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Abstract

Innovative nanostructured treatments for stone conservation, based on dispersions of photoactive TiO, nanoparticles,
recently studied in our research group, provided interesting results after laboratory testing. Unfortunately, it is almost
impossible to accurately reproduce in the lab the complexity of field exposure conditions. It is then of crucial impor-
tance to evaluate the behaviour and durability of new treatments in situ, once they are applied to real deteriorated
surfaces of the architectural heritage exposed in outdoor. In the present research, the effectiveness of a TEOS-nano-
TiO, treatment and of two nanocomposites based on nano-TiO, dispersion in organosiloxane and functionalized SiO,
for the protection of two specific marbles—Candoglia and Crevoladossola—has been evaluated on-site. The effect

of the introduction of innovative titania nanoparticles in selected commercial products has been examined focusing
on compatibility and protection efficacy in real exposure condition. An on-site testing protocol has been defined and
carried out for 12 months after the application, considering colour and morphology changes and water absorption by
capillarity. The nano-TiO, addition does not hinder the performance of the protective treatments while it provides a
positive contribution in soiling reduction. The results will be implemented in the operative framework of the ongoing

conservation project of the considered historical facade.
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Background

Soiling, condensed water, atmospheric pollution and bio-
logical attack are among the main responsible for stone
deterioration in urban environment [1], since they can
affect the materials of architectural heritage from both
the chemical and the aesthetic point of view. The appli-
cation of surface treatments can shield the stone surface,
reducing and preventing the interaction with these deg-
radation agents [2]. The treatment of very low porous
stones, such as marbles, is challenging since the applied
products can hardly penetrate into the material and gen-
erally show poor adhesion to the substrate, thus affecting
their performances [3]. Acrylics and partially fluorinated
acrylics, perfluoropolymers, siloxanes and silanes are the
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main classes of polymeric formulations used in the field
of stone protection [4—6]. In addition, inorganic protec-
tive treatments, such as protective oxalate and sacrificial
lime layers, were developed since they show higher com-
patibility with the mineral nature of the stone substrate
and can provide a better resistance to environmental
agents and pollutants [2, 7].

In the last decade, the development of innovative nano-
structured materials for the conservation of Cultural
Heritage was proposed, displaying enhanced properties
and effectiveness compared to traditional treatments,
encouraging their use both for stone consolidants [8—11]
and protective formulations [12—14]. In particular, due
to their photocatalytic properties [15], TiO, nanoparti-
cles were used for the set-up of self-cleaning treatments
with either hydrophilic or hydrophobic behavior [16—-20].
The photocatalytic properties of titania nanoparticles
promote the degradation of pollutants from the exposed
surfaces, which can be easily washed away by rain. The
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use of these treatments can be considered a preventive
conservation strategy for stone degradation and soiling,
leading to a more efficient and cost-effective maintenance
of historic buildings.

Different stone materials have been treated with TiO,
nanoparticles dispersions or nanocomposites, in order
to achieve results which could comply with the strict
requirements in the field of heritage conservation (aes-
thetic compatibility, non-harmfulness, re-treatability,
protection efficacy); many experimental studies have
been carried out in the last years [19]. However, limited
information and data are available on the real long-term
performances of photoactive materials, on the release
of nanoparticles from building materials in the environ-
ment and on their impact on human health. In particu-
lar, the durability of nano-TiO, based treatments has
been mainly assessed in laboratory so far. The adhesion
of the coatings to the stone substrate has been tested by
means of peeling tests [16, 21, 22], while the stability to
sunlight and rain wash was studied by means of solar
box test and accelerated weathering cycles [20, 23-27].
In addition, in order to evaluate the durability also in
outdoor conditions, some field exposure tests of treated
stone specimens have been carried out [20]. Laboratory
tests for the evaluation of the performances of protective
treatments provide valuable information and quantitative
data in controlled environments but they are carried out
in simplified conditions which cannot fully simulate the
complexity of real aged surfaces. Therefore, it is crucial to
monitor the effectiveness of such products after the on-
site application on architectural stone surfaces in order
to thoroughly study their long-term performances. Such
a monitoring approach, on the other hand, requires the
acquisition of long-term set of data in order to be sig-
nificant, according to the rate of evolution of the con-
sidered deterioration mechanisms. Moreover, the high
number of parameters involved in monitoring increases
the complexity of the data elaboration and interpretation.
This can partly explain why only few examples of appli-
cation of innovative nano-TiO, treatments on real sur-
faces of Cultural Heritage can be found in the literature
and the even more limited number of monitoring results
available.

In the present research, the effectiveness of a TEOS-
nano-TiO, treatment and of two nanocomposites based
on innovative solar-light activated nano-TiO, disper-
sion in organosiloxane and functionalized SiO, has
been evaluated on-site for the protection of the two spe-
cific marbles employed in the facade of the Cathedral
of Monza (Italy). These treatments have been recently
developed and provided promising results in laboratory
[28-30]. The study is particularly focused on the evalua-
tion of the effect of the introduction of innovative titania
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nanoparticles in selected commercial products for the
protection of marble stone surfaces.

The facade of the Cathedral of Monza is characterized
by the presence of two types of marbles: Crevoladossola
and Candoglia marble [31]. Despite the common carbon-
atic nature and the similar very low initial porosity, the
two marbles reacted quite differently to the prolonged
outdoor exposition in the polluted urban atmosphere of
Monza: Crevoladossola shows a rather poor state of con-
servation due to intense surface recession and decohe-
sion of the crystalline matrix; while Candoglia is mainly
affected by erosion and soiling, depending on the expo-
sition conditions. The conservation strategy in this case
should then aim at two objectives: the protection of the
very external and weathered part of the stone surfaces
and the reduction of the soiling effect induced by the
accumulation of particulate matter in sheltered condi-
tion. To fulfill this double aim, two different approaches,
exploiting the self-cleaning properties of nano-TiO,-
based treatments, were set-up. The first one consists
in the application of nano-TiO, dispersions after a pre-
treatment with a surface consolidant (tetraethyl ortho-
silicate, TEOS), aiming at slightly improving the cohesion
of the crystalline matrix, without changing the partial
hydrophilic character of the marble surface; the second
one consists in the application of hydrophobic nanocom-
posites [19].

The performances of these innovative treatments have
been tested on-site on both Crevoladossola and Can-
doglia marble and compared to those of selected com-
mercial products.

Methods

Characterization of marble

Micro-samples were collected from the facade to char-
acterize Candoglia and Crevoladossola and to assess the
state of conservation on-site. Micro-samples were inves-
tigated by: Leica M250C stereomicroscope, integrated
with a Leica DFC290 digital camera for image capture;
Philips PW1830 X-ray diffractometer (XRD) using Cu
Ko radiation (\ = 1,54,058 A), PW3020 generator and
Bragg—Brentano geometry; Fourier transformed infrared
spectroscopy (FTIR) using a Thermo Nicolet 6700 FTIR
spectrometer in KBr dispersion with a DTGS detector in
the spectral range 4000—400 cm™'; environmental scan-
ning electron microscopy (ESEM) and energy dispersive
X-ray (EDX) analyses, using Zeiss EVO 50 EP ESEM,
equipped with an Oxford INCA 200—Pentafet LZ4
spectrometer.

Porosimetric analyses were performed on fresh Can-
doglia and Crevoladossola specimens from quarry by
means of a Micromeritics AutoPore IV 9500 mercury
intrusion porosimeter.
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Application of the treatments on the marble surfaces
Candoglia and Crevoladossola marble surfaces of about
85 x 55 cm and 138 x 70 cm, respectively, were selected
for the application of the treatments in a pilot-area on the
facade of the Cathedral.

The stone surfaces were cleaned before treatments
by controlled micro-sand blasting (CTS 6 micro sand
blaster, CTS srl) with a 0.7 mm nozzle and a working
pressure of 2 bar, using garnet (GMA Garnet 120 mesh)
as abrasive.

For each block surface, seven similar areas were defined
and treated with the materials listed below, while an area
was left untreated as reference.

Transparent water dispersions of pure anatase TiO,
nanoparticles (3% by weight, nanoparticles size around
40 nm), synthesized according to the non-aqueous route
[32], as reported in previous papers [28, 33], were used to
set-up the innovative treatments. Nanoparticles showed
high stability once dispersed in water and no aggregation
occurs. The photoactivity range of nano-TiO, is extended
to solar light radiation in addition to UV light as a result
of the residual presence of benzyl alcohol groups, which
derive from the specific synthesis and are anchored to the
surface of the nanoparticles.

The treatments include:

1. a consolidant tetraethyl orthosilicate-TEOS (SILRES
BS OH 100®, Wacker Chemie, Germany);

2. a TEOS-nano-TiO, treatment, prepared by applying
the experimental nano-TiO, water dispersions (3% by
weight) on wet surface pre-treated with TEOS (SIL-
RES BS OH 100®, Wacker Chemie, Germany);

3. a commercial stone coating based on aqueous dis-
persion of organosiloxanes (10% organosiloxanes by
weight) (Silo 112%, supplied by CTS srl, Italy);

4. a nanocomposite prepared by adding water dis-
persed nano-TiO, in aqueous dispersion of orga-
nosiloxanes (Silo 112®, supplied by CTS srl, Italy),
with nano-TiO, concentration in the polymer of 44%
by weight;

5. a commercial nano-TiO, alkylalkoxy-silane nano-
composite (PF 4®, Chem Spec s, Italy);

6. a commercial stone coating based on a solution of
SiO, functionalized by silicon alkoxides in isopropyl
alcohol (20% functionalized silica by weight) (SIOX-5
S®, Siltea stl, Italy);

7. a nanocomposite prepared by adding water disper-
sion of nano-TiO, in a solution of SiO, functional-
ized by silicon alkoxides in isopropyl alcohol (SIOX-5
S®, Siltea srl), with nano-TiO, concentration in the
functionalized silica of 16% by weight.
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The treatments were applied by brush on the clean
and dried stone surface in order to cover it entirely with
a single layer [28, 30]. The amount of applied products
determined by weight before and after the application
(mg/cm?) is reported in Table 1. The differences in the
applied amount are related to the specific surface absorp-
tion features, the substrate texture, porosity and state of
conservation and to the viscosity and surface tension of
the products.

Evaluation of the effectiveness of the treatments applied
on the marble surface

In order to evaluate the effectiveness of the treatments,
a diagnostic protocol of tests was carried out before the
application and about 1, 4, 7, 10 and 12 months after the
application. The first post-treatment monitoring step was
performed after 1 month to allow the complete curing of
TEOS and TEOS-based treatments.

Colorimetric and water absorption test were repli-
cated three times on each area to tackle the intrinsic
heterogeneity of the stones with respect to the micro-
structural features and the non-homogeneous deteriora-
tion patterns.

Optical microscopy observations were carried out
using a portable digital microscope Dino-Lite Premiere
AM7013MT, colour CMOS sensor and white LED
illuminator.

VIS spectrophotometric measurements were per-
formed by VIS spectrophotometric measurements with
a Konica Minolta CM-600D instrument with a D65 illu-
minant at 8°, wavelength range between 400 and 700 nm.
25 measurements were carried out on each testing area
after mild brushing of the surface in order to remove the
deposit due to the pilot site activity. Data were elaborated
according to the CIE L*a*b* standard colour system [34].

Non-invasive water absorption measurements by
contact sponge method were carried out using a con-
tact sponge kit (CTS srl, Italy). The measurements were
performed according to the standard protocol [35]: the
sponge was soaked with a 5 ml deionized water syringe
and put in contact with the stone surface for 2 min. The
sponge mass variation after the contact was measured
on-site by a portable Entris 153-1s balance with 1 mg
of readability (Sartorius srl, Italy). The water absorption
results are reported only for Crevoladossola marble, since
the initial absorption values of the untreated Candoglia
marble were under the mass detection limit of the bal-
ance for in situ measurements. The measurements of
water absorption are strongly affected by the weather
conditions. Therefore, the average hourly data of temper-
ature (°C) and relative humidity (%), recorded by ARPA
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Table 1 Average amount of applied products (mg/cm?) on each area of Candoglia and Crevoladossola marble

Area Treatment Candoglia marble Crevoladossola marble
Amount of product Amount of product
(mg/cm?) (mg/cm?)

T Commercial TEOS SILRES BS OH 100® 10.39 10.05

Tn TEOS SILRES BS OH 100® + nano-TiO, water dispersion (wet on wet) 517 9.38

4.94° 859°

S Commercial polysiloxane Silo 112® 6.91 10.68

Sn nanocomposite based on Polysiloxane Silo 112® with nano-TiO, 6.02 1348

CSn Commercial alkylalkoxy-silane-based nanocomposite, PF 4® 517 8.84

FS Commercial functionalized SiO, SIOX-5 S® 11.28 1059

FSn Nanocomposite based on Functionalized SiO, SIOX-5 S® with nano-TiO, 5.31 10.81

? These data correspond to the amount of water dispersion of nano-TiO, applied wet on wet to both stone substrates

(Regional Agency for Environmental Protection) in the
nearest atmospheric stations during the monitoring peri-
ods are reported (Table 4) in order to better compare the
absorption data obtained in different climatic conditions.

Finally, stone micro-fragments were sampled from
untreated and treated areas of both Candoglia and
Crevoladossola marble blocks and analyzed by ESEM-
EDX with the above reported instruments.

Results and discussion

Stone substrates

Candoglia marble has a medium to coarse-grain size and
a rather light pink colour, with dark-grey layers due to
the presence of subordinate silicate minerals and it has
been traditionally used in the construction and main-
tenance of the Cathedral of Milan [36, 37]. Crevolados-
sola marble is a fine grained dolomitic marble which was
used in different historical buildings in Northern Italy
such as “Arco della Pace” in Milan and the Cathedral of
Pavia [36, 37]. The main mineralogical, compositional
and porosimetric features of Candoglia and Crevolados-
sola marble are summarized in Table 2. Candoglia marble
shows calcite as the main mineralogical phase with some
minor quartz. Gypsum and nitrates detected by FTIR
spectroscopy in the superficial areas of the samples are
due to environmental contamination whereas no signifi-
cant signs of chemical alteration of the substrate (sulpha-
tion) are observed. The same applies to Crevoladossola,

which is mainly constituted by dolomite with phlogo-
pite mica as accessory mineral. Both stones are charac-
terized by very low initial porosity. The values obtained
from freshly quarried samples reported in Table 2 are
around 1% total porosity, which indicate a compact stone
matrix and determine a low water absorption capability.
This aspect represents a critical factor with respect to the
stone treatment as it may prevent the penetration of a
product within the substrate. It has to be pointed out that
the weathered stone surfaces usually show an enhanced
porosity compared to the freshly quarried material.
Cracks, grain detachments and secondary porosity form
as a result of the weathering after outdoor exposition
[38]. In the stone at work, the porosity shows a gradient
from the bulk to the very surface of the material.

The two marbles display a rather different state of
conservation with respect to the deterioration patterns
and the decay extent, being Candoglia generally bet-
ter preserved than Crevoladossola. According to stone
conservation standards [39, 40], the main deterioration
pattern of Candoglia is erosion on areas exposed to rain-
fall, which show an increased superficial roughness of
the substrate due to intergranular corrosion by calcite
dissolution [41], as evaluated by on-site digital micros-
copy (Fig. 1a, b) and by ESEM analysis on micro-sam-
ples. Differential erosion in presence of quartz-siliceous
veins (Fig. la) within the stone matrix is observed. On
the other hand, the stone material sheltered from the

Table 2 Summary of the mineralogical, compositional and elemental features of Candoglia and Crevoladossola marble

Mineralogical composition: Elemental composition: Molecular composition: Porosity:
XRD ESEM-EDX FTIR MIP (%)
Candoglia marble Calcite (main phase), quartz Ca, Si Calcium carbonate, quartz (surface 0.8
gypsum, nitrate)
Crevoladossola marble Dolomite (main phase), Ca, Mg, Si, Al K Calcium and magnesium carbonate, 1.1

phlogopite

silicates, (surface gypsum, nitrates)
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Fig. 1 State of conservation of Candoglia: a erosion and differential erosion in presence of stone heterogeneity (arrow indicates a quartz-siliceous
vein); b eroded calcite grains and dark stripe-like biological colonization (digital microscope documentation); ¢ black thick sulphatic deposit in an
area sheltered by rainfall. State of conservation of Crevoladossola: d photographic documentation of a stone block showing the presence of areas
with colour alteration [1] and surface recession [2] due to the erosive effect of the rainfall; @ ESEM documentation of the altered stone surface with
corroded grain boundaries and cleavage planes; f ESEM documentation of a polished cross-section with micro-cracks crossing the grains and
partially filled with soil dust and particulate matter (indicated by the white arrow)

rain is partly covered by dark deposits (Fig. 1¢) and some
biological colonization (Fig. 1b). The composition of the
deposits evaluated by FTIR analysis includes calcium
sulphate (as gypsum), nitrates, quartz and other silicates,
and traces of calcium oxalate. Such composition is typi-
cal of sulphatic deposits and black layers developed in
urban polluted environment [42, 43].

The state of conservation of Crevoladossola is char-
acterized by the presence of a diffused colour alteration
which is responsible for the current dark to light grey
appearance of the originally white stone blocks (Fig. 1d).
The altered blocks also show reduced granular cohesion
so that mild mechanical actions on the surfaces result
in grain detachments and powdering. The combined
action of atmospheric corrosion and thermal weather-
ing on the dolomitic matrix causes intergranular crack
formation and enhanced chemical dissolution along the
grain borders and the cleavage plane (Fig. le) [1, 44].
These last appear deeply corroded forming fissures and
micro-cracks which can cross the grains almost up to
their entire thickness (Fig. 1f). The cross-section obser-
vation (Fig. 1f) does not show the presence of a continu-
ous superficial deposition; on the other hand, the surface
discontinuities and micro-fissures appear partly filled by

soil dust and particulate matter which can be responsible
for the observed colour alteration. Given the previously
discussed conditions, the most external and altered stone
material has to be considered unstable and loss of mate-
rial occurs as a result of the rain wash. Where the erosive
mechanism is particularly active, namely along the bor-
ders and edges of the blocks, a remarkable surface reces-
sion is observed. In such condition, the resulting surface
still suffers from granular disaggregation and it is char-
acterized by a lighter colour due to the removal of the
superficial altered stone material (Fig. 1d).

The results indicate that despite some common initial
features, the two marbles provided completely different
durability at work. In particular, the worst conservative
condition of Crevoladossola is also associated to a gener-
ally higher heterogeneity of the surface morphology with
respect to Candoglia. The overall conservation strategy
therefore has to be particularly focused on the former
lithotype, which is also the most diffused in the facade.
Among the issues to be tackled, it has to be considered
the reduction of the colour alteration which will eventu-
ally reoccur after cleaning by slowing the rate of soiling.
According to this objective, the self-cleaning activity of
nano-TiO, can provide a valuable contribution.
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Assessment of the surface treatments
The proposed treatments have been applied and tested
on previously cleaned surfaces. In Fig. 2 the SEM analy-
sis of the Candoglia (Fig. 2a) and Crevoladossola (Fig. 2b)
after mechanical cleaning (micro-sandblasting) of the
surface performed by the restorer are reported. The
cleaning procedure on Candoglia marble was able to
completely remove the deposits although the mechanical
action of the selected inert increased the surface rough-
ness (Fig. 2a). As a result, the overall grain texture of
Candoglia is partly concealed and some cavities due to
the inert impact can be observed at a microscopic scale.
At visual observation, the cleaning of Crevoladossola
surface has removed the external altered stone material.
The SEM analysis confirmed this result (Fig. 2b) show-
ing a substrate morphology which appears more compact
compared to the weathered one (Fig. 1e). A reduced pres-
ence of intergranular cracks can be observed. Moreover,
some dolomite grains are fractured by the mechanical
impact of micro-sandblasting.

A preliminary photographic documentation was car-
ried out 1 month after the application of the treatments
on the marble substrates. No relevant visual changes

Fig. 2 ESEM images of Candoglia (a) and Crevoladossola (b) marble
after the mechanical cleaning
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can be observed by naked eye, except for the areas
treated with the commercial polysiloxane treatment (S),
which show a slight surface yellowing compared to the
untreated reference areas (N'T).

As far as the surface morphology is concerned, similar
consideration can be drawn after on-site digital micros-
copy observation. The application of the commercial
polysiloxane (S) causes the most significant modification
of the surface appearance. The coarse-grained texture of
Candoglia marble is partly obliterated as a result of the
treatment and the typical grain-size heterogeneity is no
longer visible (Fig. 3a, b). Moreover, a slight yellowing
can be observed also at this level of magnification.

The microscopic images of the Crevoladossola high-
light darkening and yellowing of the surface induced by
the polysiloxane treatment (S) compared to the untreated
area (NT) (Fig. 3¢, d).

AL*, Aa*, Ab* and AE* values measured after 1 month
from the application are reported in Table 3. For both
Candoglia and Crevoladossola marble, all the treat-
ments show high colour compatibility since AE* values
are always lower than the threshold value of 5 [45]. For
Candoglia marble, the area treated with the commercial
polysiloxane coating (S) shows the highest value of col-
our change (AE* about 2.6), mainly due to the increase
of b*, which corresponds to surface yellowing as pointed
out by visual and digital microscopy observations (Fig. 4).
The area treated with the functionalized SiO,-based
nanocomposite (FSn) shows an intermediate behavior
with respect to colour change, with AE* values of about
2 thus possibly perceptible by human eye [46]. The colour
change of FSn mainly derives from the increase of the L*
values, which corresponds to a limited surface whiten-
ing probably induced by the presence of TiO, nanopar-
ticles. All the other treatments show very limited colour
changes, with AE* values ranging from about 0.50 to 1,
thus not perceptible by human eye [46].

The initial post-treatment colour change values of
Crevoladossola marble are generally higher than those
of Candoglia. The highest AE* value is again achieved in
the area treated with the commercial polysiloxane (S area,
AE* = 3.46). Intermediate colour variation are displayed
by the polysiloxane-based nanocomposite (Sn), the com-
mercial alkylalkoxy-silane nanocomposite (CSn) and the
functionalized SiO, coating (ES), which show AE* values
ranging from about 2 to 2.70. For CSn and FS colour dif-
ference is related to the decrease of the colorimetric coor-
dinate L* and to the increase of b*, indicating that these
treatments induce a moderate yellowing and surface dark-
ening. The surface whitening occurred in Sn area, where
the colour variation is mainly due to the increase of L* val-
ues, can be ascribed to the higher concentration of TiO,
nanoparticles compared to the other nanocomposites. In



Gherardi et al. Herit Sci (2017) 5:4 Page 7 of 15

Fig. 3 Microscopic on-site documentation of: a reference untreated Candoglia area (NT); b polysiloxane treatment (S); ¢ reference untreated

Crevoladossola area (NT); d polysiloxane treatment (S)
k )

Table 3 AL*, Aa*, Ab* and AE* values measured on treated areas of Candoglia and Crevoladossola marble after the appli-
cation of the treatments (about 1 month)

Area Candoglia marble Crevoladossola marble

AL* Aa* Ab* AE* AL* Aa* Ab* AE*
T 041 —0.02 0.60 0.72 —0.89 0.10 0.72 1.15
n —0.48 0.02 —0.23 0.54 040 —0.05 0.20 045
S —1.17 —0.02 230 258 —246 0.11 243 346
Sn 0.69 —0.07 —0.72 1.00 1.78 —0.06 —0.88 1.99
CSn 038 —0.09 033 0.52 —1.55 —0.03 133 2.04
FS —0.49 —0.03 0.82 0.96 —248 0.05 1.09 271
FSn 1.94 —0.14 —0.85 213 —0.74 —0.03 0.15 0.75

all the other areas (T, Tn, FSn) very limited to negligible
AE* values are observed, ranging from about 0.40 to 1.2.
ESEM-EDX analyses were carried out in order to study
the surface morphology of samples collected from the
treated areas on both marbles compared to the untreated
ones, 1 month after the treatments. In both stones, TEOS
(T) tends to form a surface layer of highly micro-cracked
glass-like material due to the shrinkage of the SiO, gel
formation. The TEOS-nano-TiO, treatment (Tn) shows

a rather similar morphology due to the superficial SiO,
gel accumulation (Fig. 4). As far as the surface covering
is concerned, the TEOS treatments on Candoglia mar-
ble homogenously cover the crystal grains whereas on
Crevoladossola they preferentially accumulate along the
grain borders. This can be related to the different state
of conservation previously discussed. In particular, the
higher degree of decohesion induced by weathering of
Crevoladossola determines a preferential accumulation
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Fig. 4 ESEM documentation of Crevoladossola area treated with
TEOS-nano-TiO, treatment (Tn)

so that the covering of the grains is less uniform than
Candoglia (Fig. 4).

For what concerning the polysiloxane treatment, the
addition of the nanoparticles induces a significant varia-
tion of the surface morphology. The commercial polysi-
loxane (S) on both stones penetrates into the crystalline
matrix, forming a very thin layer which covers homo-
geneously the stone crystals (Fig. 5a—c). When TiO,
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nanoparticles are added to this polymeric material, the
surface morphology is altered, leading to the forma-
tion of a sponge-like layer covering the stone substrate
(Fig. 5b—d). As a result, the original grain morphology
is hardly detectable, differently from what occurs in the
case of the polysiloxane alone. This is in accordance to a
previous study by Atomic Force Microscopy [29] which
highlighted an increased roughness as a result of the
treatment which is induced by the nanoparticles emerg-
ing from the outer surface of the treated stone.

The distribution of the nanoparticles in the areas
treated with the polysiloxane-based nanocomposite (Sn)
has been specifically investigated. The ESEM observa-
tion and elemental maps of the samples collected from
Crevoladossola marble are characterized by a homog-
enous distribution of TiO, nanoparticles in the polymer,
as indicated by the simultaneous presence of Ti and Si all
over the surface (Fig. 6).

The commercial alkylalkoxy-silane nanocomposite
(CSn) develops a rather thick surface layer similarly to
the polysiloxane treatment (S), which does not signifi-
cantly change the grain morphology despite the presence
of the nanoparticles.

The morphologies of both the functionalized SiO,-
based coating (FS) and the functionalized SiO,-based
nanocomposite (FSn) show similar features to those of

polysiloxane-based nanocomposite (b Candoglia; d Crevoladossola)

1
Fig.5 ESEM images of Candoglia and Crevoladossola areas treated with the commercial polysiloxane (a Candoglia; € Crevoladossola) and with the

Ay
wal
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S

Fig. 6 ESEM images of micro-sample from the area of Crevoladossola marble treated with the polysiloxane-based nanocomposite (Sn) (a). EDX
elemental maps show the homogeneous and simultaneous distribution of: Si (b) and Ti (c)

o

TEOS (T) and TEOS-nano-TiO, treatment (Tn) (Fig. 7).
In particular, a similar glass-like and highly fractured
layer can be observed homogeneously covering the stone
grains of both Candoglia and Crevoladossola. The nano-
particles are well distributed within the coating all over
the treated surface, as confirmed by EDX mapping.

Evaluation and monitoring of the treatments efficacy
Colorimetric measurements were carried out following a
3-month monitoring interval after the application of the
treatments. The most relevant variation occurred shortly
after the application (1 month) and after 1 year, therefore
only this monitoring data will be discussed. It is worth
noting that for both substrates all treatments can be con-
sidered compatible under the colorimetric point of view
after 1 year from application, since all the colour differ-
ences values (AE*) are lower than the threshold value of
5 (Fig. 8).

On Candoglia marble, the lowest colour variation
occurred in the areas treated with TEOS (T) and the
functionalized SiO, product (FS), characterized by negli-
gible AE* values (Fig. 8). An intermediate behavior char-
acterized by AE* values lower than 2.5 was showed by
the commercial polysiloxane (S), the commercial alkyla-
lkoxy-silane nanocomposite (CSn) and the functionalized
SiO,-based nanocomposite (FSn) (Fig. 8). The addition
of nanoparticles to both TEOS (Tn) and polysiloxane
(Sn) leads to the highest color differences (Fig. 8) after
12 months. It is worth noting that such variations are still
acceptable. Generally, for all treatments containing nano-
TiO, (Tn, Sn, CSn and FSn) the global colour variation
is mainly due to the increase of the lightness (AL*) indi-
cating a slight whitening effect, as a result of the applica-
tion of the nanoparticles on a substrate characterized by
a typical pink colour (Fig. 8). Moreover, being Candoglia
a very compact stone which is not particularly affected by
decohesion phenomena in this specific case study, such

— iy
Fig. 7 ESEM images at different magnifications of micro-sample
from Crevoladossola area treated with the functionalized SiO, based
nanocomposite (FSn)

colour alteration could also be related to the reduced
penetrations of the treatments within the mineral matrix.
The colour variations developed within the entire moni-
toring period, starting from rather low 1-month AE* val-
ues, and could be associated to a partial aggregation of
the nanoparticles. This aspect should be further investi-
gated by sampling and analyzing the long-term exposed
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surfaces. The colorimetric data obtained from the
untreated reference area (NT) indicate that the surface
colour does not undergo any significant colour variation
along the entire monitoring period (Fig. 8).

Previous laboratory test showed positive self-cleaning
results for polysiloxane and functionalized SiO, nano-
composites applied on stone specimens. By monitoring
rhodamine B discolouration after Xenon-lamp irradia-
tion a remarkable photocatalytic activity of the nano-
TiO,-based treatments was found [29, 30]. In order to
asses also on-site the actual self-cleaning properties of
the nanocomposites a prolonged monitoring of the soil-
ing rate on treated surfaces will be necessary.

After 12 months, for Crevoladossola marble, the high-
est colour compatibility (AE* below 1) was obtained from
areas treated with TEOS (T), TEOS-nano-TiO, treat-
ment (Tn) and functionalized SiO,-based nanocomposite
(FSn) (Fig. 9). AE* values lower than 2.5 were obtained in
areas treated with the polysiloxane-based nanocomposite
(Sn), the commercial alkylalkoxy-silane nanocomposite
(CSn) and the functionalized SiO, product (ES) (Fig. 9).
The polysiloxane product (S) leads to the most signifi-
cant color change due to surface darkening and yellowing
(Fig. 9). As previously discussed for Candoglia marble,
the untreated reference area (NT) showed negligible col-
our change (Fig. 9). It can be observed that compared
to the Candoglia data, all treatments on Crevoladossola
are more stable over time considering the global colour
variations measured after 1 month and at the end of
the monitoring. Moreover, it seems that both L* and b*
coordinates contribute in a comparable way to the global
colour variations. The nano-TiO, based treatments (Tn,
Sn, CSn and FSn) in this case are not associated to light-
ness increases due to superficial whitening as previously
observed on Candoglia. This can be correlated to the dif-
ferent substrate condition provided by Crevoladossola:
an overall more neutral whitish colour respect to the
pink hue of Candoglia and a more pronounced granular
decohesion which influences the distribution and pen-
etration of the treatments. It can be observed that gener-
ally the application of all the commercial treatments (T,
S and FS) results in a slight superficial darkening, due to
the increased colour saturation of the substrate, and yel-
lowing (Fig. 9). The addition of the nanoparticles to the
treatments (Tn, Sn and FSn) is able to reduce such effects
in all cases and this is particularly evident for the poly-
siloxane nanocomposite. Under the colorimetric point of
view, the nanocomposites therefore display better com-
patibility results with respect to the associated commer-
cial products.

The on-site evaluation of the water absorption prop-
erties is a crucial yet complex task in order to assess
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the performance of stone surface treatments. The water
absorption monitoring has been assessed by the contact-
sponge method, following previous studies conducted
both in the lab and in situ [47, 48]. Figure 10 reports
for each area the ratio between the values of water
absorption [W(t) (g/m’s)] measured after 1, 7, 10 and
12 months with respect to the value measured before
the application of the treatments [W,(nt) (g/m?%s)]. The
untreated reference area (NT) is also reported as control,
being such measurement highly affected by the environ-
mental parameters in outdoor conditions (T and RH).
For this reason, the data obtained in winter season after
4 months are not reported since the high level of humid-
ity and very low temperature were rather far from the
average environmental conditions of all other monitoring
intervals, hence water absorption is inhibited (Table 4).

The untreated reference area (NT) results were con-
stant along the monitoring period indicating that this
method can provide consistent information, while the
rather high data dispersion is due to the inherent surface
heterogeneity.

Considering the entire monitoring period, the highest
reductions of the water absorption are measured in the
areas treated with the commercial polysiloxane (S) and
the polysiloxane-based nanocomposite (Sn). The stone
surfaces treated with the functionalized SiO, (FS) and
functionalized SiO,-based nanocomposite (FSn) show
a significant reduction of water absorption, but slightly
lower with respect to the polysiloxane-based treatments
(Fig. 10). A reduction in water absorption occurs also in
the areas treated with TEOS (T) and TEOS-nano-TiO,
treatment (Tn), even if they should not display water
repellent properties (Fig. 10) [49, 50]. This can be related
to the specific characteristics of such treatments applied
on marble, which are able to partly fill the pore space and
the micro-cracks of the weathered material. As a result,
the improved cohesion of the stone matrix is less prone
to water absorption. This effect is slightly reduced in the
area with TEOS-nano-TiO, treatment (Tn) with respect
to the one treated with TEOS (T), due to the hydrophilic
behavior of nano-TiO, [15]. Notwithstanding having a
similar surface morphology with respect to the function-
alized SiO, products (FS, FSn) (Figs. 4, 7), the less effec-
tive water reduction of the TEOS-based ones are due to
the absence of water repellency properties, as previously
discussed, and to the less homogenous coverage of the
grains, as observed by ESEM (Fig. 4).

The results indicate that the innovative nanocom-
posites applied on-site on real stone surfaces showed
comparable results with respect to the commercial
products, therefore the nanoparticles addition does
not negatively influence the water absorption reduction
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properties. After 1 month from application all treatments  surfaces maintained their water absorption reduc-
reduced the water absorption. The results obtained tion properties over time, except for the area treated
after 12 months monitoring, also indicate that the stone  with the commercial alkylalkoxy-silane nanocomposite
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Table 4 Average hourly data of temperature (°C) and rela-
tive humidity (%) collected by ARPA Lombardia dur-
ing water absorption measurements conducted before the
treatments and after 1, 4, 7, 10 and 12 months from the
application

Monitoring step Temperature (°C) Relative humidity (%)

Before treatments 309 41.0
After 1 month 214 376
After 4 months? 7.0° 87.6°
After 7 months 11.0 414
After 10 months 27.0 47.5
After 12 months 282 55.1

@ Refers to the environmental conditions recorded during the winter season
monitoring step

(CSn). This last shows a progressive increase of the water
absorption to be probably ascribed to the alteration of
the coating (Fig. 10). Further investigations will be car-
ried out in order to better understand the behavior of this
treatment.

Conclusions

The protection of low porosity stones, as marbles, from
atmospheric deterioration is challenging and scarcely
documented in literature in terms of evaluation of the
performances of conservation treatments exposed to
real conditions. The application of both commercial and
innovative treatments based on TiO, nanoparticles on
pilot-areas of the facade of Monza Cathedral provided

information about the behavior of selected treatments
on two substrates characterized by different chemi-
cal and mineralogical characteristics and conservation
state: Candoglia and Crevoladossola marble. First of all,
the variability in the amount of applied products result-
ing from the same application methodology is due to
several and unavoidable factors: the substrate poros-
ity and state of conservation, and the specific physical
properties (viscosity, surface tension) of the products.

Colorimetric measurements performed on each area
after the treatment and over a 12-month period from
the application indicate a good compatibility of all treat-
ments, with AE* values always below the threshold of 5
units.

All treatments characterized by water repellency prop-
erties (S, Sn, CSn, FS, FSn) succeeded in reducing the
water absorption of Crevoladossola marble, and four of
them were able to maintain such properties within the
12-month period of the monitoring; the commercial
alkylalkoxy-silane nanocomposite (CSn) is the only one
which partially lost its efficiency. Further investigation in
the lab will be carried out to understand this behavior.

A promising result is the fact that the addition of the
innovative TiO, nanoparticles did not affect the water
absorption characteristics of both the polysiloxane and
the alkylalkoxy-silane treatments during the outdoor
exposition, and that these nanocomposites granted
a good performance in terms of aesthetic and protec-
tion properties. Besides that, the presence of nanopar-
ticles is expected to provide photocatalytic activity that
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would reduce the soiling rate and deterioration effects
related to the presence of inorganic and organic pol-
lutants, as already assessed during previous laboratory
testing.

The positive results obtained by these treatments can
also be ascribed to the morphology they developed on
both stones, namely the good covering of the crystalline
matrixes and the rather homogeneous distribution of
TiO, nanoparticles.

The obtained data highlighted once more the complex-
ity of field exposure tests on real surfaces of the architec-
tural heritage. They also confirmed that a longer on-site
monitoring activity of at least 3—5 years should be car-
ried out in order to properly assess the performance of
the surface treatments. Nevertheless, the results of the
study will be used for the selection of the treatments to
be applied in the framework of the overall conservation
project of the facade of the Monza Cathedral, and will be
a solid reference for future experiments with nanocom-
posites for the protection of marbles.

Authors’ contributions

FG and DG conceived the study, performed the analyses, carried out the inter-
pretation of the results and drafted the manuscript. AC synthesized the TiO,
nanoparticles for the preparation of the innovative formulations and critically
reviewed the manuscript. SG and LT supervised the activities, the analysis of
the data and critically reviewed the manuscript. All authors read and approved
the final manuscript.

Author details

! Department of Chemistry, Materials and Chemical Engineering “Giulio Natta’,
Politecnico di Milano, Piazza Leonardo da Vinci 32, 20133 Milan, Italy. 2 Fon-
dazione CIFE, Via G. Colombo 81, 20133 Milan, Italy.

Acknowledgements

This work has been supported by “Parrocchia di San Giovanni Battista-Duomo
di Monza"and by the European program Horizon 2020 Call NMP21-AC 646178,
in the framework of the Nano-Cathedral project (Grant agreement 646178).
The Authors wish to thank the restorer (Arterosa Restauri, Italy) for the support
in the preparation of the surfaces.

Competing interests
The authors declare that they have no competing interests.

Received: 15 October 2016 Accepted: 13 January 2017
Published online: 24 January 2017

References

1. Watt J, Tidblad J, Kucera V, Hamilton R. The effects of air pollution on
cultural heritage. Berlin: Springer; 2009.

2. Doehne EF, Price CA. Stone conservation: an overview of current research.
Los Angeles: Getty Conservation Institute; 2010.

3. PoliT, Toniolo L. The challenge of protecting outdoor exposed monu-
ments from atmospheric attack: experience and strategy. In: Kourkoulis
SK, editor. Fracture and failure of natural building stones. Berlin: Springer;
2006. p. 553-63.

4. Chiantore O, Lazzari M. Photo-oxidative stability of paraloid acrylic pro-
tective polymers. Polymer. 2001;42(1):17-27.

5. Toniolo L, Poli T, Castelvetro V, Manariti A, Chiantore O, Lazzari M. Tailoring
new fluorinated acrylic copolymers as protective coatings for marble. J
Cult Herit. 2002;3(4):309-16.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Page 14 of 15

Tsakalof A, Manoudis P, Karapanagiotis I, Chryssoulakis I, Panayiotou

C. Assessment of synthetic polymeric coatings for the protection and
preservation of stone monuments. J Cult Herit. 2007,8(1):69-72.

Doherty B, Pamplona M, Selvaggi R, Miliani C, Matteini M, Sgamellotti

A, Brunetti B. Efficiency and resistance of the artificial oxalate protec-
tion treatment on marble against chemical weathering. Appl Surf Sci.
2007,253(10):4477-84.

Miliani C, Velo-Simpson ML, Scherer GW. Particle-modified consolidants:
a study on the effect of particles on sol-gel properties and consolidation
effectiveness. J Cult Herit. 2007;8(1):1-6.

Chelazzi D, Poggi G, Jaidar Y, Toccafondi N, Giorgi R, Baglioni P. Hydroxide
nanoparticles for cultural heritage: consolidation and protection of wall
paintings and carbonate materials. J Colloid Interface Sci. 2013;392:42-9.
Licchelli M, Malagodi M, Weththimuni M, Zanchi C. Nanoparticles for
conservation of bio-calcarenite stone. Appl Phys A. 2014;114(3):673-83.

. Verganelaki A, Kapridaki C, Maravelaki-Kalaitzaki P. Modified tetraethox-

ysilane with nanocalcium oxalate in one-pot synthesis for protection of
building materials. Ind Eng Chem Res. 2015;54(29):7195-206.

Manoudis PN, Tsakalof A, Karapanagiotis |, Zuburtikudis |, Panayiotou C.
Fabrication of super-hydrophobic surfaces for enhanced stone protec-
tion. Surf Coat Technol. 2009;203(10-11):1322-8.

Karapanagiotis I, Manoudis PN, Savva A, Panayiotou C. Superhydrophobic
polymer-particle composite films produced using various particle sizes.
Surf Interface Anal. 2012;44(7):870-5.

. van der Werf ID, Ditaranto N, Picca RA, Sportelli MC, Sabbatini L. Develop-

ment of a novel conservation treatment of stone monuments with
bioactive nanocomposites. Herit Sci. 2015;3(1):1-9.

Fujishima A, Rao TN, Tryk DA. Titanium dioxide photocatalysis. J Photo-
chem Photobiol C. 2000;1(1):1-21.

Pinho L, Mosquera MJ. Titania-silica nanocomposite photo-

catalysts with application in stone self-cleaning. J Phys Chem C.
2011;115(46):22851-62.

Quagliarini E, Bondioli F, Goffredo GB, Cordoni C, Munafo P. Self-cleaning
and de-polluting stone surfaces: TiO, nanoparticles for limestone. Constr
Build Mater. 2012;37:51-7.

Kapridaki C, Maravelaki-Kalaitzaki P. TiO,~SiO,-PDMS nano-composite
hydrophobic coating with self-cleaning properties for marble protection.
Prog Org Coat. 2013;76:400-10.

Munafo P, Goffredo GB, Quagliarini E. TiO,-based nanocoatings for
preserving architectural stone surfaces: an overview. Constr Build Mater.
2015;84:201-18.

Cappelletti G, Fermo P, Camiloni M. Smart hybrid coatings for natural
stones conservation. Prog Org Coat. 2015;78:511-6.

Pinho L, Elhaddad F, Facio DS, Mosquera MJ. A novel TiO,-SiO, nanocom-
posite converts a very friable stone into a self-cleaning building material.
Appl Surf Sci. 2013;275:389-96.

Pinho L, Mosquera MJ. Photocatalytic activity of TiO,—SiO, nanocompos-
ites applied to buildings: influence of particle size and loading. Appl Catal
B.2013;134-135:205-21.

La Russa MF, Ruffolo SA, Rovella N, Belfiore CM, Palermo AM, Guzzi MT,
Crisci GM. Multifunctional TiO, coatings for cultural heritage. Prog Org
Coat. 2012;74(1):186-91.

Scalarone D, Lazzari M, Chiantore O. Acrylic protective coatings modified
with titanium dioxide nanoparticles: comparative study of stability under
irradiation. Polym Degrad Stab. 2012;97(11):2136-42.

Franzoni E, Fregni A, Gabrielli R, Graziani G, Sassoni E. Compatibility of
photocatalytic TiO,-based finishing for renders in architectural restora-
tion: a preliminary study. Build Environ. 2014;80:125-35.

Munafo P, Quagliarini E, Goffredo GB, Bondioli F, Licciulli A. Durability of
nano-engineered TiO2 self-cleaning treatments on limestone. Constr
Build Mater. 2014;65:218-31.

La Russa MF, Rovella N, Alvarez de Buergo M, Belfiore CM, Pezzino A, Crisci GM,
Ruffolo SA. Nano-TiO, coatings for cultural heritage protection: the role of the
binder on hydrophobic and self-cleaning efficacy. Prog Org Coat. 2016,91:1-8.
Gherardi F, Colombo A, D'Arienzo M, Di Credico B, Goidanich S, Morazzoni
F, Simonutti R, Toniolo L. Efficient self-cleaning treatments for built herit-
age based on highly photo-active and well-dispersible TiO, nanocrystals.
Microchem J. 2016;126:54-62.

Gherardi F. Nano-structured coatings for stone and paint surfaces of
cultural heritage, PhD thesis in Materials Engineering. Milan: Politecnico
di Milano; 2016.



Gherardi et al. Herit Sci (2017) 5:4

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

Gherardi F, Colombo A, Goidanich S, Toniolo L. Smart hydrophobic TiO,-
nanocomposites for the protection of stone cultural heritage. In: Hughes
J, Howind T, editors. Science and art: a future for stone: proceedings of
the 13th international congress on the deterioration and conservation of
stone; Paisley University of the West of Scotland; 2016. p. 325-32.
Cassanelli R. Monza anno 1300. La Basilica di S. Giovanni Battista e la sua
Facciata: Comune di Monza; 1988.

Niederberger M, Bartl MH, Stucky GD. Benzyl alcohol and titanium
tetrachloride—a versatile reaction system for the nonaqueous and low-
temperature preparation of crystalline and luminescent titania nanoparti-
cles. Chem Mater. 2002;14(10):4364-70.

Colombo A, Tassone F, Mauri M, Salerno D, Delaney JK, Palmer MR, de

la Rie R, Simonutti R. Highly transparent nanocomposite films from
water-based poly(2-ethyl-2-oxazoline)/TiO, dispersions. RSC Adv.
2012,2(16):6628-36.

UNI-EN 15886:2000. Conservation of cultural property. Test Methods.
Colour measurements of surfaces.

UNI 11432:2011. Beni culturali, natural and artificial stone—determina-
tion of the water absorption by contact sponge. Milan, Italy.

Colombo A, Fiora L, Fornaro M, Lovera E, Sandrone R, Tunesi A, Cavallo A.
Contemporary natural stones from the Italian western Alps (Piedmont
and Aosta Valley regions). Periodico di Mineralogia. 2004;73:211-26.
Dino G, Cavallo A. Ornamental stones of the Verbano Cusio Ossola quarry
district: characterization of materials, quarrying techniques and history
and relevance to local and national heritage. In: Pereira D, Marker BR,
Kramar S, Cooper BJ, Schouenborg BE, editors. Global heritage stone:
towards international recognition of building and ornamental stones.
London: The Geological Society of London; 2014.

Properties, durability. In: Siegesmund S, Snethlage R, editors. Stone in
architecture. Berlin: Springer; 2014.

ICOMOS-ISCS. lllustrated glossary on stone deterioration patterns. In:
Verges-Belmin V, editor. ICOMOS; 2008.

Delgado Rodrigues J. Defining, mapping and assessing deterioration
patterns in stone conservation projects. J Cult Herit. 2015;16(3):267-75.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 15 of 15

. Weber J, Beseler S, Sterflinger K. Thin-section microscopy of decayed

crystalline marble from the garden sculptures of Schoenbrunn Palace in
Vienna. Mater Charact. 2007;58(11-12):1042-51.

Barca D, Comite V, Belfiore CM, Bonazza A, La Russa MF, Ruffolo SA, Crisci
GM, Pezzino A, Sabbioni C. Impact of air pollution in deterioration of car-
bonate building materials in Italian urban environments. Appl Geochem.
2014;48:122-31.

Toniolo L, Zerbi CM, Bugini R. Black layers on historical architecture.
Environ Sci Pollut Res. 2009;16(2):218-26.

Luque A, Ruiz-Agudo E, Cultrone G, Sebastian E, Siegesmund S. Direct
observation of microcrack development in marble caused by thermal
weathering. Environ Earth Sci. 2011;62(7):1375-86.

Garcia O, Malaga K. Definition of the procedure to determine the suit-
ability and durability of an anti-graffiti product for application on cultural
heritage porous materials. J Cult Herit. 2012;13(1):77-82.

Mokrzycki WS, Tatol M. Color difference delta E—a survey. Mach Graph
Vis. 2011;20(4):383-411.

Vandevoorde D, Pamplona M, Schalm O, Vanhellemont Y, Cnudde V,
Verhaeven E. Contact sponge method: performance of a promising tool
for measuring the initial water absorption. J Cult Herit. 2009;10(1):41-7.
Vandevoorde D, Cnudde V, Dewanckele J, Brabant L, de Bouw M, Meynen
V, Verhaeven E. Validation of in situ applicable measuring techniques for
analysis of the water adsorption by stone. Procedia Chem. 2013;8:317-27.
Wheeler G. Alkoxysilanes and the consolidation of stone. Los Angeles:
Getty Conservation Insitute; 2005.

Franzoni E, Graziani G, Sassoni E. TEOS-based treatments for stone
consolidation: acceleration of hydrolysis—condensation reactions by
poulticing. J Sol Gel Sci Technol. 2015;74(2):398-405.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Immediate publication on acceptance

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	On-site monitoring of the performance of innovative treatments for marble conservation in architectural heritage
	Abstract 
	Background
	Methods
	Characterization of marble
	Application of the treatments on the marble surfaces
	Evaluation of the effectiveness of the treatments applied on the marble surface

	Results and discussion
	Stone substrates
	Assessment of the surface treatments
	Evaluation and monitoring of the treatments efficacy

	Conclusions
	Authors’ contributions
	References




