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1. Introduction 
In the last decades, thanks to the growing interest 

for the preservation and maintenance of architectur-
al surfaces, significant progresses has been made 
in understanding the factors and the mechanisms 
responsible for materials decay and in developing 
suitable guidelines for their conservation [1-4]. In 
particular, the consolidation of porous stones, often 
necessary when materials are seriously damaged by 
decohesion and disaggregation, has been investigat-
ed/analysed in several researches and studies [4-9].

Most of the recent studies on new stone consol-
idants led to the development of nanotechnology 
products, first of all colloidal nanodispersions [9-12], 
e.g. calcium hydroxide dispersions. Alcohol-based 
nanodispersions of calcium and magnesium hydrox-
ide and carbonate have in fact been successfully 
used for the consolidation and restoration of fres-
coes and mural paintings [13-16]. Beside nanolime 
dispersions, another kind of consolidant might be 
aqueous colloidal nanosilica, characterised by the 

better eco friendly solvent, i.e. water, and the most 
used strengthening agent, i.e. silica [17]. 

The use of aqueous dispersions and nanosized sil-
ica particles would represent a valuable alternative 
to the traditional solvent-based products. Nanosized 
silica particles might be able to deeply penetrate the 
substrate and to form a network of silica xerogel 
compatible with inorganic matrices as stone. How-
ever, different aspects regarding the interactions 
between nanosilica dispersions and porous stone 
substrate, and the transport mechanism have been 
little investigated and are not well-known yet. Many 
of the published studies focused in fact on the trans-
port of nanodispersions inside soils and granular 
matrices [18-22], but complete theoretical models 
are not yet available for porous stone. In general, the 
penetration of a dispersion inside a porous material 
is influenced by the characteristics of the dispersion 
itself and the material, and the physical-chemical 
and electrostatic interactions between them [23]. 
Recent studies [24-26] pointed out how colloids 
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transport inside a porous matrix exponentially de-
crease with the travel distance of the wetting front 
and the deposition of colloids particles into the ma-
trix. Surfactants (e.g. alcohols, humic substances, 
aliphatics and commercial surfactants) are able to 
reduce the surface tension modifying the retention, 
the transport and the remobilisation of the colloids. 
The reduction of the surface tension can in fact de-
crease the capillary pressure in unsaturated porous 
media and enhance therefore the drainage. 

The aim of the present work is to analyse the 
behaviour of four commercial water-based silica 
dispersions used as consolidants for carbonate 
rock, focusing in particular on particle dimensions, 
physical-chemical characteristics and penetration 
depth of the colloidal dispersions in relation to the 
substrate.

2. Materials and Methods

2.1. Chemical-physical characterisation  
of the nanosilica dispersions

Four commercial water-based colloidal silicas 
with different average radius were selected as pos-
sible consolidants for porous stone: Dispercol S5005, 
S4510, S4020, S3030 (Bayer®). The products were 
dispersed in water at 20% (dry weight of the colloid). 

All dispersions were observed by TEM microscopy 
(JEOL TEM 3010) to evaluate the shape and the ra-
dius of the nanoparticles. Moreover , the pH (744 
pH Meter Metrohm), the density (following the UNI 
EN ISO 2811-1 2003), and the viscosity (using a ro-
tational rheometer AR G2 TA Instruments, stepped 
flow mode) of each dispersions were measured. A 
small amount of the dispersions were also dried at 
room temperature (20°C and 60% relative humidity) 
to constant weight. The obtained Xerogels were then 
characterised using: FT-IR analysis on KBr pellets 
in the 4000-400 cm-1 region (Nicolet magna IR750 
spectrometer); XRD diffraction (Philips DW320 dif-
fractometer); BET Surface area measurement (Mi-
crometrics ASAP 2010 surface area analyser at 77 
Kelvin for pressure between 0,05 and 0,3 p/p0 with 
Nitrogen as adsorbing gas). 

2.2. Chemical-physical characterisation  
of stone substrate

The dispersions were applied on Lecce stone, a 
limestone commonly used for the construction and 

decoration of historic buildings in southern Italy. 
This stone is characterised by a gold yellow colour 
and a rather high total porosity (around 36%) [27]. 
The total open porosity of the Lecce stone was ob-
tained by mercury intrusion porosimetry (Pascal 
240 ThermoQuest porosimeter) and its microstruc-
ture was observed by SEM-EDX (JEOL JSM-5600 
LV). 

2.3. Evaluation of the interactions between  
Lecce stone and the dispersions

The interaction between the dispersions and the 
Lecce stone was investigated considering the wetta-
bility of the substrate and the surface tension of the 
dispersions. Moreover, the chemical potential of the 
substrate and of the dispersion S4020, considered 
as more significant, were analysed as well.

The wettability of the substrate was obtained 
measuring the contact angle between stone-water 
and the contact angle between stone-liquid disper-
sions.

The surface tension of the dispersions was de-
termined by the pendant drop mode (“FTA 1000 C 
class”, First Ten Ǻngstrom Instruments) analysing 
the shape of pendant drops of the dispersions. At 
the hydrodynamic equilibrium between the pen-
dant drop and the surrounding air , the profile of 
the drops is in fact strongly related to the surface 
tension as reported by Bashforth and Adams equa-
tion [28].

The zeta potential measurements of Lecce stone 
were performed with a Zeta CAD (CAD Instruments 
France) equipped with a special cell for tangential 
measurements [29]. This apparatus measures the 
electrical potential difference generated by the im-
posed movement of an electrolyte solution through 
a thin slit channel between a couple of 1mm high 
Lecce stone slices. A data file is created by record-
ing the streaming potential and the corresponding 
differential pressure across the plug versus time. 

The zeta potential analysis of the dispersion Dis-
percol S 4020 was obtained with a DT1200 Disper-
sion Technology acoustic spectrometer. The zeta 
potential is determined measuring the interaction 
between the electric and the acoustic field applied 
to the dispersion [30]. During the measurements, 
automate titration is carried out for monitoring pos-
sible agglomeration in the dispersion due to change 
in the pH.  
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2.4. Treatments of the stone samples  
and study of the distribution of the dispersions

The four selected colloids were applied at 20% 
dry weight concentration by percolation on 2×2×1 
cm Lecce stone specimens. Three different applica-
tion methods were applied each on 5 different stone 
samples: 
•	 Treatment 1(T1)-the dispersions were applied 

by percolation on the stone surface covered with 
Japanese paper1.

•	 Treatment 2 (T2)-the stone was first impregnated 
by ethanol, for modifying the surface tension, and 
then treated with the dispersions. The stone sur-
face was covered with Japanese paper. 

•	 Treatment 3 (T3)- the dispersions, after acidifica-
tion to pH 8 with HCl 0,5 M, were applied to the 
stone samples2. 
Once treated, the samples were dried at room 

temperature for 20 days to constant weight and the 
final dry weight of the penetrated products was cal-
culated. The morphology and the distribution of the 
deposited phases were studied on the surfaces and 
on the cross sections of the stone samples by optical 
microscopy and SEM-EDX analysis (Jeol JSM-5600 
LV). The cross sections were not smoothed in order to 
maintain the distribution of the products therein. Ele-
ments mapping distribution and concentration profile 
were obtained by punctual measurement with EDX 
probe; for the concentration profile an average of 
ten measurements every 100 micron was considered. 

3. Results and discussion

3.1. Chemical-physical characteristics  
of the dispersions

Table 1 summarizes the characteristics of the dis-
persions. The diameter data are the one reported on 
the technical data sheets. 

1  Japanese or Washi paper is a paper made from the bark 
of Kozo, rice, bamboo, or wheat. It is a strong, not acid, trans-
lucent paper, widely used in conservation practice thanks 
to its high strength and its malleability. In this work a rice 
Japanese paper of 10g/m2 was used for prolonging the contact 
time between the dispersion and the stone and obtaining a 
more homogeneous distribution of the products. 

2  The changes in pH should modify the zeta potential of 
dispersions and lead to a better interaction with the stone 
matrix and product penetration.

Table 1. Characteristics of the dispersions.

Name Diameter 
nm

Dryweight
%

pH Density  
g/cm3

Viscosity
mPa·s

Surface 
Tension 
dy/cm

S 5005 55 52 9.9 1.38 1.23 61.9
S 4510 30 48 10.1 1.34 1.22 67.8
S 4020 15 43 10.5 1.29 1.28 67.9
S 3030 9 34 10.1 1.21 1.33 65.8

All the dispersions are characterised by a low vis-
cosity and a surface tension comparable to deion-
ised water (72 dy/cm). The pH of the dispersions is 
around 10  and related to the presence of sodium 
hydroxide added as a stabiliser by the manufacturer.

TEM images of the colloidal silica (Fig.1) show a 
regular spherical shape of the nanoparticles with 
different average diameters. Interesting is the case 
of the S5005 nanoparticle dispersion where the na-
noparticles have an average diameter value around 
100 nm, greater than the one declared by the tech-
nical data sheets (55nm). 

Figure 1. Tem Images: a-S5005, b- S4510, c- S4020, d-S3030.

Figure 2a. FT-IR spectra of the nanosilica xerogels, from the top: 
S5005, S4510, S4020, S3030. Figura 2b. XRD spectra of the 
nanosilica xerogels. 

The FT-IR spectra of the Xerogels obtained from 
the dried dispersions (Fig. 2.A) show the typical ab-
sorbance bands associated to amorphous silica, in 
particular the 470 cm-1 bending peak and the 800 
cm-1 and 1110 cm-1 stretching peaks of the Si-O-Si 
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are visible. The small 1428 cm-1 peak, slightly visible 
in S5005 and S3030 spectra, denotes the presence 
of sodium carbonate probably linked to a partial 
carbonation of the sodium hydroxide present in the 
dispersion as stabilising agent. 

XRD diffraction patterns of dried products have 
highlighted the formation of a xerogel consisting of 
amorphous silica (Fig. 2.B), confirmed by a broad 
peak at about 20 2θ. 

Table 2 reports the values of the specific surface 
area of the xerogels obtained by BET analysis. The 
values are strongly related to the nanoparticles di-
ameters and there is an inverse proportion between 
the area and the dimension of the nanoparticles ra-
dius. The area values in fact increase when the na-
noparticles radius decreases. 

Table 2. Surface area and porosity data obtained by BET analysis.

Name ø(nm) Surface area  
(m2/g)

Total volume  
porosity (cm3/g)

S 5005 55 41 0.19
S4510 30 74 0.17
S4020 15 128 0.22
S3030 9 190 0.24

3.2. Porosity of the substrate

Based on the MIP measurements (Fig. 3 and Table 
3) Lecce stone is characterised by a high total open 
porosity (approximately 40%), and a bimodal distri-
bution of pores diameter with a high percentage of 
pores having diameters near 0,5 mm or 5 mm. 

Table 3.  Results of MIP analysis.

Total cumulative volume (cc/g) 0.23±0.10
Average pore radius (Micron) 2.30±0.84
Total  porosity (%) 38.7±1.58
Bulk density  (g/cm3) 1.65±0.01

3.3. Wettability of the substrate

The wettability of the stone was determined meas-
uring the contact angles of sessile drops formed by 
deionised water and different products on Lecce stone. 
Once spread on the surface, the liquids were easily 
absorbed by the stone in few seconds with contact 
angles always equivalent to zero. The stone resulted 
completely wettable by water and by the dispersions.

Figure 3. Distribution of pore radius versus cumulative volume 
in Lecce Stone

3.4. Zeta potential (ζ) measurements

The zeta potential (ζ) of Lecce stone was deter-
mined by recording the streaming potential and the 
corresponding differential pressure. Despite the 
difficulties to establish a stable regime within the 
measuring cell, due to the roughness and the poro-
sity of the sample surface, a zeta potential of -14mV 
was calculated from the corresponding streaming 
potential of -0.0625 mV/mBar. The zeta potential can 
be calculated, knowing the corresponding electrical 
conductivity (0,158 mS/cm) at measuring tempe-
rature (19.5°C), as established by Yaroshchuk and 
Ribitisch [29]. Moreover, for testing how the varia-
tion of pH affects the surface exchanges, a test was 
developed adding KOH to the electrolyte solution 
(Table 4).

Table 4: ζ measurements of Lecce stone and S4020

Lecce Stone S4020

pH ζ  (mV) pH ζ (mV)
6.9 -14 6.81 -11.07
8.3 -19.7 8.21 -23.70
11 -44 10,24 -42.12

Based on the experimental data, there is an in-
verse relation between the pH and the zeta potential. 
In the case of the Lecce stone, increasing values of 
pH correspond to decreasing zeta potential values 
reaching -44mV, when the pH of the electrolytes 
liquid is around 11. Higher values of zeta potential 
correspond to a thicker electrical double layer which 
can interact with other charged particles. The pH 
values of the dispersions used in these studies were 
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pH around 9-10. The surface of the stone at this 
pH is characterised by a higher zeta potential and 
consequently by a thicker electric double layer that 
can interact with the nanoparticles repulsing them. 

The zeta potential of one of the dispersion S4020 
was also determined at different pH obtained by add-
ing HCl to the dispersion (Table 4 and Fig. 4.). The 
zeta potential of Dispercol S4020 decreased with the 
increasing of pH, confirming moreover the relation 
between the two parameters. 

The zeta potential of the original dispersion (pH 
10-11) was around -40 mV, which corresponds to a 
stable dispersion [30]. At -40mV of zeta potential, 
the nanoparticles repulsed each other, but could 
also play a repulsion force against the surface of the 
stone limiting therefore the penetration. 

Decreasing value of the pH often corresponded 
to higher value of the zeta potential due to lower 
repulsive forces. A slight change in the pH of the 
dispersions could therefore facilitate a deeper pen-
etration of dispersions inside the stones. A pH at 
about 7-7.5, corresponding to a potential close to 25 
mV, has to be considered however the limit due to  
the tendency of the dispersion to flocculate. 

Figure 4. Zeta potential measurement versus pH for the 
dispersion S4020.

3.5. Treatments and distribution of the dispersions 
inside the stone

The percentage of product absorbed during each 
treatment (T1,T2,T3) was measured as weight 
variation of the stone before and after application 
and listed in Table 5. 

Table 5. amount of products penetrated.

Name ø(nm) Weight variation  
after treatments DP%

T1 T2-ethanol T3- pH 8
S 5005 20%w 55 0.5±0.1 0.3±0.1 1.1±0.1
S4510 20%w 30 1±0.1 0.2±0.1 0.8±0.1
S4020 20%w 15 0.9±0.1 0.4±0.1 0.9±0.1
S3030 20% w 9 0.7±0.1 0.4±0.1 0.8±0.1

The amount of products penetrated was in any 
case higher than 1% respect the initial weight of the 
stone specimens. 

All the dispersions showed the tendency to solidify 
on the surface forming a layer of xerogel, as shown 
in Fig. 5 referred to the treatment T1 here reported 
as an example. This tendency increased when using 
dispersions with lager nanoparticles size. 

Figure 5. SEM images 500X of Lecce stone surface: A-not treated, 
B- 5050 20%, C -4020 20%.

Due probably to the porosity and structure of Lec-
ce stone, the nanoparticles distributions were highly 
irregular. Despite the difficulties to estimate and 
exactly understand the penetration depth reached 
by the products, it was possible to notice some com-
mon tendencies between the different dispersions. 
The penetration depth (see distribution profile Fig.6 
and EDX silicon maps Fig. 8-9) was limited at best 
to the first 2.5 mm in case of treatment with S5005 
and S 4510 and to 1-1.5 mm when S4020 and S3030 
were used. For all the tested treatments, while going 
deeper into the samples,  the percentage of silicon 
quickly decreased to  0.5% ca which is the average 
value of Si in the untreated stone. The distribution 
profiles of S4020 and S3030 (Fig. 6) showed similar 
trends for the four different treatments in terms of 
penetration, being T2 only slightly better than the 
others.
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Figure 6. Distribution profiles of Si obtained through EDX 
standard less technique.

Peculiar is the distribution profiles of S5005 and 
S4510 (Fig. 6). When applied per percolation on 
Japanese paper (T1), the distribution profiles are 
irregular with a decrease percentage of Si in the first 
millimetre and an increase value in the second milli-
metre. The increasing concentration of Si is proba-
bly associated to the product distribution inside the 
stone open porosity. The silicon distribution profiles 
become more regular when applied with ethanol 
(T2) with a lower percentage of Si in the first lay-
ers and a more regular distribution inside the stone, 
while the third treatment (T3) did not present a good 
penetration depth. Distribution profiles of S4020 
and S3030 (displayed in Fig. 6) show similar trends 
for the different treatments, with only treatment T2 
slightly better than the other ones.

Fig.s 7, 8 and 9 report the SEM images and the 
associated elemental maps of Si in the cross sections 
of the untreated and treated samples. Fig. 8 clearly 
shows how nanoparticles with higher diameter (e.g. 
S5005) tend to form a thick layer of xerogel on the 
surface of the stone. The thickness of this layer is, 
however, significantly reduced when the dispersion 
was applied on stone samples pre-treated with etha-
nol as in treatment T2. 

A slight variation to pH 8 of dispersions S5005 and 
S4510 did not avoid the formation of a xerogel layer 
on the surface. Dispersions with smaller nanoparti-
cles (S4020 and S3030) did not form xerogel layers 
on the surface resulting in a more regular distribu-
tion of the product inside the stones. Observing the 
elemental maps of S4020 (Fig. 9) it is possible to 
see how T2 and T3 led to a good penetration depth. 

Figure 7. Si Kα elemental maps and SEM images of Lecce stone 
cross section. 

Figure 8. Si Kα elemental maps and SEM images of Lecce stone 
cross section after treatments with S5005 (ø 55nm): treatment 1 
T1, treatment 2 T2, treatment 3 T3. The dotted line indicates the 
layer of xerogel deposited on the stone surfaces.

Figure 9. Si Kα elemental maps and SEM images of Lecce stone 
cross section after treatments with S4020 (ø 15 nm): treatment 1 
T1, treatment 2 T2, treatment 3 T3.
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4. Conclusions

The penetration depth of a dispersion into a po-
rous substrate is considered to be a function of the 
chemical-physical and electrostatic interaction be-
tween the substrate and the dispersion. Starting 
from this statement, different parameters of Lecce 
stone and nanosilica dispersions (such as surface 
tension, viscosity of the dispersion, porosity of the 
stone, chemical potential) were measured. Based on 
the obtained results, it was observed that:
•	 despite the little size of the particles (max 55 nm) 

in comparison to the average diameters of Lecce 
stone pore (about 0.5 μm and 5 μm), the disper-
sions were unable to deeply penetrate into the 
stone, but they arrested in the first 2 mm;

•	 the dispersions showed the tendency to form a xe-
rogel layer on the surface of the samples, whereas 
the aqueous medium penetrated inside the stone;

•	 a pre-treatment of the stone surface with ethanol 
reduced the stone surface tension resulting in a 
better penetration of the dispersion; 

•	 pH changes of the dispersions increased the zeta 
potential but did not give any real improvements 
in the penetration depth for dispersions with high-
er nanoparticles diameters; better results were 
observed for nanosilica with lower diameters.
Concluding, the modification of the stone surface 

tension (e.g. by using ethanol) could help in devel-
oping or optimizing the penetration of the products 
in the porous substrates obtaining a better consol-
idation effect. 

Further studies with silica-based consolidants co-
formulated with surfactants might be considered in 
force of the compatibility of new dispersions and 
products with architectural and cultural surfaces. 
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