1. Scheme of the laminar flow reactor for photocatalytic measurements.
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Figure S2. Experimental profiles of NO, NO, and NOy concentrations during the
photocatalytic tests of NO degradation.
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Table S1. Values of the pseudo-first order kinetics constants corresponding to the NO abatements of all

assayed binding matrices under UV, solar and visible irradiation.

Rate constant (min™) Rate constant (min™)

Sample Sample
UV light Solar light  Visible light UV light Solar light  Visible light
Control 0% 0.0045 0.0003 0.0002 Control 0% 0.0081 0.0006 0.0002
05%  0.0230 0.0010 0.0007 05%  0.0873 0.0033 0.0020
TiO,  1.0%  0.0086 0.0022 0.0017 TiO,  10%  0.1007 0.0174 0.0001
25%  0.0329 0.0030 0.0039 25%  0.1136 0.0249 0.0003

HA
PC 05%  0.0182 0.0004 0.0019 Z%f,gred 05%  0.0272 0.0020 0.0001
Fe—TiOz 1.0% 0.0140 0.0008 0.0007 Fe-TiOz 1.0% 0.0448 0.0072 0.0009
25%  0.0183 0.0004 0.0009 25% 00719 0.0039 0.0006
05% 00165 0.0005 0.0005 05%  0.0481 0.0064 0.0006
V-TiO,  10% 00255 0.0010 0.0004 V-TiO,  1.0%  0.0600 0.0005 0.0013
250  0.0403 0.0018 0.0028 25%  0.0351 0.0014 0.0004
Control 0% 0.0155 0.0004 0.0047 Control 0% 0.0010 0.0003 0.0006
05%  0.0293 0.0004 0.0006 05%  0.0349 0.0147 0.0002
TiO,  10%  0.0300 0.0005 0.0005 TiO,  1.0% 00329 0.0174 0.0006
25%  0.0632 0.0031 0.0016 25%  0.0959 0.0132 0.0003

LAC cured HA
pyoy 05%  0.0275 0.0009 0.0010 g)ﬁgred 05%  0.0459 0.0002 0.0000
Fe-TiO, 10%  0.0192 0.0006 0.0004 Fe-TiO, 10%  0.0610 0.0008 0.0008
250%  0.0144 0.0017 0.0030 25%  0.1005 0.0042 0.0002
05%  0.0276 0.0002 0.0009 05%  0.0329 0.0001 0.0006
V-TiO,  10% 00142 0.0007 0.0035 V-TiO,  1.0%  0.0410 0.0010 0.0004
250  0.0144 0.0005 0.0014 25%  0.0550 0.0012 0.0005
Control 0% 0.0061 0.0003 0.0005 Control 0% 0.0108 0.0006 0.0016
05%  0.0246 0.0005 0.0009 05%  0.0598 0.0110 0.0035
TiO,  10%  0.0280 0.0006 0.0020 TiO,  1.0% 00825 0.0088 0.0066
25%  0.0450 0.0002 0.0004 250%  0.1248 0.0091 0.0130

LAC cured .
oy 05% 00171 0.0022 0.0004 Air lime 05%  0.0287 0.0104 0.0005
Fe-TiO; 1.0% 00154 0.0016 0.0005 Fe-TiO, 10%  0.0687 0.0072 0.0010
25%  0.0212 0.0004 0.0003 25%  0.059 0.0113 0.0025
05%  0.0126 0.0005 0.0019 05% 00119 0.0081 0.0019
V-TiO,  1.0% 00203 0.0003 0.0003 V-TiO,  1.0% 00263 0.0034 0.0014
250%  0.0239 0.0007 0.0010 25%  0.0508 0.0145 0.0053
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