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Titania-silica Composite with Photocatalytic Properties and Its Application on 
Brazilian Granite and Sandstone
Danielle Grossi a, Dolores Ribeiro Ricci Lazar b, Eliane Aparecida Del Lama a, and Valter Ussui b

aMineralogy and Petrology Department, University of São Paulo, São Paulo/SP, Brazil; bInstituto de Pesquisas Energéticas e Nucleares, IPEN/ 
CNEN, São Paulo/SP, Brazil

ABSTRACT
The aim of the study described in this article was to evaluate a product containing titania (titanium 
dioxide, TiO2) applied on stones — particularly two types used at Brazilian stone-built heritage 
sites — that have been exposed to weathering and anthropogenic activities. This product was 
prepared by producing a suspension of TiO2 at two concentrations (1% and 4% w/v) with tetraethyl 
orthosilicate (TEOS) in the presence of n-octylamine as surfactant. The characteristics of the TiO2 
were then observed by scanning electron microscopy (SEM), Brunauer-Emmett-Teller (BET) surface- 
area measurements, particle-size distribution analysis (CILAS) and X-ray diffraction. After applying 
the TiO2-TEOS composite, the stones were examined for contact angle, spectrophotometry, sorp
tivity, thermal shock resistance, and UV-radiation resistance. The product proved ineffective on 
Itararé sandstone, mainly due to its mineralogical components, as the product does not adhere to 
quartz. When applied on Itaquera granite, the 1% TiO2 (w/v) concentration proved to be an 
appropriate treatment, as it demonstrated better thermal shock resistance, photocatalytic activity, 
porosity maintenance, and global colour when compared to the 4% concentration.
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1. Introduction

The conservation of heritage-status buildings and 
monuments located in large cities is a challenge 
for many countries. Long-term exposure to the 
effects of weathering and anthropogenic activities, 
which include pollutant emissions, urine, graffiti, 
and poor maintenance, contributes to faster surface 
degradation of the constructions exposed to these 
elements. To counteract such effects, it is fundamen
tally important to study new products for protecting 
stone-built heritage sites. Most of the recent studies 
with this aim have focused on the effectiveness of 
the application of products containing titania 
(TiO2).

The more traditional use of TiO2 is as a white 
pigment in paints, coatings, paper, and plastics 
(Feltrin et al. 2013; Pinho and Mosquera 2013). The 
photocatalytic properties of TiO2 with submicron or 
nano-scale particle sizes was originally used in both 
water and air purification. These substances are also 
capable of removing industrial compounds due to 
their photocatalytic properties (self-cleaning, depol
luting, and antibacterial) — a fact worth noting, as 
such depolluting characteristics also benefit the 

surroundings of treated surfaces and make the sub
stances very useful for inhibiting biodeterioration 
(Pinho and Mosquera 2013).

Some authors have studied the application of TiO2 

due to its biocidal properties (La Russa et al. 2014), self- 
cleaning (superhydrophilic), photocatalytic characteris
tics, non-toxicity, chemical stability, and photostability 
over a broad pH range (Fujishima, Rao, and Tryk 2000; 
Nogueira and Jardim 1998). Owing to these properties, 
TiO2 has been used in environmental purification, deo
dorisation, sterilisation, and self-cleaning applications 
(Euvananont et al. 2008).

TiO2 has three polymorphs: anatase and rutile, 
belonging to a tetragonal crystal system, and brookite, 
which has an orthorhombic symmetry. Of the three, the 
polymorphs most commonly used in stone-building 
conservation are anatase, rutile, and mixtures of the 
two in various proportions (Andronic et al. 2011; 
Pinho and Mosquera 2011, 2013). The rutile polymorph 
has yellowish acicular particles. Anatase has rounded, 
bluish-coloured particles and proves to be superior to 
rutile in terms of its larger surface area (Gherardi, 
Goidanish, and Toniolo 2018; Goffredo et al. 2017; 
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Quagliarini et al. 2013), high concentration of active 
sites, greater electron mobility (Hanaor and Sorrell 
2011; Kaleji et al. 2011), high transparency and photo
catalytic activity, and slower electronic recombination 
(Nakajima et al. 2000). However, it has a larger band gap 
than rutile and is unstable at high temperatures (Feltrin 
et al. 2013), but this is not relevant to treating the 
surfaces of monuments, since they do not reach high 
temperatures even when exposed to intense solar 
radiation.

In Europe, TiO2 has been used in the development of 
coating mortars with self-cleaning characteristics 
(Flores-Colen, Soares, and Brito 2013; Sikora et al. 
2017), inhibition of microalgae growth in clay bricks 
(Graziani et al. 2013), gypsum plaster repair (Franzoni 
et al. 2014), and also on stones used for constructions, 
such as Roman travertine (Fiorentino, Grillini, and 
Vandini 2015), Noto calcarenite, and Carrara marble 
(Gherardi et al. 2016). In Brazil, its use is relatively 
new (Scharnberg et al. 2020; Vieira 2016).

Tetraethyl orthosilicate, also known as TEOS, is one 
of the most commonly used products for consolidating 
stone, mainly sandstone and granite. It is resistant to 
ultraviolet radiation, which makes it ideal for use in 
outdoor areas (Wheeler 2005). It forms relatively strong 
silicon-oxygen bonds that have high thermal and oxida
tive stability, presenting good results on stones with 
moderate degradation. On very degraded stones, how
ever, this product fails to show a good consolidation 
capacity (Price 2006). The deposition of silica gel via 
the application of TEOS causes two simultaneous reac
tions. The first is hydrolysis of the alkoxy group, which 
separates the ethanol molecules. This reaction can be 
accelerated by either acid or alkaline catalysis, used in 
the preparation of most commercial products. Water is 
essential to this reaction and the subsequent formation 
of silica gel. Due to this characteristic, TEOS is not 
effective in arid climates, because the water may evapo
rate before the gel forms. The second reaction is the 
condensation of unstable silanols (-Si-OH) to form an 
amorphous gel (Snethlage and Sterflinger 2011). 
A major advantage of TEOS is that the other product 
formed in the reaction is ethanol, which evaporates 
completely and causes no damage to the stone. Some 
types of TEOS have water-repellent properties due to the 
presence of alkyl groups (including methyl, ethyl, 
i-butyl, and n-octyl) attached directly to silicon. In gen
eral, the alkyl groups, formed by siloxanes of varying 
degrees of cross-linking and molecular weights, may 
contain reactive alkoxy groups. Diluents include water 
and organic solvents, such as alcohol or mineral spirits. 
When water-based, these products interfere with curing 
of joints, grouts, pointing, plastic repairs and 

alkoxysilane-based consolidants. Because of this, 
a pause time of 8 weeks is recommended between the 
application of the consolidant and the water repellent. 
The advantages of using a water-repellent consolidant 
include reduced maintenance time and cost (Wheeler 
2005).

A number of studies have been conducted using 
a TiO2-TEOS composite for stone protection 
(Gherardi, Goidanish, and Toniolo 2018; Hendrix et al. 
2019; Hilonga et al. 2010; Munafó, Goffredo, and 
Quagliarini 2015; Pinho and Mosquera 2013; Zanfir 
et al. 2018). Following this trend, in the present study, 
a suspension of TiO2 was synthesised using TEOS in the 
presence of n-octylamine, a neutral surfactant that inter
acts weakly with the bond between hydrogen and the 
silica precursor and is removed by simple drying in 
ambient air. Its presence prevents cracks in the TEOS 
gel, helps with the formation of a more homogeneous 
suspension (Mosquera et al. 2008), and increases the 
pore size and hydrophobicity of the gel (Xu et al. 
2012). The TiO2 concentrations tested were 1% and 4% 
(w/v). Higher concentrations of TiO2 (e.g., 10% w/v) 
decrease photocatalytic activity due to decreased poros
ity and greater difficulty in accessing photoactive sites 
(Pinho and Mosquera 2013).

This composite was applied on two stones of great 
historical importance to the city of São Paulo: Itararé 
sandstone, used in the façade of the Municipal Theatre 
of São Paulo, and Itaquera granite, used in several build
ings in the city’s historical centre, such as: Obelisk of the 
Memory, Shopping Center Light, Santo Antônio 
Church, Metropolitan Cathedral, the Guinle building, 
the Law Faculty of the University of São Paulo, the portal 
of the Consolação Cemetery, and the Monument to 
Ramos de Azevedo, among others (Del Lama et al. 
2015).

While there are no previous tests on Itaquera granite, 
tests carried out with other products on Itararé sand
stone had unsatisfactory results (Grossi and Del Lama 
2018). More products are still in the research phase. 
Thus, this stone was chosen for testing in order to find 
a protective treatment to aid in the theatre’s 
conservation.

2. Materials and methods

2.1. Stone types

Itararé sandstone is a beige to pale-yellow stone. It is 
known for its varied granulometry and well-marked 
stratification (Figure 1A and 1B). In thin sections, it is 
possible to specify its granulometry, which ranges from 
fine (0.11–0.36 mm) to coarse (0.18–1.1 mm) sand, its 
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grain shape (subrounded to subangular), and its clayey 
matrix (Figure 1C to 1G) (Del Lama et al. 2008). The 
minerals found are quartz, plagioclase, potassium feld
spar, muscovite, and biotite. Quartz is the main mineral 
(65–85%), with clear, deformed (exhibiting wavy extinc
tion), or polycrystalline crystals. Feldspars are always 
present (5–25%), with plagioclase predominating. Its 
anorthite content and degree of saussuritisation are 

variable. Potassium feldspar is frequently present, but 
occurs subordinately. Lithic fragments of volcanic, sedi
mentary, and metamorphic rocks are present in small 
quantities. The matrix varies around 10–15% and con
sists of very fine phyllosilicates. X-ray diffraction ana
lyses have revealed montmorillonite as the fine fraction. 
Titanite, tourmaline, and zircon have also been observed 
as accessory minerals. The percentages of minerals were 

Figure 1. A. Columns of the Municipal Theatre, where it is possible to see the stratification of Itararé sandstone. B. Degradation of 
Itararé sandstone in the Municipal Theatre caused by swelling clays. C. Petrographic thin section of Itararé sandstone with parallel 
polarisers. The clay minerals surround the quartz and feldspars grains. D. Same view with crossed polarisers. E. Photomicrograph of 
finer grains. F. Photomicrograph of coarser grains. G. Itararé sandstone showing stratification and transition from finer (1) to coarser 
grains (2). H. Porosity stained with blue dye. Qtz = quartz, Pl = plagioclase, Kfs = potassium feldspar, Cly = clay mineral.
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visually estimated. Pore diameters predominantly ran
ged from 7.2 µm to 12.9 µm (Del Lama et al. 2008). 
Porosity ranged from 6% to 13% in the finer-grained 
strata, and 14% to 18% in the coarser grained strata (Del 
Lama et al. 2008; Grossi 2016) (Figure 1H).

Itararé sandstone is a problematic stone due to the 
presence of swelling clays (montmorillonite) 
(Figure 1B), which greatly accelerate its deterioration 
(Bocardi et al. 2006; Del Lama et al. 2008; Morenghi 
2007).

The use of this stone in buildings includes several slab 
cuts that differ in their relation to the sedimentary 
structure, either perpendicular (found in horizontal or 
vertical positions) or parallel to the stratification.

Itaquera granite has a light grey colour (Figure 2A 
and 2B), slight foliation, fine crystal size (0.2–2 mm), 
and very low porosity (0.5%) (Gimenez 2018). It has 

a low anisotropy due to its only slightly oriented struc
ture (Del Lama et al. 2015; Gimenez 2018). The miner
alogy is composed of oligoclase, microcline, quartz, and 
biotite (Figure 2C and 2D). Oligoclase (38%) occurs as 
subtabular crystals, many of them zoned, with well- 
developed saussuritisation and epidotisation processes 
(Figure 2E and 2F). Microcline (33%) has tartan twin
ning and some crystals are perthitic. Quartz (18%) 
shows recrystallisation and strong wavy extinction. 
Biotite has a green to brownish-green colour and occurs 
as anhedral aggregates and subtabular crystals. In gen
eral, the crystals are corroded. Titanite (1%) and traces 
of zircon, apatite, and opaque minerals are present as 
accessory minerals, with epidote (1%) and traces of 
chlorite, sericite, and carbonate as secondary minerals. 
Centimetre-scale enclaves of biotite are common 
(Figure 2B). Its mineral composition indicates 

Figure 2. A. Itaquera granite in a hand sample with slight foliation indicated. B. Detail of micaceous enclave with fracture in the middle. 
C. Petrographic thin section of Itaquera granite with parallel polarisers. D. Same view with crossed polarisers. E and F. Epidote (high- 
birefringence crystals) formation by hydrothermal alteration. Qtz = quartz, Pl = plagioclase, Kfs = potassium feldspar, Bt = biotite, 
Ms = muscovite, Ep = epidote.
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a hydrothermal alteration because of the wavy extinction 
and recrystallisation of quartz, curved twin lamellae of 
plagioclase, curved crystals of biotite, the relative abun
dance of epidote (Figure 2F), and plagioclase saussuriti
sation (Del Lama, Dehira, and Reys 2009). It is classified 
as a biotite monzogranite.

2.2. Synthesis of TiO2

TiO2 was laboratory synthesised using the following 
procedure (Ussui et al. 2003): titanium chloride (TiCl3) 
was prepared from a commercial TiO2, resulting in 
a solution with a TiO2 content of 47.6 g.L−1. Titanium 
hydroxide was precipitated by adding 100 mL of TiCl3 to 
400 mL of 7.5 M ammonium hydroxide solution (NH4 

OH) under stirring. The solution coagulated into a gel, 
which was filtered and washed with water to remove all 
traces of ammonium chloride (NH4Cl), followed by 
washing with ethanol. After filtration, butanol was 
added to the precipitate prior to solvothermal treatment 
in an autoclave at 120°C for 4 hours. The remaining 
butanol was removed by evaporation on a hot plate and 
in an oven. After this process, the resulting powder was 
calcined in a muffle furnace at 450°C for 2 hours to form 
the anatase phase, which has greater photocatalytic 
activity compared to rutile, mainly due to having parti
cles with a greater surface area (Andronic et al. 2011) 
and a lower likelihood of electron/gap recombination 
during photocatalytic action (Hanaor and Sorrell 2011). 
To reduce the aggregation of the TiO2 particles, it was 
then submitted to high-energy grinding in an Atritor 
mill for 4 hours at a rotational speed of around 200 rpm 
in an ethanol medium (95% P.A.). The alcohol was 
removed in an oven at 60°C.

To facilitate the reading of the results, sample abbre
viations are listed in Table 1.

2.3. Composite preparation and application

Once the TiO2 was synthesized from TiCl3, it was incor
porated into a silica matrix to promote adherence to 
surfaces (Pénard, Gacoin, and Boilot 2007; Pinho and 
Mosquera 2011). We used this procedure because TiO2, 
as a powder, is easily removed from the surfaces on 
which it is applied (Poulios et al. 1999; Rao, 
Subrahmanyam, and Boule 2004; Windler et al. 2012). 
Therefore, the TiO2 was mixed with TEOS from Sigma 
Aldrich in the presence of 0.5% by volume of n-octyla
mine as surfactant (Mosquera et al. 2008). The TiO2 

concentrations used were 1% and 4% (w/v) (Goffredo 
et al. 2017; Graziani, Quagliarini, and D’Orazio 2016).

The composite was applied in two coats, with a ten- 
minute interval between applications, using a soft bristle 
brush on only one face of eighty-six samples of the two 
types of stone. The samples had dimensions of 
8.5 × 2.5 × 1.0 cm, except for those used in the sorptivity 
test, for which 1 × 1 × 1 cm-sized samples were used. The 
number of applications was chosen to provide the highest 
possible deposition of titania with the least colorimetric 
change. After the composite was applied, the samples were 
left to dry for two weeks at room temperature. The colour, 
hydrophobicity, and capillarity of the surfaces were mea
sured before and after treatment and at the end of the 
weathering tests.

Stone anisotropy is very important when consid
ering the application of conservation treatments 
(Fort et al. 2011; Sena da Fonseca et al. 2017). The 
treatment was applied parallel to the stratification of 
the Itararé sandstone. In the case of granites in 
general, the orientation and distribution of exfolia
tion microcracks influence the decay in the different 
splitting planes (Freire-Lista and Fort 2017). 
Exfoliation microcracks were not observed in 
Itaquera granite in the samples we studied, and 
despite its lightly oriented structure, it can be con
sidered an isotropic stone. For this reason, the posi
tion of the stone in the quarry was not considered 
in the sample preparation.

2.4. Tests

The first tests were done to characterise the TiO2 synth
esis. After that, we characterised the stones before and 
after the application of the composite.

2.4.1. Tests on the synthetic TiO2

TiO2 was characterised by X-ray diffraction (XRD), scan
ning electron microscopy (SEM), surface area measure
ments (BET), and particle-size distribution analysis 
(CILAS).

Table 1. Sample abbreviations.
Abbreviation Sample descriptions

UG Untreated Itaquera granite
G1 Itaquera granite treated with TEOS + 1% (w/v) of TiO2

G4 Itaquera granite treated with TEOS + 4% (w/v) of TiO2

GW1 Itaquera granite treated with TEOS + 1% (w/v) of TiO2 and 
weathered by thermal shock

GW4 Itaquera granite treated with TEOS + 4% (w/v) of TiO2 and 
weathered by thermal shock

US Untreated Itararé sandstone
S1 Itararé sandstone treated with TEOS + 1% (w/v) of TiO2

S4 Itararé sandstone treated with TEOS + 4% (w/v) of TiO2

SW1 Itararé sandstone treated with TEOS + 4% (w/v) of TiO2 and 
weathered by thermal shock

SW4 Itararé sandstone treated with TEOS + 4% (w/v) of TiO2 and 
weathered by thermal shock
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XRD: The diffractometer was a Rigaku, Multiflex 
model, using a tube with Kα radiation from Cu (copper). 
We performed the analysis using the ICDD 
(International Centre for Diffraction Data) table 21– 
1272 to check whether the anatase phase was formed.

SEM: The SEM device used was a Quanta FEG 600- 
FEI, equipped with a Quantax-Bruker EDS microanaly
sis system (Detector 4030) and a silicon drift detector. 
For the higher magnification images, a SEM-FEG 
(JEOL-JSM 6710 F) was used. We used SEM to verify 
particle shape and size.

BET: For the BET surface area, an ASAP 2010 device 
from Micromeritics was used. This technique was used 
to verify the surface area of the particles formed.

CILAS: For the granulometric distribution analysis 
and to determine the particle/agglomerate size distribu
tion, a CILAS model 1064 was used, operating with an 
820-nm laser. The distribution was determined using the 
Mie method, which is appropriate for particles smaller 
than 50 μm (Pohl 1998).

2.4.2. Tests on the stones
The tests performed for characterisation of the stones 
before and after the application of the TiO2-TEOS com
posite were: sorptivity, contact angle, spectrophotome
try, thermal shock resistance, and UV radiation 
resistance. Petrography was performed only before the 
composite application. The application of the composite 
was only on the surface of the stone and did not change 
the stone internally, so petrography was not performed 
after treatment. XRD was also performed to determine 
the clayey matrix of the Itararé sandstone.

XRD: A Bruker D8 Advance diffractometer with cop
per tube (Cu Kα) and nickel filter was used. The analyses 
were performed using the DIFRAC.EVA 4.1 program. 
The stones were ground and only the clay fraction was 
separated to be tested by the powder method. With the 
peak of 14 Å found, the clay fraction was glycolated.

Sorptivity: For the sorptivity test, the bases of sixteen 
samples of dimensions 1 × 1 × 1 cm were placed in 
contact with deionised water (immersed by approxi
mately 1–2 mm), and their weights were taken at 0, 5, 
10, 15, 20, 30, 60, 120 and 180 minutes.

Contact-angle test: To measure the hydrophobicity of 
the stone surface, a digital camera equipped with an AF- 
S Micro NIKKOR 60 mm 1: 2.8 G ED macro lens was 
positioned 15 cm from the sample, and the photo was 
taken three seconds after the deposition of one 0.025 mL 
drop of deionised water. Three drops were deposited on 
the largest side of two separate samples of each stone/ 
treatment. This test was performed on untreated and 
treated samples measuring 8.5 × 2.5 × 1.0 cm, which 
were weathered by thermal shock.

Spectrophotometry: For the spectrophotometry test, 
a Konica Minolta CM-2500d was used with the follow
ing parameters: illuminant D65, specular component 
included (SCI) and excluded (SCE), observer at an 
angle of 10° and aperture of 8 mm on samples of 
8.5 × 2.5 × 1.0 cm. We performed 225 measurements 
on forty-seven samples. This test was performed on 
untreated and treated samples, before and after the 
thermal shock test and before and during the UV resis
tance test. The data are presented in accordance with the 
CIELab (International Commission on Illumination) 
system. The L* parameter indicates changes in luminos
ity, where 0 = black/dark and 100 = white/light; a* has 
positive values for red and negative values for green; 
while b* has negative values for blue and positive values 
for yellow; ΔE* refers to the overall colour change. This 
parameter was calculated using Eq. (1), with the On 
Color software version 5.4.5.1 being used for data 
analysis. 

ΔE� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðΔL�Þ2 þ Δa�ð Þ
2
þ Δb�ð Þ

2
q

(1) 

Thermal shock resistance: The test for weathering by 
thermal shock was adapted from ABNT NBR ISO 
10545–9/2017. Samples were put in the oven at 100°C 
for 20 minutes, then placed in running water until cool, 
and subsequently placed in a vessel filled with water at 
17°C for 15 minutes. This procedure was repeated ten 
times to evaluate resistance to weathering from tempera
ture change. We performed 8 contact-angle measure
ments per sample on two samples for each treatment, 
totalling 32 measurements for each type of stone, 64 of 
these being before the test and another 64 after the test, 
totalling 128 measurements on samples of 
8.5 × 2.5 × 1.0 cm. Only fresh granite was measured 
because fresh sandstone absorbed each drop of water 
before it could be photographed. The colour changes 
were also evaluated in 18 measurements for each stone 
type, totalling 36 measurements.

UV-radiation resistance: The UV-light resistance test 
is used to test the self-cleaning property of TiO2 nano
particles that discolour an artificial dye, such as rhoda
mine B, when exposed to UV light. Therefore, TiO2- 
treated samples were expected to show greater dye dis
coloration than untreated samples when exposed to UV 
light. A 0.05 g.L−1 rhodamine B solution was prepared 
for this test in accordance with (Ruot et al. 2009) to 
check if the treated sample would discolour. Each sam
ple received 0.5 mL of this solution. After drying for 
24 hours in a light-free environment, the samples were 
positioned 20 cm away from an OSRAM Ultra-Vitalux 
300 W lamp, which is a mercury-discharge lamp with 
a tungsten filament that emits UVA radiation between 
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315 and 400 nm and UVB between 280 and 315 nm, 
radiation similar to that of sunlight (Figure 3). Colour 
measurements were performed at 0, 15, 30, 60, and 
120 minutes. We tested one untreated sample, three 
samples of both Itararé sandstone and Itaquera granite 
treated with the TiO2-TEOS composite with 1% (w/v) 
TiO2 content, and three samples of each stone with the 
composite with 4% (w/v) TiO2 content. All samples 
measured 8.5 × 2.5 × 1.0 cm.

3. Results and discussion

3.1. Coating characterisation

The TiO2 formed anatase with an aggregation of 
spheroidal crystallites (Figure 4), which is a typical 
morphology of the synthesis method (Sun et al. 
2009; Ussui et al. 2003) due to pH precipitation 
control (Sun et al. 2009). This morphology is one 
of several that can be produced by the synthesis of 
TiO2. Each of the morphologies has a specific func
tionality. Spheroidal crystallites, much like nano
flowers and nanotubes, have photocatalytic activity 
(Reghunath, Pinheiro, and Devi 2021).

The diameter of the agglomerate was 27.23 μm with 
small crystals of 0.91 µm (Table 2, Figure 5). The parti
cles’ diameter was larger than those found in other 
studies (Quagliarini et al. 2013; Ruot et al. 2009), but 
in those cases, different chemical raw materials were 
used.

The surface area of the synthesised TiO2 was 
126.6 m2.g−1, which is close to the highest values 
mentioned in the literature (Feltrin et al. 2013) 
regarding TiO2 synthesised in a laboratory by 
a hydrothermal process at 200°C. This value is con
sidered high, and the larger the surface area, the 
better the performance of the product due to the 
availability of active sites for the photocatalytic reac
tion. Anatase usually has a larger surface area, and is 
obtained at a lower calcining temperature, compared 
to rutile. Therefore, the improved surface properties 
of anatase can outweigh the benefits of the lower 
band gap of rutile. Addittionally, anatase has a lower 
recombination rate between the electron and the 
hole (Bak et al. 2015; Shtyka et al. 2021). A larger 
surface area (202–340 m2.g−1) was found in another 
study (Hilonga et al. 2010). In that case, the authors 
prepared the TiO2-TEOS composite from sodium 
silicate and titanium oxychloride. This value was 

Figure 3. Scheme of UV-light resistance test.

Figure 4. Agglomerated TiO2 particles observed by SEM-FEG.
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obtained because silica is an inhibitor of rutile-phase 
formation and the growth of crystal grains during 
heat treatment (Hilonga et al. 2010).

3.2. Stone characterisation

The XRD of the clay fraction of Itararé sandstone was 
performed to verify to which group the clays belong 
(Figure 6). It was observed that the peak corresponding 
to the clays (14 Å) was present in the sample. The same 
sample was subsequently glycolated and a peak of 16 Å 
was detected. The glycosylation process increases the 
interplanar distance between clay layers, simulating 
clay hydration. Therefore, the clays present in Itararé 
sandstone belong to the group of montmorillonites 2:1, 
which are expansive clays (Neves 1968).

3.3. Surface characterisation

The SEM observation of Itararé sandstone treated with 
1% TiO2 (w/v) (S1) (Figure 7A) showed 80% less cover
age when compared to the sample treated with 4% TiO2 

(w/v) in TEOS (S4) (Figure 7B). The TiO2 adhered to the 
clay matrix, including montmorillonite, but not to 

quartz and feldspar grains (Figure 7C). This may be 
due to the smooth surface of these minerals, which 
hinders adherence by the TiO2, or to a repulsion of 
electronic charges between them, given that TEOS is 
known to be effective with regard to application on 
quartz stones, as both have a similar chemical composi
tion (silica) (Wheeler 2005) and have been reported by 
the literature to increase the adhesion of the TiO2 par
ticles (Pinho and Mosquera 2013). Figure 7D shows in 
detail the shape of the deposited TiO2-TEOS particles. 
Considering that the composition of the stone is rich in 

Table 2. Analysis of the granulometric distribution of TiO2.
Employed model Diameter (μm) Mean (μm)

Mie D10: 0.91 
D50: 16.40 
D90: 71.03

27.23

Figure 5. Distribution curve of the agglomerate sizes of synthesised TiO2.

Figure 6. X-ray diffraction of the clay fraction of Itararé sand
stone (red line) showing (A) the clay peak (14 Å), and the same 
sample after glycosylation (turquoise line) showing (B) the swel
ling-clay peak of the montmorillonites group (16 Å).

INTERNATIONAL JOURNAL OF ARCHITECTURAL HERITAGE 777



silica, it is difficult to separate the silica content intrinsic 
to the stone from that contained in the composite 
powder.

Itaquera granite showed the same behaviour as 
Itararé sandstone: the samples treated with 1% 
TiO2 (w/v) in TEOS (G1) (Figure 8A) displayed 
less coverage of TiO2 than those treated with 4% 
(G4) (Figure 8B), and no TiO2 was observed in the 
sites with the highest silica concentration, formed by 
quartz and feldspar crystals (Figure 8C). In this case, 
silica was mapped because the underlying stone is 
not predominantly formed by quartz crystals, as is 
the case with sandstone. Figure 8D shows the 
appearance of the particles formed.

In both stones, the deposition of the TiO2-TEOS 
composite occurred in the portions richest in 
phyllosilicates.

Even though cracks are typical in the application of 
TEOS (Wheeler 2005), no cracks were observed in this 
study due to the presence of the n-octylamine surfactant 
(Pinho and Mosquera 2013).

3.4. Water capillarity

Samples S1 and S4 (top of Figure 9) showed sorptivity 
slightly higher than that observed in the untreated sam
ple, proving that the composite practically does not 
change in this property. It is worth noting that this 
stone has granulometric variation, which may be the 
cause of the scatter observed in the results (Pinho and 
Mosquera 2013). This fact can be verified by observing 
the average amount of absorbed water, which was 
1161 g.m−2 for the untreated sample, 1182 g.m−2 for 
S1, and 1170 g.m−2 for S4, representing increases of 2% 
and 1%, respectively.

Figure 7. Sample of Itararé sandstone coated with the TiO2–TEOS composite viewed by SEM: (A) Sample S1 Ti mapping, represented by 
the colour purple, (B) Sample S4 Ti mapping, represented by the colour purple, (C) Sample S4 Ti and Si mapping, represented by the 
colours purple and orange, respectively, (D) detail of particles of TiO2–TEOS deposited on sample S1. Qtz = quartz, Fds = feldspar, 
Mnt = montmorillonite, Ti = titanium, Si = silicon.
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Figure 8. Sample of Itaquera granite treated with TiO2–TEOS composite viewed by SEM. As the mineral is covered by the composite, it 
is not possible to observe it. (A) Sample G1 Ti mapping, represented by the colour purple, (B) Sample G4 Ti mapping, represented by 
the colour purple, (C) G4 sample Si mapping, represented by the colour orange, (D) appearance of the particles formed in sample G4. 
Ti = titanium, Si = silicon.

Figure 9. Water sorptivity of the samples studied as a function of time. Itararé sandstone before (US) and after the application of the 
TiO2–TEOS composite (S1 and S4). Itaquera granite before (UG) and after the application of the TiO2–TEOS composite (G1 and G4).
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The water-sorptivity graph for Itaquera granite (bot
tom of Figure 9) shows that there was an increase in the 
amount of water absorbed between the treated (G1 and 
G4) and untreated samples, showing that the treatment 
does not seal the pores of the stone. This fact can be 
verified by observing the average amount of absorbed 
water, which was 75 g.m−2 for the untreated sample, 
115 g.m−2 for the G1 samples and 234 g.m−2 for the G4 
samples. This represents increases of 53% and 212%, 
respectively. The increase in absorbed water may be 
due to the hydrophilic character of TiO2 or the increase 
in surface area due to its presence. In this case, n-octy
lamine failed to reduce the surface tension of the initial 
sol gel. An increase in capillarity of samples treated with 
TiO2 was also found in another study (Quagliarini et al. 
2013), but in limestone. The increased capillarity found 
for the Itaquera granite is the only disadvantage of 
applying the product on it. More studies are being car
ried out with this composite to develop a hydrophobic 
product.

3.5. Contact angle and thermal shock resistance

It was not possible to measure the contact angle in the 
US sample, as no water drops formed because of the 
hydrophilic character of the stone, which is in turn due 
to its high porosity (6–18%) (Grossi 2016), mineralogy 
(basically quartz with a clayey matrix), grain size, strati
fied structure, and sawn surface, which caused the water 
to be fully absorbed before a drop could be photo
graphed. After applying the composite, the contact 
angles were 46° for S1 samples and 21° for the S4 
samples, increases of 46% and 21%, respectively 
(Figure 10). Contact angles between 0° and 90° represent 
a hydrophilic product (Quagliarini et al. 2012). In this 

case, S1 showed less hydrophilic behaviour than S4. 
These contact angles are much smaller than those 
found in the literature for the use of TEOS and n-octy
lamine with a commercial TiO2 (15% anatase and 85% 
rutile) (Pinho and Mosquera 2013), probably due to the 
different composition and morphology of the TiO2 

(Reghunath, Pinheiro, and Devi 2021).
After the thermal shock test, the SW1 and SW4 sam

ples returned to the condition observed in the US sam
ple; that is, they absorbed all the water, and no drops 
formed. This characteristic is considered superhydro
philicity, because the contact angle is smaller than 10° 
(Banerjee, Dionysiou, and Pillai 2015), showing that, 
regardless of concentration, as indicated by the contact- 
angle/wettability parameter, this treatment is not dur
able for this stone. Thus, after the application of the 
composite, the stone surface changed from superhydro
philic to hydrophilic. However, after the thermal shock 
test, the surface went back to displaying 
a superhydrophilic behaviour, showing that the compo
site does not have good adhesion resistance when used 
on this stone, mainly due to its mineralogical composi
tion, which is basically quartz, and thus the composite 
lost adhesion to the substrate upon the heating of the 
sample. The high porosity and the grain size also influ
ence the loss of the product’s effectiveness after artificial 
weathering.

The UG samples showed an average contact angle of 
4°, which reflects their characteristics, such as low por
osity (0.5%), an absence of pores and a matrix with 
interwoven or juxtaposed crystal contacts. The treated 
samples showed contact angles of 50° in the case of the 
G1 samples and 46° for the G4 samples, increases of 
1150% and 1050%, respectively. However, only the GW1 
samples, which showed a contact angle of 44°, were 

Figure 10. Contact angle of the Itararé sandstone (S1 and S4) and Itaquera granite (G1 and G4) samples: untreated, treated with the 
TiO2–TEOS composite, and weathered by thermal shock.
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resistant to the thermal shock test. The GW4 samples 
showed a very small contact angle (17°) after the thermal 
shock test, indicating that they are less resistant to ther
mal shock, but have a larger contact angle than that of 
the untreated stone. The same trend was also observed 
in marble when a mixture of TEOS and titanium tetra
isopropoxide (TTIP) was used, which showed an 
increase of 34% in the contact angle (Kapridaki and 
Maravelaki-Kalaitzaki 2013). Using an aqueous solution 
of TiO2, starting with tetrapropylorthotitanate (TPOT) 
on travertine, an increase of 32% in the contact angle 
was found (Quagliarini et al. 2013).

Results show that the hydrophilic characteristic of 
TiO2 can be observed on both stones. The greater the 
concentration of the product, the smaller the contact 
angle. This trend was also found in the literature 
(Pinho and Mosquera 2013). It could also be observed 
that — provided the product is the same — the lower the 
stone’s porosity, the wider the contact angle, thus corro
borating the results found in the literature (Carrascosa, 
Facio, and Mosquera 2016). The surface roughness also 
influences the contact angle. The rougher the surface, 
the smaller the contact angle (Gherardi, Goidanish, and 
Toniolo 2018). The product was expected to be hydro
phobic, according to one of the articles consulted for this 
study (Pinho and Mosquera 2013). However, there are 
differences between the products used, as the silica 
source used in the work cited contained 41% SiO2, 
whereas the source used in the present study had 29% 
SiO2. Although silica is hydrophilic, the hypothesis that 
the difference in concentration could be the reason for 
the different results was put forward. To test this 

hypothesis, silica and silicic acid were synthesised in 
the laboratory to obtain a higher concentration 
(62.5%). However, this new composite proved to be 
superhydrophilic, showing that the higher concentration 
of silica did not make the composite hydrophobic. 
Nevertheless, commercial products are known to use 
mixtures in their formulations that are not disclosed 
and are protected by patent law. The content of such 
a mixture could be the reason for the hydrophobicity 
encountered in the work cited.

3.6. Colour changes and photoactivity

Colour changes are affected by the colour of the stone, 
its finish (sawn, polished, honed, etc.), and the colour of 
the treatment, in this case TEOS and TiO2.

When comparing the colorimetric data of untreated 
and treated Itararé sandstone (Figure 11), it was 
observed that the S1 samples showed a smaller change 
in colour, whereas the S4 samples showed a greater 
chromatic change, mainly in the form of whitening of 
the surface. Observing the L* parameter, after treatment, 
S1 showed little change in luminosity, while S4 had 
a much whiter surface. After thermal shock, S1 became 
whiter and S4 showed a little reduction in L* values. At 
the end, the two concentrations of TiO2 showed similar 
values: L* = 70.4 for S1 and 72.1 for S4, values higher 
than those found in the untreated sample. As for the a* 
parameter after treatment, both concentrations of TiO2 

showed a reduction in the red hue, evidenced by the 
decrease in positive a* values. After the thermal shock 
test, S1 continued to show a reduction, while S4 showed 

Figure 11. Colorimetric parameters L* (A), a* (B) and b* (C) of the Itararé sandstone and Itaquera granite samples: untreated, treated, 
and weathered by thermal shock.
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a slight increase. Regarding the b* parameter, both sam
ples showed the same trend present in a*, but with 
a more significant change in values. The colour variation 
can be confirmed by the ΔE* calculation, which showed 
a total colour change of 3.9 for the S1 samples and 11.1 
for the S4 samples. After the thermal shock treatment, 
the ΔE* of the SW1 samples increased to 4.8, and the 
ΔE* of the SW4 samples decreased to 1.5, showing that 
the 1% concentration of TiO2 is more resistant to ther
mal shock.

When comparing the results obtained in the 
untreated and treated Itaquera granite samples, there 
was little colorimetric change (Figure 11). The para
meter that most altered was L*, with an increase in 
values and, therefore, a whiter surface due to the colora
tion of the TiO2 powder, which is white. After thermal 
shock, there was an increase in the L* parameter for G1 
and a little reduction for G4. The a* parameter did not 
change with the application of the product nor after the 
thermal shock, showing that there is no variation in the 
green/red hues. The b* parameter showed an increase in 
the blue hue after product application because of the 
increase in negative values of b*. After thermal shock, 
G1 showed a reduction and G4 showed an increase in 
the blue hue. A global assessment of the colorimetric 
change was performed by calculating the ΔE* after the 
treatment. G1 showed values of 1.0 and G4 showed 5.1. 
After thermal shock the ΔE* showed a very small varia
tion: 1.2 for GW1 and 1.0 for GW4, showing that the 1% 
concentration of TiO2 is more resistant to thermal 
shock.

It is worth noting that, while the chromatic change 
can be detected by the naked eye when ΔE*>3 (Berns 
2000), a ΔE* value of ≤5 is considered acceptable in the 
restoration field (Sasse and Snethlage 1996). However, 
there is no consensus regarding a ΔE* limit in the 
literature, as some authors assert that values higher 
than 4, 5, or 10 (De Ferri et al. 2013; Maravelaki- 
Kalaitzaki et al. 2008; Ortiz et al. 2013; Toreno et al. 
2018) constitute the threshold of human perception. 
Based on our experiments, we believe that chromatic 
differences of ΔE*>3 are noticeable to the human eye. 
As for the samples assessed in the present study, we 
found that the chromatic change of Itaquera granite 
was smaller than that of Itararé sandstone. All ΔE* 
values are shown in Table 3.

Considering ΔE*≤5, only the S4 samples did not 
demonstrate acceptable colorimetric results. After the 
thermal shock test, the colours of all samples fell within 
the acceptable parameters for restoration.

The values found here are similar to the data in the 
literature. Applying SiO2 nanoparticles mixed with 
fluorinated polylactide on marble, ΔE* ranges from 2.2 
to 2.4 (Pedna et al. 2016). Another study using M-doped 
TiO2 compound on marble showed a ΔE* ranging from 
3 to 8. The highest value was found for Fe-doped TiO2 

(La Russa et al. 2012). Using different titania-silica com
posites (Pinho and Mosquera 2011), ΔE* was found to 
range from 7 to 15. It should be noted that the chromatic 
parameters of stones with lighter colours tend to change 
less. In the case of the stones studied here, Itaquera 
granite is lighter than Itararé sandstone.

Table 3. Results of performed tests on Itararé sandstone and Itaquera granite.
Sorptivity (g.m−2) Variation (%) Contact angle (o) Contact angle after thermal shock (o) Variation (%) ΔE ΔE after thermal shock Variation (%)

US 1161 - -a -a - - - -
S1 1182 +2 46 -a −100 3.9 4.8 +23
S4 1170 +1 21 -a −100 11.1 1.5 −86
UG 75 - 4 -a - - - -
G1 115 +53 50 44 −12 1.0 1.2 +20
G4 234 +212 46 17 −63 5.1 1.0 −80

–a — no measurable results.

Figure 12. Colour resistance of Itararé sandstone to UV light after application of rhodamine B.
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Regarding Itararé sandstone, Figure 12 reveals that 
S1 samples showed UV-light resistance close to that 
of the US samples, which is indicated by the disco
loration of the dye. S4 samples showed a little larger 
discoloration of the dye. This shows that the absence 
of adherence by the product to quartz and the high 
porosity of the stone made TiO2 ineffective. After the 
thermal shock test, the photocatalysis was initially 
slower, but after a while reached the same values as 
for untreated and treated samples. The SW4 samples 
showed a greater concentration of rhodamine B at 
the beginning of the test, with a high value of a*, but 
significant dye discoloration after 30 minutes. In this 
test, the treated samples should show faster and more 
pronounced discoloration than the untreated sample 
to denote the photocatalytic activity of TiO2. This 
occurred only in the SW4 samples, and it was accen
tuated after the thermal shock. This shows that 
although the photocatalytic activity of the composite 
on the sandstone surface was below expectations, it 
was resistant to thermal shock. This fact may be 
explained by the stone’s high porosity, which hin
ders/prevents UV rays from accessing the pores’ 
interiors, preventing activation of the self-cleaning 
property of the TiO2 that was deposited in these 
places and thus making the treatment less effective 
on high porosity stones. Another possibility is the 
absence of TiO2 on quartz (observed using SEM), 
which is the main mineral in this stone. This shows 
that higher concentrations of TiO2 exhibit larger 
aggregates and are better in terms of self-cleaning. 
The limiting factor of using high concentrations of 
TiO2 for the conservation of historic stone surfaces 
are the colorimetric change that whitens the surface, 
the increase in hydrophobicity, and the absence of 
adhesion to the surfaces.

The G1 and G4 samples showed higher photocatalytic 
activity (Figure 13), indicated by the discoloration of the 
dye compared to the UG sample. The G1 samples pre
sented the lowest value for a* parameter. After the ther
mal shock test, the GW4 samples continued to show 
photocatalytic activity, while the GW1’s photocatalytic 
activity was diminished but still more efficient than that 
of the UG sample. Furthermore, the composite per
formed well in terms of photocatalytic activity on 
Itaquera granite due to better adhesion to the stone’s 
surface.

All the numeric results of the tests performed for the 
present study can be found in Table 3.

4. Conclusions

Maintenance and cleaning procedures are essential to 
the conservation of architectural heritage buildings. 
Using TiO2 as a self-cleaning treatment has proven to 
be a promising way to help with this challenging task.

In our study, we applied a TiO2-TEOS composite at 
two different concentrations in two layers by brushing 
them onto two types of Brazilian stones. This composite 
presented self-cleaning characteristics and did not alter 
much the samples’ capillarity with 1% TiO2 (w/v), but 
also did not adhere to quartz and did not behave as 
a hydrophobic product.

We observed that the higher the concentration of 
TiO2, the greater the self-cleaning properties of the sur
face; however, a higher concentration also caused 
greater chromatic changes, resulting in more whitish 
surfaces and a more hydrophilic character.

The treatment did not present satisfactory results for 
Itararé sandstone due to its mineralogy, being basically 
composed of quartz. SEM analyses pointed out that TiO2 

-TEOS did not adhere to quartz and feldspar grains, but 

Figure 13. Colour resistance to UV light of Itaquera granite after application of rhodamine B.
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in the clay matrix that constitutes only 10–15% of the 
stone. Due to its porosity, its untreated surface is hydro
philic. With the treatment, the hydrophobicity increases 
a little, however, after the thermal shock test, this char
acteristic returns to that presented in the untreated 
sample. The treatment caused a chromatic variation 
according to ΔE* and an increase in the L* parameter, 
which whitened the surface of the stone. The photoca
talytic activity of TiO2 was not effective for Itararé sand
stone, because there was no more pronounced 
discoloration of the dye relative to the untreated sample. 
And finally, the product proved to be ineffective in terms 
of self-cleaning.

The TiO2-TEOS composite was efficient in terms of 
adhesion and photocatalytic activity on Itaquera granite 
and changed the appearance of the stone to a lesser 
degree. The lower concentration of TiO2 showed better 
colorimetric results, resistance to thermal shock, and 
self-cleaning properties.

The expected hydrophobicity was not achieved, and 
further tests will be carried out focusing on this 
characteristic.

Note from the Authors

This paper is dedicated to the memory of Prof. Valter Ussui 
who passed away on 21 January 2021. Graduated in Chemistry 
and PhD in Nuclear Technology, he dedicated most of his 
careerat IPEN studying chemical processes for ceramic pow
der synthesis. Part of his contribution to the preservation of 
architectural heritage is presented in this paper where a tita
nia-silica powders synthesis process was developed.
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