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Abstract In order to avoid both natural and artificial stone
decay, mainly due to the interaction with atmospheric pollut-
ants (both gases such as NOx and SO2 and particulate matter),
polymeric materials have been widely studied as protective
coatings enable to limit the penetration of fluids into the bulk
material. In the current work, an air hardening calcic lime
mortar (ALM) and a natural hydraulic lime mortar (HLM)
were used as substrates, and commercially available Si-
based resins (Alpha®SI30 and Silres®BS16) were adopted
as protective agents to give hydrophobicity features to the
artificial stones. Surface properties of coatings and their per-
formance as hydrophobic agents were studied using different
techniques such as contact angle measurements, capillary ab-
sorption test, mercury intrusion porosimetry, surface free en-
ergy, colorimetric measurements and water vapour permeabil-
ity tests. Finally, some exposure tests to UV radiation and to
real polluted atmospheric environments (a city centre and an
urban background site) were carried out during a wintertime
period (when the concentrations of the main atmospheric

pollutants are higher) in order to study the durability of the
coating systems applied. The effectiveness of the two com-
mercial resins in reducing salt formation (sulphate and nitrate),
induced by the interaction of the mortars with the atmospheric
pollutants, was demonstrated in the case of the HLM mortar.

Keywords Mortars . Hydrophobic coatings .Water
capillarity . Transpirability . UVageing . External exposure

Introduction

Nowadays, the conservation and restoration of cultural heri-
tage are an important issue difficult to be completely solved,
especially in the case of historical buildings and monuments,
which are seriously affected by environmental conditions and
atmospheric pollution (Doehne and Price 2010; Ghedini et al.
2011; Tidblad et al. 2012).

The study of some materials constituting the historical
buildings, such as mortars or marbles, is of interest because
these materials maintain and transmit to us, not only the aspect
of an artefact, but also information on the ancient technologies
used to realize the artefact itself. This contributes to improve
the knowledge of our past and our history, and also provides
useful data for the conservation of cultural heritage (Pecchioni
et al. 2008).

In particular, the present study is focused on mortars which
are materials used in architecture with very different functions:
as bedding mortars in the masonries, as filling of the wall
nucleus, as rendering of walls, support for mural paintings,
up to material to join decorations, etc.(Moropoulou et al.
2000; Elsen 2006; Faria et al. 2008)

In some historical buildings, mortars have been used to
realize ornamental elements, ashlars or, sometimes, the com-
plete façade. This artificial stone could be either a mortar
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Bworked^ directly in situ or an ornamental element prepared
in mould (Pecchioni et al. 2005).

However, like any other materials, mortars undergo a dete-
rioration process, and this is closely related to the adaptation
of the material structure to the surrounding environment. The
extent of the degradation depends on both internal factors
(compositional characteristics and fabrication techniques)
and external ones (the combined action of physical, chemical
and biological factors) (Pecchioni et al. 2008). Among the
external causes, atmospheric pollution is mainly responsible
for the deterioration of historical monuments placed in urban
areas, where the concentrations of the pollutants (both gases
such as NOx and SO2 and particulate matter) reach the highest
values (Zappia et al. 1998; Brimblecombe 2003; Watt et al.
2009; Tidblad et al. 2012). NOx and SO2 are emitted mainly
by combustion processes (traffic, heating plants, industrial
emissions) and it is well known that in the atmosphere, can
be converted into the corresponding acids or can act as gas-
eous precursors leading to the formation of secondary aerosols
(such as ammonium nitrate and ammonium sulphate). Both
acidic species and particulate matter interact with the material
surfaces inducing deterioration processes. In particular, the
main reaction that takes place is the conversion of calcium
carbonate into gypsum (Brimblecombe 2003; Watt et al.
2009; Belfiore et al. 2013; La Russa et al. 2013; Fermo et al.
2014b; Ruffolo et al. 2015). Moreover, the majority of the
degradation phenomena occurs in the presence of water and
in particular because of its penetration into the material bulk;
so, the deterioration is favoured in mortars that allow an easier
water absorption (Pecchioni et al. 2008; Ruffolo et al. 2014).

The best way to avoid mortar decay is the protection by
surface treatment with polymers, due to their ability to form a
protective layer on the monument surface as well as to control
the transport of different fluids from the surface to the bulk.
Traditionally, polymeric resins, acrylic and vinyl polymers,
organosilicone compounds, fluorinated film forming agents
have been applied to stone monuments as protective hydro-
phobic films against stone deterioration (Alessandrini et al.
2000; Tsakalof et al. 2007).

Besides the reduction of water absorption, many criteria
must be met for the successful application of a specific coat-
ing, such as good adhesion, mechanical and physical durabil-
ity, transparency, no colour and/or reflectance changes. The
characteristics of the coatings applied have been widely stud-
ied, as well as the specific interactions between the material
surface and the hydrophobic layer (Fermo et al. 2014a).

In this work, an air hardening calcic lime mortar (ALM)
and a natural hydraulic lime mortar (HLM) were used as sub-
strate. Commercially available Si-based resins (Alpha®SI30
by Sikkens and Silres®BS16 by WackerChemie AG) were
used as protective polymers to give hydrophobicity features
to the substrate, in order to improve their resistance against
atmospheric pollutants. Surface properties of coatings and

their performance as protective agents were studied using dif-
ferent techniques such as contact angle measurements, capil-
lary absorption test, mercury intrusion porosimetry, colorimet-
ric measurements and water vapour permeability tests. Finally,
the durability and the effect of ageing caused by the prolonged
exposure to real environmental conditions will be discussed.

Materials and methods

Mortar preparation

Two typologies of mortars have been manufactured, one uti-
lizing an air hardening calcic lime and the other with a natural
hydraulic lime. A total of 10 samples for each type have been
prepared with dimension 5×5×5 cm (Fig. 1).

The air hardening calcic lime mortar (ALM, Fig. 1)
has been realized with an aggregate constituted by a
quartz-feldspar sand (CTS-restoration products-Florence:
grain size 0.3–0.5 mm) and, as binder, a lime putty
matured 7 years [BCalce Viva^ 90-S-PL (according to
UNI EN 459-1:2010)(UNI EN 2010)] produced by
Adriatica Legnami in Fasano (Apulia) utilizing wood
as combustible, commercialized and guaranteed by BLa
Banca della calce^ (Bologna), according to a binder/
aggregate ratio of 1/3 (Table 1). Water has not been
added because utilizing the lime putty only some drops
of lime wash are sufficient for a good workability of the
mix.

The natural hydraulic lime mortar (HLM, Fig. 1) has
been realized with the same type of sand (quartz-feldspar
sand by CTS-restoration products-Florence: grain size
0.3–0.5 mm) and as binder, a natural hydraulic lime
[NHL 3.5 (according to UNI EN 459-1:2010)(UNI EN
2010)] produced by BCalce Raffinata^ in Savignano sul
Panaro (Emilia) according to a binder/aggregate ratio of
1/3 (Table 1). Deionized water has been added according
to a binder/water ratio of 0.66, sufficient to allow a good
kneading.

Fig. 1 Representative photographs of wet and dry HLM/ALM mortars
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Hydrophobic coatings

Samples have been treated with different commercial water
repellent protective agents:

& Alpha®SI30 (Sikkens) is declared as an oligomeric
polysiloxane by the producer; it is colourless, waterproof
and indicated to be used on materials such as plasters and
natural stones. In previous works of some of the co-
authors of this paper (Fermo et al. 2014a; Cappelletti
et al. 2015), this resin has been finely characterized, and
it was found to be composed by a mixture of a tri-
methoxysilane, where R could be a quite long chain (i.e.
iso-octyl) and a poly-dimethyl-siloxane (PDMS). The res-
in was applied as it is without any dilution.

& Silres®BS16 (WackerChemie AG), a solution of potassi-
um methyl siliconate, develops its water-repellent proper-
ties by reaction with atmospheric carbon dioxide. The ac-
tive substance formed from the silicone masonry water
repellent is polymethylsilicic acid. SILRES®BS16 is sup-
plied as a concentrate and was diluted with water (1:10),
under vigorous stirring, before use.

The application of coatings on all the stone faces has been
carried out by using brush in a homogeneous manner, in order
to reproduce everyday working conditions. All the silane-
coated mortars were dried for 24 h in an oven at constant
temperature (50 °C).

Sample characterization

Powders obtained from each typology were analysed with a
PANalytical diffractometer X’PertPRO with radiation CuKα
(λ=1.545 Å), operating at 40 kV, 30 mA, investigated range
2θ=3–70°, equipped with X’ Celerator multirevelator and
software PANalytical High Score for data acquisition and in-
terpretation of the mineralogical composition.

Optical microscopy in transmitted light was performed on
thin section (30 microns thickness). A polarized light micro-
scope (ZEISS Axio Scope.A1) equipped with a camera (res-
olution 5 megapixel) was used in order to investigate the mi-
crostructural characteristics of the mortars (Pecchioni et al.
2006; Fratini et al. 2008).

Static contact angle measurements of water on bare and
coated mortars were performed on a Krüss Easy instrument.
A drop of 3 μL was produced and gently placed on the sur-
face; the drop profile was extrapolated using an appropriate
fitting function. Measurements were repeated several times to
obtain a statistically relevant population (30 measurements
each sample), since substrates were really variables even in
near spots.

Colorimetric measurements (CIELab) were performed to ver-

ify the global colourmodification ΔE* ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ΔL*2 þΔa*2 þΔb*2
p

� �

of the protective films after both the deposition of the protective
coatings and accelerated UV/ambient exposure, where L*, a*
and b* are the lightness (0 for black–100 for white), the red–
green component (positive for red and negative for green) and
the yellow–blue component (positive for yellow and negative for
blue), respectively. The three chromatic coordinates were calcu-
lated starting from diffuse reflectance spectra acquired in the
UV–Vis spectral range from 800 to 300 nm (WI halogen lamp).
The analyses were performed by Shimadzu UV-Visible
Spectrophotometer equipped with the ISR-2600 0-degree/8-de-
gree incidence integrating sphere. According to the literature,
ΔE*<5 was considered as corresponding to a not significant
variation (Mahy et al. 1994; La Russa et al. 2012) over ten
repeated readings for each sample.

The surface free energy (SFE) and the relative polar and
disperse components were obtained by using the Owens–
Wendt–Rabel–Kaelble (OWRK) method (Cappelletti et al.
2013). Contact angle measurements can be related to SFE of
solids via Young’s equation (Young 1805):

γs−γsl ¼ γlvcosθ

where θ is the measured contact angle, γs is the surface free
energy (SFE) of the solid in the case of small or negligible
spreading pressure πe, γsl and γlv are the surface tensions at
solid–liquid and liquid–vapour interface, respectively. This
equilibrium is the basis for the calculation of the surface
tension/surface energy components, and some models such
as the Owens–Wendt–Rabel–Kaelble method (OWRK)
(Owens and Wendt 1969; Kaelble 1970) distinguish a polar
and a disperse fraction of the surface energy. The surface
energy was calculated by exploiting the contact angle values

Table 1 Composition of mortar
substrates Component Natural hydraulic lime mortar (HLM) Air hardening calcic lime mortar (ALM)

Aggregate Silicatic sand (0.3 mm<d<0.5 mm) Silicatic sand (0.3 mm<d<0.5 mm)

Binder Natural hydraulic lime NHL 3.5 Lime putty matured for 7 years

Binder/aggregate Ratio 1/3 1/3

Water Demineralized −
Binder/water ratio 0.66 −
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determined for water, ethylene glycol, diethylene glycol, glyc-
erol and diiodomethane (Cappelletti et al. 2013).

The porosity was evaluated by means of the follow-
ing methods: water saturation method (WSM) and mer-
cury intrusion porosimetry (MIP). WSM is based on the
determination of the open pore volume Vop (cm3) which
corresponds to the volume of water absorbed by the
samples, according to the procedure reported in the
European protocol (UNI EN 2001). The dried mortars
(at 60 °C for 24 h) were placed in appropriate vessels
and slowly covered with deionized water until they
were totally immersed with about 2 cm of water above
them. After 8 h, the samples were weighted, and the
measurements were repeated until the difference in
weight between two subsequent measurements at 24-h
intervals was less than 1 % of the amount of water
absorbed. Porosity and pore size distributions were also
determined by MIP, through a Micromeritics Autopore
IV with a maximum pressure of 400 MPa, according to
the procedure reported in a previous work of some of
the co-authors of this paper (Ruffolo et al. 2014).
Measurements were performed on samples with the
same weight (1.5 g) to standardize testing and minimize
errors. This technique allowed to determine pore sizes
ranging from 0.003 to 40 μm.

Capillary water absorption measurements were performed
on bare and coated materials by the gravimetric sorption tech-
nique, minutely described in the Italian protocol Norma UNI
10859 BCultural Heritage–Natural and artificial stones–deter-
mination of water absorption by capillarity^(NORMA UNI
2000). Each sample was dried in an oven at 60 °C for 7 days,
put in a drier for 2 days and weighted. Then, all samples were
placed on a multilayer of filter paper (thickness, 1 cm) saturat-
ed with deionized water in different closed vessels. The sample
was extracted after fixed time intervals; after removing the
water drops with a wet cloth, it was weighted again to deter-
mine the amount of water absorbed by capillary forces. Every
test was performed at room temperature (25±2 °C). As stated
in the protocol, if the increase in relative weight at a distance of
24 h is below 1 %, the test is over. In some cases, after 8 days,
the absorption curves of treated samples did not reach a plateau
(no water saturation is reached). If the final condition could not
be satisfied, tests were to be terminated after 8 days.

In order to evaluate the water vapour permeability of the
film applied at the surface of the mortars, the methodology
described in the European Standard EN 15803 (conservation
of cultural property-test methods-determination of water va-
pour permeability δp, (UNI EN 2009)) was used.

Ageing and ambient exposure tests

The stability of the hydrophobic coatings (Alpha®SI30 and
Silres®BS16) has been evaluated through accelerated ageing

tests under UV irradiation (500 W, 215–365 nm) for fixed time
(40 h).

Further, with the aim to evaluate the protective action
of the applied coatings, the substrates (bare stones and
treated by both Si-based resins) were exposed in parallel
in two typical urban environments placed in Milan and
characterized by different conditions as concerns the im-
pact of the main atmospheric pollutants (Gulotta et al.
2013; Fermo et al. 2014b). The first one is placed in the
Milan University Campus (Fig. 2a), an area quite far from
the city centre, that is considered representative of a typ-
ical urban background, while the second one is placed in
Via Senato (Fig. 2b), that is in the city centre, close to one
of the monitoring stations of the regional agency for the
environmental protection (ARPA Lombardia), a site
which is representative of a typical urban polluted envi-
ronment (in the case of the site placed in Via Senato, it
was possible to perform the field tests only for the com-
mercial resin Alpha®SI30, which should be explained lat-
er on). In both sites, samples were not directly affected by
rain runoff. The exposure tests were carried out for
110 days during winter (25 November 2013 to 15
March 2014). After the exposure, the concentration of
NO3

− and SO4
2− on the treated and untreated samples

was determined by ionic chromatography (IC). The sam-
ples were prepared according to a procedure reported else-
where (Cappelletti et al. 2015). IC analyses were per-
formed using an ICS-1000 instrument (Dionex-Thermo).
The measurements were carried out by means of an Ion
Pac AS14A (Dionex) column using 8 mM Na2CO3/1 mM
NaHCO3 as eluent at 1 mL min−1 flow rate and, for the
detection, a conductivity system equipped with an ASRS-
ULTRA suppression mode (Dionex). The concentration of
each ion was calculated using a calibration curve plotted
by injecting working standard solutions obtained by dilu-
tion of stock solutions of 0.5, 1, 3, 5, 10 ppm. Analyses
were run in triplicate, and the standard deviation was less
than 5 %.

Fig. 2 Exposure sites: aMilan University Campus and b via Senato (city
centre). The samples in the case awere placed on a covered balconywhile
in the case b, they were put inside a plastic two sides opened box, which
was located on the roof of the monitoring station
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Results and discussion

Mineralogical and petrographic features of the analysed
mortars

The mineralogical analyses (XRD) have shown a sand com-
posed by quartz (SiO2), feldspars [W(ZO2)4], micas [W2(X,
Y)4 - 6 Z8O20(OH)4] , ch lor i tes [ (Mg,Fe ,Al )12 (S i ,
Al)8O20(OH)16], lizardite [Mg6Si4O10(OH)8] and pyroxenes
[WVIII(X,Y)1+p

VI (Z2
IV O6)] (Carobbi 1971); thus, the

resulting air hardening calcic mortar (ALM) has a composi-
tion of calcite and portlandite for the paste, and quartz, feld-
spars, chlorite, micas and lizardite for aggregates, while the
hydraulic mortar (HLM) shows the same composition of
ALM without the presence of portlandite.

The petrographic analyses in thin section have shown, for
the air hardening calcic lime mortar (ALM, Fig. 3a, b), a
binder with microsparitic texture and interference colour cor-
responding to first-order grey. Such characteristic confirms the
only partial carbonation, as evidenced by XRD analysis that
indicates the presence of portlandite. Indeed, it is well known
that carbonation (which determines the hardening of the mor-
tar) develops very slowly (in the course of months or years) as
a function of the conditions of exposure to CO2 and moisture,
but also in function of the type of lime and composition of the

mortar (Pecchioni et al. 2008). The transition from hydroxide
to carbonate occurs through the following phases:

1. Solubilisation of CO2 in the water of the mix;
2. Dissolution of Ca(OH)2;
3. Evaporation of water;
4. Formation of carbonates for nucleation in the liquid

phase;
5. Formation of carbonates for nucleation at the interface

Ca(OH)2/H2O.

The aggregate is well distributed in the mix and character-
ized by a unimodal grain size distribution (300–500 μm). It is
constituted mainly by quartz and feldspar grains with sub-
angular shape and by a lower amount of pyroxenes, micas
and rock fragments (quartzite, sandstone, micaschists and
serpentinite). The porosity is high and mostly with elongated
shape.

Concerning the hydraulic lime mortar (HLM, Fig. 3c, d), a
binder with microsparitic texture, brown in colour, rich in
small underburnt lime fragments, is present. The aggregate
is well distributed in the mix with unimodal grain size (300–
500 μm) and a composition similar to that of the air hardening
lime mortar. The porosity is high with both elongated and
spherical pores (Pecchioni et al. 2014).

Fig. 3 Petrographic images in
thin section of the ALM (a, b) and
the HLM (c, d)
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Surface properties of bare and coated mortars

It is well known that the application of Si-based resins allows
to obtain hydrophobic protective coatings in the case of cul-
tural heritage buildings and monuments (Kapridaki and
Maravelaki-Kalaitzaki 2013; Fermo et al. 2014a).

Experimental static contact angle (SCA) measurements
with water have been determined to evaluate the wettability
features of the bare mortars; both the substrates (ALM and
HLM) show a hydrophilic character (θ<90°, Table 2, 2nd
column). Notwithstanding the complete and almost immedi-
ate absorption of water drops, the evaluation of the contact
angles has been performed by using the first frames taken by
the video registration of deposition procedure. Both the sub-
strates were produced with the same coarse aggregate
(0.3 mm<d<0.5 mm, see Table 1) demonstrating an intrinsic
variability in their surface features; thus, the standard devia-
tion of the contact angles is quite large, but this is statistically
representing the variability of the sample. Hydraulic mortar
(HLM) was more homogeneous and mechanically resistant
(Jackson and Marra 2006; Belfiore et al. 2015); the SCA as-
sessments on this kind of substrate were absolutely less
problematic.

After the treatment with both the water-repellent agents
(Alpha®SI30 and Silres®B16), a successful hydrophobization
of the substrates occurs (θ>100°, Table 2, 2nd column).
Similar results are reported in the recent literature: by depos-
iting several commercial siloxane/silane resins onmarbles and
limestones (Zielecka and Bujnowska 2006; Karatasios et al.
2009; Manoudis et al. 2009a, b; Fermo et al. 2014a;
Cappelletti et al. 2015), hydrophobic coatings are obtained,
characterized by a maximum contact angle higher than 100°.
Between the two resins, Alpha®SI30 gives the best results,
especially onto the hydraulic mortar. This could be due to
the presence of the adequate microporosity (see in the follow-
ing) on the bare hydraulic mortar. It is generally well known
that hydraulic features are given from the presence of silicates/
aluminates in the starting material, which cause a different
reactivity of the quicklime. This is of course reflected in a
change of porosity as well. Alternatively, the better perfor-
mance could be caused by the different interaction with resin
in the presence of silicates (Fermo et al. 2014a).

Moreover, both the protective coatings were found to be
transparent (ΔE*<5, Table 2, third column); no colour varia-
tions are appreciable at human eye after the application of the
hydrophobic layers.

Regarding the SFE results, Fig. 4 shows, as a representative
samples, the linear trends of the data relative to both bare and
coated (with the two different resins, Silres®BS16 and
Alpha®SI30) air hardening calcic lime mortars (ALMs). The
corresponding extrapolated results in terms of total SFE and
polar (from the slope) components are reported in Table 3
(2nd and 3rd columns, respectively). Of course, it was not
possible to obtain accurate values (high standard deviations)
because of the intrinsic variability of the materials, both in the
case of bare or coated ones, as stated previously. Anyway,
interesting results were obtained: the decrease of the total sur-
face energy values and particularly the polar part (lower than
1.0 mN/m) after the treatments is in agreement with the con-
tact angle values obtained, confirming the hydrophobic fea-
tures of the treated surfaces.

Water capillary absorption and vapour permeability

As it is reported by many studies in the literature, the preven-
tion of water rising by capillary absorption plays a pivotal role
in the conservation of historical buildings. This phenomenon
is one of the main responsible in mortar degradation, since
water freezing–melting cycles cause cracks and the transport
of salts leads to formation of crusts.

Table 3 SFE values by Owens, Wendt, Rabel and Kaelble (OWRK)
method

Sample SFE γ/mN m−1 Polar component γP/mN m−1

HLM 33±10 15±5

HLM_SI30 <10 <1

HLM_BS16 <10 <1

ALM 37±7 13±3

ALM _SI30 15±6 <1

ALM _BS16 16±4 <1
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Fig. 4 OWKR elaboration for bare (ALM) and coated (ALM_SI30 and
ALM_BS16) air hardening calcic lime mortars

Table 2 Static contact
angles (θ) and
colorimetric variation
(ΔE*) for bare and
coated mortars

Sample θ/° ΔE*

HLM 70±10 −
HLM_SI30 137±7 1.2±0.8

HLM_BS16 125±6 1.9±0.7

ALM 65±10 −
ALM _SI30 116±8 1.3±0.9

ALM _BS16 110±8 2.2±0.9
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The amount of water absorbed per unit area over time
(Qi/mg cm−2) was plotted with respect to the square rooted
time (s1/2) for all the adopted mortars, both bare and Si-coated
(Fig. 5). Besides, from the graphs, some parameters, typical of
the present analyses, including the capillary absorption (CA)
coefficient (that roughly represents the slope of the first
30 min of the absorption curve) and the capillarity index

(IC, which is the ratio between integrated Qi=
ffiffi

t
p

areas and
the corresponding area of the rectangle considering the same
final time of the water absorption curve) were calculated and
reported in Table 4. Particularly, the capillarity indices give
information about the resistance to capillary rise when
prolonged contact with water occurs.

An ideal protective coating should completely eliminate
water absorption by capillary. For the untreated mortars, high
amount of water was absorbed especially in the first hour for
both the mortars (around 700 mg cm−2 h−1). When the pure
resins were deposited on the mortar surface, a dramatic de-
crease in the capillary rise parameters (Table 4 and Fig. 5) for
all of the treated samples occurs: the finalQi collapses, the CA
reduces of about two order of magnitude and the IC is halved,
confirming the hydrophobic performances of both resins.

Anyway, Alpha®SI30 shows the best results while
Silres®BS16 is less effective, especially in the case of ALM
mortar.

However, alongside a complete block of water capillary
rinse, the water vapour transmission rate through the mortars
must not be drastically reduced after the coating treatments,
assuring the proper vapour regime inside the materials
(Manoudis et al. 2009b). Thus, the impermeability of the mor-
tar protective coating to water vapour could lead to material
decay and polymer swelling. The reduction of vapour perme-
ability caused by the coatings can be considered negligible up
to 50 % as reported in the recent literature (Rodrigues and
Grossi 2007). Thus, water vapour permeability tests were
evaluated: Fig. 6 shows the cumulative mass change per unit
area (∣Δm∣=mi-m0, where mi and m0 is the mass of the test
assembly, respectively, at time ti and t0, in kg) for each set of
successive weighing of the specimens versus time for the de-
termination of the steady-state water vapour diffusion flow
through the tested materials. Both resins, applied on both mor-
tars, show a good behaviour (Fig. 6a, b) with respect to water
vapour permeability, leading to a small decrease (about 20–
30 %) in material transpiration. This is fully in accordance
with what is reported in the literature for highly hydrophobic
silane- and silicone-derived coatings which maintain a high
degree of permeability to water vapour (Kapridaki and
Maravelaki-Kalaitzaki 2013), allowing stones to breath and
at the same time reducing deterioration phenomenon, caused
by external agents such as atmospheric pollution, as it will be
shown later in the text.

The values of porosity, performed on treated and bare sam-
ples, assessed by means of water saturation method (WSM)
and mercury intrusion porosimetry (MIP) are reported in
Table 5. In the case of WSM, the data reveal a slight decrease
in porosity after the hydrophobic treatments, both on ALM
and in HLM samples. Instead, the results obtained by MIP do
not show significant differences regarding the total open po-
rosity percentage. Then, in order to better understand the po-
rous structure of the mortars and its variations induced by the
treatments, pore size distributions have been also reported in
Fig. 7. HLM and ALM samples show quite different behav-
iour, since HLMmortar has a distribution that can be assumed
as bimodal (at 0.35 and ~10 μm), while ALMmortar shows a
trimodal distribution (at 0.15, 0.4 and ~30 μm). Moreover,
ALM has smaller pores (<1 μm) than HLM mortar. After
the treatments, significant changes are shown for ALM

Table 4 Water capillary
absorption parameters HLM HLM_SI30 HLM_BS16 ALM ALM _SI30 ALM _BS16

Qi/mg cm−2 725 139 180 747 81 475

CA/mg cm−2 s1/2 11.45 0.12 0.21 17.24 0.12 6.63

IC 0.96 0.53 0.50 0.97 0.43 0.87
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b) 
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Fig. 5 Capillary absorption curves for a bare and coated hydraulic
(HLM) and b air hardening calcic lime (ALM) mortars
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mortar, since a shift of two peaks toward smaller size has been
observed, due to a thin cladding of the pores; when this hap-
pens, the material is more prone to decay.

UVand ambient exposure

In order to evaluate the effect of atmospheric pollution on
cultural heritage, field exposure tests are generally carried
out (Manoudis et al. 2009b; Tidblad et al. 2012; Cappelletti
et al. 2015). The aim of these tests is to assess the effectiveness
of the protective coatings applied on the surfaces in the pre-
vention, or at least reduction, of stone deterioration, i.e. mainly
the sulphation that brings to the loss of material. Thus, some
exposure tests have been performed at Milan University
Campus and at the centre of the city (Fig. 2) on both not
treated and coated mortars, and the salts (SO4

2− and NO3
−)

concentration has been monitored. In a previous study
(Cappelletti et al. 2015), the same approach has been

successfully followed to test the coating performances for
the protection of some marbles.

As shown in Fig. 8 for both ALM and HLM, after about
4 months of exposure during winter 2013–2014, salts forma-
tion has been evidenced. Actually, the blank reference samples
(not exposed) show significantly lower nitrate and sulphate
concentrations. After the exposure, a different behaviour has
been evidenced for the two mortars: in the case of HLM mor-
tar, the application of both Silres®BS16 and Alpha®SI30 has
allowed to reduce the formation of both salts, while in the case
of ALM, the hydrophobic resins basically showed no protec-
tive effect against sulphate formation.
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Fig. 8 Soluble salts concentration on the pure and treated adopted
mortars, before and after exposure for 110 days during winter (25
November 2013 to 15 March 2014)
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Fig. 7 Pore size distribution diagrams of bare and treated a hydraulic
(HLM) and b air hardening calcic lime (ALM) mortars, obtained from
mercury intrusion porosimetry

Table 5 Total open porosity values by water saturation (WS) and mer-
cury (MIP) intrusion methods

TOPWSM (%) TOPMIP (%)

HLM 27±3 25±2

HLM_SI30 22±2 24±2

HLM_BS16 23±3 23±2

ALM 31±5 26±2

ALM_SI30 22±3 27±2

ALM_BS16 24±3 23±2
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Fig. 6 Water vapour permeability plots in terms of variation of
cumulative mass for bare and coated a hydraulic (HLM) and b air
hardening calcic lime (ALM) mortars

17740 Environ Sci Pollut Res (2015) 22:17733–17743



The different physico-chemical properties of the two mor-
tars, such as the chemical composition (Fig. 3), the crystalline
phases and the porosity (Table 5, Fig. 7), seem to strictly affect
the final performances. Particularly, ALM is less carbonated
as demonstrated by the presence of portlandite (confirmed by
XRD pattern, not shown); this feature is typical for example of
ancient Roman mortars, as reported in the recent literature
(Brandon et al. 2014). The lower carbonation determines both
high specific surface and porosity of the sample (Table 5,
WSM data). Since ALM is characterized by presence of pores
with smaller dimension (see Fig. 7b), probably the resin can-
not enter leading to a lower protection of the material, i.e.
higher sulphation processes (Fig. 8). Looking at Fig. 8, it is
evident how both resins are effective against nitrate formation,
also in the case of ALM. This could be due to the fact that the
reaction between Ca(OH)2 (portlandite) and sulphuric acid,
leading to the formation of stable products (gypsum), is more
favourable with respect to the reaction between portlandite
and nitric acid. However, the addition of a protective layer
does not block the progressive sulphation of the material,
while it reduces nitrate presence. Furthermore, at the same
conditions, a material with smaller pores is more favourable
to decay by salts than a material with larger pores.

Comparing the results obtained in the two exposure sites
(Table 6), i.e. the University Campus and the Via Senato (in
the city centre), it is evident how in the city centre, where
pollutant concentrations present maximum values, a higher
sulphate concentration has been determined for HLM mortar
both not treated and coated with Alpha®SI30 (data for ALM
are not reported since, as discussed before, the resins are not
effective in this case). It is also worth noting that for both

exposure sites, the percentage efficiency of Alpha®SI30 in
reducing sulphate content is quite similar (around 20 %).

Colour variation measurements have been carried out on
the bare and the treated mortars after the field exposure tests
and also after accelerated ageing tests under UV irradiation in
order to evaluate the stability of the applied coatings. No sig-
nificant variations in the colour of the mortars are appreciable
(ΔE*<5) under both UV light and ambient exposure for both
the commercial resins applied (Table 7). Moreover, the coat-
ings remain stable, and the high surface hydrophobicity is also
maintained as demonstrated by Δθ values (Table 7). On the
basis of the present results, the Alpha®SI30 resin is less stable
(higher values of both Δθ and ΔE* after UV ageing and
ambient exposure) with respect to the Silres®BS16 one,
confirming the trend of sulphate and nitrate decreasing, ob-
served in Fig. 8.

Conclusions

In the present work, two artificial stones, an air hardening
calcic lime mortar (ALM) and a natural hydraulic lime mortar
(HLM), were used. These two materials were characterized by
different mineralogical compositions, petrographic textures,
and porosity features.

Alpha®SI30 and Silres®BS16 resins were applied to
the bare mortars to give hydrophobic features; both Si-
based polymers may be used as protective agents for
stone materials since high surface hydrophobicity (θ>
100°), scarce water capillary absorption and excellent
vapour transpirability were achieved. Comparing the
two polymers, Alpha®SI30, notwithstanding the higher
features in hydrophobicity, transpirability and capillarity
rinse, seems to have lower chemical stability after UV
ageing and ambient exposure (higher ΔE* values and
appreciable contact angle lowering) with respect to the
Silres®BS16 one.

Further, the final performances of the coatings in terms of
reduction of salts formation (i.e. sulphate and nitrate forma-
tion) after a prolonged exposure to a polluted environment
(two different sites in the present case, i.e. Unimi campus
and Milan city centre) were studied. Both the hydrophobizing
compounds lead to a nitrate decrease, while in the case of
ALM, the lowering in sulphate content is not achieved by both
polymers, probably due to the presence of portlandite phase.
The combined effect of these factors indicates that
Silres®BS16 seems to be promising as protective coating
agent in the field of historical building reconstruction.

It is worth noting that besides the necessary laboratory
testing, the exposure to real environments is strictly mandato-
ry; unfortunately, these tests underline that a partial deteriora-
tion of the coatings occurs in all the treated mortars.

Table 7 Static contact angles (Δθ) and colorimetric (ΔE*) variations
after UV (40 h) and ambient (110 days) exposures for coated mortars

After UVexposure
(40 h)

After ambient exposure
(110 days)

Sample Δθ/° ΔE* Δθ/° ΔE*

HLM_SI30 −26 1.7 −30 3.4

HLM_BS16 −9 2.9 −18 2.1

ALM_SI30 −21 1.5 −25 5.2

ALM_BS16 −2 2.9 −14 2.0

Table 6 Sulphate concentration after exposure tests

SO4
2−/ppm

City Centre Unimi Campus

HLM 1050 70

HLM_SI30 800 55

% reduction 24 21
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