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� Performances of a SiO2 NPs based consolidant were investigated on a porous limestone.
� The nanosilica treatment was compatible with the physical properties of the stone.
� Surface hardness and UPV tests detected increased stone cohesion.
� Irregular penetration depth led to heterogeneous nanoSiO2 distribution into the stone.
� Porosimetric changes due to nanofillers increased salt damage for consolidated stone.
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This study deals with the effect of a water colloidal suspension of nanosilica applied as a consolidant on a
porous limestone. The stone performances were investigated by several analyses and tests. They fulfilled
basic requirements such as consolidating effectiveness and compatibility with the original colour and
water transport properties. A point of weakness was found in the behaviour under the salt crystallisation
test, showing a decreased durability for the treated stone. The modification of the porous structure
accounts for this result, suggesting that the distribution of the nanoparticle fillers into the stone substrate
should be improved.

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

Conservation and enhancement of the Cultural Heritage not
only come from the need of preserving the identity values of the
social communities, but a renewed interest toward these activities
by the modern societies also moves from economic reasons, as
Cultural Heritage may represent one of the most important income
of the tourism industry in many countries.

Preservation activities to large extents involve stone buildings
and monuments, as an important part of the Cultural Heritage,
which is exposed to a high damage risk in outdoor conditions.
Natural stones under the complex of environmental factors
undergo a variety of deterioration processes promoted by chemi-
cal, physical and biological agents [1]. The incidence of the weath-
ering in the exposure contexts is strictly related to the stone’s
inherent factors, including mineralogical-chemical composition
and petrophysical features. Very often a dramatic deterioration
affects stone cohesion to a certain depth, leading to material loss
from the surface. In such material conditions, consolidation may
be effective to achieve a partial recovery of the physical–mechan-
ical properties of the deteriorated stone through binding disinte-
grated grains with products penetrating into the pores.

At this purpose, mostly organic-based products are used.
Alkoxysilanes, and in particular tetraethoxysilane (TEOS) and
methyltrimethoxysilane (MTMOS), have been dominant in the
conservation practice, mainly due to their ability to penetrate
easily into porous materials and the lesser impact on the perme-
ability and drying properties of the consolidated stones, compared
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to other organic-based products [2]. The main issues with such
products consist of cracking during the drying due to gel shrinkage,
temporary hydrophobic behaviour, influence of the environmental
conditions on the gel polymerization [3,4] and a poor chemical
affinity between calcite and the silica molecules formed after their
hydrolysis and condensation [5]. Acrylic-based resins [6] and
epoxy resins [7] have been also used and their drawbacks, such
as changes of physicochemical properties of the stones and detri-
mental effects due to long-term ageing, are well known [8,9].

Inorganic consolidating products, such as calcium hydroxide,
barium hydroxide and ammonium oxalate have a good durability
and a high compatibility with the stone components [10], but they
exhibit a lower penetration ability and a subsequent poor strength-
ening effect compared to organic products. Encouraging results
have been obtained in recent years for phosphate-based treat-
ments in alternative to inorganic traditional materials [11,12].

Consolidation treatments encompass a wide range of issues
[13]. A high level of risk is related to their application, as the intro-
duction of the products into the porous network may strongly
change the stone characteristics and properties, thus causing
unwanted effects or further damage. Moreover, such treatments
are substantially irreversible, because the consolidating products
hardly can be removed, once they penetrate into the stone struc-
ture. Therefore, they must ensure at least the retreatability of the
substrates. Stone consolidation deserves a great attention and the
research of effective consolidating treatments for the different
stone types and deterioration processes is a great challenge for
the conservation science [14]. New systems have been explored
in recent years, through the application of the nanomaterial
science in the stone conservation field. An approach consisted of
the development of hybrid (organic-inorganic) nanocomposites,
addressing the improvement of the gel phase physical properties
and consequent performances of alkoxysilane based consolidants,
through the modification of such products with the use of
nanoparticles, such as colloidal oxides, nano-calcium oxalate, etc.
[15,16].

In the field of the inorganic consolidation products, colloidal
dispersion of nanoparticles have been designed on the basis of
new synthesis routes, with promising advantages in terms of pen-
etration depth due to the small size of the nanoparticles, an
increase in the surface available to react and a high speed of reac-
tion [17,18]. They include inorganic nanoparticles of calcium, mag-
nesium, strontium hydroxides, etc., as well as of silica, which is the
most used strengthening agent. Some studies investigated the per-
formances of colloidal dispersions in water of SiO2 NPs on some
stone substrates [19,20] and in comparison with traditional inor-
ganic consolidants [21]. Some issues with different application
methods [22] and distribution of the product within the stone
[23] have been evidenced. Drawbacks due to accumulation of silica
NPs within the stone [24] and the influence of RH on the consoli-
dating effectiveness [25] and durability performances, as well,
[26] have been reported. A more comprehensive knowledge of
the performances of such consolidating products on the different
stones is suitable, as interactions between the nanoparticle disper-
sions and porous substrates may be different as a function of the
characteristics of both stones and products. In this paper the effects
of a colloidal dispersion of nanosized SiO2, have been investigated
on a porous limestone. The study moves from a collaboration activ-
ity with the Cericol Research Center of the Colorobbia (Italy), which
formulated the product, already used for the consolidation of the
marble capitals of the Pisa Tower [27,28].

The effectiveness of the consolidation treatment was evaluated
by measuring the distribution and penetration depth of the silica
nanoparticles into the stone by Environmental Scanning Electron
Microscopy coupled with Energy Dispersive Spectrometry
(ESEM-EDS). The hardening effect on the treated stone surface
was measured by abrasion and penetrometric tests. The compati-
bility of the treatment with the substrate characteristics and prop-
erties was assessed by measuring changes of surface colour,
microstructural features and behaviour against the water. The per-
formances of the treatment as regard the durability of the treated
stone was investigated under a salt crystallization test. Finally,
measurements of ultrasonic pulse velocity (UPV) were performed
to detect the presence of the product within the stone and the
increased stone cohesion, as well as the salt damage, which was
also evaluated through weight loss measurements.

2. Materials and methods

2.1. Materials and treatment application

The product used for the stone consolidation consists of nano-
sized SiO2 dispersed in water (30% w/w). It has a density of 1.2 g/
mL, a viscosity of 12 mPas/sec at 20 �C and a pH of 10.5. The syn-
thesis procedure is based on the hydrolysis in water of the tetra-
ethyl orthosilicate Si(OC2H5)4, through the following reaction:

Si ORð Þ4 þH2O ! HO� Si ORð Þ3 þ R � OH

Water and catalyst to suitable amounts allow to obtain a com-
plete replacement of the OR groups by the OH groups. In addition, a
condensation reaction takes part to form a siloxane [Si-O-Si] bond
from the partially hydrolysed molecules. Then, the sol is de-
stabilized arranging a pH value < 4.0. The residue is washed, dried
at 80 �C and re-dispersed in water to a pH value > 9.0. A stable nan-
odispersion of rounded silica particles is obtained, with NPs having
a mean size of approximately 30 nm (PdI 0.40) and a Z-potential of
35 mV.

A soft, very fine and whitish limestone, with an integral open
porosity of 30%, approximately, was used for the application of
the treatment. The stone, locally named ‘‘Pietra Gentile” or
‘‘Carovigno stone”[29], has been widely found in the historic-
architectural heritage of the Puglia region (Southern Italy).
Petrographically, it is a medium-fine wackestone [30], made of fine
bioclastic remains and lythoclasts (Fig. 1), with sizes from some
tens of microns up to 200 mm, within a micritic groundmass. This
is finely mixed with small amounts of microcrystalline calcitic
cement. A fine porosity of both interparticle and vug types is
widespread throughout the groundmass.

Samples of different sizes were used for the application of the
treatments, depending on the different tests and analyses to be
performed. After the cutting and cleaning with a soft brush, they
were washed with deionized water in order to remove the stone
dust and then dried in oven at 60 �C. The dry weight was assumed
when the difference between two consecutive weight measure-
ments was less than 0.1% of the initial weight. Before the treat-
ments, the samples were stabilized at the laboratory controlled
conditions (22 ± 2 �C, 45 ± 5% R.H.) for 24 h. Such conditions per-
sisted during the treatment and during a curing period of one
month.

On the basis of previous findings [22], the optimal procedure for
the treatment consisted of consecutive applications by brush of
100 mg/cm2 of the solution, which corresponds to an amount of
silica nanoparticles of 30 mg/cm2.

The weight increase was measured on the samples immediately
after the application of the product and after one month of curing.
An analytical balance (Model BP 2215, Sartorius AG) with an accu-
racy of ±0.1 mg, was used.

The weight increase is reported in Table 1 for five cubic speci-
mens having 5 cm side, which were treated on the overall surface.
Just after the treatment the product applied was approximately 6%
of the dry weight. After one month, the final residue left within the
stone pores was 1.42%.



Fig. 1. Macroscopic appearance of the Carovigno stone (left) and thin section image under crossed nicols (right), showing fine fossil remains within a micritic groundmass
with a poor microsparitic cement.

Table 1
Applied product amounts (mg/cm2) measured just after the application of the treatment and after one month of curing.

5 � 5 � 5 cm sample size 10 � 10 � 2 cm sample size

Sample Product amount just after the
application (mg/cm2)

Product amount after
curing (mg/cm2)

Sample Product amount just after the
application (mg/cm2)

Product amount after
curing (mg/cm2)

S1 98.87 24.60
S2 99.80 21.73
S3 99.47 23.93
S4 99.13 25.13 S1a 99.98 26.85
S5 100.00 22.67 S2a 99.25 25.25
Mean ± St. Dev. 99.45 ± 0.47 23.61 ± 1.40 99.62 ± 0.52 26.05 ± 1.13
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3. Analyses and tests

Several analyses and tests were performed on the untreated
samples and on the treated ones, after one month from the
treatment.

The distribution of the treatment on the stone surface and the
penetration depth of the nanosilica particles within the stone were
evaluated as follows.

- Morphological observations of the treated and untreated sur-
face were performed by Environmental Scanning Electron
Microscopy (Mod. XL30, FEI Company) Energy-Dispersive X-
ray Spectroscopy combined with the ESEM was used on sample
cross sections for qualitative/quantitative elemental analyses of
Si as an indicator of the product into the stone. The following
analytical conditions were adopted: low vacuum mode, pres-
sure of 0.7 Torr, beam accelerating voltage of 25 kV, 100 Lsec
acquisition time, 100 � 100 lm area of each analysis. The
obtained EDS spectra were normalized to the Ca peaks.

- Ultrasonic Pulse Velocity measurement, as a non-destructive
test, was performed on the stone samples before and after the
treatment to verify changes in the velocity propagation due to
the application of the treatment. UPVs were measured accord-
ing to the standard [31] by a direct transmission method. An
Epoch 4 plus (Olympus) instrument and probes with a fre-
quency of 1 MHz were used. A good contact between the trans-
ducers and the stone was ensured by a coupling gel. UPV
measurements were repeated three times in each measuring
point and the mean value was calculated. The test was per-
formed on ten cubic specimens of 5 cm side, including five
untreated samples and five samples treated with nanosilica
on their overall surface. Three points of measurement along
each direction (x, y, z) were considered and velocities were
expressed as the mean of the obtained values. Two specimens
measuring 10 � 10 � 2 cm were also used. In that case, before
and after the treatment that was applied on the largest 10x10
cm faces, velocities were measured across the thickness of
2 cm, at four different points.

The surface hardness increase on the treated stone was assessed
by the following mechanical tests.

- Abrasion test according to the standard [32]. This destructive
test determines the abrasion resistance of the stones, by mea-
suring the length of a groove produced by a disc with a thick-
ness of 70 mm that rotates on the specimen surface at a
controlled speed and a constant pressure. Three specimens
10 � 10 � 7 cm were used for the test. They were tested on
the two largest faces, namely 10 � 10 cm, one of which was
treated with nanosilica. Penetration test, as a moderately
destructive test, was also performed. An RSM (Response Surface
Methodology) penetrometer (RSM_15 by DRC srl) was used.
This instrument was designed to estimate the resistance of
mortar joints to the penetration of a steel needle driven by
strikes generated at a constant energy of 4.55 Nm. The result
of the test is a curve of the penetration depths (expressed in
millimetres) versus the number of the applied strikes. The pen-
etration depth can be used as a parameter to evaluate the sur-
face hardness of different samples in a comparative way: at
each number of strikes, the higher the value of the penetration
depth the lower the hardness of the surface. A stone ashlar of
38 � 31 � 12 cm size was used for the test. This was performed
on the two largest faces of 38x31 cm size, one of which was
treated with the nanosilica based product. Five measuring
points were considered for each treated and untreated face
and the mean value was calculated at a fixed number of strikes.
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The compatibility of the treatment with the original stone col-
our properties, microstructure features and behaviour against
water was verified by the following analyses and tests.

- Colour changes due to the application of the treatment were
evaluated by a colorimetric analysis [33], using a reflectance
colorimeter (Chroma Meter Minolta CR 300) with a CIE stan-
dard illuminant C. The colour parameters L * a * b *were deter-
mined in the CIELab 1976 colour space. Ten measurements
were taken on each sample area measuring 5 � 5 cm. The col-
our variations (DE*) were calculated as:

DE� ¼ ½ðDL�Þ2 þ ðDa�Þ2 þ ðDb�Þ2�1=2 ð1Þ

where L* is the lightness/darkness coordinate, a* and b* the red/-
green and yellow/blue coordinates, respectively.

- Porosity and porosimetric analyses by Mercury Intrusion
Porosimetry in the range of 0.001–100 lm, using Pascal 140
Series and Pascal 240 Series mercury-intrusion porosimeters
(Thermo Finningan) were performed on three samples of each
untreated and treated stone. The latter was investigated over
a sample thickness of 5 mm from the treated surface.

- Static contact angle measurements [34] were performed by
means of a Costech apparatus. Ten measurements were per-
formed on each sample area of 5 � 5 cm.

- Water vapour permeability [35] was measured on 5 specimens
measuring 5 � 5 � 1 cm, treated on one of the two largest
faces, namely 5 � 5 cm; the results were expressed as the
mean value. The water vapour permeability is defined as the
mass of water vapour transmitted through a sample per area
unit in a time unit, under defined conditions, and describes
the ability of a material to allow water vapour passing
through. The following equation was used to calculate the
water vapour permeability:

WVP ¼ DM
t � Að Þ ð2Þ

where DM is the weight change in the steady state (expressed in g),
A is the exposed area to water vapour (in m2) and t is the unit time
(24 h). In all the cases, the used DM was the average of three con-
sequent values of the daily difference in weight.

- A capillarity water absorption test [36] was performed on 5
specimens measuring 5 � 5 � 2 cm, treated on one of the two
largest face, namely 5 � 5 cm. Progressive weight increases of
the samples were measured and the amount of absorbed water
(Q) was calculated as follows:

Qi ¼
wi �w0ð Þ

S
ð3Þ

where: wi and w0 are the weight of the sample at time ti and t0,
respectively, and S is the area of the sample exposed to the water.

Finally, the resistance to the salt crystallization of the treated
stone was evaluated in comparison to the untreated one, by per-
forming an accelerated aging test according to the standard [37].
Ten cubic specimens, 5 cm side, were tested, including five
untreated samples and five samples treated on the overall faces.
Fifteen ageing cycles were carried out. After each one, the speci-
mens were visually inspected and their weight loss was registered.
Damage was also checked by UPVmeasurements performed on the
cubic specimens before the salt crystallisation test and at the end
of each test cycle, following the above mentioned procedure of
measurement.
4. Results and discussion

4.1. Effectiveness

4.1.1. Distribution and penetration depth
Effectiveness, compatibility and durability with respect to the

original characteristics and properties of the stone are the main
requirements to be assessed in evaluating the performances of a
conservation treatment. In the case of a consolidating treatment,
the effectiveness comes from the ability of the consolidant to pen-
etrate homogeneously and deep enough into the substrate and to
increase the mechanical performance of the treated surfaces.

The method of the application and the amount of the product to
be applied are discriminating parameters with respect to the
superficial distribution and penetration of the treatment and they
should be tuned to the specific stone characteristics [38]. Observa-
tions by ESEM showed a grain shaped morphology of the treated
stone surface (Fig. 2). Nanosilica was in the form of agglomerations
and accumulation in the form of cracked layers, often found on the
stone surface [21,24] was not observed. This result comes from the
optimal applied product amount and treatment procedure. These
were selected on the basis of a previous screening [22], showing
that accumulation of the product and micro-crack formation took
place when exceeding amounts were used, without any improve-
ment of the penetration.

Being the Carovigno stone a pure limestone, almost exclusively
made of calcite [29], Si is an effective marker for the evaluation of
the amounts of the product at different depths within the treated
stone. The profile of Si amounts in Fig. 3, as measured by the EDS
analysis up to a depth of 8 mm, shows the highest concentration
on the surface (9.57% wt). At 0.5 mm of depth it was 40% less than
the amount measured on the surface, then a progressive reduction
of the Si content was detected, up to match that found in the
untreated stone.

According to the literature [20], ultrasonic pulse velocity test
was able to detect the presence of the nanosilica based treatment
through higher velocities of propagation recorded in the treated
stone samples. Such an increase was found in all the measuring
points of the samples across the thickness of 2 cm (Fig. 4a) and it
was 4.5%, on average, which is comparable to the entity recorded
by Zornoza-Indart & Lopez-Arce [25] after the consolidation of a
bioclastic calcarenite. The test performed on the samples of 5 cm
side yielded different results. In the untreated stone specimens
UPVs varied between 3400 m/s and 3900 m/s. After the treatment
they remained almost unchanged (Fig. 4b), with a maximum vari-
ation of not more than 2%. The difference in the UPV results
obtained for slab and cube samples may be due to the fact that
the contribution given by the consolidated stone layers - which
are limited to a few millimetres - to the wave propagation along
the overall path within the cubic specimens, was negligible com-
pared to the preponderant one arising from the thick untreated
stone portions investigated across the samples, which accounts
for the almost unchanged velocity values. The relative incidence
of the treated stone layers on the wave propagation was higher
across the thin slabs, being the wave path within the untreated
stone in these samples shorter compared to the thick cubes, and
in this case it was appreciable as a velocity increase. In fact, the
ultrasonic velocity propagation within the stone materials depends
on a variety of factors relating to both composition and physical-
mechanical characteristics [39–41]. These characteristics may be
modified by the application of a consolidating product and the con-
sequent wave velocity variations may be used as an index of the
presence and/or the effectiveness of the consolidation treatment
[11,25,42]. In the light of the results of the surface hardness mea-
surements reported in the next paragraph, the velocity increases –
although detected to different extents depending on the thick-



Fig. 2. ESEM micrographs of the surface of untreated (left) and treated (right) samples, showing nanosilica on the treated surface in the form of agglomerations with grain
shaped morphology, while no accumulation as xerogel cracked layers is evident.

Fig. 3. Profile amounts of Si detected by EDS analysis on cross sections of treated
and untreated samples.

Fig. 5. Groove lengths as measured by the abrasion test on treated and untreated
surfaces of each specimen.
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nesses of the investigated samples - may be not only attributed to
the changes of the stone composition and microstructure due to
the introduction of the silica nanofiller into the pore network,
but they testify the effectiveness of the consolidation treatment
in increasing the stone cohesion, according to [25].
4.1.2. Surface hardness
The results of the wide wheel abrasion test showed an improve-

ment of the surface hardness for the consolidated samples. The
length of the grooves due to the abrasion wheel was about 7%,
on average, lower than those measured on the untreated samples
(Fig. 5).

This test has a high destructive impact and, in addition, it may
be performed only in laboratory conditions. On the contrary,
mechanical penetration tests have a low destructiveness and they
may be performed on real site conditions. Therefore, in comparison
Fig. 4. a) UPVs measured on thin10 � 10 � 2 cm samples (S1 and S2) before and after t
treated and untreated 5 � 5 � 5 cm stone samples.
to the previous abrasion test, a penetrometric test was also per-
formed and results obtained at 1, 5, 10 and 15 strikes driving the
steel needle into the stone, are reported in Fig. 6. They show differ-
ent responses from treated and untreated samples up to 10 strikes,
with a lower penetration of the needle in the former. Up to 10
strikes the test investigated about 8 mm from the surface in the
treated stone and showed a consolidating effect likely relating to
the presence of nanosilica particles up to this depth, although this
was more pronounced in the outer levels, where the highest Si con-
centration were detected by the EDS analysis. The penetration
depth of the needle at one strike, namely 2.5 mm, was reduced of
approximately 30% compared to the untreated stone, where it
was 4 mm. At 15 strikes the unconsolidated stone layers were
likely investigated, leading to the needle penetration at the same
depth in treated and untreated samples.
he treatment at four (a, b, c, d) measuring points; b) Mean UPVs measured on five



Fig. 6. Results of the penetration test obtained on the treated and untreated surface
of the stone.
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4.2. Compatibility

4.2.1. Colour change
The compatibility of conservation treatments, including both

protective and consolidating ones, is the attitude of not altering
significantly the aesthetical, physical and microstructural proper-
ties of the original stone [13]. Preservation of the colour properties
of the stone surface is one of the main requirements to fulfil. In this
regard, not significant variations affected the colour properties of
the stone surface due to the nanosilica based treatment.

Colorimetric measurements before and after the treatment
(Table 2) showed a slight decrease of L* (DL* = 1.44) and b*
(Db* = 1.54). The variation of the a* parameter was almost negligi-
ble (Da* = 0.08). The overall colour change (DE*) was 2.26, which is
below the threshold value accepted in the stone conservation field
and slightly higher than the colour changes visible to naked eyes
[13].

4.2.2. Porosity and porosimetric features
The effect of the nanoparticle fillers on the stone microstruc-

ture, in the first 5 mm from the treated surface, consisted of a slight
reduction of the integral open porosity, passing from 31% to 28%
after the treatment. In addition, a shift of the pore sizes towards
smaller radii was observed (Table 3). The porosimetric distribution
of the stone before the treatment was mostly in the range between
0.5 mm and 4 mm (87%), with a maximum peak of 53% between 1
and 2 mm. Pores with radii under 0.5 mm were about 11%, while
the coarser pore fraction, namely, with radii over 10 mm, was less
than 2%. After the treatment, the most significant changes affected
the pore radius dimensions between 4 and 0.5 mm. A reduction
from 15% to 10% of the pores with radii between 4 and 2 mm was
recorded, while those between 2 and 0.5 mm increased from 72%
to 78%. Very small changes in the range of the smallest pores
was detected, with a decrease of approximately 1% in the pore
sizes between 0.5 and 0.1 mm and an increase at the same entity
Table 2
Colour parameters (L*, a* and b*) and overall colour change (DE*) measured on the surfac

L* a*

Mean St. dev. Mean St. d

Untreated 93.17 0.88 0.41 0.13
Treated 91.73 0.89 0.49 0.19

Table 3
Mean pore size distribution measured on untreated and treated stone samples, along with

Pore size (lm) 100-50 50-10 10-4 4

Untreated-Relative Volume (%) 0.27 ± 0.22 1.64 ± 0.99 0.39 ± 0.18 1
Treated Relative Volume (%) 0.16 ± 0.03 0.88 ± 0.21 0.88 ± 0.33 9
in those between 0.1 and 0.001 mm. According to [21], the porosi-
metric variations are likely due to the nanoparticles entering the
stone porous structure, which produce some occlusions of the
small voids and a partial filling of the bigger ones, causing the
reduction of the radii. In principle, a moderate porosity decrease
may be a not unwanted effect, since it might lead to a lower stone
susceptibility to weathering due to a reduced penetration of decay
agents [43]. On the contrary, variations in pore size distribution
deserve attention, as they may be detrimental to the durability of
the treated stone [44].

4.2.3. Hydric behaviour
As regard the behaviour with water, the application of the treat-

ment did not change the wettability of the stone surface. The con-
tact angle measurements failed on the untreated stone, as water
absorption was very high and rapid and no drop formed on its sur-
face, and this behaviour was confirmed on the treated samples.

Porosity and especially the pore space geometry play a great
role on the migration of fluids and vapour in the stone material
[45]. The small reduction of the porosity and the variation of the
porosimetric features in the treated samples did not have a signif-
icant effect on the absorption of water by capillarity. The curves of
the capillary water uptake in Fig. 7 show negligible changes in the
sample behaviour. A small decrease of the total amount of the
absorbed water from 432 mg/cm2 to 414 mg/cm2, that is approxi-
mately 4%, was recorded (Table 4). The capillary absorption coeffi-
cient, as well, showed a slight reduction of the absorption kinetics.
The former is comparable to the results obtained in the consolida-
tion of a Tunisian bioclastic calcarenite by Zornoza-Indart and
López-Arce [25], although nanosilica was applied at lower amounts
in that case, while the capillary absorption coefficient follows an
opposite trend. Changes in the microstructural features seem to
have a higher incidence on the stone interaction with water vapour
and its transfer. The measured permeability to water vapour was
found to decrease (Table 4), with a reduction of 26%. Reductions
measured in both capillarity absorption and permeability to the
water vapour tests are notably lower than those reported for the
Lecce porous limestone after the consolidation, in spite of a lower
amount of the nanosilica-based sol used (45 mg/cm2), which was
applied by a pipette method, rather than by brushing [21]. It is evi-
dent how different results may be obtained from the interactions
between nanoparticle dispersions and porous substrates, as a func-
tion of a complex of factors, which include the characteristics of
both stones and products, the application methods and the envi-
ronmental conditions of the treatments, as well.

4.3. Durability

Under salt crystallisation test, the specimens treated with the
nanosilica showed visible changes since after the first ageing cycle,
e of untreated and treated stone samples.

b* DE*

ev. Mean St. dev. Mean St. dev.

5.60 0.58 –
7.14 0.50 2.26 0.44

standard deviations.

-2 2-1 1-0.5 0.5-0.1 0.1-0.001

4.96 ± 5.38 53.42 ± 17.38 18.48 ± 1.87 8.91 ± 1.16 1.96 ± 1.57
.59 ± 3.43 55.24 ± 13.36 22.46 ± 3.24 7.68 ± 0.57 3.12 ± 0.57



Fig. 7. Capillary water absorption curves as a function of the time over a test period
of 8 days, for treated and untreated stone samples.

Table 4
Amounts of water absorbed by capillarity (Wa) at the end of a test period of 8 days,
capillary absorption coefficient (A.C.) and water vapour permeability values (WVP)
along with standard deviation, measured for untreated and treated stone samples.

Wa (mg/cm2) A.C. (mg/cm2s�1/2) WVP (g*m�224 h)

Untreated 432 8.30 200 ± 15
Treated 414 7.44 147 ± 18

Fig. 8. Treated (T) and untreated specimens (UT) after 4 cycles (a) and 10 cycles (c) of sal
observed in both treated and untreated samples (b).

Fig. 9. Weight loss (a) and UPVs (b) measured for treated and unt
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due to the appearance of a white salt crust [46] on their overall sur-
face. Visible cracking affected both treated and untreated samples
starting from the fourth cycle. At this stage, powdering, with loss of
the sample edges, started to affect the treated samples (Fig. 8a),
while it was observed on the untreated ones after five cycles. From
here on, contour scaling, bursting and rounding of the specimen
edges (Fig. 8b) [46] were observed in both treated and untreated
samples, but they had a higher incidence on the former ones. The
damage progressively increased with the increasing number of
cycles and most of the treated samples almost completely lost their
shape, while the untreated samples preserved their faces to a lar-
ger extent (Fig. 8c).

The mean weight loss measured for treated and untreated sam-
ples after each cycle is shown in Fig. 9a. The weight variation
curves typically identify three phases. They consist of an initial
weight increase due to salt accumulation into the pores, followed
by a weight decrease owing to competing salt accumulation and
material loss. The weight decrease progressively evolves and
become more pronounced because material loss becomes predom-
inant over the salt accumulation. The weight increase due to salt
accumulation into the stone microstructure was observed up to
four cycles in the untreated samples and up to three cycles in
the untreated ones. In both them, it was negligible (approximately
between 1% and 2%). It can be supposed that during this stage the
salt accumulation was offset by a slight material loss. Samples
t crystallisation test. Detail of the fissuring, loss of sample edges and rounded shapes

reated specimens at the end of each salt crystallisation cycle.
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consolidated with nanosilica started to significantly lose their
weight at the fourth cycle, according to the damage visually
observed at this stage, and they maintained this behaviour over
the whole ageing cycles. At the end of the test, the recorded weight
loss was 77%. The untreated samples exhibited a higher resistance
to the salt crystallisation test. Their weight loss became significant
after seven cycles and the final value was 49%.

UPV technique is effective in investigating stone damage in a
non-destructive way, before it become evident, as it is able to
detect fissuring and microcracks through velocity variations [47–
49]. A decrease of the UPVs was recorded during the salt crystal-
lization test. The mean values of the propagation velocities
obtained for treated and untreated samples at the end of each age-
ing cycle is reported in Fig. 9b. From the first to the third cycle, a
gradual reduction of UPV, at comparable entities, was registered
in both them. This reduction may be attributed to micro-cracks
and micro-fractures, not visible to naked eyes, due to the salt crys-
tallization within the pore network of the stone [50,51]. A strong
reduction of the wave propagation occurred after four cycles, irre-
spective of the presence of the treatment, recording a similar dam-
age in the bulk of treated and untreated stone, but corresponding
to a higher weight loss in the former ones. This drop was due to
the presence of visible macro-cracks, stopping the transit of the
elastic waves. At this stage, a zero value of UPV was registered in
two treated specimens and two untreated ones. Starting from this
cycle, UPV values were slightly lower for the treated samples com-
pared to the untreated ones, thus evidencing a higher damage due
to salt growth for the stone in the presence of nanosilica, according
to the weight loss results.

Fig. 10 shows a correlation between the weight loss at the end
of the ageing cycles and UPVs measured in the untreated samples
before the salt ageing test that is the higher the values of UPV, the
lower the entity of the weight loss. Also for the treated sample
group the values of UPVs were inversely proportional to the weight
loss amounts at the end of the test. A relationship between ultra-
sonic wave velocities and resistance to the salt crystallisation
effects of natural stones is reported in literature [52,53]. This is
because UPV depends on several stone properties such as mechan-
ical strength, elasticity, density and porosity, which are also rele-
vant to the stone resistance to the salt damage. Nonetheless, if
we compare the two sample groups, the treated samples show a
higher weight loss than the untreated samples, although they have
a UPV equal or larger compared to that of the latter ones. This
occurs in spite of the fact that a higher ultrasonic wave velocity
might suggest a higher degree of cohesion of the treated samples,
according to the increased surface hardness. This behaviour may be
due to the fact that the consolidant product into the stone pore
structure also modifies important features beyond the cohesion
Fig. 10. Correlation between the weight loss at the end of the salt crystallisation
test and UPVs registered before weathering on each treated and untreated
specimen.
properties that may be detected by UPV and surface hardness tests,
as e.g. the size of the pores, which is another basic parameter
affecting the stone durability performances. Actually, complex fac-
tors inherent to the petrophysical and mechanical characteristics
of the stone, influence the incidence of the damage due to salt crys-
tallization, as they are relevant to the transport of the solution
within the porous network, as well as to the stone resistance to
the crystallization pressures [54,55]. In particular, the porous net-
work characteristics and their modification, along with the petro-
graphic features may account for the high susceptibility to salt
damage observed for the untreated stone and further increased
in the presence of the applied treatment. High stone porosity –
at similar entities before and after the treatment – plays a signifi-
cant role, as it involves a high mass exposure to the penetration of
the saline solution [56]. In addition, pore sizes may be critical as
the maximum crystallisation pressures and the consequent disrup-
tive effects of the salt growth can be developed within the small
voids [53,57]. A high susceptibility to salt damage of the Carovigno
stone relates to the porous microstructure, with prevailing small
pores, namely in the range between 2 and 0.5 mm radii, and also
results from a weak fabric due to low cement/matrix ratio and poor
textural characteristics of the cement [29]. The higher damage in
the presence of the nanosilica based treatment mainly comes from
the more pronounced powdering and consequent higher weight
loss from the most external stone layers, namely those involved
in the treatment. This behaviour may be correlated to the modifi-
cation of the porosimetric structure due to the nanoparticle fillers,
whose most significant effect was found in the reduction of the
pore presence between 4 and 2 lm radii and a corresponding
increase of those with radii from 2 lm up to 0.5 lm, where a
higher stress caused by the salt growth may be expected. Also finer
pores under 0.1 lm in radius were found to increase, but to a neg-
ligible extent. Moreover, a low contribution to the decay is
expected by these pores, as they are lesser accessible to water
and saline solutions [58]. Zornoza-Indart et al. [26] also report a
salt damage on a calcarenitic substrate in the presence of nanosil-
ica due to the reduction of the porosity and the generation of
micropores, whose entity was dependent on the dry or humid con-
solidation environments.

The pore size decrease and its detrimental effect to the durabil-
ity of the treated stone may be due to an excess of nanosilica in the
outer stone layers coming from the inhomogeneous distribution
within the stone substrate. As reported by Licchelli et al. [24],
the weight loss from Lecce stone under salt crystallization test
was less pronounced when a more homogeneous distribution of
nanosilica into the substrate was obtained by brushing compared
to the application by capillarity.

It is not evident that a barrier effect against the migration of the
saline solution toward the surface was created by the treatment.
The capillary water absorption had not significant variations, while
the permeability reduction was not pronounced and remained in
the acceptable ranges of stone conservation treatments [59,60].
Moreover, no peculiar decay morphologies and relevant to such
an effect, such as detachments of the most external stone layers,
namely those involved in the treatment, were observed in the trea-
ted samples compared to the untreated ones.

5. Conclusions

An experimental campaign under laboratory conditions was
carried out to assess the effects of a nanosilica-based consolidant
applied on a soft and porous limestone. The stone performances
were investigated by several analyses and tests, taking into
account basic requirements of effectiveness and compatibility of
the treatment with the characteristics and properties of the
untreated stone, as well as durability of the treated stone.
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The effectiveness in terms of the ability of the consolidant to
penetrate into the substrate and to increase the mechanical perfor-
mance of the treated surfaces was verified. Under suitable treat-
ment procedure, tuned on the specific substrate characteristics,
no accumulation of nanosilica was found on the stone surface. A
surface hardness increase was found by a destructive abrasion test.
Accordingly, a low-intrusion penetration test recorded a higher
resistance of the consolidated stone up to the nanosilica penetra-
tion depth of 8 mm from the surface that was as measured by
EDS, and non-destructive ultrasonic wave propagation measure-
ments detected velocity increases in the treated samples, although
at low entities, denoting an improved stone cohesion.

The treatment was compatible with the colour properties of the
stone. It did not have significant effects on the wettability and
water capillary absorption properties, while a water vapour per-
meability decrease was found.

While treated and untreated stones showed similar morpholo-
gies of decay under salt crystallisation test, and UPVs detected a
similar damage in the bulk of both them, a higher material loss
by powdering from the treated surface denoted a larger decay in
the presence of the consolidation treatment. A reduction of the
pore radii measured by porosimetric analyses due to silica
nanoparticle fillers within the stone porous structure may account
for an increased stone susceptibility to the salt damage. This effect
could be due to the inhomogeneous distribution observed within
the stone, leading to an excess of the applied product in the outer
stone levels. This is an open issue to be addressed by a suitable
optimization of the colloidal dispersion for improving the xerogel
distribution within the stone structure, as well as of the applied
amounts, under a correct balancing with the consolidation efficacy.
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