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� Both granite and limestone increased the porosity after the heating process.
� Granite: Nanorestore and NanoEstel yielded similar reduction of porosity and resistance to salt cycles.
� Limestone: Nanorestore� yielded lower effectiveness due lower penetration.
� NanoEstel� yielded higher decay after salt cycles in the limestone due to lower compatibility.
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This paper shows a study on the consolidation effectiveness of nano-silica and nano-lime-based consol-
idants (i.e. Nano Estel�and Nanorestore�, respectively), both available on the market, on two stones with
different mineralogy and texture (i.e. two micas granite and Lioz limestone) previously subjected to
500 �C during 24 h with a rapid cooling by water jet simulating the real practice in a fire. The consolida-
tion effectiveness was determined through the evaluation of hydro-physical properties (i.e. open poros-
ity, apparent density, water absorption by capillarity and water absorption at atmospheric pressure), the
determination of P-wave velocity (compressional wave velocity) and the study of their side-effects by
using stereomicroscopy, colour spectrophotometry, Fourier transform infrared spectroscopy and scan-
ning electron microscopy. Durability of the consolidants was determined by measuring their resistance
to salt crystallization cycles and the subsequent surfaces were evaluated by open porosity measurements,
stereomicroscopy, Fourier transform infrared spectroscopy and scanning electron microscopy. Results
showed, as expected, that both granite and limestone samples increased their porosity after the heating
process. In the case of granite stone, both products yielded similar reduction of the porosity and similar
resistance to salt crystallization cycles. In case of limestone, nanolime samples yielded lower effective-
ness in terms of dry matter, porosity, and water absorption by capillary coefficient, which is attributed
to the low penetration of Nanorestore� particles in the fine pore structure of this stone. Ethyl silicate trea-
ted samples presented higher levels of decay after crystallization cycles in the limestone samples, which
could be attributed to the difficulty to bond silicate materials to fine porous calcite-based substrates.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Consolidation of deteriorated stones is a common intervention
to strengthen the stone surfaces and to mitigate the disintegration
process. Treatment is applied to substrates with lack of superficial
cohesion due to different alteration processes. Deterioration pro-
cesses (e.g. crystallization of soluble salts, fires, abrasion, among
others) induce serious deterioration patterns such as stone granu-
lar disintegration or sanding and scaling on the stones surfaces
which seriously jeopardize the preservation of architectural her-
itage [1]. Regarding deterioration processes, fire (natural or arson
related) induces physical–chemical changes and mechanical dam-
ages caused by the heat, followed by the shock cooling by water jet
applied to extinguish the fire. As result, fissures density and fis-
sures length increase and the stone can suffer losses of material
[2–5]. Fires reaching temperatures higher than 800 �C have a sig-
nificant effect on the stone’s physical–chemical and mechanical
properties and the developed effects, mainly spalling, are not
recoverable [6]. However, in areas which were subjected to lower
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temperature gradient (�500 �C), among the main deterioration
patterns related to porosity changes and neoformed minerals, are
scaling, flaking and granular disaggregation [1,5,7,8].

Granite and limestone are very important construction materi-
als in buildings and monuments worldwide. Granite is a polymin-
eralic stone composed mainly by quartz, feldspar, plagioclase and
biotite, while limestone is composed mainly of calcite [9]. Calcite
based materials present higher susceptibility than granite due to
the dissolution of calcite mineral when water, CO2 and pollutants
are involved [9–11]. However, both stones can be severely affected
by high temperature due to fires inducing changes of physical–me-
chanical properties. Therefore, in order to preserve stones that
were affected by fires, since their mechanical properties are not
remarkably affected and then spalling did not occur, the applica-
tion of consolidants to enhance the superficial cohesion seems to
be a suitable alternative. Since consolidation is an irreversible
intervention, the correct choice of the consolidant is very impor-
tant. Therefore, it is recommended to perform some tests to deter-
mine the suitability of the consolidant.

Since 1960s, synthetic organic materials such as acrylic, epoxy
or vinyl resins have been continuously used to consolidate several
historic stones. However, several drawbacks were reported due to
changes of stone porosity, capillarity, permeability to water vapour
and wettability [12,13]. Moreover, a yellowing of the consolidated
surfaces was also observed [14]. Therefore, in order to avoid these
problems, inorganic consolidants, such as ethyl silicate, calcium
hydroxide (limewater), barium hydroxide, calcium oxalate and cal-
cium tartrate were mostly considered, being the first two the most
commonly used ones. Ethyl silicate-based consolidants are mainly
composed by alkosylanes; they polymerise in situ inside the pore,
through a classic sol–gel process [15,16]. Alkoxysilane groups in
contact with ambient moisture, hydrolysed producing silanol
groups releasing ethanol, which evaporates. After a polymerization
process these silanol groups are transformed into siloxanes, releas-
ing water [17,18]. The low viscosity of alkoxysilane allows the pen-
etration into the stone through fissures and the formation of
siloxane bonds [17,18]. This low viscosity prevents the dilution
in organic solvents. However, these products during the polymer-
ization started to show fissures and fractures since the evaporation
of the solvent causes a concave interface of the liquid into the
pores of the gel due to the different surficial tensions [19,20]. As
result, the gel with some rigidity cannot endure the contraction
and the consolidate layer fractures.

On the other hand, the other commonly used inorganic consol-
idant is the limewater. In this technique, after carbonation, the cal-
cium hydroxide (Ca(OH)2) induces a network of calcite (CaCO3)
consolidating materials which are highly compatible with the cal-
cite matrix [13,21]. However, as it was reported by the silica-based
consolidant, the Ca(OH)2 based consolidant showed also some sig-
nificant drawbacks being the most important the low solubility of
Ca(OH)2 particles in water (1.7 g.L�1 at 20 �C, [22]). This leads that
an application of limewater requires a large amount of aqueous
solutions to achieve consolidating effects and therefore, large
amounts of water can favour the pore collapse through freeze–
thaw cycles, the transport of soluble salts and the biological colo-
nization [23]. Brajer and Kalsbeek already reported in 1999 that
to achieve a positive consolidation, limewater should be uninter-
ruptedly applied over 80 days [22]. Moreover, low penetration of
the product and the subsequent veiling of the surfaces due to the
fast carbonation of the Ca(OH)2 aqueous dispersions were also
reported [24,25].

Then, in order to minimize the cited drawbacks and negative
effects of the consolidants, i.e. the formation of fractures in case
of the ethyl silicate-based consolidants and the use of large amount
of water and poor penetration with the limewater, nano-particles
started to become very popular to enhance the dispersion stability,
the penetration through fissures and, in case of calcium hydroxide,
the reactivity of the particles to CO2 [13,23,26–31]. In the case of
nanolime, the use of alcohol as a carrier of lime nanoparticles allows
carrying higher amount of particles, yields deeper penetration with
less water and induces a faster carbonation [13,31,32]. Nanolimes
have emerged as an efficient consolidant for the superficial consol-
idation of different historic substrates (e.g. wall-paintings, stuccos
or plasters) [30], stones [33,34] and for the conservation of other
cultural heritage materials such as paper [35], canvas [36], bones
[37] and wood [38]. Nanolimes preserve the same compatibility
of the traditional limewater treatment while presenting superior
consolidation properties. The main advantages are: i) nanolimes
contain higher amounts of calciumhydroxide particles; ii) nanopar-
ticles aremore reactive due to their higher specific surface thus car-
bonation occurs faster; iii) nanolimes obtain higher penetration
depths due to the smaller particle size [13,31].

Regarding to the application of nanosilica-based consolidants
on stone, Nano Estel�, which was used throughout this study,
has been applied on ignimbrites from the complex of Tokali in
Göreme and the Church of the Forty Martyrs at S�ahinefendi (Tur-
key) [39]. It showed worse penetration and cohesion than the
solvent-based products of ethyl silicate Estel 1000� and Estel
1100� [39]. However, Estel 1100� contains organic groups, that
under outdoor exposition, could induce oxidation processes.
Therefore, it is considered that it should be limited to indoor envi-
ronments. Moreover, Nano Estel� did not alter the porous network
of the stone. The water suspension of nanosilica Syton X30�

applied on a pyroclastic stone increased the resistance to salt crys-
tallization although the Estel 1000� dispersed in organic solvent
showed a better behaviour in terms of superficial cohesion [40].

Regarding to nanolime-based products on stones, several
authors reported the insufficient penetration of the nanolime
[13,31]. Nanorestore� and Calosil� and their migration to the sur-
face in limestone and lime-mortars highlight the relevance of the
pore structure and nanolime properties (such as the type of solvent
and particle size) on the consolidation effectiveness [27,41–44]. In
a recent study [45], based on a suitability study of the ultrasonic
tomography technique to evaluate the distribution of consolidants
(the ethyl silicate Tegovakon� and the dispersion of nanolime par-
ticles Nanorestore�) throughout the Lioz limestone (previously
subjected to 600 �C), concluded that Nanorestore� did not achieve
a significant reduction of the open porosity suggesting that the
consolidation achieved was not as satisfactory as for the Tegov-
akon� consolidated samples. Despite Zornoza-Indart et al. [46]
reported an increase in the drying kinetics of natural stone after
the application of nano-lime, Musacchi and Diaz Gonçalvez [25]
did not find any increase of the drying kinetics after the application
of nano-treatments (nanolime- and also nanosilica-based consoli-
dants) on both limestone and sandstone.

Other study compared two nano-particle consolidants with dif-
ferent composition (nanolime Calosil E25� and nanosilica Nano
Estel�) applied on two different kind of stones: Ançã limestone
and Bentheimer sandstone, both with open porosity higher than
17% [25]. It was concluded that both products did not affect the
kinetics of drying process, without changing the drying rate. How-
ever, from the aesthetical point of view, the nanolime gave a whit-
ish tone to the surfaces and the nanosilica gave them a significant
shine tone noticeable to the naked eye.

In this paper, the effectiveness of two nanoconsolidants with
different compositions (nanosilica and nano-calcium hydroxide
particles) available on the market was evaluated on two stones
with different mineralogy and texture, a granite and a limestone,
commonly found in the Spanish and Portuguese cultural heritage,
respectively. Previously to the consolidant application, samples
were subjected to 500 �C during 24 h and cooled down to room
temperature using tap water jet. After nanoconsolidants
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application, the effectiveness and also the durability of both prod-
ucts in terms of the resistance to salt crystallization cycles were
evaluated.

2. Materials and methods

2.1. Stones

Two different stones belonging to the cultural heritage of Ibe-
rian Peninsula were selected. A granite ashlar was obtained from
the ancient asylum Hermanitas de los Ancianos Desamparados
located in Vigo’s old quarter (NW Spain). It is a two-mica granite
associated with the Hercynian orogeny [47] commonly used as
building stone in the historic centres of Vigo and Pontevedra
(NW Spain). It is a fine grained equigranular granite (2–0.3 mm),
Fig. 1. Differential volume of intruded mercury versus p
composed of quartz (29%), potassium feldspar (25%), sodium pla-
gioclase (24%), muscovite (13%) and biotite (4%) as main minerals
[48]. Average open porosity (accessibility to water following
[49]) was 4.41%.The pore size distribution was obtained by Mer-
cury Intrusion Porosimetry (MIP) using a Micromeritics Autopore
IV9500 porosimeterthat works with two pressure ranges,
0.20 MPa–225 MPa (high pressure) and 14 kPa–0.20 MPa (low
pressure). The pore network charge (zeta potential) was deter-
mined using a Zetasizer Nano Z, from Malvern Instruments. The
test was carried out on one fragment collected from the surface
of a 4 cm � 4 cm � 4 cm-cube measuring approximately
2 cm � 2 cm � 2 cm. MIP shows that the granite stone has some
coarser pores with diameters between 50 mm and 100 mm, inter-
mediate pores with diameters between 1 mm and 50 mm and finer
pores with diameters between 0.06 mm and 1 mm (Fig. 1A).
ore diameter of: A) granite stone; B) Lioz limestone.



Fig. 2. Digital photographs of the samples and methodology used in the preparation of the samples. A: 4 cm � 4 cm � 4 cm – granite cubes. B: samples after 500 �C in an
industrial oven. C: samples being subjected to a shock cooling by tap water jet. D: application of Karsten pipe method following [54]. E: application of NE on the limestone
samples. NE: Nano Estel.

J.S. Pozo-Antonio et al. / Construction and Building Materials 201 (2019) 852–870 855
As a limestone, the Cretacic Lioz limestone used in Lisbon’s old
quarter (Portugal centre) was selected. It is a coarse cream
microcrystalline bioclastic and calciclastic limestone [50]. It is
characterized by the presence of stylolites. This stone presents a
very low value of open porosity (average water accessible porosity
following [49]) was 0.3%. MIP shows that the Lioz limestone has a
fine pore structure, presenting pores with diameters between 0.02
and 0.08 mm and between 0.08 and 20 mm; and some coarse pores
between 20 mm and 100 mm (Fig. 1B). For each stone, forty
4 cm � 4cm � 4cm-cubes were obtained with disc-cutting finish
(Fig. 2A).

2.2. Consolidants

Prior to the application of consolidants, thirty samples for each
stone were subjected to 500 �C during 24 h and subsequently, they
were shock cooled by tap water jet, simulating the effect caused by
firefighters’ intervention in a fire (Fig. 2B and C). Ten samples of
each stone were kept without heating.

After the cooling down, the samples were kept at 40 �C during
2 days to ensure the drying, because according to [51], consoli-
dants products should be applied in a dry stone to ensure a higher
dry matter. Then, two different commercial nanoconsolidants
products provided by CTS S.R.L. (www.ctseurope.com) were
applied on the surface. Ten samples of each stone were coated with
each consolidant:

- Nano Estel� (NE hereinafter) is an aqueous colloidal solution of
nano-size silica particles (10–30 nm). Following technical sheet
of this product, these particles are smaller than those found in
acrylic microemulsions (40–50 nm) and nanolime (200 nm).
The nano-size silica particles bind among themselves forming
a silica gel, similarly to that obtained for ethyl silicate consoli-
dants [52]. Considering supplieŕs recommendations, since the
commercial product is concentrate, it has to be diluted with
1–2 parts of deionized water. Therefore, considering the ruined
substrates after heating at 500 �C, NE was directly applied. They
ensured that three of four days are necessary to complete its
polymerization at 20 �C.

- Nanorestore� (NR hereinafter) is a dispersion of Ca(OH)2 hexag-
onal portlandite platelets of 250 nm in 2-propanol [30]. Follow-
ing the technical sheet of this product, it was directly applied on
the stones. If the product is diluted with 2-propanol or water,
up to twelve applications are recommended. Moreover, five or
seven days are considered the time enough to achieve the
carbonation of the product.

http://www.ctseurope.com
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For each stone, all the faces of each samples were treated with
each consolidant product by brushing [53]. Since the heating could
severely affect to the porous structure of the stone, the products
were applied directly. After each application by brushing the sam-
ples were left to air dry (18 �C and 50%RH) until constant weight
(approx. 20 days) and then, the Karsten pipe method following
[54] was applied (Fig. 2D and E). A vertical pipe filled with 10 mL
of distilled water was attached with plastiline to the surface of
the stone and then, volume decrease was registered. Applications
were performed until the volume decrease was equal or lower than
that registered on the surface that was not subjected to 500 �C.

Therefore, for each stone, ten samples were kept unheated and
unconsolidated, ten samples were heated and twenty samples
were heated and consolidated.
2.3. Evaluation of the consolidation effectiveness, side-effects and
durability

Firstly, dry matter content by measuring the difference of
weight (%, w/w) was determined on each cube. Average value for
each consolidant was calculated.

All the samples (unheated and unconsolidated samples, sam-
ples subjected to 500 �C and samples after heat and consolidation
with both products) were also evaluated with stereomicroscopy
(Nikon SMZ800).

In order to study the consolidation effectiveness, the following
tests were performed to the unheated and unconsolidated stones,
the surfaces subjected to 500 �C and the surfaces after high tem-
perature and consolidation with both products:

- Firstly, the physical properties evaluated were: i) the water
accessible porosity (open porosity, %) and the apparent density
(qb, kg/m3) were determined in accordance with [55] ; ii) the
coefficient of average absorption (AC, i.e. the slope of the linear
part of the curve obtained by plotting Qi (mass change per unit
area) in relation to the square root of time t(s)1/2 following [56]
and expressed as g/m2s0.5); and iii) the water absorption at
atmospheric pressure (Ab %) was calculated using [57].

- Then, P-wave velocity (compressional wave velocity) was
determined using the ultrasonic tester model Controls 58-
E0048 with measuring range from 0.1 ms to 55.6 ms and accu-
racy of ±0.1 ms, using the transmission method, which consists
of coupling two piezoelectric sensors on opposite faces of the
sample for measuring the transit time for the ultrasonic pulse
travelling through two opposite positions. The velocity was cal-
culated following [45]. Six measurements of ultrasonic transit
time were made per sample (two measures for facing faces).

Additionally, in order to study the side-effects of both consoli-
dants on stones’ surfaces, colour measurements were taken in CIE-
LAB and CIELCH colour spaces [58,59] with a CM-700d Minolta
spectrophotometer. For each sample, thirty randommeasurements
were taken in a face of the cube in order to obtain results statically
consistent for the granitic samples [60]. Despite Sanmartín et al.
[61] reported that in stone less heterogeneous than the granite,
less numbers of measurements are enough to determine the colour
of the stone, the colour data collection was performed in the same
way for both stones. Rivas et al. [62] stated that a number of mea-
surements equal to or greater than that recommended following
the granite texture, has a statistically no significant influence on
the measurement of colour. The Cartesian parameter measured
was the lightness (L*) varying from black (0) to white (100) and
the polar coordinates a* from red (+a*) to green (�a*) and b* from
yellow (+b*) to blue (�b*). In CIELCH colour space, L* was also
included and in addition chroma, saturation or colour purity
(C*ab) and the hue (hab) were obtained. The measurements were
made in specular component included (SCI) mode, for a spot diam-
eter of 8 mm, using illuminant D65 and with an observer angle of
10�. Then, colour differences (DL*, Da*, Db*, DC*ab, DH*) and global
colour change (DE*ab) were computed taking the colour of the
unheated and unconsolidated stones as the reference value for
the colour change of the heated samples and this latter to detect
the colour changes for the consolidated ones [58,59].

In order to chemically characterize the consolidants and deter-
mine their presence on the surfaces, the consolidants were dried
for twenty days on microscope glass slides in the same environ-
mental conditions (18 �C and 50% RH) and compared to the consol-
idated surfaces by means of Fourier Transform Infrared
Spectroscopy (FTIR) in micro mode with a FTIR Thermo Nicolet�

Continuum. The FTIR spectra were recorded in reflectance mode
in the 4000 cm�1 to 400 cm�1-region, with 4 cm�1 resolution.

Then, for each stone, surface fragments (approx.
1 cm � 1 cm � 1 cm) of the unheated and unconsolidated samples,
surfaces subjected to 500 �C and surfaces subjected to 500 �C and
treated with both consolidants, as well as the dried consolidants
after twenty days applied on microscopy glasses, were observed
by Scanning Electron Microscopy (SEM) using a Philips XL30 cou-
pled with an energy dispersive X-ray spectrometry (EDS) (Oxford
Inca Energy 300 SEM) in secondary electrons (SE) and backscat-
tered electrons (BSE) modes. Carbon-coated samples were visual-
ized at an accelerating potential of 15–20 kV, a working distance
of 9–11 mm and specimen current of �60 mA. SEM allowed to find
the composition of the dried consolidants and the distribution and
morphology of both consolidating products on the surfaces.

Finally, the durability of the consolidants was evaluated by
studying the resistance of all samples to salt crystallization cycles
according to [63]. As it was reported in previous studies [64,65],
the artificial ageing tests, such as salt crystallization, give more
realistic results about the effectiveness of consolidants products
since the amount of absorbed consolidants for these stones is
low. The determination of bulk properties, such as water accessible
porosity, did not give reliable information about the improvement
in the stone cohesion. Samples were subjected to fourteen salt
crystallization cycles; each cycle (24 h) was based on i) 2 h of cap-
illary absorption of a sodium sulphate solution at 14% (w/w), ii) an
oven drying at 105 �C during 20 h, iii) cooling at 18 �C and 50% RH
during 2 h. At the end of 14 cycles, the samples were washed in a
bath of distilled water at 20 �C until their weights were constant.
The resistance to the salt crystallisation was measured from the
weight change (Dm, %) after the test. After salt crystallization test
(14 cycles), samples were evaluated through the determination of
open porosity (%), stereomicroscopy, FTIR and SEM.
3. Results and discussion

3.1. Evaluation of the consolidation effectiveness and side-effects

In Table 1 is presented the number of application of consoli-
dants following Karsten pipe method, the dry matter (%, w/w) of
each consolidant for both stones and the physical characterization
of the samples.

Comparing both references, the granite had higher open poros-
ity than the limestone, even before to be exposed to 500 �C. The
obtained values are in agreement with previous researches
[65,66]. The open porosity of the granite is associated to the Hercy-
nian orogeny ranged from 2% to 4% [65,67]. However, post-
hercynian granites such as Rosa Porriño and Rosavel showed open
porosity slight lower, lower than 1.2% [68]. Regarding to the lime-
stone, Lioz commonly showed open porosity lower than 0.5% [66].
After the exposure to 500 �C, both stones exhibited an increase of



Table 1
Number of applications of each consolidant to the heated stones (500 �C), dry matter and physical test results for reference stones, samples subjected to 500 �C and the
consolidated samples. Open porosity (%) was determined before and after 14 salt crystallization cycles. NE: Nano Estel� and NR: Nanorestore�.

Stone Condition N� of
applications

Dry matter
(% w/w)

Open porosity (%)
before 14 salt
crystallization cycles
[55]

Open porosity (%)
after 14 salt
crystallization cycles
[55]

Apparent
density (qb, kg/
m3) [55]

Water absorption
by capillarity AC
(g/m2s0.5) [56]

Water absorption at
atmospheric
pressure Ab (%) [57]

Granite Reference – – 3.89 ± 0.10 5.23 ± 0.18 2727.56 ± 64.77 148.75 ± 14.07 2.21 ± 0.70
500 �C – – 6.49 ± 0.53 6.53 ± 0.42 2689.20 ± 47.02 231.25 ± 22.13 2.61 ± 0.64
500 �C
+ NE

8 0.778 ± 0.006 4.92 ± 0.74 5.81 ± 0.15 2700.32 ± 50.71 39.50 ± 2.03 1.92 ± 0.09

500 �C
+ NR

5 0.760 ± 0.195 4.60 ± 0.74 5.65 ± 0.13 2710.96 ± 70.09 64.85 ± 0.21 2.12 ± 0.49

Limestone Reference – – 0.25 ± 0.10 0.94 ± 0.22 2880.76 ± 51.98 5.95 ± 0.98 0.29 ± 0.04
500 �C – – 2.32 ± 0.37 2.38 ± 0.71 2834.51 ± 74.17 63.41 ± 3.74 1.62 ± 0.03
500 �C
+ NE

3 0.221 ± 0.027 2.52 ± 0.46 3.26 ± 0.02 2814.06 ± 55.92 48.55 ± 8.70 0.96 ± 0.01

500 �C
+ NR

3 0.018 ± 0.006 2.57 ± 0.48 2.85 ± 0.27 2815.99 ± 51.40 68.20 ± 2.69 0.99 ± 0.06
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the open porosity, being slightly higher for the granite. In both
stones, this increase of open porosity is associated to the fissures
occurred after the heating and cooling down. Vázquez et al. [69]
found that at 400 �C, mica sheets opened due to the expansion
and contraction processes and quartz grains showed cracks. After
600 �C, feldspars also showed a crack development [68–70].
Regarding the other physical properties, capillary absorption coef-
ficient (AC) and water absorption at atmospheric pressure (Ab) also
experimented increases with statistically significant differences
comparatively to the unheated stone, except for Ab of the granite.
The generation of new microfissures and cracks due to
expansion-contraction of forming minerals is the responsible pro-
cess to increase the cited physical properties after heating [45,71–
74]). Additionally, in limestone, calcite which is the main mineral
for those stones, expands and contracts in different directions as
calcite crystals are strongly anisotropic if compared with other
minerals [75]. Calcite minerals are disruptive even at low temper-
atures, and then significant increases of open porosity and capillary
absorption coefficient were observed after heating. The volume
increase of calcite grains induces the formation of micro-fissuring
and intra and intergranular pores [45,72,76]. In the case of a com-
pact and low porous stones (i.e. the studied limestone), the
increase of the open porosity is higher than that found in other fis-
sured stones such as granite, due to the lack of intergranular voids
to support the thermal expansions of the mineral grains [71,73,74].

Considering the consolidated samples, the dry matter was
higher on the granite, due to the higher number of applications
required for this stone compared to the limestone treatments. In
the case of the granite, higher number of NE applications (eight
applications) were needed comparatively to the NR (five applica-
tions). Despite the number of applications, both consolidants
obtained similar dry matter values in this stone (approx. 0.780
%w/w for NE and 0.760 %w/w for NR). Similar dry matter values
were detected in other researches working with ethyl silicate
consolidants applied on granites [51]. On the other hand, in
the case of the limestone, regardless of the consolidant applied,
three applications were needed. Limestone samples treated with
NE obtained higher dry matter values compared to samples trea-
ted with NR (approx. 0.221% w/w for NE and 0.018% w/w for
NR), which suggests that limestone treated with ethyl silicate
present a higher amount of consolidant in the pores compared
to the nanolime samples. This could be attributed to the low
open porosity and fine pore structure of the Lioz limestone (as
shown in Fig. 1B), which could have limited the access of the
NR particles in the pores. Recent studies suggested that NR tends
to close primarily pores with large pore size diameter (�600 nm)
being not very effective in the finer pores structure (pores with
diameter size <600 nm) [44]. This is attributed to the NR particle
size (�150–300 nm) and the clusters of nanoparticles size
(�600 nm) formed after the nanoparticle agglomeration phe-
nomenon [31,44], which seems to limit the access of them into
a fine pore structure (<600 nm). The smaller particle size of
the NE (�10–30 nm), compared to NR (�150–300 nm), might
have allowed a better penetration into the finer pore structure
of the Lioz limestone. Martinho et al. reported similar dry matter
deposited of NR working on the same limestone; specifically,
0.065% [45].

After consolidation, open porosity was reduced in the granite
stones for both consolidation treatments (approx. 24% for NE and
29% for NR), comparatively to the heated sample. However, in
the limestone, open porosity values of the consolidated stones
were similar to the heated stone. This could be attributed to the
lower number of applications carried out in the limestone (3 appli-
cations) compared to the granite samples (5 and 8 applications). In
previous researches, Martinho et al. [45] did not find also an
increase of open porosity in the limestone heated at 600 �C coated
with NR, suggesting that this consolidant showed lower effective-
ness than the ethyl silicate consolidant Tegovakon� [45]. Other
work [77] yielded similar decreasing values of the porosity for
the samples treated with TEOS, which was the most effective, low-
ering the capillary porosity, especially in respect of the smallest
capillary pores (1–0.01 mm). Additionally, other works also found
that NR caused just a small closing of the pores in the surface area
[78,79].

AC and Ab indexes showed significantly decreasing values
comparatively to those of the heated samples for both treat-
ments in granite stone (AC �66% for NE and 72% for NR). This
decrease of the water absorption by capillary is due to a reduc-
tion of the porosity on the granite’s surface, which slows down
the capillary rise [80]. These results are in accordance to the
open porosity results reported above, which suggest that both
treatments in granite yielded higher reduction on porosity. In
contrast, results of the limestone samples showed that NE
caused a small reduction of the AC and Ab values (AC �23%
reduction), while NR samples showed similar AC and Ab values
to the heated samples. This might be attributed to the lower
presence of the nanolime consolidant in the limestones, which
was described above. In agreement with [81] the nanosilica con-
solidant NE reduced the porosity of both stones which become
more compact. Therefore, the samples will be less susceptible
to deterioration mechanisms related to the action of water, such
as salt crystallization.
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Measurement of water absorption by capillary rise shows that,
after heating, both stones showed a greater increase in water
absorption because of the coarser pores with a diameter
0.1–100 lm, which present higher capillary suction [80,82]. After
consolidation, the capillary suction kinetics of the granite samples
significantly decreased obtaining lower CA than the unheated
sample-reference (Fig. 3A). Granite samples treated with NE
obtained higher decrease compared to the samples treated with
NR, despite both obtained similar decreasing values of porosity.
This suggests that NE treatment could be more effective protecting
against the water capillary absorption due to the hydrophobic
effect of the ethyl silicate, which has been reported by several
authors working with stones [83] and concrete [84]. However,
for the limestone, the sample with NE experimented a small
decrease in water absorption, which is related to the slight reduc-
tion of the porosity on this stone after treatment. Conversely, the
NR samples showed no significant reduction of the water absorp-
tion by capillary curves. In this stone, the first part overlaps with
the curve of the heated sample (Fig. 3B). These results are in the
line with the results of open porosity and dry matter reported
above, where it is shown that nanolime is less effective in the lime-
stone due to the lower presence in the pores.

Ultrasonic wave method has been useful to qualitatively inves-
tigate the penetration depth of the consolidant product in stone
material [45]. The p-waves velocity in a solid depends on the den-
sity and elastic properties of the material [45,85]. The different
materials forming the sample contribute to the final p-wave veloc-
ity proportionally to its volume [45,85]. In Fig. 4, it is shown the p-
waves velocities for the all samples tested. Higher values were reg-
istered in the limestone compared to the granite, which is clearly
related to the lower porosity of this stone compared to the granite
stone. Vazquez et al. [86] working with other granites from NW
Spain, with lower open porosity (ranges 0.94–1.12%) than the
selected granite, obtained p-waves velocity higher than 4400 m.
s�1, showing the low cracking intensities of these granites compar-
atively to the one used in this research. However, p-waves velocity
detected in the limestone is an indicative of the high presence of
cracks in this stone since in the Lioz limestone the p-waves average
velocity ranged 6500–7000 m.s�1 [45]. However, limestone sam-
ples present lower amount of cracks comparatively to the granite.

After heating, both stones showed an important decrease of the
p-waves velocity, which is clearly related to the increase of porosity
induced by the heating process. This result is in agreement with
[45]; after 600 �C, they reported that for Lioz, p-waves velocity
experimented a significant decrease (more than 50% comparatively
to the reference stone) with average values between 3500 and
Fig. 3. Capillary absorption curves for granite (A) and limestone (B): unheated and unco
Nano Estel� and NR: Nanorestore�.
2500 m.s�1. In the current case, the p-waves velocity was notable
lower that those values, because the p-waves velocity for the heated
Lioz at 500 �C was 1980 ± 70.01 m.s�1. Note that the unheated sam-
ples already showed values lower than those reported by Martinho
et al. [45] and also, these authors exposed the samples to 600 �C,
while in the current study, the samples were exposed to 500 �C.
However, Martinho et al. [45] also reported that in several areas of
the specimen, the velocity was lower than 1500 m.s�1.

After the consolidation, the behaviour registered for the granite
shows that both consolidants increased the p-waves velocity,
which is due to the decrease of the porosity after both treatments.
Conversely, in the limestone, both treatments only obtained a
slight increase of the p-waves velocity, which is attributed to the
low changes on the porosity, suggesting that both treatments did
not affect massively the pore structure. These results are in the line
with the dry matter and porosity results showing that the porosity
after both treatments did not changed (Table 1).

Fig. 5 shows stereomicrographs of the stone surfaces. In the
unheated and unconsolidated granite, features of typical forming
minerals surfaces can be identified (Fig. 5A): conchoidal fracture
of translucid quartz minerals, whitish feldspar and plagioclase
grains, black-greenish exfoliation planes of biotite grains and an
orange-yellowish colouration affecting the areas around the biotite
grains, staining the leucocratic minerals (K-feldspar and plagio-
clase grains) related to the existence of iron forms filling the fis-
sures of these minerals [47,87]. Note that this yellow colouration
must be considered as a characteristic textural feature of this
stone. After 500 �C, this orange-yellowish colouration was trans-
formed in a reddish stain, filling fissures in the leucocratic minerals
(Fig. 5B), as was reported in previous researches [88,89]. The
change of the yellowish colouration to the reddish colouration
would be due to the transformation of goethite to hematite.
Pozo-Antonio et al. [89] reported that, in a prehercynian granite
which was collected in a petroglyph site with similar mineralogy
and texture, the change from yellowish to reddish tones due to
the transformation to hematite of the Fe oxyhydroxides present
in the granite fissures.

However, limestone was not as affected as the granite after
500 �C and only a slight brown colouration was found in the heated
surface (Fig. 5E and F). Dionísio et al. [90] also explained the colour
changes in this stone after firing with the iron oxide-
oxyhydroxides transformation from goethite to hematite.

After consolidation, in the granite surface coated with both
nanoconsolidants, it was possible to find a shining translucid veil
on the surface (Fig. 5C and D). Moreover, in the surface covered
with NE, a yellow coloured stains covering indistinctly the differ-
nsolidated samples, heated samples and consolidated samples with NE and NR. NE:



Fig. 4. Results of the measurement of the p-waves velocities (m.s�1) for the granite
samples (A) and limestone samples (B). NE: Nano Estel�and NR: Nanorestore�.
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ent forming minerals were detected (Fig. 5C – detailed micro-
graph). In the granite samples treated with NR, the shining
translucid veil showed some whitish colouration effects
(Fig. 5D). Borsoi et al. [91] also detected a yellowing effect on his-
torical renders. Zornoza-Indart et al. [46] working on a calcarenite
with a nanostructured consolidant composed by a silica oligomer
precursor Wacker TES 40 WN� with the addition of n-octylamine
as a surfactant developed by Illescas et al. [92], found also a
marked yellowing. In the limestone, effects assigned to the coat-
ings on the surface were not detected (Fig. 5G and H), which prob-
ably is due to the lower amount of application and thus the lower
presence of both consolidants in the limestone samples. In two
different stones (a limestone and a sandstone), Musacchi and
Diaz-Gonçalves [25] found that the nanolime CaloSil� (colloidal
solution of nano-calcium hydroxide in ethanol), similar in compo-
sition to NR, gave a whitish tone to the surfaces and the NE gave
them some shining effect. Both commercial nanolime consoli-
dants, NR and CaLoSiL E15�, were tested on several substrates
(wall paintings, lime mortars and limestone) reporting a clearly
visible formation of white haze, immediately after alcohol evapo-
rated [43,44,79,93]. The whitish colouration was explained by
Musacchi and Diaz-Gonçalves [25] with the deposition of calcium
hydroxide particles after alcohol evaporation. Then, these particles
were transformed into calcium carbonate by reaction with the
CO2. However, the penetration and deposition of the nanoparticles
in the pores of the limestone still needs to be fully understood, and
its effects on the whitish colouration on the surface after treat-
ment. Conversely, some other authors [30,94,95], stated that NR
caused almost no aesthetical alteration of the colour of the sub-
strate. Baglioni et al [30] reported that the application of calcium
hydroxide particles on a wall painting coming from the archaeo-
logical Maya site of Calakmul (Campeche, Mexico) did not induce
any visible colour change, despite a global colour change of
4.2 CIELAB units was computed. Note that 3.5 CIELAB units is the
DE*ab threshold showing that an inexperienced observer can
notice the difference [96].

Colour spectrophotometry detected that after heating, the gran-
ite was the stone that showed the highest change of the surficial
colour (see Table 2); DE*ab of the granite after heating is higher
than 3.5 CIELAB units, which is the DE*ab threshold to show a
noticeable colour change by the naked eye [89]. In silicate stones,
noticeable aesthetic damage begins to take place at temperatures
lower around 300 �C, being the main contributor to this change
the modification associated to the iron thermal oxidation which
occurs between 205 �C and 300 �C [6,68,70]. This is reflected in
the coordinate a* which is the parameter more affected by the glo-
bal colour change, showing an increase higher than 3 CIELAB units.
Vazquez et al. [68] reported that for granitoids at 400 �C, colour
varies strongly in yellow granites, from yellow to red tones. In
the heated limestone Lioz, the DE*ab was not visibly detected by
the naked eye, because it was lower than 3.5 CIELAB units [96].
However, b* was the colour parameter more affected by the heat-
ing showing a decrease, which is related to the brown colouration
as result of the iron oxide-oxyhydroxides transformation from
goethite to hematite [90].

After consolidation, in both stones, NE is the consolidant that
obtained the highestDE*ab, mainly on the granite sample (Table 2).
Note that yellow coloured stains covering the surfaces were
detected by stereomicroscopy in the granite. NE on ignimbrite
samples induced lower variations than the ethyl silicate consoli-
dant Estel 1000� and Estel 1100�, but the more the NE concentra-
tion the more the DE*ab [39]. This effect was also showed in [77].
Note that in the current research, NE was directly applied without
any dilution. NR also induced a noticeable detected colour change
in the granite (DE*ab > 3.5 CIELAB units), while in the limestone, NR
treated surfaces showed DE*ab lower than 1 CIELAB unit, being this
colour change undetectable by the naked eye [96]. In previous
works, nanolime was found to change the aesthetic properties
due to a whitening surface on top [13,31,77]. Conversely, other
researchers found no aesthetic changes after the application of a
nanolime treatment [30,32]. In a previous research [52], NE and a
2-propanol dispersion of Ca(OH)2 as NR were applied on the biocal-
carenite Lecce Stone and it was found that this stone was very
poorly affected by treatments with nanoparticles because DE*ab
lower than 2 CIELAB units were obtained. However, the application
of tetraethoxysilane Estel 1000 in white spirit induced more con-
siderable chromatic changes: DE*ab > 3.5 CIELAB units [52].

Considering the compatibility criteria following [97], the colour
differences obtained after the application of NE on both stones and
NR on granite are considered as high (DE*ab *> 5), while NR on
limestone shows a low risk of incompatibility (DE*ab *< 3).

In granite, after the consolidation with both products, the more
affected coordinate was L* (Table 2) as was reported in [93] work-
ing with nanolime on wall paintings. A darkening (�DL*) of the
surfaces was detected being higher in the surface with NE. Ponde-
lak et al. [93] found that the colour differences are due to a darken-
ing (�DL*) for grey coloured stones or a slight lightening (+DL*) in
the case of the substrate with a red colouration. In the current
research, the general colour of the surfaces was closer to grey col-
our. The colour of granite with NE also experimented a slight b*
increase suggesting a yellowing of the surface. This is in agreement
with stereomicroscopy because it was identified yellow stains on
the surface (Fig. 4C – detailed micrograph). In limestone, as was
reported for the granite, the global colour change of the surface
coated with NE was mainly affected by a darkening of the surface,
while in the sample with NR, the changes of the parameters L* and
b* were similar, being slightly higher for the b* coordinate. In fact,
the b* increase suggests a yellowing of the surface.

FTIR spectra of the powder consolidants allowed to identify the
representative IR bands (reflectance) of each product (Fig. 6). FTIR
spectrum of the NE is characterized by a shoulder at 1165 cm�1

assigned to silica gel Si–O v3 vibrations, a low intense shoulder a
1000 cm�1 due to the Si-O stretching vibrations in residual silanol
groups and a band at around 830 cm�1 associated with Si–O v1
vibrations [18,98]. The existence of silanol suggests that the poly-



Fig. 5. Stereomicrographs of the granite samples (A-D) and the limestone samples (E-H). A and E: reference samples (unheated and unconsolidated surfaces). B and F: stones
after 500 �C without consolidants. C and G: samples consolidated with NE. D and H: samples consolidated with NR. NE: Nano Estel� and NR: Nanorestore�.
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merization was not fully completed despite C–H stretching vibra-
tions bands at 2929 and 2852 cm�1 were not find. Note that the
consolidation action is due to the hydrolysis and condensation
reaction leading to a silica gel inside the pores of the materials
[83]. Hydrolysis and condensation take place because of the reac-
tion of ethyl silicate and atmospheric moisture [99].

The final product after complete polymerization process of the
ethyl silicate is about three weeks [100].
FTIR spectrum of the NR showed the characteristic reflectance
bands of this kind of products [101,102]: at 3690 cm�1 assigned
to O–H stretching vibrations by calcium hydroxide suggesting that
the nanolime was not fully carbonated after 20 days at room con-
ditions (18 �C and 50%RH). Moreover, bands also detected were the
broad band at 3350 cm�1 assigned to O–H stretching vibrations
generated by water, 2929 and 2852 cm�1 assigned to C–H stretch-
ing vibrations and 2540 cm�1 assigned to water stretching. CaCO3



Fig. 6. FTIR (reflectance) spectra collected on nanoconsolidants powder, the stones consolidated and the coated samples after fourteen salt crystallization cycles. A: Granite
samples. B: Limestone samples. NE: Nano Estel� and NR: Nanorestore�.

Table 2
Colorimetric coordinates L*, a*, b*, C*ab and hab for the unheated and unconsolidated (reference) samples, the heated surfaces at 500 �C and the consolidated ones. Standard
deviations are also shown (n = 150). Colorimetric differences and global colour changes DE*ab were computed for the heated surfaces and the consolidated stones, comparatively
to the unheated and unconsolidated (reference) surfaces and the heated surfaces respectively. DE*ab higher than 3.5 CIELAB units shows that these colour variations are enough to
be perceived by a human eye [96]. NE: Nano Estel� and NR: Nanorestore�.

Granite

Sample L* a* b* C*ab hab

Reference surface 75.79 ± 1.86 1.65 ± 0.43 7.77 ± 1.07 7.95 ± 1.12 78.14 ± 1.53
After 500 �C 73.36 ± 3.90 4.77 ± 1.32 8.63 ± 1.29 9.84 ± 1.67 61.37 ± 5.14
After 500 �C + NE 65.11 ± 4.18 5.67 ± 0.99 10.04 ± 1.46 11.56 ± 1.50 60.48 ± 4.49
After 500 �C + NR 68.30 ± 4.00 5.06 ± 0.74 9.17 ± 1.19 10.49 ± 1.23 61.05 ± 3.78

Sample DL* Da* Db* DC*ab DH*ab DE*ab

After 500 �C �2.43 3.12 0.86 1.89 �2.58 4.05
After 500 �C + NE �8.25 0.89 1.42 1.73 �0.14 8.42
After 500 �C + NR �5.06 0.29 0.54 0.65 �0.05 5.09

Limestone
Sample L* a* b* C*ab hab

Reference surface 80.99 ± 1.91 1.45 ± 0.17 6.34 ± 1.34 6.50 ± 1.34 76.92 ± 1.37
After 500 �C 80.29 ± 1.02 0.89 ± 0.09 3.98 ± 0.55 4.08 ± 0.55 77.26 ± 1.25
After 500 �C + NE 74.08 ± 1.66 1.35 ± 0.12 5.21 ± 0.49 5.38 ± 0.49 75.39 ± 0.97
After 500 �C + NR 79.78 ± 1.16 1.06 ± 0.21 4.74 ± 0.87 4.71 ± 0.83 77.38 ± 0.75

Sample DL* Da* Db* DC*ab DH*ab DE*ab

After 500 �C �0.70 �0.56 �2.35 �2.42 0.03 2.52
After 500 �C + NE �6.21 0.46 1.22 1.30 �0.19 6.35
After 500 �C + NR �0.51 0.17 0.76 0.63 0.01 0.93
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polymorphs, such as calcite and vaterite, can be identified through
their representative bands at C–O v2 in the range 875–830 cm�1

and O–C–O v4 bands at 750–712 cm�1 [103]. Other researchers also
found the presence of polymorphs of calcium carbonate after the
carbonation of nanolime products [78,79,101].
On the consolidated surfaces, those treated with a consolidant
with the same chemical composition as the stone, it was not pos-
sible to confirm the existence of the consolidant on the surface
because the FTIR spectra were overlapped (Fig. 5). In FTIR spectra
of the granite treated with NR (Fig. 5A), it was possible to observe
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the presence of the consolidant through the bands assigned to the
product. In case of the NE on the limestone (Fig. 5B), nanoconsoli-
dant particles were detected through a remarkable decrease of the
bands at 1429 cm�1, which is the representative calcite band
assigned to C–O v3 stretching vibrations [98]. Moreover, the shoul-
der at 1165 cm�1, the low intense shoulder a 1000 cm�1 and the
band at around 830 cm�1 confirm the presence of the nanosilica
consolidant [18,98].
Fig. 7. SEMmicrographs of some of the samples. A: reference granite. B-C: granite expose
EDS spectrum of deposits found on the surfaces of the heated surface. D: reference limest
NE on a microscope glass and its EDS spectrum. F: NR on a microscope glass and its ED
Regarding the morphology and distribution of the consolidants
on both stones, it is necessary to study the texture and mineralogy
of the stones after heating and the morphology and composition of
each consolidant by themselves (Fig. 7).

In case of both stones, after 500 �C, SEM showed that both
stones increased the fracture level and fissures length (granite:
Fig. 7A and B; limestone: Fig. 7D and E). In case of the granite,
mainly on the sample subjected to high temperature, deposits rich
d to 500 �C during 24 h and cooled down with tap water. C is accompanied with the
one. E: limestone exposed to 500 �C during 24 h and cooled down with tap water. F:
S spectrum. NE: Nano Estel� and NR: Nanorestore�.
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in Fe, Al, Si and P were found on the felsic minerals (feldspar and
plagioclase). These deposits were identified as Fe oxyhydroxides
forms present in the granite, as results of the oxidation of Fe in bio-
tite with the loss of Si, Mg, Ca, Mn, K, and Na [104]. Subsequently,
Fe occurs in aggregates of microcrystalline aluminum-rich parti-
cles occurring as arrangements of crystals of goethite, gibbsite
and hematite [104]. The deposits found in the heated granite
presumably were hematite grains due to the transformation of
goethite to hematite after the heating; the formation of hematite
from goethite occurs within a wide temperature range that starts
at around 300 �C [105].

SEM micrographs of the dried consolidant product on a micro-
scope glass after twenty days allowed, in addition to know their
composition, the identification of their morphological and
microstructural features (Fig. 7F and G). NE shows an irregular
dense coating rich in Si (Fig. 7F). NR shows a layer composed of
nano plate-like particles rich mainly in Ca (Fig. 6G). Wen et al.
[106] and Licchelli et al. [52] ascribed them to CaCO3.

In the treated surfaces (granite: Fig. 8 and limestone: Fig. 9),
SEM observation of the surfaces allowed to identify that, regard-
Fig. 8. SEM micrographs of granite samples consolidated with both nanoconsolidants. A
section of the stone consolidated with NE. C: granite surface consolidated with NR ac
accompanied with Ca content map. NE: Nano Estel� and NR: Nanorestore�.
less of the stone, NE formed a homogeneous, thick and compact
consolidation film, with large plate-like agglomerates of colloidal
silica (Fig. 8A and Fig. 9A, B) with a few mm of thickness (Fig. 8B
and Fig. 9C). As known, nanosilica is a wet gel with nanometer-
scale oxide particles, surrounding an interconnected network of
pores that are filled with fluid, typically the solvent, which is
water for NE [107]. The evaporation of the water leads to pores
collapse and a highly densified xerogel is obtained [107]. There-
fore, nanosilica tends to shrink and to detach from the surface,
forming wide cracks and fissures. In this sense, the durability
of the consolidation treatment and its penetration depth can
be reduced [91]. After SEM visualization of the cross section, it
was observed that, regardless of the consolidant, in granite, the
penetration was higher than in the limestone, since it was pos-
sible to observe polymerized and carbonated product through
the fissures (Figs. 8B and 9C). The higher open porosity and
the fissure system of granite contributed to the higher
penetration recorded in the granite. The porosity of granite is
characterized by transgranular fissures which are connected by
microfissures, being responsible for the water absorption by
: granite surface consolidated with NE accompanied with EDS spectrum. B: cross-
companied with EDS specta. D: cross-section of the stone consolidated with NR



Fig. 9. SEM micrographs of limestone samples consolidated with both nanoconsolidants. A-B: surface consolidated with NE accompanied. C: cross-section of the stone
consolidated with NE. D: limestone surface consolidated with NR. F: cross-section of the stone consolidated with NR. NE: Nano Estel� and NR: Nanorestore�.
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capillarity [82]. In the limestone, NE was shown as a surficial
layer without penetration (Fig. 8C).

Regarding to the nanolime, NR created a discontinuous deposit
on the granite, recognized due to their morphology and their EDS
analysis (Fig. 7C). Different crystalline polymorphs and amorphous
phases of CaCO3 were obtained in the granite. Different poly-
morphs of CaCO3 can obtained after the carbonation of calcium
hydroxide depending on relative humidity, temperature and CO2

concentration [106,108]. However, in the limestone, it was not
possible to distinguish the presence of nanolime in the stone. This
could be attributed to the lower presence of this product in the
limestones and due to the same mineralogical composition of
nanolime and substrate. Considering the accumulation accumula-
tion of NR, as was reported in the case of the granite, the nanopar-
ticles were found in valleys on the surface (Fig. 9D and E). Despite
the penetration of NR in the granite seemed to be less than that for
NE, Ca-rich particles associated to the product were found through
the fissures (Fig. 8D: SEMmicrograph and Ca-map with EDS). How-
ever as was reported by the NE, it was not possible to identify NR
penetration in the limestone (Fig. 8F).

3.2. Durability of the consolidants on the stone

During the salt crystallization cycles, it was observed that
heated stones (Figs. 10B and 11B) experimented a higher loose of
mass (%) compared to the unheated stones (Figs. 9A and 10A).
The maximummass loss was detected after the sixth cycle, regard-
less if the stone was heated or unheated. The mass loss is attribu-
ted to the first loss of material due to the existence of new fissures.
After this cycle, the stone started to gain mass and therefore, �DM
(%) started to decrease. La Russa et al. [39] also reported an
increase in weight due to the salt precipitation inside the pore
structure. However, for the treated samples the behaviour of the
stones was different considering the consolidant used. In the gran-
ite, despite both consolidants allowed the reduction of mass loss
comparatively to the heated stone, NR allowed the lowest mass
reductions (Fig. 10D), while NE seemed to protect the limestone
against the mass loss due to salt crystallization cycles (Fig. 11C).
After 14 salt crystallization cycles, the open porosity of the sam-
ples was obtained (Table 1). All samples increased the open poros-
ity after cycles, as expected. It was detected that in the unheated
and unconsolidated samples, the open porosity after the salt crys-
tallization cycles experimented an increase. In the case of granite,
the unheated samples yielded significantly higher increase of the
porosity compared to the heated samples. A similar behaviour
has been also observed in the limestone samples. The open poros-
ity obtained a higher increase in reference samples compared to
the heated stones. This could be attributed to a higher pressure
against the pore walls in the pores caused by crystallisation cycles
[109], which has been more noticeable in the limestone due to the
finer pore structure.

In the treated samples, both stones experimented an increase of
open porosity after the salt crystallization cycles comparatively to
the samples before the cycles. In the case of the granite, the open
porosity yielded a similar increase in both treatments (18% for
NE and 22% for NR). In the case of the limestone, samples treated
with NE yielded a slightly higher increase compared to the lime-
stone samples (29% for NE and 11% for NR). This is attributed to
the lower presence of NR product on this stone. Additionally, the
higher increase in porosity could be attributed to the difficulty of
bonding a silicate material to calcite [12,110,111]. Wheeler also
pointed out that the strength for limestone after ethyl silicate
treatment is not that great as for sandstone [18]. Furthermore,
other authors reported that, in calcareous stones with fine pores,
silanes can fill the voids between calcite grains which can block
the pores experiencing granular disintegration [112].

Stereomicroscopy allowed the identification of salt crystalliza-
tion on the surfaces (Fig. 12). It was detected that those surfaces
coated with NE, mainly limestone (Fig. 12C and G), showed a sig-
nificant amount of salt acicular crystals.

FTIR spectra of the surfaces after 14 salt crystallization cycles
are shown in Fig. 6. The thenardite crystals on the surfaces could
be identified through the characteristic FTIR reflectance bands in
the ranges corresponding to the vibrations of the SO4

2� group and
the Na–O vibrations; the most intense bands due to stretching of
S–O bond is situated at 1100 cm�1 [113,114]. Therefore, on the



Fig. 10. Mass loss (Dm, %) in comparison with the original mass after each salt crystallization cycle for the granite samples. A: reference samples without nano-consolidant. B:
samples exposed to 500 �C and cooled down with tap water immersion. C: samples exposed to 500 �C and consolidated with NE. D: samples exposed to 500 �C and
consolidated with NR. Standard deviations are also shown. n = 5. NE: Nano Estel� and NR: Nanorestore�.

Fig. 11. Mass loss (Dm, %) in comparison with the original mass after each salt crystallization cycle for the limestone samples. A: reference samples without nano-
consolidant. B: samples exposed to 500 �C and cooled down with tap water immersion. C: samples exposed to 500 �C and consolidated with NE. D: samples exposed to 500 �C
and consolidated with NR. Standard deviations are also shown. n = 5. NE: Nano Estel� and NR: Nanorestore�.
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Fig. 12. Stereomicrographs of the granite (A-D) and limestone (E-H) samples after been exposed to fourteen salt crystallization cycles. A and E: reference samples without
nano-consolidant. B and F: samples exposed to 500 �C and cooled down with tap water immersion. C and G: samples exposed to 500 �C and consolidated with NE. D and H:
samples exposed to 500 �C and consolidated with NR. NE: Nano Estel� and NR: Nanorestore�.
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evaluated surfaces, thenardite crystals were identified through a
low band at 1100 cm�1 on the FTIR spectra of the surfaces of both
stones coated with NR.

Visualization with SEM-EDS of the treated surfaces after the salt
crystallization (Fig. 13) allowed the identification of crystals rich in
sodium sulphate (thenardite). Conversely to La Russa et al. [40]
working with Syton X30� (a suspension of nano-sized silica in
water) and Estel 1000� (tetraethyl orthosilicate diluted in white
spirit) on a tuff (a pyroclastic rock), columnar calcium sulphate
(gypsum) grains were not detected in the limestone, despite this
stone is a source of releasable calcium. SEM micrographs allowed
to find that after the fourteen salt crystallization cycles, NE treat-
ment was more cracked and less extensive throughout the progres-
sion of the crystallization cycles (Fig. 13A, E and F). On the surfaces
covered with NR, it was observed that for the granite, the
consolidant layer showed a lesser extent than the surface before



Fig. 13. SEM micrographs of the granite (A-D) and limestone (E-H) surfaces after fourteen salt crystallization cycles. Some of the micrographs are accompanied with the EDS
spectrum of the area highlighted with a rectangle. A, B, E and G: surfaces exposed to 500 �C and consolidated with NE. C, D and H: surfaces exposed to 500 �C and consolidated
with NR. NE: Nano Estel� and NR: Nanorestore�.
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the crystallization cycles. On the surface of limestone covered with
NR, the surface did not show a dense layer of consolidant previ-
ously to the application.

The thenardite after salt crystallization cycles showed
different habitus considering the stone and the nanoconsolidant
applied:
i) For granite coated with NE, clusters of tabular and pyramidal
crystals rich is Na and S on the consolidant plates were
found (Fig. 13A, B).

ii) For granite coated with NR, the entire surface of the sample
was covered with well-formed planes rich in Na and S
(Fig. 13C and D).
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iii) For limestone coated with NE, deposits composed of acicular
crystals (Fig. 13D and F) and single acicular crystals
(Fig. 13G) rich in Na and S were found.

iv) For limestone coated with NR, it was barely found neo-
formed deposits on the surface as the early stages of Na2SO4

planes, also found on the granite coated with NR (Fig. 12 H;
see the detailed micrograph).

4. Conclusions

In this study, two different commercial nanoconsolidants
(Nano Estel� and Nanorestore�) were evaluated in terms of con-
solidation effectiveness and durability. They were applied on two
stones with different mineralogy and texture (a granite and a
limestone), which are commonly used in the Cultural Heritage
built in NW Iberian Peninsula. Both stones were previously
weathered to obtain a loss of cohesion and increase the open
porosity. Samples were subjected to 500 �C and rapidly cooled
by tap water jet, simulating the effect caused by firefighters’
intervention in a fire.

The results of this research have shown:

� After 500 �C, granite showed the highest increase of open poros-
ity, which is associated to the fissures occurred after the heating
and cooling down.

� Regarding the method used to applied both nanoconsolidants,
different number of applications were used following Karsten
pipe method; regardless of the product, higher number of appli-
cations were made in the granite and subsequently, higher dry
matter was obtained.

� Nano Estel� and Nanorestore� induced different results due to
their composition and the mineralogy of the stone. In the case
of granite, similar reduction of the porosity and similar resis-
tance to salt crystallization cycles were achieved. However, in
the limestone, Nanorestore�, despite having a composition sim-
ilar to the stone mineralogy, yielded lower effectiveness in
terms of dry matter, porosity and water absorption by capillary
coefficient, comparatively to the nanosilica consolidant. The
lack of effectiveness was attributed to the low penetration of
nanolime particles in the fine pore structure of this stone. How-
ever, the nanosilica consolidant Nano Estel� on the limestone
induced higher levels of decay after crystallization cycles due
to the difficulty to bond silicate materials to fine porous
calcite-based substrates.

� Regarding the influence of the consolidant in the colour of the
surfaces, granite yielded the highest surface colour alterations
on samples treated with Nano Estel� due to the appearance of
yellow spots.

One final conclusion of this study is that the effectiveness of
both nanoconsolidants still needs to be fully understood when
are applied to weathered substrates. This study provides more
information about the behaviour of both products on two differ-
ent stones. The results of this research could be key to deter-
mine the selection of a consolidant product in order to
strengthen weathered substrates, especially those ones affected
by fire and after the firefighters’ intervention. Further works will
be focused on the achievement of long term performance in
terms of mechanical and physical properties and also on the
influence of different environmental conditions on both
nanoconsolidants.
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