photochem

Article

Investigation of the Self-Cleaning Property of Photocatalytic
Coatings at a Laboratory Scale

Julie Hot 1*(0, Kevin Castell6 Lux !

check for
updates

Citation: Hot, J.; Castell6 Lux, K.;
Ringot, E. Investigation of the
Self-Cleaning Property of
Photocatalytic Coatings at a
Laboratory Scale. Photochem 2023, 3,
461-476. https://doi.org/10.3390/
photochem3040028

Academic Editors: Jose L. Hueso,
Ewa Kowalska, Zhishun Wei and
Detlef W. Bahnemann

Received: 8 October 2023
Revised: 17 November 2023
Accepted: 22 November 2023
Published: 25 November 2023

and Erick Ringot 12

1 Laboratoire Matériaux et Durabilité des Constructions (LMDC), INSA /UPS Génie Civil, 135 Avenue de

Rangueil, CEDEX 4, 31077 Toulouse, France; k.castello-lux@hotmail.com (K.C.L.); ringot@Irvision.fr (E.R.)
2 LRVision SAS, 695 Rue de I'Hers, Zone d’Activité de la Masquere, 31750 Escalquens, France
Correspondence: hot@insa-toulouse.fr

Abstract: Self-cleaning products are commercially available to protect surfaces against soiling and
avoid the high consumption of energy and chemical detergents necessary for cleaning. They are based
on semiconductor oxides, mostly titanium dioxide (TiO;), which induce photocatalytic oxidation
activity and superhydrophilicity. Therefore, we present an experimental procedure at a lab scale
to assess the self-cleaning ability of various photocatalytic coatings (five TiO,-based commercial
products and one lab-grade zinc oxide (ZnO) product) applied to mortar surfaces. The samples were
artificially stained with three types of soiling: Congo red dye, diesel soot, and motor oil. They were
exposed to the environmental cycle of UV illumination and water flow for two weeks and the changes
in stain colors were first assessed with visual inspection. Then, spectrophotometry measurements
were conducted before and after the self-cleaning experiment to calculate the color differences for
each stain in the CIELab color space data. In addition, the coatings were characterized via X-ray
diffraction analyses and water contact angle measurements. Results highlighted color changes for
each stain and higher wettability (induced by OH radicals) of the coated surfaces, which favored
surface washing and thus stain removal. Light also had a positive effect on the attenuation of the
stains, particularly for the Congo red dye.

Keywords: semiconductor oxides; self-cleaning; photocatalysis; spectrophotometry; water contact
angle

1. Introduction

The increasing concentrations of people, industrial activities, and traffic are leading to
significant levels of pollution, notably in urban areas, where the preservation of buildings
is compromised [1-3]. Buildings are exposed to natural elements and man-made pollutants
such as nitrogen oxides (NOx) (x = 1 and/or 2), the primary component of smog, which
constantly attack outdoor surfaces, leaving them dirty, and in some cases causing serious
damage [4]. In such a context, attention is increasingly being paid to technologies capable of
maintaining the aesthetic durability of building materials. Building surfaces are generally
cleaned using chemical detergents accompanied by scrubbing, wiping and use of a high-
pressure water jet. However, such processes involve high energy consumption and costs,
and negative impacts on the environment. Self-cleaning products have thus attracted
growing interest in recent years due to their potential applications in many aspects of
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human daily life, and especially their ability to conserve the aesthetic appearance of
buildings throughout their lifetime, therefore reducing surface cleaning costs. This is an
effective preventive maintenance strategy that can bring economic benefits and a more
sustainable management of buildings. The two principal ways to obtain self-cleaning
materials are to develop superhydrophobic and superhydrophilic surfaces. Both of these
surfaces have the ability to clean themselves when water is present. Hydrophobic behavior
has been known for a long time and can be observed in the natural world, notably with
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the famous Lotus effect in the case of lotus plant leaves [5,6]. Other strategies to avoid
surface contamination are found among animals and plants, which inspire researchers in
materials science, physics, chemistry and engineering [7]. Hydrophobic surfaces show
low wettability (water contact angle > 90°), which means that the adhesion of water is
extremely reduced. Particle contaminants adhere to the water droplets formed on such
surfaces and are then removed when the droplets roll off the surface [8]. On the contrary,
superhydrophilic surfaces attract water (water contact angle < 90°), which spreads rapidly
and uniformly on the entire surface. The dirt can be washed away with the water layer [9].
Such behavior can be observed in the case of photocatalytic surfaces [10].

The self-cleaning ability of titanium oxide-based photocatalytic surfaces is generally
due to two synergistic phenomena: the photocatalytic process and photo-induced super-
hydrophilicity [11]. First, UV irradiation of the semiconductor leads to the formation of
photo-generated electron-hole pairs that react with oxygen and water molecules to generate
reactive oxygen species (hydroxyl OH®, superoxide O,°*~ and hydroperoxyl HO,*® radicals)
on the photocatalytic surface, which are able to decompose a wide spectrum of organic
pollutants adhering to the surface through oxidation-reduction reactions. Second, the
photo-induced superhydrophilicity under UV irradiation (water contact angle < 10°) leads
to the spreading of water drops (formation of a water film) on the surface of the photocata-
lyst, preventing direct contact between external contaminants and the surface itself and
washing them away [12,13]. The synergy of photocatalytic and superhydrophilic effects
will promote and maintain the self-cleaning capacity of a surface to keep the aesthetic
image of buildings unchanged over time [14,15], while helping to reduce air pollution [16]
and mitigate the consequences of heat islands [17].

In the field of building materials, the semiconductor titanium dioxide (TiO;) is one
of the most widely used and efficient photocatalysts for self-cleaning applications [18,19].
Its popularity is notably due to its high photocatalytic activity (anatase crystallographic
form), chemical stability, reasonable cost, compatibility with construction materials and
the variety of applications it offers (self-cleaning, air-purification, anti-bacterial activity,
water treatment and H; production) [20-24]. Academic research has significantly promoted
the practical applications of TiO; as photochemistry applied to construction materials
may be an attractive path to obtain cleaner surroundings (lower energy use and pollutant
reduction) [25,26]. Studies in the literature report on the combination of TiO, nanoparticles
with various construction materials (e.g., cement, mortar, asphalt, and concrete pavement)
to enhance their aesthetic durability [27,28]. In addition, photocatalytic coatings applied to
surfaces as a post treatment have been investigated [29-33]. In this case, the quantity of
photoactive material is effectively exploited. The coating technique avoids the encapsula-
tion of TiO, particles within inner layers where light is not available and pollutants have
no access. Such a treatment can also be applied to new buildings characterized by complex
shapes or to existing facades to preserve old historic buildings without changing their
appearance. It allows for a transparent protective surface to be formed, which is activated
by sunlight and can significantly ease cleaning operations during the whole service life of
the building, thanks to physicochemical effects [34-37].

This paper presents an experimental method conducted at a lab scale, which aims to
assess the self-cleaning efficiency of semiconductor oxide-based dispersions in conditions
approaching those found in real-world exposure. A test bench was developed to expose
coated mortar samples to alternating light and water flow sequences (simulation of solar
light and rainfall) and thus evaluate their self-cleaning potential. Commercially available
photocatalytic products were tested: five products were based on ultrafine TiO, particles
and one was a chemical grade zinc oxide (ZnO). They were characterized with X-ray
Diffraction analysis, from which the particle size was deduced. Aqueous dispersions were
prepared from these products and applied to mortar surface samples, which were then
artificially stained with Congo red dye, diesel soot and motor oil. Visual inspection and
spectrophotometry measurements were used to assess the stain degradation. Water contact
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angle measurements were also conducted on cement paste samples to characterize the
wettability of the five tested coatings.

2. Materials and Methods
2.1. Substrates

Mortar samples were used for the self-cleaning experiments. Normalized mortar
with a water—cement ratio of 0.5 (W/C = 0.5) was prepared according to the NF EN 196-1
standard. It was composed of siliceous sand (granulometry: 0/2 mm) and CEM I 52.5
Portland cement, and the preparation was carried out at ambient temperature and relative
humidity of 55%. The sample was mixed mechanically and then cast in a 30 cm x 30 cm
x 1 cm steel mold with the aid of a vibrating table. The resulting slab was kept covered
in a room at constant temperature and humidity, then demolded after 7 days and sawn
into 10 cm x 5 cm x 1 cm pieces. Mortar samples were polished with an ESCIL ESC
300 GT polishing machine (120 pm silicon carbide abrasive disk) before the photocatalytic
dispersion was applied to half of the surface (left side). Reference mortar surface (right
side of the sample) was protected from any coating (cf. part 2.3 Photocatalytic Dispersion
Application).

For water contact angle (WCA) measurements, cement paste was preferred as the
substrate. The higher porosity of mortar led to rapid penetration of the photocatalytic
dispersion into the cavities of the surface, which made it difficult to determine the WCA.

2.2. Photocatalytic Products

Five commercial products were used. They are specified in Table 1: two ultrafine TiO,
powders of high purity, two stable aqueous dispersions of ultrafine TiO, particles (TiO,
content of 18 wt% and 10 wt% for Products 3 and 4, respectively) and one nanopowder
of ZnO (Products 1 to 4, Tronox, Thann, France; Product 5, Sigma Aldrich, Saint-Quentin-
Fallavier, France). Aqueous dispersions with the same dry semiconductor particle content
were then prepared based on these products. The final weight content of TiO; or ZnO-
based dispersions was 4 £ 0.25%. TiO, and ZnO are semiconductors known to provide a
powerful oxidation under UV irradiation [38,39].

Table 1. Commercial photocatalytic products.

Product Description Crystal Form Specific Surface Area (m?/g)
Product 1 Ultrafine TiO, powder Anatase at 85 wt% 350
Product 2 Ultrafine TiO, powder Anatase at 95 wt% 90
Product 3 Aqueous dispersion of ultrafine TiO, particles (pH = 11) Anatase at 18 wt% 330
Product4  Aqueous dispersion of ultrafine TiO, particles (pH = 8.5) Anatase at 10 wt% 300
Product 5 ZnO—Nanopowder < 100 nm Waurtzite 15-25

2.3. Photocatalytic Dispersion Application

The dispersion was applied to the surface using a fine brush. The quantity of TiO, or
ZnO deposited on the surface—3.5 =+ 0.5 g/m?—was determined by weighing the recipient
containing the dispersion and the brush before and after the coating of the sample. Two
layers were applied if necessary, with a drying step of 30 min at ambient temperature and
humidity between applications. The same surface treatment protocol was followed for
all the samples. In order to better follow and compare the efficiency of the dispersion to
maintain the aesthetic aspect of the sample surface, the dispersion was only applied to the
left side of the sample, the two sides being separated with an adhesive tape as shown in
Figure 1a.
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Figure 1. (a) Mortar surface treatment: reference surface on the right; coated surface on the left. The
separation was carried out with an adhesive tape. (b) Mortar surface stained with Congo red dye
(top), motor oil (middle) and diesel soot (bottom). The left hand side of the surface of each sample
was coated with a photocatalytic dispersion: Product 1, Product 2, Product 3, Product 4 and Product 5,
from left to right.

2.4. X-ray Diffraction

The photocatalytic products were analyzed with X-ray Diffraction (XRD) using the
BRUKER ADVANCE D8 X-ray diffractometer (BRUKER, Karlsruhe, Germany) equipped
with a copper anticathode (A = 0.15406 nm) and a 1D LYNXEYE XE-T detector (BRUKER,
Karlsruhe, Germany). Products 3 and 4 (initial state: aqueous dispersion) were dried to
collect powders of TiO, particles (a drying step at 100 °C for 12 h). Each product powder
was homogenized using ten 6 mm glass balls for 3 min and then ground and sieved with
an 80 mm mesh before XRD analyses were carried out. The compounds were identified
with EVA software (V4.1.1, BRUKER, Karlsruhe, Germany). The sizes of the crystallites
were calculated from the peak with the highest intensity using the Scherrer formula (cf.
Equation (1)) [40,41]:

_ kxA
~ B xcosh

where L is the crystallite size in nm, k = 0.9 (for particles of unknown sizes) is a constant
representing the shape factor, A = 0.15406 is the monochromatic wavelength in nm, § is
the width of the peak at mid-height, expressed in radians, and 0 is the position of the peak
on the diffractogram in degrees.

@

2.5. Surface Contamination

After the left sides of mortar samples had been coated, they were dried in a dark box
for 12 h before being stained. Three different stains, Congo Red dye, diesel soot and motor
oil, were applied to each side of the mortar surface. The Congo red deposition was carried
out with a micro pipette. Soot and motor oil were deposited with the index finger using
a thin metal sheet stencil with circular holes 15 mm in diameter. It should be noted that
real diesel soot collected from exhaust pipes was used. The appearance of stains on mortar
surfaces before the self-cleaning experiment was carried out are shown in Figure 1b.

2.6. Self-Cleaning Experiments

Self-cleaning experiments were conducted using the lab-made test bench shown in
Figure 2. A leaky pipe connected to a pump allowed the water to flow over the mortar
sample surfaces. The pipe was fixed to a PVC plate 5 cm above the sample top. Mortar
samples were placed on a horizontal rack. This test bench was exposed to homogeneous
artificial light provided by three identical UV-A LED bulbs located 30 cm above the hor-
izontal rack (CroLED E27 UV-A Blacklight 7 Watts, A = 365 nm, average irradiance of
10 W/m? on the sample surfaces measured with a Gigahertz-Optik radiometer (UV-A
detector: UV-3717 model, 315-400 nm; Gigahertz Optik GmbH, Tiirkenfeld, Germany)) and
a camera was installed in front of the mortar samples. The water pump and the lighting
system were connected to a computer and the LrvWash® program (from LRVision company,
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Escalquens, France), designed especially for the self-cleaning experiments, controlled the
starting /stopping of the water flow and the switching on/off of the light.

Lighting system
(UV bulbs)

Leaky pipe
PVC plate

Rack to support _,,
mortar samples

Camera

D 2

Figure 2. Self-cleaning test bench.

In order to simulate weather conditions (solar irradiation and rainfall) at a laboratory
scale, the mortar samples were subjected to a cycle of artificial light and water flow. This
cycle is defined in Table 2. The water flow and light sequences were interrupted by a resting
period, i.e., no light and no water flow. A curtain allowed the test bench to be isolated from
the light of the room and therefore to be in the dark when the artificial lighting system was
switched off.

Table 2. Weather conditions applied to mortar samples at a lab scale and durations of resting
period/UV light/water flow cycle.

Weather Conditions Simulated at Lab Scale Duration (min)
Resting period 1 36
(no light, no water flow)
UV light 60
Resting period 2 35
(no light, no water flow)
Water flow 2

2.7. Spectrophotometry

Color measurements in the CIELab (or CIE L*a*b) space were conducted with a Konica
Minolta CM-2300d portable spectrophotometer (wavelength range 360 nm to 740 nm,
Konica Minolta, Roissy, France). Measurements for each stain on each mortar surface
sample (6 stains on 5 mortar samples) were carried out before starting the self-cleaning test
and at the end of the test, 2 weeks later. The following colorimetric data were obtained:
the color lightness L* (from black (0) to white (+100)), and the color coordinates a* and b*
(+a* was the red axis, —a* was the green axis, +b* was the yellow axis; —b* was the blue
axis). From these values, the global color change AE* was calculated using Equation (2).
The higher the AE*, the stronger the self-cleaning action.

AE* = \/(AL*)2 + (M) + (A @)

where AL*, Aa*, and Ab* are the lightness and color variations. The colors of the stains
before the start of the self-cleaning experiment were taken as references, and the final
color measurements were carried out at the end of the experiment in order to assess
the self-cleaning properties of each photocatalytic coating. Color measurements were
also performed on the right sides of the mortar samples, which were not coated with a
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photocatalytic product, in order to assess the stain degradation due to the action of light
and water.

2.8. Water Contact Angle Measurements

The wettability of a surface can be determined by measuring the water contact angle
(WCA), which is defined as the angle between the solid surface and the tangent to the
liquid at the contact [35]. For surfaces with good wettability, the contact angle is low
(<90°, cf. Figure 3) and approaches 0° for superhydrophilic surfaces. WCA was calculated
using the Kriiss DSA30S goniometer (Kriiss GmbH, Hamburg, Germany), piloted with the
ADVANCE software (V1.41, Kriiss GmbH, Hamburg, Germany). The deposit height of
the droplet and the volume of the droplet were controlled with precision. The following
values were chosen for all tests: 1 cm and 10 pL (minimal volume to allow the droplet to
fall due to its own weight), respectively. The goniometer was equipped with a camera,
which took images and videos of the fall of the water droplet onto the material surface. A
first series of WCA measurements was conducted on a reference cement paste sample (a
clean surface without photocatalytic dispersion). Then, the photocatalytic coatings based
on the products presented in Table 1 were applied to the surface of cement paste samples.
After they had dried for 24 h in a box in the dark, a new series of WCA measurements were
carried out on the coated samples. The WCA obtained at 0.25 £ 0.03 s after the deposition
of the droplet on the surface was chosen for all the samples. The results are the averages of
five WCA measurements.

Contact angle > 90° Contact angle < 90°

Figure 3. Schematic representation of hydrophobic and hydrophilic surfaces.

3. Results and Discussion
3.1. XRD Analyses

The XRD diffractograms obtained for each powder are shown in Figure 4. The peaks
were identified with the EVA software (Inorganic Crystal Structure Database, ICSD) and
are specified on each graph. Anatase was the only crystalline phase found for TiO,-based
products (Products 1, 2, 3 and 4), with well-defined peaks for Product 1 (probably due to
very small particles, cf. Table 3). The larger anatase particle size of Product 2 could explain
the wider peaks observed (12.7 nm for Product 1 vs. 67.6 nm for Product 2, cf. Table 3). A
more pronounced amorphous phase was detected for Products 3 and 4, probably due to
residual compounds coming from the solution (powders were collected from commercial
aqueous dispersion after a drying step). The well distinguished and highly crystalline
peaks on Figure 4c can be indexed to the wurtzite hexagonal phase (Product 5). Among the
crystal structures of TiO,, anatase and rutile crystalline phases have been most studied as
photocatalysts (brookite has been the object of much less interest), and the mixture of these
two phases is known to have a synergetic effect resulting in an increase in photocatalytic
activity, as evidenced by the famous TiO, Degussa P25 [42]. However, when pure phases
are considered, anatase appears as the preferred one for the photocatalytic application of
TiOy, as reported in numerous studies [43—47]. This phase has a higher specific area, which
increases the number of active sites and facilitates the contact and diffusion of reactants and
products, and a lighter average effective mass of photogenerated electron and hole pairs,
which clearly improves the photogenerated charge carrier mobility, thus resulting in their
lowest recombination rate. ZnO has proved to be a promising photocatalyst and has been
suggested as an alternative to TiO, semiconductor because of its adsorption efficiency over a
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larger fraction of the solar spectrum [48,49]. It is known for its antifouling and antibacterial
properties [50-52] and has been used in photocatalytic degradation applications, and
notably in dye degradation [49]. ZnO is available in three crystallite structures: hexagonal
wurtzite, zinc blende, and rock salt, the wurtzite crystalline phase being the most stable in
ambient conditions [53].
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Figure 4. Diffractograms of semiconductor oxide-based commercial products and peak indexing
(ICSD): (a) Products 1 and 2 are TiO, ultrafine powders, (b) Products 3 and 4 are aqueous dispersions
of ultrafine TiO, particles, from which powder was collected after a drying step, (c) Product 5is a
ZnO nanopowder.
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Table 3. Crystallite mean size determined using the Scherrer formula from the peak with the highest

intensity.
Position of the Peak with Full Width at Crvstallite Mean Siz
Product the Highest Intensity Half-Maximum 1ys a(L ii mf:; €
(20 in Degrees) (FWHM)
Product 1 25.398 0.629 12.7
Product 2 25.315 0.118 67.6
Product 3 25.363 0.197 40.6
Product 4 25.224 0.354 22.5
Product 5 36.228 0.163 65.7

The Scherrer formula (cf. Equation (1)) was then used to calculate the size of the crystallite
of each product from the width at half-maximum and the height of the peak showing the
highest intensity. Results are reported in Table 3. As expected, the materials analyzed were of
nanometric size and were characterized to be average crystallites of 12-68 nm. Micro-sized
particles can exhibit photocatalytic properties but the best activity was found with nano-sized
particles, mainly because of the lower specific surface of particles of micrometric size, which
tended to have lower OH species concentrations at the surface and different bridged-OH
species structure [54]. However, it has to be noted that the efficiency of photocatalytic activity
cannot be attributed to a single property like the size of the particles. The crystallinity, the
morphology of particles (which also impacts the surface area) and the band gap value are also
influencing parameters [55].

3.2. Stain Degradation Quantification

Visual inspection and color measurements via spectrophotometry were conducted,
and the results are shown in Figure 5 and Figure 6, respectively. As stated in part 2.5, three
kinds of soiling were used: Congo red dye, diesel soot and motor oil.

(b)

Figure 5. Mortar samples: (a) before self-cleaning experiment and (b) after self-cleaning experiment.
The left side of the surface was coated with a photocatalytic dispersion: Product 1, Product 2, Product 3,
Product 4 and Product 5, from left to right. The right side was uncoated.

It can be observed in Figure 5 that the Congo red stain faded during the self-cleaning
experiment on both the coated side (left) and uncoated side (right) for all the mortar samples.
Dyes are among the tools used for demonstrating the benefits of photocatalysis. They have
been used as model compounds to investigate the photocatalytic degradation process by
following their removal from aqueous solution [56-59]. For example, Congo red and methyl
red dyes were used by Patil et al. to assess the photocatalytic performance of TiO, /WOs3
nanocomposites [60]. The photocatalyst was dispersed in an aqueous solution of Congo
red or methyl red dye, and the color change of the solutions under visible light irradiation
was followed with UV-Vis spectrophotometry. In [61], the Congo red was immobilized
over a TiO; thin film, which was irradiated with a UV lamp. The authors highlighted the
oxidation process of the Congo red by following the changes in its characteristic Raman
bands. Moreover, Khairol et al. [62] studied the photocatalytic performance of ZnO-based
catalysts by assessing the removal of Congo red in aqueous solution under visible light
illumination. However, the use of dyes may be inappropriate in some conditions. They can
lead to an unreliable assessment of the photocatalytic activity or self-cleaning potential of a
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semiconductor oxide, as other mechanisms, such as photolysis, a decoloration of the dye
due to absorption of photons, can occur [63,64].

24 - Congo red a)

22

(
mcoated sample (left side)
mnot coated (right side)

Product 1 Product2  Product3  Product4  Product5
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Global color change AE*
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14 4 Motor oil (b)
mcoated sample (left side)
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Figure 6. Global color changes AE™ for each stain, obtained from spectrophotometry measurements:
(a) Congo red dye, (b) motor oil and (c) soot. Colors of the stains before the self-cleaning experiment
were taken as initial values, and the final color measurements were taken at the end of the experiment.
Measurements were conducted on each side of a sample: the left side, which was coated with a
photocatalytic product, and the right side, which was not coated.

Concerning soot and motor oil stains, the color changes were slight: stains on the left
side of the samples seemed to be lighter after the self-cleaning test but variations were
difficult to detect with the naked eye. Several authors have used soot as soiling to assess the
self-cleaning properties of a coating by following the color change on the surface [29,65-67].
Among them, Pozo-Antonio et al. [67] stained mortar surfaces with real diesel exhaust soot
collected from car exhaust pipes. They did not observe relevant color changes with the
naked eye after 30 days of exposure to different experimental conditions (UV-A, artificial
sunlight and UV-A in an SO, atmosphere). However, a self-cleaning effect was noticed,
thanks to analytical techniques such as color spectrophotometry. Smits et al. [29] also
investigated the degradation of soot via photocatalysis on mortar samples coated with
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various TiO,-based commercial products. They quantified the photocatalytic soot removal
via optical detection methods based on the changes in color.

It is difficult to draw relevant conclusions on the influence of the coating on the
color change of the stain using visual observations alone. Further experimental results
are presented in Figure 6. The global color changes AE* (measurements were carried out
before and after the self-cleaning test) are reported for both the coated and uncoated sides
of the samples in Figure 6a—c for Congo red dye, motor oil and diesel soot, respectively. It
can be seen that the color of the stains changed even if the surface was not coated with a
photocatalytic product (right side of the mortar sample). The greatest change was observed
for the Congo red dye (cf. Figure 6a) and the smallest for the soot (cf. Figure 6¢): the average
values of AE™ on the right side of the sample were 14.60, 6.36 and 2.44 for the Congo red,
motor oil and soot, respectively. These changes can be explained by the combined action
of light and water during the test, which tended to clean the surface. This is especially
true for azo dyes such as Congo red, which are water soluble and can react with light.
The hydrophilicity of the stain and its more or less pronounced dilution in water during
washing cycles could also be a reasonable explanation.

The color changes observed on the left side (coated with a photocatalytic dispersion)
were mostly higher that the ones obtained on the right side of the samples. The highest
color changes were obtained with Product 4 for Congo red dye and soot, and with Product 2
for motor oil: the AE* values were 21.55, 6.13 and 11.28, respectively. The color changes
observed on the left side of the samples could be explained by three phenomena: the
self-cleaning potential of the product applied to the surface, the degradation of the stain by
UV light, and the cleaning action of water running off the mortar surface. However, the self-
cleaning action of each product could not be decorrelated from the other two phenomena:
as the initial shape and intensity of a stain were not exactly the same on both sides of the
samples, the stain color changes reported on the right side could not be deducted from the
ones obtained on the left side.

The quantification of color variations through the calculation of AE* or the comparison
of color characteristics in the CIELab space (L*, a* and b*) before and after exposure to
specific environmental conditions have often been used in the literature to follow the
degradation of an artificial stain or the modification of the aesthetic appearance of a surface.
Colangiuli et al. pointed out that TiO,-based products preserved the color properties of a
coated surface from natural soot deposition. However, the color variations observed could
not be attributed solely to the self-cleaning ability of the coating but also to the change
in color of the organic host matrix [68]. Authors Lettieri et al. and Diamanti et al. also
highlighted the influence of other external factors, such as the orientation of the sample, the
surface roughness, or the exposure time, on the recorded color variations [69,70]. Van Hal
et al. recently suggested a new methodology for detecting soot degradation based on digital
image analysis. They were able to correct for the intrinsic color changes of the photocatalysts
themselves during surface illumination throughout a self-cleaning experiment, and thus
avoid misinterpretations of the degradation efficiency [71].

From the results of the present study, the following conclusions can be drawn: (1) It
seems that the action of light and the washing were the main causes of the Congo red
dye decoloration, except for Products 3 and 4, for which a self-cleaning activity could be
identified. (2) Products 2, 3 and 5 may be more appropriate for cleaning a surface stained
with a hydrophobic pollutant such as motor oil and. (3) Product 2 seems to be ineffective
for degrading soot, which is an amphiphilic contaminant. Generally speaking, Product 3
proved to have a self-cleaning action against various kinds of pollutants—hydrophobic, hy-
drophilic and amphiphilic compounds—under UV, and Product 2 appeared more effective
for cleaning hydrophobic pollutants.

3.3. Wettability of the Surfaces

Figure 7 shows the water droplet on the reference cement paste surface (clean sur-
face) and on the surface coated with the photocatalytic dispersion based on Product 1 (cf.
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Figure 7a and Figure 7b, respectively). The variation in the WCA was clearly visible to the
naked eye. The WCA values are summarized in Table 4. Results show that all the surfaces
were hydrophilic, with WCA values less than 90°. The clean cement paste sample had good
water wettability (WCA~70°), which was clearly increased with the application of the coat-
ing. The coated surfaces had WCA values varying between 9 and 20°; the lowest WCA
was obtained with the coating based on ZnO. The hydrophilic state observed for the coated
surfaces could be responsible for the self-cleaning effect (cf. Section 3.2 Stain Degradation
Quantification) by promoting the runoff of water and thus the washing of the surface and
removal of the stain. The key role of water was notably highlighted by Nishimoto et al. [72].
They investigated the cleaning efficiency of TiO, surface contaminated with oleic acid under
various UV irradiation and water flow conditions. By following the WCA evolution as a
function of time during the experiments, these authors showed that the supply of flowing
water significantly enhanced the self-cleaning effect of the TiO, surface.

' 5 mm

e

(a)

(b)

Figure 7. Water droplet on (a) uncoated cement paste surface (top) and (b) coated cement paste
surface with the photocatalytic dispersion based on Product 1 (bottom).

Table 4. Water contact angle (WCA) results.

Surface Treatment

Reference Cement Paste Product 1 Product 2 Product 3 Product 4 Product 5

WCA (°)

69.16 £ 1.4 1226 £ 094 1438+224 1517+£092 1832+£129 9.46+0.73

The assessment of surface wettability through WCA measurements has been com-
mon in research papers exploring the self-cleaning potential of surfaces. Most studies
have reported initial and final WCA values, and several of them have followed WCA
measurements over time and under UV light exposure to explore the kinetics of WCA
evolution. This was conducted by Nishimoto et al. [72], as explained above, and also by
Tobaldi et al. [73], who studied the self-cleaning and photocatalytic abilities of ceramic tiles
functionalized with a micrometric TiO; layer. They observed a decrease in the contact angle
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value after only one hour of UV irradiation. Moreover, they followed the decomposition
of oleic acid on ceramic tile specimens through contact angle measurements in the dark
and under UV-A exposure. They showed that the titania layer was capable of activating
the decomposition of organic matter through photocatalytic action. Hashimoto et al. [74]
also discussed the change in contact angle due to external stimuli on a TiO; surface. They
showed a rapid decrease in contact angle with exposure to UV light (from 30° to 10° only
after 30 min) and its increase with storage in the dark. These authors notably pointed out
that the high hydrophilic state of a TiO; surface is explained not only by the photocatalytic
oxidation mechanism but rather by a change, after UV irradiation, in the surface structure
of TiO; caused by an increase in the number of hydroxyl (OH) groups. The relationship
between photocatalytic activity, hydrophilicity and self-cleaning was more specifically in-
vestigated by Guan [14]. He highlighted the important role of OH groups and showed that
photocatalysis and hydrophilicity have a synergetic effect: the two mechanisms reinforce
each other and allow the self-cleaning effect of a surface to be maintained for a longer time.
The authors of the present paper tended to assess the role of OH radicals in the
hydrophilic state by measuring the WCA of coated cement paste surfaces after a 5 h
heating step. Results are reported in Figure 8. The WCAs obtained after the heating period
were higher, except for Product 3, for which the value did not change. These preliminary
results seem to confirm the larger number of OH groups adsorbed on the surface due
to hydrophilicity. The absence of variation in WCA for Product 3 could be explained by
its formulation at basic pH (pH = 11), which seemed to preserve OH at the surface of
semiconductor oxide even after heating. This effect was less pronounced for Product 4,
formulated at a lower pH (pH = 8.5). The Products 1, 2 and 5 in powder form showed
changes in WCA values, the greatest being for Product 1, which has the highest specific
surface area (350 m?/g, 90 m?/g and 15-25 m? /g for Products 1, 2 and 5, respectively).

30 - = Before
[ After 5h in heat chamber

L
=, ol
<15 - L
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10
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Product1 Product2 Product3 Product4 Product5

Figure 8. Water contact angles (WCA) measured on coated cement paste surfaces before and after a
5 h heating period.

4. Conclusions

The research presented in this paper focused on the self-cleaning potential of various
semiconductor oxide-based dispersions applied to mortar surfaces. Experiments were
carried out at a lab scale using a specific test bench that allowed for the change in color to
be followed for three stains—Congo red dye, diesel soot and motor oil—when applied to
the surface of coated and uncoated mortar samples. These samples were subjected to a
cycle of artificial light and water flow simulating weather conditions. The color difference
was first assessed with visual inspection and then via spectrophotometry by measuring the
color characteristics in the CIELab space at the beginning and at the end of the test. The
results clearly showed that the azo dye Congo red was sensitive to light and water flow,
as the stain faded from all the uncoated samples. The same was true for diesel soot and
motor oil but to a lesser extent. The self-cleaning action of the tested products depended
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on the hydrophilic or hydrophobic character of the stain: Product 3 had a self-cleaning
action with the three contaminants tested—hydrophobic (motor oil), hydrophilic (Congo
red dye) and amphiphilic (diesel soot) compounds—under UV, and Product 2 appeared
to be more effective for cleaning hydrophobic pollutants. In addition, the formulation
of Product 3 and its high specific area (330 m?/g) may also have played an important
role. WCA measurements showed that all the products led to a high surface wettability.
The self-cleaning effect could be explained by the hydrophilic state (induced by the OH
radicals) of the coated surfaces, which favored the runoff of water and thus the washing of
the surface and removal of the stain. Assessing the self-cleaning potential of photocatalytic
products remained a tricky task, notably because of the contribution of various phenomena
(photolysis, effect of water and self-cleaning). Further real-world investigations should be
carried out to assess the benefits of such products over time.
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