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Abstract
Coatings made with water dispersions of different nano-particles of photocatalytic
additives (titania and titania doped with iron and vanadium) were prepared with diverse
superplasticizers, SPs, to optimize the atmospheric NO removal efficiency when applied
onto cement- and air-lime mortars. The use of different polycarboxylate-based
superplasticizers (52IPEG, 23APEG and 45PC6) prevented nano-particles from
agglomeration. The steric hindrance, provided by a large density and length of side
chains, was ascertained as the most effective repulsion mechanism and 52IPEG was
the most efficient SP. In PC- and air-lime mortars, the coatings with polycarboxylate-
based SPs improved the NO removal rates as compared with the SP-free coating: an
average increase of NO degradation by 15% under UV and by 76% under solar light was
found. This finding was related to the drop in the agglomeration of the photocatalysts,
with more exposed active sites and a decrease of the electron-hole recombination rates.
Capillary water absorption and water vapour permeability values showed that the
coatings did not alter the performance of the mortars. SEM examination showed that the
use of SPs enhanced the distribution of the photocatalysts yielding thinner coating layers
and boosting the percolation of the active material within the mortars. Accelerated
weathering showed a moderate reduction of NO removal efficiency. Coating with
52IPEG was the most efficient in preserving the activity. Measurements of Ti content
showed a low washout of the TiO, nano-particles, supporting the long-run activity of

these coatings.
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1. Introduction
Current urban environment presents some toxic gases as nitrogen oxides (NO and NO,,
usually noted as NO,) which are responsible of air pollution. This polluted environment is
a problem in our society because harmful gases and airborne particulate worsen human
health [1]. Furthermore, the interaction of these compounds with the exposed areas of
building materials has a direct detrimental effect on functionality and aesthetic building
appearance [2], leading to dirt accumulation that demand spending economic resources
in cleaning processes.
In order to decrease the levels of pollutants and, consequently, to reduce their negative
impact, the photocatalytic oxidation (PCO) of these substances, their conversion into
less or even non-harmful compounds and their final removal have shown to be efficient
in different systems [3]. To this aim, building materials have to be modified either by
inclusion of photocatalytic agents during their manufacture (bulk incorporation) or by in
situ coating them with those active agents [4-7].
The excellent characteristics of TiO, among the photocatalysts have led to vast research
on its applications. Different building materials, particularly cementing matrices, have
been modified by the presence of TiO, [4-6]. Good values of gaseous pollutants removal
together with the provision of self-cleaning ability to these active materials have been
reported [6-8]. To tackle the well-known constricting sensitivity of the titania, which is
limited to UV light, different dopant agents of the crystalline lattice of TiO, have been
tested. Literature reports the use of many different metallic cations as well as p-block
elements (individually or in co-doped systems) as dopant elements [9]. This approach
reduces the band-gap of the titania lattice, allowing it to absorb visible light photons.
Therefore, the photocatalytic compounds, with enlarged sensitivity, can be active under
visible irradiation. It should be noted that sunlight shows 60% of visible photons in
comparison with a mere 4.5% of UV photons. So far, just very few works have been
devoted to the study of these doped photocatalysts when incorporated into cementitious
matrices [10].
The coating application of photocatalysts onto building materials is gaining a growing
interest owing to several advantages [7]

(i) It allows applying active agents in pre-existing construction structures.

(i)  Active sites are located at the surface of the materials: this fact avoids the
inclusion of the photocatalysts in the inner, inaccessible part of the matrices,
thus yielding better performance of pollutants removal. Previous works have
demonstrated how coatings of TiO, reach photocatalytic efficiencies of up to

60% whereas just a maximum of 45% was found for TiO, incorporated by



mass [11-12]. The fact that PCO requires the adsorption of the pollutant onto
the active site of the photocatalytic additive should be kept in mind.

(iii)  Coating application requires a lower consumption of photocatalytic additive
than bulk addition: in a comparison between mortars coated with TiO, and
mortars with TiO, in bulk, similar photocatalytic performances were found,
although coating was loaded with 20 times less TiO, [11].

(iv)  The presence of the additive on the surface of the materials can lead to
changes in their hydrophilicity (photo-induced superhydrophilicity). As a
consequence, materials exhibit self-cleaning performance: the reduction of
the water contact angle (WCA) allows the water to easily remove the dirt (oily
smog, dust, carbonaceous particles ...) [13-15].

The easily washable surfaces would also contribute to the long run activity of
the photocatalytic additives, since the final products of the PCO would be
expected to be removed by the water sweep.
It has to be noticed, however, that some researchers warn about problems
ascribed to the WCA reduction: the increased wettability of the surface of the
building materials could give rise to an increase in water absorption that
would negatively affect these materials [16]. Therefore, changes in the WCA
are not desired to be accompanied by dramatic changes in the water
transport phenomena of the treated materials.
Assuming the interest of these active coatings, different factors related to the
characteristics of the substrate have a strong influence on the performance of these
modified materials: roughness, pore size distribution, chemical and mineralogical
composition, which can affect the adhesion of the coating [17-18]. The last point is
strongly related to the loss of efficiency of these active coatings after weathering or
abrasion phenomena [19]. Substrates with high porosity and roughness have shown
better retention of particles of the photocatalysts, thus enhancing the resistance of the
materials to different degradation mechanisms [20]. Literature shows successful coating
applications onto limestone, bricks, cement and lime mortars [21-22]. Two different
strategies have been put forward [23]: dispersion of titania nano-particles in organic
carriers with adjuvant water repellent compounds (based, among others, on poly-alkyl-
siloxanes, acrylic polymers ...) [24-27] or water dispersions of the active nano-particles
[28-31]. High color variations and compatibility problems have been mentioned as main
concerns referring to the first approach. The second approach, with the use of aqueous
dispersions, appears to be much more environmentally friendly and low-cost. However,
nano-particles tend to combine forming aggregates, agglomerates, and flocs, some of

them with strong bonds, reducing the active sites of the photocatalysts. Conventional



methods of stirring cannot guarantee a proper dispersion of the nano-particles [32]. In
this line, very limited research has been devoted to the optimization of the aqueous
sprayable suspensions in order to achieve better performance of the coatings.
Particularly it is very important to reach a good dispersion of the nano-particles of the
photocatalysts with the aim of: 1) increasing the number of active sites and 2) enhancing
the electron-hole separation in order to prevent their eventual recombination that
suppresses the photocatalytic activity [33-34].

The combination of the photocatalysts with superplasticizers, which act as dispersing
agents, can thus lead to more efficient coatings and it is precisely the main focus of the
current work. Four superplasticizers (SPs), compatible with cement matrices, were
chosen as the subject matter of this study: three different polycarboxylate ethers
derivatives were synthesized and comparatively studied versus a naphthalene-based
superplasticizer. Their interactions in aqueous dispersions with nano-structured titania
and Fe- and V-doped titania were studied. Active coatings were applied onto cement
and air lime mortars. The effect of the different superplasticizers was assessed by
studying the photocatalytic efficiency in NOx removal under different illumination sources
(UV, solar and visible light). Studies on the water contact angle modifications due to the
presence on the surface of the mortars of the photocatalysts were also carried out to
estimate the potential self-cleaning ability of these coatings. The work also reports
changes in the water absorption, capillarity and water vapour permeability of the treated
mortars and their microstructural examination. Finally, artificial accelerated weathering

was applied to the treated mortars to assess the long run performance of these coatings.

1.1. Background on superplasticizers
Superplasticizers are common admixtures used in cementitious matrices in order to
improve workability of the plastic mixtures avoiding the excess of mixing water [35].
When added to cement-based systems, these molecules exhibit a dispersing action
between cement particles due their electrostatic repulsion and/or steric hindrance effects
[36,37] preventing them from agglomeration. The last generation of superplasticizers
belongs to the polycarboxylate ethers family which are based on a main backbone with
carboxylic groups with side ethylene oxide unit chains. Consequently, at the alkaline pH
of the cement media, the carboxylic groups appear deprotonated and negatively charged
[38]. By means of these negative charges, polymeric molecules are adsorbed onto the
positively charged surfaces of the cement particles. The dispersion effect takes place
because of the steric effect induced by the polyethylene lateral chains as the
predominant effect [39], and the electrostatic repulsion forces, as a minor contribution

[40]. Previous works have studied the influence of the superplasticizer molecular



architecture on the properties of the cement mixtures [41,42] and in other binding
systems [37]. These works have reported that the parameters with strong influence on
the performance of the superplasticizers are the size of the side chains, the number of
the carboxylic groups of the main backbone (as determined by their anionic charge
density) as well as the presence of different substituting groups, with either hydrophobic
or hydrophilic characteristics.

Polynaphtalenesulfonate (PNS) belongs to the high-range water reducers in the field of
cement materials. The molecular structure is characterized by a hydrophobic moiety
(naphthalene) and a hydrophilic part (sulfonic groups). Electrostatic repulsive forces
have been put forward as the main responsible for the plasticizing effect of PNS,
whereas steric hindrance was seen to play a minor role. Strong negative values of the
electrical charge of the cement particles were measured when PNS was adsorbed [43]
and a monolayer flat adsorption has been suggested as the spatial interaction way [44].
In the present work, we will discuss the suitability of these superplasticizer molecules,
which are highly compatible with cement-based systems, as dispersing agents of nano-
structured photocatalytic additives, so that their PCO activity may be enhanced, with the
final goal of optimizing coatings to be applied onto cement and air lime mortars

conferring them depolluting and self-cleaning properties.

2. Materials and Methods
2.1. Materials

As photocatalysts, nano-particles of bare TiO, (Aeroxide P25, Evonik) and two different
doped TiO,, Fe- TiO, and V- TiO, synthesized by flame spray pyrolysis, FSP [9], were
used. The two doped additives were supplied by Centro Tecnoldgico L'Urederra, Spain:
Fe-TiO, was obtained by a solution of Fe*" ion as precursor, whereas V-TiO, was
obtained from a V,0s5-TiO, mixture. According to the data provided by the supplier,
further confirmed by X-ray photoelectron Spectroscopy (XPS), Ti** was substituted in the
lattice by Fe®*" whereas titania doped with vanadium exhibited the superficial formation of
heterostructures including vanadyl centers, TiO2-VO,.

Mineralogical and chemical compositions of these additives were also evaluated by X-
ray fluorescence (XRF) and X-ray diffraction (XRD). Results showed that crystalline
compounds were anatase and rutile (polymorphic forms of titania). Particle size of the
crystallites was determined according to the Scherrer equation from the XRD results,
yielding values of 21, 16 and 15 nm, respectively, for bare TiO,, Fe-TiO, and V- TiO,. In
addition, specific surface area of the samples was assessed by N, adsorption isotherms

at 77 K using an ASAP2020 (Micromeritics, USA) instrument and calculated using the



multipoint BET method. Values were 50, 101 and 113 m? g™, for bare TiO,, Fe- TiO, and
V- TiO,, respectively.

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,. Further details on the characterization of these
nano-particles can be found elsewhere [45].

Four different superplasticizers were used in order to optimize the coatings, three
polycarboxylate-based polymers (previously synthesized according to procedures

described elsewhere [42,46,47]) and a commercial PNS:

1) 52IPEG 5.8 is based on the copolymerization via free radical from acrylic acid
and isoprenyl w-hydroxy polyethylene glycol macromonomers [46]. Number of
ethylene oxide units in the chain is 52 and acrylic acid and isoprenyl oxy
poly(ethylene glycol) ratio is 5.8.

2) 23APEG contains a-allyl-w-methoxy poly(ethylene glycol) macromonomers
containing 23 ethylene oxide units and an equimolar amount of maleic anhydride
[41]

3) 45PC6 is composed of methacrylic acid and the macromonomer w-methoxy
poly(ethylene glycol) methacrylate ester with 45 ethylene oxide units at a molar
ratio of 6:1 [47].

4) A commercial PNS superplasticizer was also used (Melcret® 500F, BASF
Construction Polymers, Trostberg/Germany) [48,49].

The study of the molecular properties of the superplasticizers was addressed in previous
works [41,46-49]: their structures appear depicted in Fig. 1 and their main properties are
summarized in Table 1.

The active coatings were applied onto the surface of hardened mortars obtained from
two different binders: Portland Cement (PC) (type CEM 1132.5 N, Portland) and dry
slaked lime (class CL 90-S according to European standard [50], CALINSA, Spain). A
siliceous aggregate was also used, which mineralogical composition and grading has

been reported elsewhere [51].

2.2. Methods
2.2.1. Study of the diluted water dispersions of the photocatalytic

additives



A Zetasizer Nano ZS apparatus (Malvern Instruments, Worcestershire, United Kingdom)
was used to measure the particle size distribution of the suspensions of the
photocatalytic additives (0.005%) and their aqueous dispersions with superplasticizers
(0.01%). Measurements were repeated 3 times per sample and the average value was
calculated. Before measuring, impurities were removed using a 0.2 um filter (VWR,
Darmstadt, Germany). In order to know the photocatalytic additive isoelectric points and
zeta potential of the samples, measurements of the electrophoretic mobility of these

samples were also done.
2.2.2. Obtaining of mortars

PC and air lime samples were selected as substrates owing to the wide areas of
application of these kinds of mortars for building purposes. These mortars were
prepared with a binder:aggregate ratio of 1:3 by weight. They were blended for 10 min at
low speed in a mixer. Mixing water was then added and mixed for 90 s at low speed.
The amounts of mixing water were 13% and 20% by weight of binder, for PC and air
lime mortars, respectively. Afterwards, mortars were moulded in 40 mm of diameter x 36
mm of height cylindrical casts and de-moulded 24 h later (7 days later in the case of air
lime samples). PC moulds were cured at 20°C and 95 % RH and air lime mortars were
cured at 20 °C and 60% RH. PC mortars were cured for 28 days whereas air lime
mortars were cured for 91 days to ensure a large extent of the carbonation. Cylindrical
pieces (40 mm diameter and 10 mm of height) were sliced by using a Struers cutting-
polishing machine to be used as supporting mortars for the coatings.

Pore size distributions of the substrates were obtained by mercury intrusion porosimetry
(MIP) (Micromeritics-AutoPorelV-9500; pressure 0.0015 to 207 MPa).

2.2.3. Preparation, study and application of coatings

Dispersions for coatings were prepared by dispersing the photocatalytic additive (1 wt.
%) in water together with the superplasticizer (1 wt.% with respect to the photocatalysts)
and were homogenised by mechanically stirring for 20 min. The concentration of the
photocatalysts was chosen to guarantee the photocatalytic efficiency of the mortars
without visible changes in colour or gloss [23].

An electroacoustic-based analyser (ZetaProbe, Colloidal Dynamics) was used to
measure the zeta potential of the dispersions.

Adsorption tests of the SPs onto photocatalytic additives were also carried out. In a
typical experiment 50 mL of the suspensions were centrifuged for 2 hours at 8000 rpm in

a wobbler Heraeus Biofuge Stratos. The supernatant was taken and introduced in a



TOC-L Shimadzu Total Organic Carbon analyser. Total organic carbon (TOC) was
determined by combustion at 680° C (NDIR detector). The adsorbed amount of
superplasticizer was calculated between the difference of TOC content of polymer
reference sample and the TOC content of the supernatant.

These suspensions were also examined in an energy filter transmission electron
microscope (EFTEM, Libra 120 Zeiss GmbH). Images were obtained by using the
software iTEM 5.1 (Olympus Soft Imaging Solutions GmbH).

The as-prepared coatings were applied onto discs of the hardened mortars as follows:
discs were placed onto a flat area and coated with the previous dispersions using a
spray gun for retouching Sagola 474 applying it for 6 s. Reproducible conditions were
ensured to obtain similar coatings. Samples were weighed before and after the coating
treatment. An average value of 28.5 mg of active dispersion was determined, so that the
average percentage of photocatalytic additive with respect to the binder weight was
0.005%. Samples were dried by exposure to laboratory air (20°C and 60% RH) for 48
hours. Blank discs were also obtained with untreated samples. As control groups, three
samples of each material were covered with photocatalytic additive aqueous
suspensions without SPs. A total of 15 coatings were thus obtained: 4 SPs and a control
group (SP-free) combined with three different photocatalysts (bare TiO,, Fe-TiO, and V-

TiO,). These coatings were respectively applied onto PC and air lime mortars.
2.2.4. Photocatalytic studies

Photocatalytic activity was studied in a flow-through experiment that has been adapted
from an ISO standard method [53]. 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. Concentrations of NO and NO, were determined by a chemiluminescence
detector (Environnement AC32M) at a 0.78 L-min-1 flow. Experiments were carried out
for discs of the samples prepared as above explained (height 1 cm; diameter 4 cm). The
total exposed area of the discs was 25.14 cm?. Irradiation was delivered by two different
lamps: 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?2 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)
were used in order to measure the intensities. In order to achieve strict visible radiation a
colored glass filter (FGL420, Thorlabs) was used for solar radiation which cuts off
completely wavelengths shorter than 410 nm. The UV-A light intensity has been selected

as a mean value of these wavelengths irradiance for Southern Europe (clear sky day,



noon, summer time) [54]. The lamp used for solar light was calculated to provide 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).

NO, stream flowed over the sample in the dark for 10 min in order to stabilize NO
concentration. After that the photoreactor was irradiated for 30 minutes. NO
concentration decreases until its minimum value. Then, the light was switched off for 10
minutes and NO concentration recovers its initial value. Error analysis of the
experimental results obtained by this method, as expressed in terms of relative standard
deviation, was calculated under reproducibility conditions to be 3.3% from replicate

analysis of at least three identical samples.

2.2.5. Study of the properties of the mortars: water contact angle, time of
water absorption, water absorption, capillary water absorption and water vapour

permeability. Microstructural examination

The application of coatings is expected to modify some of the properties of the mortars,
since the nano-structured photocatalysts would render hydrophilic the surface of the
treated mortars. A video-based optical contact angle measuring instrument (OCA 15EC
Dataphysics) was used to determine the static water contact angle (WCA) and time for
water absorption (i.e. time for the water drop disappearance after its deposition, water
drop lifetime, as a significant parameter for very porous substrates) [23]. WCA was
determined using 3uL droplets and two consecutive measurements were performed for
each sample in order to achieve reliable data.

To study the evolution of WCA under different types of radiation, samples were
irradiated for 180 min under: (i) UV light; (ii) solar light; (iii) and visible light, using the
illumination sources and conditions above described (section 2.2.4).

The study of other changes in the substrates as a consequence of the coating
application was also performed by measurements of the water sorption including total
water absorption (immersion), capillary water absorption and water vapour permeability.
Hardened mortars were pre-treated for 30 days in a desiccator at 20°C. After the coating
application, treated mortars were allowed to dry at 20°C and 60% RH for 2 days and

then the tests were carried out.



These values are useful to establish the compatibility of the coatings with the specific
substrates: a coating should not significantly increase the rate of water absorption and
should not hinder the exchange of water vapour [23]. Water absorption of the mortars
was determined by immersing the samples into distilled water. Sample weights were
measured at 0 hours (before immersing) and 1 hour after the immersion. Water
absorption capability was calculated by the difference of weight in percentage.

Capillary water absorption and water vapour permeability were determined following the
rules described, respectively, in the standard procedures [55, 56].

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) was used for microstructural examination and elemental mapping of

the treated mortars.
2.2.6. Durability

The assessment of the durability of the treatment applied to the samples was carried out
after accelerated climatic ageing. Samples were placed in a climatic chamber (CCI FCH-
XENOLAB 1500) with adjustable conditions of temperature (T), relative humidity (RH),
UV light and rain cycles. Table 2 shows the characteristics of the set cycle, in
accordance with previous works [57]. Mortars were subjected to a total of 7 cycles.
Among the selected variables, rain washout and UV degradation are expected to be the
main deleterious factors affecting the integrity of the coating. After the accelerated
weathering, photocatalytic activity tests were run again to evaluate the loss of efficiency.
Samples subjected to accelerated weathering were also examined by SEM-EDS (see

section 2.2.5 for details).

3. Results

3.1. Basic study on the water dispersions of the nano-structured
additives
The surface charge of either the bare titania or the doped-titania nano-particles can be
modified, as a function of the pH of the system. The dispersion of the nano-particles in

water causes the formation of hydroxyl groups according to Eq. 1 [58]:
TiV + H,0 - TiY-0OH + H* (1)
An acidic medium can lead to the positive protonation of the surface (Eq. 2)

TiV-OH + H" - Ti'Y- OH* (2)



whereas deprotonation and subsequent negative charge of the surface takes place in an

alkaline medium (Eq. 3):
TiV-OH - TiV-0™ + H* (3)

Zeta potential measurements provide information about the charge of the surface of the
particles (Fig. 2a). The three photocatalytic additives were characterized by studying
their isoelectric points (IEP’s), which were found to be 7.8; 7.3 and 6.1 for bare TiO,, Fe-
TiO, and V-TiO,, respectively. In line with data reported in the literature, the presence of
foreign cations (either Fe*, or V** as vanadyl centers) in the doped additives caused a
reduction in the IEP value [59,60].

It can be observed (Fig. 2a) that at high pH, above 11, the three additives yielded strong
negative values of zeta potential (below -30 mV), so that in these conditions the intense
electrostatic repulsions between nano-particles would reduce their trend to agglomerate.
The study of the behaviour of the photocatalytic additives in that high pH medium is
crucial since coatings are to be applied onto highly alkaline cement or air lime mortars.
Particle size distribution of the additives was studied in a Synthetic Cement Pore
Solution (SCPS) dispersion medium [61]. Experimental results (depicted in Fig. 2b) show
the tendency of the three nano-structured additives to form agglomerates in the SCPS in
spite of the negative zeta potential of the nano-particles at the pH of the SCPS. In order
to explain these results, two factors have to be considered: (i) even at very alkaline pH
values well above the IEP, zeta potential could be not negative enough as to stabilize all
the individual nano-particles. As a matter of fact, titania agglomerations have been
reported in systems with alkaline pH [62,63]. (ii) The presence of a large concentration of
Ca* cations caused a sharp increase of the ionic strength, simultaneously reducing the
thickness of the double layer which, in turn, resulted in a decrease of the repulsive
forces thus leading to an agglomeration [58,64-65].

In order to improve the photocatalytic activity an appropriate dispersion of the nano-
particles appears to be imperative [66]. Thus, the incorporation of superplasticizers, as
dispersing agents, gains interest.

Before studying the basis of the interaction of the different superplasticizers with the
photocatalytic additives, preliminary experiments of Ca®" adsorption onto the
photocatalysts were carried out in alkaline aqueous dispersions [67]. The aim of these
experiments was to determine the necessary amount of Ca* ions to change the surface
charge of the nano-particles from negative to neutral charge. These Ca**-adsorbed
nano-particles should become an appropriate substrate for the interaction with the
negatively charged molecules of the superplasticizers, as explained before [67]. Fig. 2c

depicts the curves obtained for the three types of nano-particles upon titration with



increasing Ca®* amounts. These experiments yielded saturation values of 2.9, 5.1 and
5.8 mg Ca*" per mg of TiO,, Fe-TiO, and V-TiO,, respectively.

Profiles of the zeta potential evolution for the three respective nano-particles
suspensions upon the progressive addition of the four different superplasticizers (Fig. 3
a-c) were obtained at pH 12.5 in the presence of the experimentally optimized
concentrations of Ca®". The incorporation of superplasticizers resulted in a decrease of
the zeta potential in all instances. This finding evidences the adsorption of the
superplasticizers molecules onto the previously created Ca?* ions layer surrounding the
photocatalysts nano-particles. It was found that, in both bare TiO, and Fe-TiO,, the PNS
yields the most negative zeta potential values, which can be accounted for having in
mind the high anionic charge of this admixture as well as its flat adsorption favoured by

its molecular structure [48,49].

The effect of the four assayed SPs on the particle size distributions of the three
photocatalysts suspensions was also studied (Fig. 3 d-f). A general positive effect, in
terms of preventing particles from agglomeration, was observed for all the combinations
of SPs and photocatalysts, with the clear exception of PNS with V-TiO,. Control samples
(SP-free) presented the main population peak around a particle diameter of 700 nm.
Particle size distributions showed a shift towards lower sizes upon the addition of
superplasticizer admixtures. In many samples, the main population peak of the
agglomerates was ca. 100 nm of diameter (see, for example, curves for bare TiO,).
Some of the SPs admixtures caused an acute reduction of the resulting agglomerate
size: for instance, 23APEG added to bare TiO, yielded a main population of particles
with 45 nm of diameter. On the other hand, and in spite of the strong negative zeta
potential values, when PNS was added to V-TiO, suspensions, its presence led to the
formation of larger flocs.

It can be seen that there was not a clear relationship between the shift of the zeta
potential towards negative values and the efficiency in preventing nano-particles from
agglomeration. The different performance of the superplasticizers can be ascribed to
several factors, such as the molecular architecture of the SPs (the density and size of
the side chains and the anionic charge density) and the particle size and chemical
composition of the surface of the nano-particles. In the tested medium, 52IPEG showed
good dispersing ability, which can be related to the length of its side chains that caused
a strong steric hindrance, thus reducing the particle agglomeration. A neat dispersing
effectiveness was also observed for both 45PC6 and 23APEG, in spite of the absence of
a systematic trend. Efficiency can be explained considering the length of the side chains

as well as their density. For example, whereas 45PC6 shows longer side chains than



23APEG (which should favour the steric hindrance), it shows lower density of side
chains than 23APEG (which would result in a lower steric effect). A counteraction of both
parameters takes place, explaining the similar efficiency of the two admixtures.
Regarding the zeta potential, 45PC6 usually caused a smaller reduction, when
compared with 23APEG, in spite of the higher anionic charge density of the former. Its
long side chains plausibly lead to a perpendicular adsorption offering a strongly
negatively charged polymer layer on top of which the Ca?* ions are adsorbed, partially
compensating the negative charge [68]. In addition, the length of the side chains
provokes a displacement of the shear plane to a longer distance from the nanoparticle
what also contributes to a less negative value of the zeta potential [69].

PNS showed a good dispersing ability of the nano-particles for both bare TiO, and Fe-
TiO, that can be mainly ascribed to electrostatic repulsions, as evidenced by the largest
negative values of the zeta potential measured. However, an opposite behaviour was
found for the case of V-TiO,. The different structure of the surface of the V-TiO, has to
be considered: the surface of the V-TiO,, as proven by XPS examination, was rather
composed of heterostructures comprising TiO, and VOx (vanadyl) centers (Fig. 4 shows
the XPS survey spectra (a) and peaks related to V2p 3/2 and V2p 1/2 (b), which
appeared at 515.8 and 523.7 eV, respectively, mainly related to the presence of vanadyl
centers with V** [70-73]. A complete characterization of these additives appears in [74]:
details of survey spectra and V region are shown here for clarity purposes); this additive
also showed the highest specific surface area. These facts justified the highest
consumption of Ca?* ions, as discussed above, found necessary to compensate its
charge. This secondary positively charged Ca®* layer facilitated the simultaneous
interaction of different nuclei of V-TiO, nano-particles with the strongly negatively
charged molecule of PNS, inducing the formation of large flocs (with a mean particle size

diameter as large as 1800 nm) as depicted in Fig. 3f.

3.2. Dispersing effectiveness of the superplasticizers in the coatings

After the preliminary study showing the effectiveness of the superplasticizers in avoiding
the nano-particles agglomeration, different water dispersions of the photocatalysts (1 wt.
%) with SPs were obtained. In this section the characteristics of these aqueous
dispersions are discussed. These dispersions, as will be reported below in section 3.3,
were later applied as coatings onto the surface of hardened mortars.

Zeta potential values versus increasing amounts of SPs were monitored, and the curves
appear depicted in Fig. 5. Even at the acidic pH of the dispersions (see pH values in
Table 3) a decrease of the surface charge of the nano-particles was observed caused by

the SPs adsorption. In these results, the higher the anionic charge density of the



polymer, the stronger the zeta potential drop. Conversely to our previous results
discussed in Fig. 3 (a-c), in these dispersions the absence of Ca®" as potential
determining ions hindered the charge compensation of the adsorbed polymer allowing a
linear relationship for the zeta potential profiles. The shift of the shear plane by the side
chains of the polymer showed here a very limited influence on the zeta potential.

As collected in Table 3, the higher the anionic charge density of the SPs, the higher the
amount adsorbed. Thus, PNS, which has the highest anionic charge density, is just the
only SP that caused a surface charge inversion of the three tested nano-particles, giving
rise to the strongest zeta potential reduction.

Zeta potential of some of the tested dispersions fell within the instability region (aprox.
between +25 and -25 mV). However, in line with the results discussed above in section
3.1., neither the adsorption onto the nano-particles nor the negative values of the zeta
potential justified the observed dispersing effectiveness. TEM micrographs of the
dispersions clarified the effectiveness of the SPs (Fig. 6). Bare TiO,, Fe-TiO, and V-TiO,
aqueous dispersions evidenced the formation of dense agglomerates of particles
(average size around 845 nm for bare TiO,, 445 nm for Fe-TiO, and 378 nm for V-TiO,).
Micrographs showed that the presence of the 52IPEG and 23APEG SPs prevented the
nano-particles from agglomeration (size of the agglomerates between 180 nm and 290
nm), being 52IPEG the most effective superplasticizer according to the lower size of the
nano-particles flocs formed. PNS exhibited an opposite behaviour, with a clear tendency
to generate agglomeration of nano-particles. Finally, 45PC6 presented a dual behaviour,
reducing the population of small flocs on one side, but, on the other side, also increasing
the size of some large agglomerations (see In Fig. 7 complementary TEM micrographs
of these additive suspensions, with some flocs).

These values were further confirmed by particle size distribution measurements (Fig. 8).
These PSD curves must be cautiously discussed, as the media have a large
concentration of nano-particles, presenting high values of polydispersity index. Bearing
that in mind, some useful comparisons can be made. In all media, 52IPEG and 23APEG
caused a reduction in the particle size, with a shift of the distributions towards lower
particle size diameters. Conversely, PNS yielded the largest agglomerations, in good
agreement with the TEM observations. The formation of some flocs in the case of
samples with 45PC6 was also observed in TEM micrographs, although PSD curve of the
sample with V-TiO, did not evidence the formation of the observed large flocs due to the
aforementioned problems with the experimental technique.

In order to overcome this limitation, laser diffraction measurements of the particle size
distribution were carried out for 45PC6 dispersions, confirming the TEM examination

with respect to the agglomeration of the nano-particles (Fig. 9).



In spite of the strong negative values of the zeta potential, PNS caused an opposite
effect, very clearly in V-TiO, suspensions, with the formation of very large flocs (with 10
micrometres of diameter), in line with the effect reported in Fig. 3f. From a mechanistic
point of view, the structure of the PNS and its flat adsorption as discussed above
(section 3.1) explains this behaviour [48]. At the same time, polycarboxylate-based
superplasticizers -in which steric hindrance was the main action mechanism-, yielded the
best dispersing action.

In addition, the effect of non-adsorbed SPs molecules should be also considered. For
example, although 52IPEG showed the lowest adsorption onto the nano-particles of the
photocatalysts (Table 3), it was the most effective in preventing these particles from
flocculation. The concentration of “free” superplasticizer molecules in the interstitial
solution contributes to an increased steric hindrance between the particles hampering

their agglomeration [43,75-76].

3.3 Study of the photocatalytic activity of the mortars with coatings
After proving the effectiveness of the SPs (especially the polycarboxylated polymers) in
dispersing the photocatalysts, the different sprayable water dispersions with the SPs and
one control group (SP-free) were applied as coatings onto hardened mortars, as
described in section 2.2.3. NO abatement percentages of these mortars are depicted in
Fig. 10. High NO removal rates were obtained: percentages generally above 30% and
even 40% of NO degradation under UV light (Fig. 10a). In the tested coatings NO
abatements were comparable irrespective of the supporting material. The smaller
photonic efficiency of the solar and visible light resulted in lower percentages of NO
removal under these illumination sources.
A positive effect of the superplasticizers based on polycarboxylate chains was observed.
For example, under UV light, NO abatement was increased by an average value of 15%.
In some cases, this value was very high, as in the case of 52IPEG with TiO,, with a 26%
of NO abatement increase with respect to the coating applied without superplasticizer
Under solar irradiation also the use of these superplasticizers resulted in a sharp
increase of the NO removal rates (76% of average increase), particularly in coatings
applied onto air lime mortars and very significant for coatings with Fe-TiO, (Fig. 10b).
The NO abatements of these coatings under strict visible irradiation were also clearly
enhanced by the presence of polycarboxylate-based superplasticizers, as can be
observed in Fig. 10c.
This improvement can be ascribed to the changes in the particle size distribution of the

photocatalysts. As discussed in the previous section, the polycarboxylate-based



superplasticizers, mainly 52IPEG and 23APEG, reduced the agglomeration of the nano-
particles of the photocatalytic additive, which resulted in more exposed active sites. In
addition, the separation between active sites also gave rise to a decrease of the
electron-hole recombination rates that also contributed to the enhancement of the
photocatalytic activity [33-34].

Values of NO abatement with PNS were, however, lower than control group, in
agreement with the agglomeration of the photocatalysts determined for this
superplasticizer in coating dispersions, as discussed in section 3.2 (fig. 6 and Fig. 8).
Results of the 45PC6 superplasticizer were positive in terms of photocatalytic activity,
which was generally increased. In spite of the formation of some large-sized flocs, the
reduction of the size of the small agglomerates that was observed resulted in an
enhancement of the NO removal.

The use of doped TiO, improved the efficiency of the photocatalytic oxidation under
visible light, being Fe-TiO, generally more active than V-TiO,. Under solar light, the UV
light fraction of the irradiation source explains the still strong NO abatements of the bare
TiO, coatings. Fe-TiO, also yielded large NO degradation percentages. An in-depth
discussion on the effect of different doped additives under several illumination sources is
beyond the scope of the present paper; a thorough study can be found elsewhere
[9,70,74,77]. The main conclusion is that the combination of the nano-particles aqueous
dispersions with polycarboxylate-based SPs enhanced the activity of the coatings under
all the tested irradiation spectra.

Comparative analysis of the results of NO abatement from the current work with
previous literature was also carried out. The activity of the coatings was always studied
under UV light. In coatings of TiO, with acrylic binder, maximum NO removal
percentages of 50% were reported, although the coatings showed a very high
percentage of TiO, (15%), whereas coatings with a load of TiO, of 5% applied to
different substrates provided NO removal efficiencies lower than 40% [78]. Coatings
based on cement-water with 5% of TiO, have been reported to remove 26.9% of NO
[79]. Values around 51-53% of NO removal were reported for coatings in which TiO, was
incorporated either in a siliconate, water-based concrete sealer, or, directly, dispersed in
water, although percentages of TiO; (14.3% and 11.8%) were much higher than those
used in the current work [80]. Coatings with a similar TiO, load (1.15%) to that used in
the current work yielded ca. 33% of NO removal [80].

In the current research work, coatings with just 1% of TiO, yielded NO removal
percentages under UV light close to or even above 50%. The lower consumption of

photocatalytic additive (and also the low superplasticizer concentration), while



significantly reducing the atmospheric NO, involves a clear economic improvement also

minimizing environmental concerns related to the production and release of TiO,.

3.4 Effect of the coatings on the mortars: water contact angle, time of water
absorption, water absorption, capillarity and water vapour permeability.
Microstructural examination

Water contact angle measurements were carried out to assess the hydrophilicity of the
surface of the treated mortars and their wettability. As discussed in the Introduction, a
high hydrophilicity could be related to the dirt-prevention ability of the treated mortar [81].
Measurements of the WCA were carried out under the three different irradiations: UV,
solar and visible lights for 3 hours (Fig. 11). The most significant changes in the values
of contact angle were achieved in the first 60 minutes of the experiments as it has been
also reported by other authors [14,82]. Due to the roughness of the surface of the
specimens, water contact angle did show attenuated changes in comparison with values
reported for non-rough surfaces (like glass surfaces [83] ) in which the presence of
photocatalysts reduced the WCA to almost 0°.

Blank PC samples which were not coated with any photocatalytic additive, exhibited the
highest contact angles in comparison with all the rest of PC samples, which shows that
photocatalytic additive coatings increase hydrophilicity of the treated mortars.

Moreover, differences between contact angles measured for samples coated with either
bare titania or Fe- or V-doped titania do appear at the initial stage of the experiment, t =
0 h. Thus, WCA values tend to be slightly greater for samples coated with just bare
titania than for the samples coated with the other two doped photocatalytic additives.
This fact can be explained considering the different hydrophilicity of the photocatalytic
nano-particles as inferred from XPS analysis (Fig. 12). Deconvolution of the O 1s region
resulted in three different peaks, being the second one (531.5 eV) related to the Ti-OH
groups. Height and width of this peak informs about the hydrophilicity of the sample.
Experimental results showed that the doping of the titania lattice with either Fe or V
caused an enlargement and widening of this second peak and it can be concluded that
Fe-TiO, and V-TiO, showed higher hydrophilicity than bare TiO,, in line with data
reported in a previous work [84].

The incorporation of any of the assayed superplasticizers did not bring in any noticeable
changes in the WCA behaviour.

It can also be seen that UV irradiation of coated samples caused a more pronounced
decay in contact angle values than either solar or visible irradiations (Fig. 11). This fact
is in good agreement with previous findings [85] in which UV irradiation makes surfaces

to become highly hydrophilic due to structural changes of TiO,. When TiO, surface is



subjected to UV light, oxygen vacancies are generated owing to the reaction between
diffuse photogenerated holes and lattice oxygen of TiO,. These oxygen vacancies are
favourable sites for water adsorption which favours a higher hydrophilic surface [84].

For samples with high porosity and significant population of large pores (in this case air
lime mortars), WCA cannot be measured since water drop was quickly absorbed by the
porous material. Total porosity in PC mortars was determined to be 14.9% whereas a
value of 33.3% was obtained for air lime mortars. Instead, the time for water absorption
(i.e. time taken by the water drop to disappear) was used to gather information on the
wettability of the surface [23]. Experimental values in Fig. 13 (results shown only for UV
light) showed that lime samples always presented —as expected- much shorter values
(ca. 100 ms) than PC samples due to their pore size distribution (the main population of
pores being larger than 0.5 micrometres and another two more population of pores with
diameter around 3.8 and 9 micrometres). The presence of photocatalysts shortened the
time for water absorption in agreement with the increased hydrophilicity of the surfaces.
The decay in times followed a parallel pattern under all three assayed illumination types
and no substantial differences were observed upon incorporation of any of the
superplasticizers.

To assess the real applicability of the tested coatings, water transport phenomena were
evaluated. It should be kept in mind that these phenomena were not assessed under
any specific light exposure. If coating induces an excessive value of water uptake of the
mortar (either water absorption or capillary water absorption), the water movement
inside the structure can damage it through efflorescence phenomena [31,86].
Experimental results are depicted in Table 4 after 1 h of water immersion. As it can be
seen, lime samples exhibited higher values, logically due to their higher porosity and
different pore size distribution than PC samples (see Fig. 14).

No significant deviations were found for any of the lime samples from the averaged
15.5% water absorption. Generally, the application of coatings with Fe-TiO, caused a
reduction in the water uptake. PC samples presented lower water absorption values,
around 2%, the highest departures being observed for TiO, + 45PC6 and V-TiO, +
23APEG. Apparently, there is no clear reason based on the structure of the SPs to
justify these values in these two specific OPC samples, although it should be noticed
that 45PC6 and 23APEG show the larger molecular weight of the polycarboxylated
molecules. This factor could show an influence on the water retention capacity of these
polymers and also on the coatings with these SPs.

Capillary water absorption was also monitored for the different samples (Fig. 15 a-b).
The application of the coatings (either with SPs or without SPs) reduced the capillary

water absorption coefficients; this is due to the deposition of nanoparticulated



photocatalysts that led to blockage of the external capillary pores responsible for the
water absorption. The use of the most hydrophobic superplasticizer, PNS, gave rise to
the sharpest reductions in the capillary water absorption, since this dispersing agent
created a hydrophobic layer on the surface of the mortars that hindered the absorption of
water by capillarity.

This finding was also confirmed by measurements of the water vapour permeability, in
Fig. 15 c-d. The use of PNS rendered the mortars less permeable to the water vapour
(as expressed by the increase in the water vapour diffusion resistance coefficient) [23].
Building materials need an acceptable vapour permeability level to allow water vapour
transport between inside and outside of the building. In this way, water retention and
condensation in the material are avoided as well as the transport of damaging ions
[87,88]. Due to their higher porosity and different pore structure, air lime mortars
presented higher permeability values than PC samples. Apart from the use of PNS,
above discussed, it can be said that superplasticizers did not impact negatively on water
vapour permeability in lime mortars: values of the water vapour diffusion resistance
coefficients underwent slight increases with respect to discs of untreated mortars (0%).
These increases can be well understood assuming the blockage on the surface of some
pores responsible for the vapour transport phenomena owing to the spread of
nanoparticle-based coatings. In comparison with the control group (dispersion of nano-
particles without any SP), the use of polycarboxylates, particularly 52IPEG, improved the
dispersion of the nano-particles with a lower reduction of the permeability. This fact can
be observed specially in PC mortars: the use of polycarboxylate-based SPs in
comparison with control samples (coating applied without SPs) yielded better values of
the water vapour permeability.

SEM-EDS observations (top view and cross section) were made to study the
microstructure of the coatings and the distribution of the photocatalysts. Air lime mortars
with bare TiO, are discussed below as an example. Top view micrographs showed that
the nanoparticles of the photocatalysts gave rise to a spongy microstructure (Fig. 16a).
Outcroppings of calcite crystals (determined by EDS) were also observed scattered by
the treated surface of the mortars (Fig. 16b and a detailed view of these calcite crystals
in Fig. 16¢). The use of SPs modified the textural aspect of the coating: whilst the
coating of the aqueous dispersion (SP-free) showed a high degree of cracking (Fig.
16d), the dispersions with some of the SPs, mainly 52IPEG and 23APEG, yielded a
reduced number of cracks in the coating layer, as can be observed in some SEM
micrographs (Fig. 16e and Fig. 16f). This fact can be ascribed to the different thickness

of the deposited layer due to the distinct fluidity of the dispersions.



The SP-free water dispersions, with lower fluidity, gave rise to a thicker layer (as proven
by the analysis of the cross section, in Fig. 16 h-j), with a lower degree of percolation
within the monolithic mortar, as evidenced by the Ti mapping of this section (Fig. 16i).
This aqueous layer lost the excess of water by evaporation, causing a large number of
drying shrinkage cracks, mud cracking (see Fig. 16g) [89]. The thickness of the layer
(measured value of ca. 20 microns) is well above the critical cracking thickness.
Quantitative Ti EDS calculation yielded 47.3% in this active coating, due to the
accumulation of the photocatalyst and the low dispersing effectiveness of the dispersion
agent.

However, the use of superplasticizers increased the fluidity of the dispersions, allowing
the obtaining of thinner coating layers (see, as an example, the lower thickness of the
layer in the coating with 52IPEG, Fig. 16, micrographs k, | and m, of ca. 3-4 microns).
This fact improved the percolation of the active photocatalyst, as denoted in the Ti
mapping of the cross section (Fig. 16 1), and it is advantageous for practical applications
in order to keep photocatalytic activity after abrasion phenomena that can involve loss of
the external active compound. The adherence to the support was better in this case
(coating with 52IPEG). The use of plasticizers also caused a reduction of the shrinkage
cracks, in agreement with the use of plasticizers reported in previous works [90].
Quantitative Ti calculation by EDS confirmed the better distribution of the Ti per surface
area, with, for example, values of 20.5% for 52IPEG and 30.3% for 23APEG. This
finding would contribute to explain the enhancement of the NO removal, reducing the

recombination sites.

3.5 Durability studies

In order to evaluate the durability of the efficiency of the coatings, the treated mortars
were subjected to accelerated ageing in a climatic chamber according to the cycles
described in section 2. Afterwards, NO abatements tests under UV irradiation, as
selected irradiation, were carried out for all aged samples (Fig. 17). The accelerated
weathering process caused a reduction in the NO degradation ability of the treated
mortars. Mainly the washout by rain water of the photocatalysts and, secondly, the
degradation of the coatings caused by UV light, would explain this reduction. The
weathering conditions simulated a total amount of accumulated rain water of 4032 mm.
Considering that the average cumulative precipitation in the region of Navarra (north of
Spain) is 820 mm per year, in line with calculations made previously by other
researchers [7,23], this rainfall value would correspond to 5 years of degradation.

Control mortars (without SPs) showed an average 33.8% decrease of removal

efficiencies for PC samples and 28.6% for air lime samples. For coatings with SPs, PC



mortars yielded a similar average decrease of 35.2% whereas air lime mortars only
decreased the NO removal ability by 16.4%. This fact can be explained considering that
an increase in porosity and roughness of the surface of the mortars enhances the
retention of the photocatalytic nano-particles, in line with the findings of previous works
[20]. Taking into account the higher porosity and larger pore size of the main pore
population of air lime mortars (Fig. 14), photocatalysts were better retained in these
mortars, withstanding the accelerated weathering. Irrespective of the supporting matrix,
the superplasticizer that yielded the lowest loss of efficiency was PNS, because the
hydrophobicity of its molecular structure helps to reduce the washout by rain water of the
active nano-particles. Among the polycarboxylate-based superplasticizers, 52IPEG, with
24.6% of average reduction, was the most efficient in preserving the activity of the
coatings. 23APEG and 45PC6 yielded higher losses of the NO removal efficiencies:
31.6% and 29.2%, respectively. A similar argument can be used to understand these
differences: 52IPEG showed higher hydrophobicity (longer side chains) than 23APEG
and 45PC6, so that coatings with this SP prevent active nano-particles from being
washed off. In addition, the largest fluidity of the coatings with 52IPEG enhanced the
percolation of the photocatalysts, as discussed previously, thus contributing to their
lower removal by rain water.

In spite of the aggressive conditions of the accelerated weathering, coatings with
superplasticizers based on polycarboxylate chains still showed relatively high NO
removal values. In general, PC mortars showed values above 20% (reaching in some
cases 30% or even 40%), whereas air lime mortars showed an even better performance
with values generally above 30%. It should be noticed that these results were achieved
for coatings with just 1 wt.% of active nano-particles.

SEM examination revealed that the climatic ageing caused a surface deterioration. In
Fig. 17, micrographs of a PC mortar treated with TiO,-23APEG allowed us to observe,
after the accelerated ageing, the increase in pores and changes in the textural aspect,
with the appearance of some disaggregated areas.

Quantitative analysis by EDS was also carried out. Replicates in different areas showed
an initial 5.8% of elemental Ti, whereas after the weathering this percentage was
lowered to 4.9%. In agreement with the NO removal after the ageing, coatings showed a
good degree of resistance against climatic factors, as proven by the relatively low TiO,
loss. This finding has positive environmental implications, since the dangerous release
of nano-particles of these coatings has been low. The loss of efficiency of NO removal
can be thus ascribed to the small washout of active material as well as to the poisoning

of some active sites of the photocatalysts.



Few previous works dealt with the loss of NO removal efficiency after accelerated
climatic ageing in coatings. Real weathering has been reported to decrease NO removal
efficiency by 36% and even up to 78% after 4 months of exposure [91]. In outside
weathering, samples with active coatings exposed 4 months and with a final washing
with water evidenced very significant loss of efficiency, with decreases above 50-70%
[80]. For coatings applied in concrete pavements, accelerated rotary abrasion tests
yielded a 16.7% of decrease of the NO abatement efficiency [79]. In this last case, the
coating was loaded with 5% of TiO,, so that the loss of the photocatalyst due to the
wearing was minimized. For a plaster with TiO, added in bulk, similar accelerated
weathering cycles decreased the NO abatement by 45.5% [92]. The main conclusion is
that the use of SPs to optimize coatings with photocatalytic agents provides systems

with a significant resistance to weathering.

4. Conclusions

Water-dispersions coatings of different nano-particles of photocatalytic additives (titania
and titania doped with iron and vanadium) have been prepared with diverse
superplasticizers to optimize the NO removal efficiency.

The study of the aqueous dispersions showed that the use of polycarboxylate-based
superplasticizers (52IPEG, 23APEG and 45PC6) prevented nano-particles from
agglomeration. However, the use of a naphthalene sulfonate formaldehyde
polycondensate, PNS, resulted in the formation of large agglomerates of nano-particles.
The steric hindrance, provided by a large density and length of side chains, was the
most effective repulsion mechanism and 52IPEG was the most efficient SP. In addition,
the concentration of remaining “free” superplasticizer molecules in the interstitial solution
contributed to an increased steric hindrance between the particles.

When the coatings were applied onto PC and air lime mortars, the polycarboxylate-
based SPs improved the NO removal rates as compared with the SP-free coating: for
example, an average increase of NO degradation by 15% under UV and by 76% under
solar light was found. The higher photocatalytic efficiency was related to the reduction in
the agglomeration of the photocatalysts, with more exposed active sites and a decrease
of the electron-hole recombination rates.

The presence of the photocatalyts caused a reduction of the static water contact angle
under UV, solar and visible light illumination, which is positive to the dirt-prevention
ability of the mortars.

To assess the real applicability of these coatings, measurements of water absorption (by

immersion), capillary water absorption and water vapour permeability showed that the



mortars were not altered in their performance upon the addition of the polycarboxylated-
based coatings.

Microstructural examination, included the cross section analysis, showed that the use of
SPs enhanced the distribution of the photocatalysts yielding thinner coating layers. The
increased fluidity of the fresh coatings due to the presence of the SPs boosted the
percolation of the active material within the mortars reducing the drying shrinkage cracks
of the coating.

Durability of these coatings under accelerated weathering was good: NO removal
efficiency reduction was moderate (35% for PC mortars and 16% for air lime mortars).
Among the polycarboxylate-based superplasticizers, 52IPEG, with 24.6% of average
reduction, was the most efficient in preserving the activity of the coatings. Measurements
of SEM-EDS of Ti content showed a low washout of the TiO, nano-particles, supporting

the long-run activity of these coatings.
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Table 1. Characteristics of the tested superplasticizers.

Molar mass Polydispersity Specific anionic
Superplasticizer (g/mol) index charge
g (Mw/Mn) (ueq/g)
52IPEG 3.16 x 10* 2.42 1,895
23APEG 4.60 x 10* 2.76 1,695
45PC6 3.84 x 10* 2.05 2,740

PNS 1.40 x10° - 4,089




Table 2. Characteristics of the cycle of accelerated weathering

ey se TR oy man O
1 35 30 No Yes 160
2 12 80 Yes No 160
3 20 50 No No 160
4 12 60 No No 160
24 hours 5 35 30 No Yes 160
6 12 80 Yes No 160
7 35 30 No Yes 160
8 20 50 No No 160
9 12 60 No No 160

Table 3. Values of pH of the final dispersions and adsorption percentages of the

superplasticizers onto photocatalitic additives assayed

TiO, Fe-TiO; V-TiO,

Superplasticizer . . .
pH  Adsorption (%) pH  Adsorption (%) pH  Adsorption (%)

52IPEG 4.4 30.4 4.1 26.1 3.8 1.3
23APEG 4.4 58.1 3.9 75.7 3.8 51.5
45PC6 6.3 76.3 4.3 56.9 4.1 28.1

PNS 6.5 83.7 5.9 47.0 4.8 40.7




Table 4. Percentage of water absorption (1 h of immersion) of different PC and

air lime mortars.

. Water absorption (%)
Composition

PC Air lime
Blank sample 2.20 15.58
Control 1.98 15.52
52IPEG 0.72 15.34
TiO5 23APEG 1.20 16.25
45PC6 5.80 15.63
PNS 2.27 16.00
Control 1.68 14.39
52IPEG 1.28 14.89
Fe-TiO» 23APEG 1.56 14.41
45PC6 2.82 16.41
PNS 2.58 15.05
Control 1.82 16.34
52IPEG 2.69 15.75
V-TiO, 23APEG 5.63 16.67
45PC6 1.81 15.14

PNS 0.87 15.73




COONa

CH, |
|
H,C—CH H,c— C a? —CH H,C— CH
| | |
COONa CH, COONa CH,
| |
a CH, b 0

n=23 riH.'
ab=58 ! I
n=52 i“’ @ \?_...
n
+ﬂ CHi
H
% /N )
|
H,C—C H,C— C HO CH; H
I | N\ /
C=0 C=0
| |
ONa o b
—_—
du
. | \ 50, / )
ab=6 0 % Ca?*
n=45% | n
CH,

Figure 1. Molecular structures of the superplasticizers assayed: 1) 52IPEG, 2) 23APEG,
3) 45PC6, and 4) PNS.
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Figure 2. a) Zeta potential of the three photocatalytic additives assayed. b)
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values of the photocatalytic additives suspensions titrated with a solution of
calcium chloride 1%.
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Figure 10. Percentages of NO abatement by different photocatalytic additives
included in Portland cement and air lime mortars under: a) UV light; b) solar light;

and, c) visible light.
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Figure 11. Water contact angle of PC mortars treated with different coatings vs. time of

UV (a-c), solar (d-f) and visible (g-i) light exposition.
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Figure 12. XPS results of the photocatalysts depicting the O region. Raw data

from [73] have been processed to show the target region.
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Figure 13. Time of water absorption in coatings applied onto Portland cement (a-c) and

air lime (d-f) mortars under UV light exposition.
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Figure 14. Pore size distributions of Portland and air lime mortars used as substrates.
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Figure 15. Capillary coefficient values and water vapour diffusion resistance

coefficient values corresponding to different mortars: a) and c) Portland cement;

b) and d) air lime mortars.



Figure6. Microstrucural SEM examinatio; of bare TiO, coatings applied onto
air lime mortars. Top view micrographs: a), b) c) and d) of control (SP-free)
coating. e) Coating with 52IPEG. f) Coating with 23APEG. g) Mud cracking for
control coating. Cross section micrographs: h), i) and j) of control (SP-free)
coating. Elemental Ti mapping (EDS) is depicted in i). Cross section of coating
with 52IPEG is shown in micrographs k), I) and m). Elemental Ti mapping (EDS)
is depicted in ).
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Fige. NO removaliiecy correpi to different mortars with

photocatalytic coatings after accelerated climatic ageing: a) Portland cement and
b) air lime substrates. In the bottom part, SEM micrographs of PC mortar with

TiO2-23APEG coating before and after accelerated weathering.



