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Abstract

For preservation of stones used in Cultural Heritage, affected by weathering processes that threaten their cohesion
and mechanical properties, the application of consolidants is a common practice. However, available consolidating
products generally exhibit some drawbacks that hinder their performance, in terms of either mechanical efficacy,
compatibility with the substrate and/or durability. Ethyl silicate is currently the most widely used among stone
consolidants; nevertheless, its reduced efficacy on calcitic substrates, together with its temporary hydrophobicity,
its tendency to crack and its common formulation with volatile organic solvent, make the research for alternative
consolidants for carbonate stones necessary. In this paper, a recently proposed new consolidation treatment
based on the formation of hydroxyapatite inside the stone was tested on two different porous carbonate stones
(Globigerina Limestone and Giallo Terra di Siena), and compared with TEOS-based treatments, frequently used for
the consolidation of these lithotypes. The results show that the hydroxyapatite treatment exhibits a good efficacy
in terms of mechanical properties and, compared to TEOS, it causes less pronounced alterations in open porosity
and water transport properties. This makes the new treatment a potentially valid alternative to TEOS, especially in
those situations where the possible presence of water behind the consolidated layer (e.g. in case of rising damp,

condensation or infiltration) might threaten the durability of the consolidation intervention.
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Introduction

Natural stones and mortars used in architecture and
sculpture and exposed to outdoor conditions are affected
by weathering phenomena hampering their cohesion and
mechanical properties, thus making consolidation treat-
ments necessary. Stone consolidation, however, needs care-
ful designing and preliminary testing, as it is basically an
irreversible intervention in most of the cases [1-4]. More-
over, consolidation might even result in an acceleration of
materials decay [5,6], if unsuitable materials or treatment
conditions are selected. For these reasons, the study of
stone consolidants is of primary importance.
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Consolidation effectiveness is known to be influenced
by a multitude of parameters [7,8] and above all by the
consolidant itself (in terms of active principle, solvent
and concentration of the components), the substrate na-
ture and weathering level, together with the application
procedure and the environmental conditions, that might
play a key role in on-site application.

The most used among stone consolidants is currently
tetra-ethyl-ortho-silicate (TEOS) [1,3], whose effectiveness
derives from hydrolysis-condensation reactions, that lead
to the formation of amorphous silica inside stone pores
[5,9-11]. The compatibility of the deposited silica gel with
silicate substrates and its ability to form strong Si-O-Si
bonds (that give the consolidant stability towards thermal
weathering, solar light and oxidation, hence guaranteeing a
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high durability [5]) are the main advantages that make
the use of this product so diffused. TEOS effectiveness,
however, is known to be dependent on the presence of
quartzitic fractions inside the substrate, allowing for
chemical bonding. The reduced effectiveness of TEOS
on carbonate substrates, compared to silicate ones, the
temporary hydrophobicity of TEOS-treated stones and
TEOS tendency to crack during drying are the main
limitations of this consolidant when applied on carbon-
ate stones [1]. TEOS efficacy is also linked to the solv-
ent in which it is applied (that can be up to 25 wt% of
the formulation), as solvent influences alkoxysilanes
condensation reactions and hence their mechanical and
physical properties. Solvent evaporation and gel synere-
sis (i.e. contraction due to condensation occurring be-
tween unreacted groups in the network [12]) during
curing directly affect gel tendency to crack [13].

In order to overcome the limitations of TEOS in the
treatment of carbonate stones, starting from 2010 [14] a
new inorganic consolidant, based on the formation of
hydroxyapatite (HAP) in the substrate, has been intro-
duced and tested. HAP is formed inside the stone due to
a reaction between an aqueous solution of diammonium
hydrogen phosphate (DAP) and the calcite of the sub-
strate. Experiments carried out so far on marble protec-
tion and porous stone consolidation have given very
promising results, as HAP proved to be very effective
on lithotypes with variable carbonate content [15-22].
HAP ability to develop high mechanical strength in just
48 hours curing, together with its application in aque-
ous solvent (non toxic), are further advantages of this
treatment [14,19].

In this study, the effectiveness of the HAP-treatment
was tested and compared to that of TEOS on two
carbonate stones, a limestone and a calcarenite with
different mineralogical composition and microstruc-
tural features, namely Globigerina limestone (Malta) and
Giallo Terra di Siena (Italy). Both lithotypes have been
used in historical and modern buildings and, particularly
in the case of Globigerina limestone, ethyl silicate is often
used for consolidation of weathered elements (in spite of
the reduced effectiveness of this consolidant on carbon-
ate stones) mainly because of the lack of more suitable al-
ternatives [3]. The HAP-treatment effects were evaluated
in terms of mechanical effectiveness and compatibility
with the substrate, and compared to those of TEOS, in
order to determine whether HAP might be a valuable
alternative to be employed for consolidation of these
lithotypes.

Experimental

Materials

Two different lithotypes were used for the tests: Globi-
gerina Limestone and Giallo Terra di Siena, from now
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on labelled as GL and GS, respectively, differing for
porosity and mineralogical composition. In particular,
GL is composed for about 90 wt% of calcite and exhibits
small amounts of quartz and a total open porosity around
40% [23,24], while GS is mainly composed of calcite
(around 80 wt%), quartz and feldspars, and exhibits a total
open porosity around 20% [19].

Quarry slabs of both stones were cut into 5 cm cubes
and core-drilled perpendicularly to bedding planes to
obtain 2 ¢cm diameter and 5 cm height cores. As sam-
ples naturally weathered in the field usually undergo
alterations in porosity, liquid water transport proper-
ties and mechanical strength, all the samples used in
this study were artificially weathered by heating prior
to consolidants application. According to a previously
developed methodology [14,23], samples were heated
at 400°C for 1 hour (in the case of GS, after prelim-
inary saturation with water and heating at 200°C for
1 hour), so as to induce new micro-crack formation at
grain boundaries.

The HAP-based treatment was performed by using a
1 M aqueous solution of DAP (Sigma-Aldrich).

Two different TEOS mixtures were used for the two
lithotypes (a commercial mixture for GL, a mixture
prepared in the laboratory for GS), maintaining the
same catalyst (1 wt% DBTL) and the same ratio be-
tween the active principle and the solvent, so that the
only parameter to change was the solvent type. GL
samples were treated with a commercial product com-
posed of 75 wt% ethyl silicate and 25 wt% white spirit
D40 (Estel 1000 by CTS s.r.l, Italy). GS samples were
treated with a mixture of 75 wt% ethyl silicate and
25 wt% isopropyl alcohol.

Methods

All the samples were treated by brushing, as this is the
most common application method usually adopted in
the field [25]. Cylinders of both stones were treated on
the whole external surface, while cubes were treated on
one face perpendicular to the bedding planes. As usually
recommended in the technical data sheets of commer-
cial TEOS-based products, HAP and TEOS treatments
were applied until apparent refusal (defined as the con-
dition when stone surface remains wet for 1 minute after
consolidant application [7]), which required about 10
brushing applications for GS and GL cylindrical samples,
about 20 applications for GS cubes and 30 applications
for GL cubes.

HAP-treated samples were left to cure for 48 hours
wrapped in a plastic film to prevent evaporation, while
TEOS-treated samples were left to cure for 4 weeks (as
recommended by commercial TEOS products technical
data sheets) in laboratory room conditions (T =20 + 2°C,
RH =50 £ 5%).
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Figure 1 Sorptivity test: Schematic representation of sorptivity test on treated samples: water is let penetrate the samples through the
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The performance of the two consolidants on the se-
lected lithotypes was then evaluated in terms of mechan-
ical strengthening and alteration in microstructure and
transport properties. All tests were performed on treated
and untreated samples, for comparison’s sake.

Mechanical properties were determined on stone cores
in terms of dynamic elastic modulus (by ultrasonic test,
Matest instrument with 55 KHz transducers) and tensile
strength (by Brazilian splitting tension test), as these
properties provide an estimation of the consolidant abil-
ity to restore stone cohesion and seal micro-cracks,
together with providing an indication of its even distri-
bution inside the sample. Tensile strength determination
is particularly relevant when TEOS treated samples are
under examination, as the formed silica gel can either
create chemical bonds with the samples, hence exerting
a proper binding action, or else just deposit inside stone

pores, hence not giving significant benefit in terms of
cohesion [1].

Stone porosity and pore size distribution were investi-
gated by mercury intrusion porosimetry (MIP, Fisons
Macropore Unit 120 and Porosimeter 2000 Carlo Erba)
on fragments taken by chisel from the surface of stone
cores, in order to investigate the alterations occurred in
the consolidated layer of the sample. Microstructural
alterations were expressed in terms of pore size distribu-
tion, total open porosity and average pore radius, de-
fined as the radius corresponding to 50% of mercury
intruded volume. Pore percentage below and above
0.1 pm and 1 um were also determined, as an increase
in the fractions of smaller pores is known to raise stone
susceptibility to decay due to salt crystallization [26].

Stones transport properties were determined by sorp-
tivity test, performed according to the EN 15801 [27],
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Figure 3 Samples pore size distribution before and after treatment: Pore size distribution, open porosity (OP) and average pore radius
r, of untreated, HAP-treated and TEOS-treated samples of Globigerina Limestone a) and Giallo Terra di Siena b).
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water being let penetrate the samples through the
treated face, as in the scheme in Figure 1. The test was
stopped after 24 hours, when saturation had already
been reached for both stones, and the corresponding
water absorption value was determined.

Results and discussion

Tensile strength and dynamic elastic modulus of treated
and untreated GL and GS are reported in Figure 2. Both
HAP and TEOS proved to have a high efficacy in enhan-
cing GS mechanical properties, as tensile strength was
increased, respectively, by 22% and 32% with respect to
the untreated references, while dynamic elastic modulus
was increased by 16% and 56%, respectively. When the
consolidants are applied to GL, the differences in the
performances of HAP and TEOS are more marked, as
increases of 17% and 126% in terms of tensile strength,
and 38% and 63% in terms of dynamic elastic modulus
were registered.

The consolidating effect of the HAP-treatment on
both stones derives from HAP formation inside the ma-
terial, determining a better bonding between the grains
[19]. The high efficacy of TEOS is to be ascribed to the
presence of quartzitic fractions in both tested stones,
allowing for chemical bonding [3,18,19]. HAP was found
to be slightly more efficient on GS than GL, in terms of
tensile strength, in spite of the higher calcite content of

Table 1 Pore size distribution: Pore alterations on HAP
treated and TEOS treated samples

Sample  OP%<0.1pm 0.1 pm<OP%<1pm  OP%>1 pm
GL-UT 2.1 93 25.2
GL-H 48 84 235
GL-T 25 33 225
GS-UT 23 22 17.0
GS-H 1.8 2.1 164
GS-T 1.3 2.7 135

GL: this is probably to be ascribed to the different size
and shape of micro-cracks that formed in the two stones
after artificial weathering; indeed, HAP ability of sealing
cracks substantially depends on the crack size and shape.
This aspect is currently under further investigation.

The cited differences in the performances of TEOS on
Globigerina Limestone and Giallo Terra di Siena, con-
sidering that higher improvements are obtained for GL
which has a lower quartz content than GS, might be as-
cribed to the different formulations used: the commer-
cial product based on white spirit was actually more
effective than the alternative TEOS formulation based
on isopropyl alcohol (having however the advantage of
being less toxic). Hence, TEOS efficacy confirmed to be
highly dependent on the solvent type [13]; when isopro-
pyl alcohol is used, TEOS performances are comparable
to those of HAP, while the formulation in white spirit
leads to better mechanical performances.

Microstructural alterations induced by the two conso-
lidants were examined in terms of pore size distribution,
total open porosity and average pore radius, reported in
Figure 3 and Table 1. As can be observed in Figure 3,
HAP treatment resulted in a negligible alteration of sam-
ples porosity, while TEOS caused a certain pore occlu-
sion, more relevant in the case of GL, correspondingly
with the higher mechanical properties obtained for this
lithotype. In terms of pore size distribution (Table 1),
HAP resulted in a slight increase in the percentage of
pores with radius <1 pm in the case of GL, while TEOS
did not significantly increase the percentage of finer
pores. Considering that stone consolidants are usually
required to alter materials microstructure to the lowest
possible extent [3,26,28], and in particular to cause a mini-
mum increase in “small” pores (having radius <1 pm, ac-
cording to [26]), both HAP and TEOS can be considered
as fairly compatible in terms of alterations in porosity. In-
deed, the decrease in open porosity induced by TEOS is
rather limited, while the increase in small pores caused by
HAP is not expected to cause any worsening of durability
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Figure 4 Sorptivity and total water absorption before and after treatment: Sorptivity curves of untreated, HAP treated and TEOS
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to salt crystallization, considering that the total open
porosity and the water sorptivity (see below) remain essen-
tially unaltered after the HAP-treatment. Anyway, dur-
ability towards salt crystallization is a complex matter,
hence specific studies on the behaviour of HAP- and
TEOS-treated samples when subjected to salt crystallization
cycles are currently in progress.

Water transport properties of the two stones before
and after consolidation are reported in Figure 4. Corres-
pondingly with the negligible reduction of stone poros-
ity, water uptake of the samples after HAP-treatment is
almost unaltered, especially in the case of GS, where
water absorption after 24 hours is exactly the same as that
of the untreated references. TEOS treatment, instead, dra-
matically alters water transport properties of the samples,
even after 4 weeks of curing. Indeed, TEOS-treated sam-
ples exhibit negligible water uptake for 24 hours of contact
with water. This can be ascribed to the reduction in sam-
ples porosity and, mostly, to the temporary hydrophobic
effect of ethoxy groups, that remain in the stone until cur-
ing reactions are complete [1,5]. This may require several
months [16,17], during which it is impossible to apply any
water-based treatment [1,5]. Moreover, in case water can
enter the stone from behind the TEOS-consolidated stone
layer (e.g., because of rising damp, not completely elimi-
nated before the consolidation intervention, or because of
condensation or infiltration), problems may arise during
the period of temporary hydrophobicity, as water is
blocked behind the consolidated layer and damage owing
to salts and/or freezing-thawing may occur [1].

Conclusions

From the tests carried out on Globigerina Limestone
and Giallo Terra di Siena, the following conclusions can
be derived:

e both consolidants proved to be effective on the
selected lithotypes, as they caused significant
improvements in mechanical properties of both GL
and GS. The HAP mechanical efficacy was found to

be comparable to that of TEOS, when isopropyl
alcohol was employed to reduce ethyl silicate toxicity
(GS samples), while TEOS efficacy proved to be higher
than that of HAP when white spirit was used as
solvent (GL samples);

e TEOS efficacy proved to be much dependent on the
product formulation: when isopropyl alcohol is used
instead of white spirit, TEOS efficacy dramatically
decreases;

e in terms of alterations in porosity, both consolidants
can be considered as fairly compatible with GL and
GS; in particular, HAP leads to basically no alteration
in total open porosity and a very slight alteration in
pore size distribution, whereas TEOS is responsible for
more pronounced open porosity reductions;

e in terms of alterations in liquid water transport
properties, HAP demonstrated a much higher
compatibility than TEOS, as the former treatment
caused no substantial alterations, while the latter
treatment induced temporary hydrophobicity in the
treated stones. This makes the application of water-
based treatments impossible for several months after
treatment and may give rise to salt- and freezing-
related problems, in case water is present behind the
consolidated, hydrophobic layer.

For these reasons, HAP seems to be a valuable alterna-
tive to TEOS for the selected lithotypes, as it allows to
obtain a good efficacy in a much shorter curing time
and a higher compatibility with the substrate. Additional
parameters on which the treatment compatibility depends
(e.g., alteration in water vapour permeability, colour
change, etc.) have given promising results in previous stud-
ies on different lithotypes [14,19]. Further tests to assess
the durability of HAP-treated samples are currently in
progress.
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