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A R T I C L E  I N F O

Keywords:
Cement mortars
Anatase
Ethyl silicate
Inorganic treatments
Artificial soiling
Artificial rain
Photocatalytic

A B S T R A C T

20th century architectural heritage has been exposed to increasingly aggressive environmental conditions, 
including pollutants and particulate matter in the atmosphere, which cause soiling on the surface and progressive 
deterioration. Hence, conservation has become a priority for this heritage, especially focusing on cement-based 
materials and concrete. In this paper, two self-cleaning TiO₂-based treatments were applied to different types of 
cement mortar slabs, representative of 20th century architecture. The first treatment consists of a TiO2 nano
particles dispersion in ethyl silicate, applied by brushing; in the second treatment, ethyl silicate was applied first 
and then cellulose pulp with a dispersion of TiO2 was added. Treatments were first applied to smooth mortar 
slabs with aggregates of different chemical compositions. Then, the texture’s effect was considered, and the 
treatments were applied to mortars slabs with different surface finishing mimicking the ones used in 20th century 
architecture. Standard laboratory tests were carried out, together with a new customized procedure designed to 
simulate real-world conditions, with artificial soiling and rain cycles, to evaluate the treatments’ cleaning effi
cacy. The results allowed to assess the efficacy of the treatments and to find differences in their photocatalytic 
activity, regarding both superhydrophilicity and photodegradation effects, on different substrates. Moreover, the 
results highlight the limits of some standard testing procedures, which may not be suitable for heterogeneous 
substrates and irregular surfaces, and the need for new protocols.

1. Introduction

The conservation of cement-based materials has only recently 
received systematic attention. 20th century heritage buildings, struc
tures, cultural landscapes and industrial sites are threatened by a general 
lack of awareness and recognition [1], generating a cultural and tech
nical debate on appropriate conservation and restoration strategies. In 
2010, ICOMOS (International Council on Monuments and Sites) drafted 
the first version of the Madrid Document, “Approaches for the Conser
vation of Twentieth-Century Cultural Heritage” [1] presented at the 
XVII ICOMOS General Assembly in Paris. The document, last updated in 
2017, aims to provide international guidelines and a reference standard 
for the conservation of 20th century heritage buildings and sites. It 
emphasizes the importance of research and the development of “specific 
repair methods appropriate to the unique building materials and con
struction techniques of the twentieth century”, underlining the need to 
study their differences from traditional historic materials before pro
ceeding with standard investigative or restoration procedures.

Moreover, in recent years, urban expansion and industrial 

development led to a dramatic increase in atmospheric, water, and soil 
pollution, having consequences not only on human health and ecosys
tems, but also on the built heritage [2]. Environmental pollution has 
accelerated the deterioration of architectural elements, causing both 
structural and aesthetic damage such as material loss or surface dis
colouration/darkening, due to chemical degradation or accumulation of 
soil and airborne particulate matter.

While national and international policies aim to reduce pollutants’ 
emission, conservation interventions focus on minimizing damage 
through consolidation and surface protection [3], with self-cleaning 
treatments emerging as a promising strategy. Photocatalytic materials 
can actively protect substrates by promoting the removal or degradation 
of harmful agents deposited on surfaces, and preventing biofilm growth. 
Recent studies focused on self-cleaning coatings based on titanium di
oxide (TiO₂), a semiconductor widely used since the early 1900s as a 
white pigment [4,5] and later investigated for its photocatalytic activity 
between the 1920s and 1950s [4]. Despite concerns about SOx emissions 
during TiO₂ production [6], studies indicate a positive environmental 
impact resulting from its use as a coating and are investigating 
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alternative production processes for TiO₂ to lower these harmful emis
sions [7].

Many studies now confirm that treatments containing TiO₂ nano
particles in the anatase form, when exposed to sunlight, provide mate
rials with self-cleaning, de-polluting, and antimicrobial properties [5,8]. 
Photocatalytic activity is characterized by two main effects: 

▸ photodegradation of organic compounds via redox reactions;
▸ photoinduced superhydrophilicity, which enhances the removal of 

particulate matter by rain.

These effects occur at the same time, making it difficult to isolate 
their individual contributions to the overall self-cleaning effect [9].

TiO₂ nanoparticles are already used in the construction sector, for 
example as glass coating [7] or embedded in the cement matrix to 
provide self-cleaning properties to the entire structure, as in the church 
Dives in Misericordia in Rome, designed by the architect Richard Meier 
[10]. While many studies focused on the use of TiO2 as part of cemen
titious mortars [11,12], the research in the context of conservation is 
more limited, probably because cultural heritage demands greater 
attention to the chemical, physical, and aesthetic compatibility of 
treatments with historic materials, as well as to the durability of their 
effects [13].

In the conservation field, the treatments consist of dispersing TiO₂ 
nanoparticles in a liquid medium, which may be water, a solvent, or an 
organic or inorganic matrix [14]. Recently proposed approaches include 
combining titanium dioxide with hydroxyapatite [15] or dispersing it in 
ethyl silicate [16], a widely used consolidant agent. Matrix selection is 
essential, as it enhances treatment durability by improving nanoparticle 
adhesion to the surface and preventing their removal by rain or wind [4, 
17]. Application methods also influence treatment durability, being 
directly related to the amount of nanoparticles applied and their pene
tration depth. Among others, the most common techniques are spray 
application and brush application. Spray application reduces applica
tion time, but brush application is preferable to minimize environmental 
impact and ensure user’s safety, due to the lower dispersion and inha
lation of nanoparticles in working site [18].

So far, most studies focused on treatments applied to stone materials, 
such as marble or limestone [19–22], while tests on more porous ma
terials, such as cement mortars and bricks, are still limited. For 
cementitious materials particular attention must be paid to the substrate 
heterogeneity: since it is a composite material, the treatment’s effects 
may vary across the surface. Surface roughness, porosity, and binder 
type can influence the effectiveness of photocatalytic treatments [23, 
24], and since these parameters are difficult to control and standardize, 
the results obtained across different studies are rarely fully comparable. 
The intrinsic heterogeneity of cement-based materials poses challenges 
not only to treatment performance and durability but also to experi
mental methodology. Photocatalytic activity is generally assessed 
through a few standardized laboratory tests widely used in TiO₂ 
research, including NOx abatement or degradation of organic dyes. 
These are often accompanied by contact angle measurements to assess 
whether the surface of the treated material exhibits superhydrophilic 
behavior [9,25,26]. However, the standard tests used so far are designed 
for smooth, homogeneous, low-porosity materials, and are not neces
sarily suitable for more complex substrates [9].

This study aims at analysing the effects of two self-cleaning TiO₂- 
based treatments applied to cement mortar slabs, designed to replicate 
features typical of 20th-century architecture. At first, treatments were 
applied to smooth mortar slabs manufactured with different aggregates, 
isolating the contribution of their chemical composition. Then, the 
treatments were applied to mortar slabs with different surface finishing, 
introducing the factor of surface roughness. In addition to standard 
organic dye degradation test, a customized procedure was used to 
simulate real-world conditions. This included artificial soiling and rain 
cycles to evaluate the treatments’ cleaning efficacy. In a previous work, 

an investigation of the most promising matrices, titania nanoparticles 
and application methods were carried out, highlighting the treatments 
with greatest potential [27]. In this paper, the accelerated soiling test 
previously developed was changed and improved to make it more 
realistic in simulating soiling accumulation and removal by rain. A 
systematic evaluation of the discoloration and the self-cleaning ability 
was also carried out in this study (Fig. 1).

The aim is not only to evaluate the treatments’ effectiveness and the 
factors influencing the photocatalytic activity over cement mortars 
samples, but also to highlight the limitations of current testing methods 
in terms of applicability and representativity when applied to hetero
geneous and irregular substrates.

2. Materials and methods

2.1. Substrates

Two different types of substrates were produced, i.e., smooth mortar 
slabs and rough mortar slabs, with the aim of reproducing the features of 
typical historical cement mortars. The high porosity related to a poor 
manufacturing technique [16] was obtained using a relatively high w/c 
ratio (0.6) in all the mixes. The presence of texturized surface finishing 
was obtained in rough slabs by different mechanical treatments.

At first, treatments were applied to smooth slabs with different ag
gregates, to analyse the effects of chemical composition of the material. 
In fact, one aggregate is fully quarzitic and the other one is mostly 
carbonatic. This is expected to cover the typical composition of aggre
gates in real mortars. Then, tests were repeated on rough slabs, to study 
how the surface texture might affect the test results. Roughness gener
ally increases the adhesive effect over surfaces by mechanical inter
locking [28–31], so it can have an influence on both the treatment and 
the soiling retention. However, it can also result in uneven distribution 
or localized accumulation.

2.1.1. Smooth slabs
Smooth cement mortar slabs were manufactured to investigate the 

behaviour of the treatments in presence of different chemical composi
tion of the substrate, while neglecting the issue of surface roughness. 
Two kinds of mortars were prepared to manufacture the smooth slabs 
(Fig. 2): 

• Samples C1, having the following formulation: 
1350 g standard quartz sand, according to EN 196–1:2016 [32]; 
450 g CEM II/A-LL 32.5 R; 
270 g deionized water.

• Samples C2, having the following formulation: 
953 g standard quartz sand, according to EN 196–1:2016 [32]; 
397 g limestone gravel, with 1 ≤ d ≤ 3.5 mm; 
450 g CEM II/A-LL 32.5 R; 
270 g deionized water.

The mortars were prepared in a Hobart mixer, cast and cured for 28 
days according to the procedure in EN 196–1, producing 4 × 4 × 16 cm3 

mortar prisms. After curing, the prisms were cut by sawing, producing 
4 × 4 × 0.5 cm3 specimens for testing. The specimens were let cure in 
laboratory conditions for additional one year to allow a complete 
carbonation of the mortars, as in historic structures.

2.1.2. Rough slabs
As one of the main purposes of the newly developed treatments is to 

obtain a self-cleaning behaviour on the texturized cement-based mate
rials of 20th century heritage, rough mortar slabs were prepared too. 
The purpose here was to manufacture a range of mortars with different 
features also in terms of surface roughness. The following samples were 
prepared: 
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• Samples S1: 
953 g standard quartz sand, according to EN 196–1:2016 [32]; 
397 g limestone gravel (1 ≤ d ≤ 3.5 mm); 
450 g CEM II/A-LL 32.5 R; 
270 g deionised water.

• Samples S2: 
1350 g standard quartz sand, according to EN 196–1:2016 [32]; 
450 g CEM II/A-LL 42.5 R; 
270 g deionised water.

The mortars were cast into moulds having size 15 × 12 × 2 cm3 and 
immediately compacted and levelled by a trowel. After curing for 24 h in 
a humid chamber (temperature 20 ± 2◦C and relative humidity >
95 %), the samples’ surfaces were made rough through one of the 
following procedures: 

▸ washing with high pressure tap water (label W)
▸ sandpapering (label S)
▸ hammering (label H)

while some samples were left unpolished (label UP), for compari
son’s sake.

In particular the following samples were produced: S1-UP, S1-W, S2- 
S, S2-H (Fig. 2). Two slabs for each condition were manufactured. All the 

slabs were let cure for further 1 year in lab conditions.

2.2. Treatments

Two different treatments were used in this research, both based on 
the combination of Tetraethyl Orthosilicate (TEOS) and TiO2 nano
particles. The first treatment (labelled as TR1) was prepared dispersing 
3 % TiO2 nanoparticles (75 % anatase and 25 % rutile, Aeroxide TiO2 
P25) in TEOS (ethyl silicate oligomers in 25 % white spirit, ESTEL 1000, 
CTS Italia). This treatment was applied to each sample by two orthog
onal brush strokes [33]. After the treatment was absorbed, the samples 
were wrapped in Parafilm for 24 h to prevent evaporation and then 
unwrapped and let cure in laboratory environment for 4 weeks. The 
second treatment (labelled as TR2) consisted in a 2-step application. 
Firstly, the same TEOS used in TR1 was applied to the slabs by brushing, 
with four orthogonal brush strokes, then each sample was immediately 
covered with a homogeneous layer (about 5 mm) of cellulose pulp with 
a TiO2 dispersion. This poultice was constituted by cellulose pulp and a 
commercial dispersion of TiO2 nanoparticles in ethanol (Colorobbia 
AT-20-SG01, 3 wt% dispersion). The weight ratio between cellulose 
pulp and dispersion was 1:7. Application with poultice is not common as 
brushing, but can be used to achieve a higher consolidant absorption 
[34,35]. The samples were immediately wrapped in Parafilm. After 
48 h, the film was removed and the samples were rinsed with deionized 

Fig. 1. Workflow of the experimental sequence.

Fig. 2. Aspect of mortar samples’ surface: smooth slabs (C1-C2) and rough slabs (S1-S2) with different surface finishing (UP = unpolished; W = washed; S =
sandpapered; H = hammered).

A. Artale et al.                                                                                                                                                                                                                                   Construction and Building Materials 496 (2025) 143735 

3 



water. The slabs were then left uncovered for 4 weeks to allow for the 
hardening reactions of ethyl silicate.

After 28 days, the treated surfaces were qualitatively tested by 
releasing water drops over the, to assess possible residual hydropho
bicity. As the surface was still slightly hydrophobic, indicating that the 
TEOS condensation reactions were not complete yet, the samples were 
immersed in deionised water for 24 h to allow the hardening reactions 
complete. Finally, the samples were dried in ventilated oven at 60◦C for 
24 h before any further testing, as this temperature is not expected to 
affect TiO2 or TEOS structure [36–38].

Among all forty smooth slabs, twenty of type "C1" and twenty of type 
"C2", sixteen of each type were treated (eight with TR1 and eight with 
TR2) while four slabs were left untreated (samples UT), for comparison. 
In the case of the rough slabs, two specimens were available for each of 
the 4 conditions. In that case, to allow a direct comparison of the treated 
and untreated surface, one specimen was half treated with TR1 and the 
other specimen was half treated with TR2. The remaining two halves 
were used as untreated references.

2.3. Methods

The methods applied for the experimentation are summarized in 
Table 1. For rough slabs, Rhodamine B degradation test and soiling 
removal test were performed on all samples as shown in Fig. 3.

2.3.1. Capillary absorption and open porosity
The capillary absorption test was performed on the smooth slabs 

only, to observe any differences in absorption rate between treated and 
untreated materials. The test was carried out according to EN 
15801:2009 [39]. In brief, the dry slabs (mass mdry) with the treated face 
downwards were placed over a layer of absorbent paper continuously 
soaked with deionized water, and then weighed at fixed time intervals. 
The capillary water absorption rate, i.e. the amount of water absorbed 
per unit surface area over the square root of time was calculated, ac
cording to the mentioned standard. After one hour, the slabs were 
completely submerged in water for 5 h. Then, the samples were 
extracted, gently dried on the surface and the saturated surface-dry mass 
was measured (msat).

Finally, hydrostatic weighing of the samples was performed, thus 
calculating the open porosity (PA%) and bulk density (ρg), as: 

PA% =
msat − mdry

msat − mhydro
• 100 

ρg =
mdry

msat − mhydro
• ρwater 

where: 

▸ mdry is the dry mass
▸ msat is the saturated surface-dry mass
▸ mhydro is saturated mass from hydrostatic weighing
▸ ρwater is water density.

The measurement of capillary absorption and porosity was not 

carried out on the rough slabs, as they include in the same sample both 
treated and untreated areas.

2.3.2. Contact angle
The hydrophilicity of the treated and untreated surfaces was inves

tigated on the smooth slabs, by measuring the contact angle [19,40]. In 
fact, the surface roughness could disrupt the droplet, making a reliable 
angle measurement impossible. Static contact angle was measured by a 
DSA30S (Krüss, Germany), in five different points for each sample. 
Before the test, the samples were left under UV lamps for five hours to 
allow activation of the superhydrophilic effect.

2.3.3. Rhodamine B degradation test
The photocatalytic activity of the treatments was assessed through 

the photodegradation of an organic compound [9,25,26]. This test was 
performed on both smooth and rough slabs. For the rough ones, surface 
was ideally divided into different parts, in order to perform all the 
planned tests on the same sample including the soiling removal test (par. 
2.3.4).

This laboratory test in one of the most used to evaluate the photo
catalytic activity of surfaces [20,41]. Following UNI 11259:2016 [42], 
an aqueous solution containing 0.1 g/L of Rhodamine B was prepared, 
and approximately 3.5 mL of it were released by a pipette over the 
surface of each sample. The slabs were left in the dark for twenty-four 
hours and then placed under UV lamps up to 4 and 24 h. The dis
colouration was quantified by a portable spectrophotometer (3nh 
NH310 Portable Colorimeter), which provides the result in CIE 1976 
L*a*b* coordinates (L*, a*, b*) [43]. The chromatic difference between 
two points or conditions (ΔE) is measured as: 

ΔE =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ΔL∗2 + Δa∗2 + Δb∗2

√

where: 

▸ L* represents lightness, ranging from 0 (black) to 100 (white);
▸ a* represents the variation from green (negative values) to red 

(positive values);
▸ b* represents the variation from blue (negative values) to yellow 

(positive values).

A threshold of 3 for ΔE is usually considered for the chromatic dif
ference to be visible to human eye.

Cementitious mortar samples do not have a homogeneous colour 
surface, and the presence of aggregates makes colour evaluation very 
difficult. To overcome this problem, a plastic template with a paper 
mask with nine holes was manufactured for the smooth slabs (Fig. 4a-b). 
This allowed to measure colour coordinates quickly and on the same 
points on the samples throughout the test, yielding comparable data for 
discolouration assessment. For the rough slabs, after securing their po
sition, the masks with the nine holes were placed on top for the same 
purpose (Fig. 4c-d).

Table 1 
Experimental design.

Mortar type Treatment Testing methods

C1, C2 
(smooth slabs)

UT 
TR1 
TR2

▸ Capillary absorption test and open 
porosity

▸ Contact angle evaluation
▸ Rhodamine B degradation test
▸ Soiling removal test

S1-UP, S1-W, S2-S, S2- 
H 
(rough slabs)

UT 
TR1 
TR2

▸ Rhodamine B degradation test
▸ Soiling removal test

Fig. 3. Schematic division of the slabs (treated half on the left, untreated half 
on the right): the upper part in pink was used for the Rhodamine test, while the 
lower part was dedicated to the soiling removal test.
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Since Rhodamine is a red dye, the UNI 11259:2016 standard suggests 
considering only the variation of the a* coordinate when assessing the 
discolouration rate, according to two parameters: 

▸ R4 =
a∗(0h) − a∗(4h)

a∗(0h) × 100

▸ R24 =
a∗(0h) − a∗(24h)

a∗(0h) × 100

where a*(xh) is the a* coordinate after x hours of UV exposure.
According to the standard, it should be: 

▸ R4 ≥ 20 %
▸ R24 ≥ 50 %

for the surface to be considered photocatalytic.
However, it must be noted that the standard UNI 11259:2016 ne

glects the possibility that the initial a* coordinate is different from zero. 
In this study, since the starting value of a* of the unstained samples was 
not zero, the adapted formula suggested in a study on the photocatalytic 
effects of TiO2 on travertine [20] was preferred. Thus, the two param
eters were normalized with respect to the original appearance (a* co
ordinate) of samples before the application of Rhodamine, according to 
the following formulas: 

▸ R*4 =
a∗(0h) − a∗ (4h)

a∗(0h) − a∗ × 100

▸ R*24 =
a∗(0h) − a∗ (24h)

a∗(0h) − a∗ × 100

where a*(xh) is the a* coordinate after x hours of UV exposure, and a* is 
the a* coordinate before the application of Rhodamine. The 20 % and 
50 % threshold values are still valid for the assessment of photocatalytic 
activity.

2.3.4. Soiling removal test
Photoinduced superhydrophilicity is expected to contribute to the 

removal of particulate matter, keeping the surface clean and accessible 
to UV rays from solar radiation, which also activate the decomposition 
reactions of organic compounds. If the surface is superhydrophilic, the 
contact angle with water approaches zero and the droplet spreads, 
creating a thin layer between the surface and the dirt, thereby facili
tating particulate removal.

The procedure to investigate the effectiveness of materials’ self- 
cleaning ability is not standardized and references in the literature are 
lacking. In fact, many studies testing photocatalytic activity use degra
dation tests of Rhodamine B, methylene blue, or other organic dyes (par. 
2.3.3), but these procedures highlight only the contribution of redox 
reactions to compound degradation, and not that of superhydrophilicity 
in dirt removal. On the other hand, the measurement of the contact 
angle (par. 2.3.2) is very common for the assessment of materials’ 
superhydrophilicity, but without considering its specific contribution to 
particulate washout.

For this reason, an innovative procedure was used in this study, 

following the first successful tests reported in [27]. The procedure was 
applied to sixteen smooth slabs and to a part of the rough slabs (Fig. 3). 
Firstly, the samples were sprayed with a dispersion simulating the soling 
on a façade exposed to an urban environment and then they were sub
jected to cycles of brief UV exposure and washing, mimicking the effect 
of rain. Colour measurements were performed using a spectrophotom
eter during the test (par. 2.3.3).

The procedure can be schematically divided into three phases, as 
shown in Table 2.

In urban environments, external surfaces accumulate soiling agents 
that are both natural (marine aerosols, wind-blown dust from rocks, soil, 
vegetation, etc.) and anthropogenic (from the combustion of fossil fuels 
and biomass, vehicle emissions and heating systems). Based on this, the 
ASTM International standard D7897 - 18 [44] developed an aqueous 
dispersion with dissolved salts, dust, and carbonaceous particulate to 
simulate three years of soiling, as required for the evaluation of solar 
reflectance and thermal emissivity. Although the purpose of the artificial 
soiling proposed in the ASTM standard is different from that of the 
present study, the same mix was adopted for the evaluation of the soiling 
removal capacity. However, as this dispersion produced only a minor 
darkening on the investigated samples, the amounts of the different 
components of the dispersion were increased 30 times, leading to the 
following composition of the artificial soiling: 

‣ Dust: Fe2O3: 3 g/L; Montmorillonite: 20 g/L 61 %
‣ Salts: NaCl: 3 g/L; NaNO3: 3 g/L; CaSO4•2 H20: 4 g/L 31 %
‣ Soot: Aqua-Black 001 (commercial): 13.7 g/L 8 %

The dispersion was sprayed over the samples (placed horizontally) 
by an airbrush at 1.4 bar pressure, kept about 25 cm above the sample, 
moving the airbrush to cover the entire surface uniformly. After soiling 
deposition, each slab was placed under an infrared lamp for about ten 
minutes to make the water evaporate. Once dry, the colour of each 
sample was measured by spectrophotometry.

To evaluate the effectiveness of treatments in facilitating the me
chanical washing of particulate matter, a process was designed to 

Fig. 4. Template for colorimetric investigations on smooth slabs (a-b) and template for investigations on rough slabs (c-d).

Table 2 
Stages of the test for soiling removal.

Stages of soiling removal test

Contamination
Contamination of samples with an artificial soiling 
dispersion and drying under infrared lamp 
Measurement of colorimetric coordinates

Artificial Rain Cycles 
(×2)

UV light exposure for 1 h 
Measurement of colorimetric coordinates 
Spraying of water for cleaning 
Drying of samples in oven at 60◦C for 24 h 
Measurement of colorimetric coordinates

Final UV Exposure

UV light exposure for 4 h 
Measurement of colorimetric coordinates 
UV light exposure for additional 22 h 
Measurement of colorimetric coordinates
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simulate the effect of rain on the treated surface after brief UV exposure 
to activate superhydrophilicity. The samples were exposed to UV light 
(OSRAM DULUX S blue UVA, 9 W) for one hour, and then colorimetric 
coordinates were measured. Then, the slabs were positioned vertically 
on a grid and washed by spraying with nebulized deionized water. To 
ensure uniform and consistent washing across the surface, a pressure 
pump was maintained at constant pressure during the test.

For each sample simulated rain was applied: a total of 100 mL over 
smooth samples, corresponding to about 6 mL/cm2, and a total of 
600 mL over rough slabs, corresponding to about 10 mL/cm2. After 
washing, the samples were oven dried at 60◦C for 24 h, and colorimetric 
coordinates were measured again. The entire washing cycle was 
repeated twice. After completing this part of the test, which was strongly 
related to the assessment of the role of materials’ superhydrophilicity, 
all soiled samples were placed under UV lamps for 24 h to check for any 
possible additional photodegradation.

The procedure followed to evaluate the colour change was the same 
used also for Rhodamine test (par. 2.3.3). Colorimetric investigations 
were conducted according to the mentioned standard, after 4 and then 
24 h of exposure.

3. Results and discussion

3.1. Smooth slabs

3.1.1. Capillary absorption and open porosity
The slabs’ capillary absorption coefficients (AC) are shown in Fig. 5. 

The treatments slightly slowed down the absorption process. This is 
likely due to a partially blocking of pores near the surface caused by the 
consolidant, but the reduction of AC was so limited that it does not 
suggest any compatibility issues, but rather a positive impact on the 
mortars’ durability. Notably, the super-hydrophilicity of TiO2 caused no 
negative effect in terms of increased water absorption speed, which 
could cause several deterioration mechanisms with potentially detri
mental effect. Among the untreated samples, C1 exhibited a higher AC 
than C2, while for the treated samples there were no significant differ
ences in absorption behaviour based on the aggregate type. In the 
capillary absorption test, all the untreated samples reached saturation in 
less than 15 min, whereas the treated samples took between 20 and 
25 min.

Consistently, the open porosity is quite uniform across all samples, 
with slightly higher values for the untreated ones (Table 3).

3.1.2. Contact angle evaluation
The contact angle measurement revealed not so high differences 

between treated and untreated samples. However, the specimens dis
played quite scattered behaviours, making it difficult to derive quanti
tative observation in terms of contact angles. In fact, cement mortars are 
heterogeneous, thus the water droplet can fall either on aggregates or on 
the cementitious matrix, which have different surface texture and 

porosity, resulting in different contact angles. Moreover, the cementi
tious slabs, even if considered smooth, inherently exhibit small imper
fections making the droplet break. Hence, the droplet has an irregular 
profile and the contact angle varies along its perimeter. For all these 
reasons, the results of this test were evaluated only qualitatively, as a 
complement to the other tests. In general, the treated slabs (especially 
those with the treatment TR1) exhibit lower contact angles with respect 
to the untreated ones, as shown in the examples in Fig. 6.

This is an interesting occurrence, which indicates that the surface is 
made more hydrophobic by the presence of TiO2 (as desired for the self- 
cleaning effect), but the capillary water absorption is not increased (as 
desired for durability, see 3.1.1). This means that the effect of the con
solidant is preponderant below the surface, as expected.

3.1.3. Rhodamine B degradation test
The degradation of rhodamine under UV and the subsequent dis

colouration were very limited in the untreated slabs, especially in C1 
substrate, as shown in Fig. 7 (R*4 and R*24).

On the contrary, the treated samples exhibited high discolouration 
percentages, especially in the samples containing quartz sand (C1), even 
considering higher standard deviations. For these slabs, the values 
exceeded the threshold set by UNI 11259:2016 standard, namely 20 % 
discolouration after 4 h of UV radiation and 50 % after 24 h, while the 
samples with fine aggregate exceeded the first threshold after 4 h but not 
the second one. No particular difference was noticed in the discoloura
tion for the two treatments. The better performance of the treatments on 
C1 samples was attributed to the better adhesion of TEOS matrix onto 
quartz sand than on limestone gravel [45].

Since the open porosity and capillary absorption coefficients are very 
similar across all treated samples (par. 3.1.1), it can be concluded that 
the chemical nature of the substrate and in particular the aggregate 
strongly influences the effectiveness of the photocatalytic action.

3.1.4. Soiling removal test
Table 4 reports the ΔE of the different steps of the test for the arti

ficial soiling removal, while the total ΔE measured for the samples in all 
these steps is reported in Fig. 8. Considering that visual assessment of the 
self-cleaning effect corresponds to ΔE ≥ 3, the results reported in the 
table and figure allow to make some observations. The discolouration 
caused by the first exposure to UV was slightly higher in the treated 
samples than in the untreated one, but in all cases very limited, indi
cating that the compounds present in the artificial soiling are not 

Fig. 5. Capillary absorption coefficient (AC) of the smooth mortar samples.

Table 3 
Open porosity (%) of the untreated and treated smooth samples.

Substrate Open porosity [%]

​ UT TR1 TR2
C1 16.2 ± 0.4 15.1 ± 0.6 15.9 ± 0.8
C2 16.4 ± 0.5 15.5 ± 0.4 16.1 ± 0.2
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degradable through simple redox reactions, or at least not within the 
timeframe of this test. It was the first washing cycle that yielded clearly 
visible results, while the additional effect of the second washing was 
very limited, likely because all removable particulate matter had already 
been eliminated in the first cycle. The two cycles of washing caused a ΔE 
in the untreated samples equal to 3.3 for C1 and 3.6 for C2, while the 
treated samples exhibited almost triple values, reaching an average ΔE 
of 9.5 for the first treatment and ΔE of 10.3 for the second. Hence, the 
treatments clearly promoted the washing away of the artificial soiling. 
The final UV exposure did not cause any significant discolouration, for 

the same reasons reported above.
Overall, the ΔE values in the treated samples are significantly higher 

than those in the untreated ones, however the soiling was not completely 
removed, even in the slabs with the highest ΔE. This is likely due, pri
marily, to the porosity of the samples, which may have absorbed the 
artificial soiling to a certain depth, not reached by UV rays. As the 
treatments partially blocked the surface pores, this effect could be more 
evident in the untreated samples (more porous), while the untreated 
ones may have benefited from an easier washing of particulate matter, 
along with the photoinduced superhydrophilicity of the titanium 

Fig. 6. Some significant photos of samples C2 with TR1 (left), TR2 (centre), and untreated (right).

Fig. 7. Discolouration R* of the smooth slabs during the rhodamine degradation test.

Table 4 
Average ΔE [-] of the different steps of the test for the artificial soiling removal on smooth slabs.

Cycle I Cycle II Cumulative 
cycles IþII

UV

UV - 1 h Washing UV - 1 h Washing UV - 4 h UV - 24 h

C1-UT 0.34 ± 0,11 2.27 ± 1.30 ​ 0.36 ± 0.05 0.88 ± 0.21 ​ 3.30 ± 1.67 ​ 0.54 ± 0.08 0.37 ± 0.04
C1-TR1 0.61 ± 0.17 6.31 ± 1.66 ​ 0.38 ± 0.17 1.04 ± 0.36 ​ 7.81 ± 1.28 ​ 0.62 ± 0.11 0.43 ± 0.07
C1-TR2 0.42 ± 0.03 8.86 ± 1.06 ​ 0.32 ± 0.08 1.44 ± 0.38 ​ 10.55 ± 0.85 ​ 0.70 ± 0.20 0.41 ± 0.07
C2-UT 0.33 ± 0.06 3.26 ± 0.18 ​ 0.36 ± 0.07 0.54 ± 0.07 ​ 3.62 ± 0.38 ​ 0.47 ± 0.03 0.34 ± 0.09
C2-TR1 0.58 ± 0.35 9.74 ± 0.27 ​ 0.38 ± 0.08 1.08 ± 0.18 ​ 11.28 ± 0.15 ​ 0.60 ± 0.08 0.32 ± 0.05
C2-TR2 0.40 ± 0.09 8.45 ± 1.50 ​ 0.34 ± 0.07 1.29 ± 1.42 ​ 10.00 ± 2.82 ​ 0.49 ± 0.12 0.36 ± 0.03

Fig. 8. Total ΔE measured for the samples at the end of the soiling removal test (two water nebulization stages).
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dioxide-based treatments.
It can also be noticed that the effectiveness of TR1 was higher in 

substrate C2, while the effectiveness of TR2 was higher in substrate C1. 
Standard deviations reach high values in some cases, probably due to the 
heterogeneity of the cement mortars. However, since the numbers of 
point investigated for each sample was high, the trend of the results 
obtained can still be clearly observed.

According to ASTM International standard D7897 - 18 for photo
voltaic cells, the artificial soiling applied over the samples corresponded 
to the effect of ninety years of dirt accumulation, while the washing 
procedure adopted in the test corresponded to a light rain, which was 
anyway effective in removing at least the first layer of soiling. Consid
ering that the time interval occurring in practice between two successive 
rains is certainly shorter than ninety years, the results obtained can be 
considered very promising.

3.2. Rough slabs

3.2.1. Rhodamine B degradation test
The following graph (Fig. 9) shows the percentage discolouration of 

rhodamine after 4 and 24 h of UV exposure, calculated averaging the 
measurements in the nine selected points for each sample. All the treated 
parts of the samples showed good results, with discolouration percent
ages exceeding 60 % in almost all cases after just the first four hours, in a 
uniform manner, regardless the type of surface texture or treatment 
applied. In the untreated parts of the slabs, the degradation of rhoda
mine led to low or undetectable discolouration, and in most cases the a* 
value even seems to increase during the test. This may be related, on the 
one hand, to the difficulty in measuring very low colour differences in a 
so heterogeneous surface and, on the other hand, to the fact that the 
substrate is not white like marble, but has its own colour, which can 
influence the assessment of discolouration according to the a* coordi
nate, as previously noticed. As for smooth slabs, higher standard de
viations values can be attributed to the heterogeneity of the mortar 
samples and they do not impede to observe the trend of the results 
obtained.

3.2.2. Soiling removal test
Fig. 10 and Table 5 show that similarly to what found for the smooth 

slabs, only the first washing cycle was effective in terms of artificial 

soiling removal. Whereas the untreated areas exhibited barely visible ΔE 
values, all the treated ones reached a colour difference above the 
threshold of 3. The overall ΔE values, evaluated considering the com
plete test, are shown in Fig. 10. Although the measured ΔE values prove 
a clear difference between treated and untreated sections, with a 
beneficial effect deriving from the treatments, these values are relatively 
low, especially if compared to the smooth slabs. The roughness of the 
samples made it more difficult to wash away the dirt, as expected. This is 
primarily due to the irregular morphology, which increases the contact 
area and promotes adhesion by mechanical interlocking. However other 
mechanisms should be considered, such as capillary absorption or 
changes in interfacial tension, which could have affected pollutants’ 
removal.

Comparing the treatments, TR1 seems more effective than TR2 in 
promoting the soiling removal, in three of the four substrates. Interest
ingly, the type of surface texture seems to lead to no particular differ
ences in the self-cleaning effectiveness of the treatments, which is 
positive because the treatments seem “robust” enough to be not so 
affected by the roughness of the mortar substrate.

Like in the smooth slabs, the dirt was only partially removed and in 
this case the effect can be ascribed to the fact that the slabs exhibited a 
significant capillary absorption rate, causing a partial soiling penetra
tion to depths where UV rays could not activate the treatment. By the 
way, the mixture used for the artificial soiling was adapted from one 
used to simulate the soiling on photovoltaic panels, for which porosity is 
not an issue.

As for the smooth substrates, the second washing cycle did not result 
in any visible outcome, hence the results seem independent from the 
amount of water used. This can be considered a very encouraging result, 
because it suggests that the removal of soiling does not necessarily 
require high amounts of rain.

As highlighted in the results of the test performed on the smooth 
slabs, a light simulated rain proved to be effective in removing the most 
superficial layer and would likely be enough to remove the layer of dirt 
that, under real conditions, deposits on a surface in the time interval 
between two successive rains.

4. Conclusions

The objective of this research was to evaluate the effectiveness of two 

Fig. 9. Discolouration R* of the rough slabs during the rhodamine degradation test.

A. Artale et al.                                                                                                                                                                                                                                   Construction and Building Materials 496 (2025) 143735 

8 



self-cleaning TiO₂-based treatments, applied to different cement mortar 
slabs, using different testing procedures. Two application methods were 
compared: TEOS and TiO₂ applied separately, using a commercial TiO₂ 
alcoholic suspension already tested in previous experiments [27], and 
TEOS and TiO₂ applied together in a single solution, to test the feasibility 
of a solvent-free treatment. The choice of these two different application 
strategies was made to evaluate not only the performance of the treat
ments, but also the possibility of combining environmental sustain
ability with effectiveness. The results allow to conclude that the 
application of the studied treatments provide cement mortar with pho
tocatalytic behaviour. It can be observed that there are no systematic or 
significant differences between the two treatments, so TiO₂ and ethyl 
silicate can be combined into a single treatment without basically 
affecting the photocatalytic activity.

The treatments reduce only slightly the water capillary absorption 
rate of the samples, which was ascribed to a slight porosity reduction 
owing to TEOS consolidant: this may reduce the penetration of rain, 
substances and particulate matter into the material’s porosity without 
causing a pore blocking effect.

A high percentage of TiO₂ (3 wt%) was used in the tests: since the 
photocatalytic activity of this type of treatment was confirmed, lower 
TiO₂ concentrations will be investigated in the next phases, also to 
reduce the slight whitening which was visually observed over the 
samples.

Regarding the tests on smooth slabs, it was demonstrated that pho
tocatalytic activity depends on the chemical composition of the sub
strate, although not in a systematic way. 

▸ The capillary absorption test revealed that the treatments levelled 
out the differences in open porosity among slabs with different 

aggregates, indicating that the variations in photocatalytic activity 
are linked to the chemical nature of the substrate.

▸ In the soiling removal test the treatments helped the water to wash 
the soiling away. TR1 yielded better results on quartz slabs, whereas 
TR2 was more effective on samples with limestone aggregate. The 
cleaning action was due to water, while UV rays played a role only in 
activating the superhydrophilicity of the treatments.

▸ Regardless of the treatment type, the rhodamine B test showed 
higher discolouration percentages in the slabs with limestone 
aggregate, although in all cases the treated samples exhibited 
significantly greater discolouration than untreated ones. Most of the 
discolouration occurred in the first four hours of UV exposure.

For the rough slabs, the following observations can be made: 

▸ In the soiling removal test, the discolouration of the treated areas 
was greater than that of untreated parts but less visible than in the 
smooth slabs. The roughness of the samples made it more difficult to 
remove soiling, which remained anchored in the surface irregular
ities. No significant differences were observed based on the type of 
surface roughness, but in general, the first treatment demonstrated 
greater effectiveness. Again, the only effect of UV exposure was 
activating superhydrophilicity, without directly contributing to dirt 
removal.

▸ The rhodamine B test results were positive and consistent for both 
treatments and for all the surfaces. Also in this case, discolouration 
mainly occurred within the first four hours, reaching 60 % in nearly 
all cases.

During the tests some methodological difficulties emerged, related to 
the procedures followed and their application to porous and heteroge
neous substrates. The standard prescribed for the rhodamine B test was 
not particularly suitable for cementitious substrates, which are hetero
geneous and absorbing. Due to the high porosity of the samples, 
rhodamine was not retained on the surface but instead was absorbed 
deeply and unevenly. On the other hand, the newly proposed test also 
presents some limitations. First, the soiling removal was carried out only 
through water, without mechanical action: this created difficulties, 
particularly on rough slabs, where dirt remained attached to surface 
imperfections. Furthermore, the test simulates ninety years of accumu
lated dirt without any cleaning. Conversely real rainfall events are 
characterised by alternate deposition and washout phases, so probably 
the test should be modified to take into account more realistic exposure 
condition. It is clear that this test was designed to emphasize soiling 
deposition and rainfall events, but the resulting procedure was probably 
too severe.

Based on these considerations, the treatments yielded good results. 
However, further investigations are necessary to clarify which substrate 

Fig. 10. Total ΔE measured for the samples at the end of the soiling removal test.

Table 5 
Average ΔE [-] of the different steps of the test for the artificial soiling removal 
on rough slabs.

Cycle I Cycle II

UV - 1 h Washing UV - 1 h Washing

S1-UP-UT 0.33 ± 0.09 2.98 ± 0.18 ​ 0.35 ± 0.12 1.08 ± 0.45
S1-UP-TR1 0.31 ± 0.21 6.34 ± 1.12 ​ 1.53 ± 1.27 1.65 ± 0.71
S1-UP-TR2 0.37 ± 0.18 4.83 ± 0.65 ​ 0.44 ± 0.17 0.57 ± 0.28
S1-W-UT 0.32 ± 0.15 2.08 ± 0.15 ​ 0.27 ± 0.03 1.56 ± 0.38
S1-W-TR1 0.36 ± 0.15 4.25 ± 0.76 ​ 0.43 ± 0.26 0.48 ± 0.18
S1-W-TR2 0.41 ± 0.21 4.22 ± 0.62 ​ 0.85 ± 0.97 1.96 ± 0.34
S2-S-UT 0.39 ± 0.07 1.33 ± 0.13 ​ 0.38 ± 0.02 0.95 ± 0.18
S2-S-TR1 0.41 ± 0.27 4.71 ± 0.73 ​ 0.55 ± 0.46 0.40 ± 0.20
S2-S-TR2 0.28 ± 0.18 3.61 ± 0.80 ​ 0.52 ± 0.26 0.55 ± 0.32
S2-H-UT 0.54 ± 0.13 3.27 ± 0.47 ​ 0.47 ± 0.06 0.43 ± 0.05
S2-H-TR1 0.28 ± 0.09 5.46 ± 1.19 ​ 0.63 ± 0.28 0.38 ± 0.27
S2-H-TR2 0.80 ± 0.30 5.00 ± 0.87 ​ 0.62 ± 0.20 0.51 ± 0.28
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characteristics most significantly influence photocatalytic activity. 
Finally, particular attention should be paid to the procedures currently 
in use to adapt them to more heterogeneous materials and to the real 
exposure conditions of these materials in contemporary urban contexts.
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