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ABSTRACT: In recent times, nanomaterials have been applied in the construction and maintenance of the world’s
cultural heritage with the aim of improving the consolidation and protection treatments of damaged stone. These
nanomaterials include important advantages that could solve many problems found in the traditional interven-
tions. The present paper aims to carry out a review of the state of art on the application of nanotechnology to
the conservation and restoration of the stony cultural heritage. We highlight the different types of nanoparticles
currently used to produce conservation treatments with enhanced material properties and novel functionalities.
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RESUMEN: Revision de los nuevos nanomateriales para la conservacion y restauracion del material pétreo. En los
ultimos tiempos la aplicacion de las nanoparticulas en el campo de la conservacion del patrimonio pétreo con-
struido esta siendo llevada a cabo con el fin de obtener tratamientos mejorados de consolidacion y proteccion.
Estos productos incorporan importantes ventajas que pueden solucionar muchos de los problemas encontrados
en las intervenciones tradicionales de conservacion del patrimonio. De este modo, el presente trabajo de inves-
tigacion toma como objetivo la revision sobre la aplicacion de la nanotecnologia a la conservacion y restaura-
cion del patrimonio pétreo. Se destacan los diferentes tipos de nanoparticulas mas comunmente utilizados hoy
en dia para llevar a cabo tratamientos de conservacion con propiedades mejoradas y nuevas funcionalidades.
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1. INTRODUCTION

The basic principle of the patrimony is that the
cultural heritage is an incalculable and integral leg-
acy to our future. The obligation to preserve and pro-
vide access to it is an absolute necessity. Nowadays,
it warns a growing concern for the situation that

the degradation of this rich and fragile heritage has
reached. In addition, conservation of stone heritage
is always a delicate and complex challenge. Multiple
variables have to be taken into account to identify
the problems, define the necessary conservation
actions and to select materials and procedures to be
used. The variety of factors to be analyzed includes
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the intrinsic stone properties, the state of conser-
vation, the degradation mechanisms and the envi-
ronmental factors. Thus, it is necessary to select the
appropriate materials and procedures for a correct
conservation treatment. Compatibility, depth of
penetration, durability, effect on liquid water and
vapor permeability, in addition to biological resis-
tance, application method, or health matters are
important factors to take into account.

While the development in material science has
generated important nanostructured materials long
time ago, conservation of cultural heritage was, until
recently, mainly based on the traditional conserva-
tion and restoration treatments. These traditional
methods, such as the use of synthetic polymers,
often lack the vital compatibility with the original
substrate and a durable performance. More recently,
nanomaterials are being applied in the construction
and maintenance of the architectural heritage with
the aim of improving the consolidation and pro-
tection treatments of damaged building materials.
Firstly, Baglioni and co-workers were pioneering
in the application of nanoparticles for the clean-
ing and consolidation of mural paintings (1). Later,
the application of nanoparticles to stone heritage
started through works of Dei and Salvadori (2) and
Manoudis et al. (3). Subsequently, the nanoparticles
specifically designed for cleaning, consolidation,
water repellence, as well as for antimicrobial and
anti-graffiti treatments have been developed.

Consolidation is one of the most important con-
servation treatments carried out on stone heritage.
This treatment is used to improve the cohesion of
weathered stone when serious decay patterns and in-
depth cohesion loss are present. Consolidation treat-
ments are the most risky conservation actions due to
their irreversibility and the likeliness to cause unde-
sired effects, such as the possible loss of the surface
that was supposed to be preserved. This risk justifies
the numerous studies that have been developed on
stone consolidants. The application of nanotechnol-
ogy in the cultural heritage conservation is marked
by the possibility to design consolidant products
highly compatible with the original stone substrate.
Moreover, when particles have dimensions of about
1-100 nanometers, the materials properties change
significantly from those at larger scales. In this sense,
nanomaterials have larger surface areas than similar
masses of larger-scale materials, which increase their
chemical reactivity. In addition, these nanomateri-
als present the possibility to penetrate deep into the
damaged stone materials due to the particle size.

On the other hand, atmospheric pollution is dra-
matically increasing the external degradation of
monuments and buildings due to the deposition of
organic matter and other contaminants on the stone
substrates (Figure 1). In this context, one of the
main particularities on the use of nanoparticles is its
photocatalytic capacity, which prevents the excessive

FIGURE 1. Degraded stone heritage showing: a) salt
weathering of building stone, and b) visible microbial growth
and staining.

contamination and the growth of microorganisms
on the building facades allowing an easier removal
of biological stains, soiling and biofouling from sur-
faces (4, 5). In this way, innovative applications have
reached by using nanoparticles in building materials
such as environmental pollution remediation and
self-cleaning and anti-microbial effect.

Since ancient times, these properties are known
in different elements (Ag, Ti, Cd, Fe, Pd, Zn, Pt,
Co, etc). The nanoparticles must have the follow-
ing attributes: stability and sustained photoactiv-
ity, biologically and chemically inert, nontoxic, low
cost, suitability towards visible or near UV light,
high conversion efficiency and high quantum yield,
could be react with wide range of substrate and
high adaptability to various environment and good
adsorption in solar spectrum (6). In addition, these
treatments can also have water repellent proper-
ties which favor this self-cleaning action (7, 8), and
prevent the generation of damage caused by water.
The nanostructured particles can provide not only
hydrophobic and repellence properties to the stone
substrate but also superhydrophobic properties (9),
which generate water contact angle greater than
150°.

The nanoparticles can also be used as additives
in construction materials or to modify the synthetic
polymers in order to enhance its outdoor perfor-
mance, and its mechanical and thermal properties
(10, 11). Moreover, capsules with high initial flex-
ibility are even used for self-healing concretes (12).
On the other hand, the presence of soluble salts is
recognized as an important decay agent of stone
heritage. Thus, in the last few years, the study of
the application of nanoparticles as a de-sulphating
agent for stone, mortars and wall paintings are being
carried out (13).

An important aspect in order to establish the suit-
ability and the effectiveness of the treatments based
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on nanoparticles is to take into account the synthe-
sis method used for obtaining the nanoparticles.
The influence of experimental synthesis parameters
that can modify the morphologies, particle sizes,
agglomeration level and crystalline structures of the
nanoparticles obtained has to be analyzed.

This review focuses on the current state of
knowledge in the application of different types of
nanoparticles for the improvement of conservation
strategies of the cultural built heritage.

2. CONSOLIDANT PRODUCTS
2.1. Inorganic nanomaterials

2.1.1. Consolidants based on Ca( OH ), nanoparticles
applied in rocks (limestones, dolostones),
and mortars

One of the most commonly used inorganic consol-
idants are the products based on hydroxide nanopar-
ticles due to its compatibility with a large part of
the built and sculptural heritage. Calcium hydroxide
(also known as lime wash putty) is one of the old-
est products used in construction, mainly as a binder
in mortars (joint mortars, renderings, wall fillings,
etc), in mural paintings, as a consolidant product,
together with other materials such as rammed-earth.

It can be used to restore the cohesion loss by fill-
ing the porosity of calcareous stones (limestones,
marbles, and mortars). When calcium hydroxide
is exposed to atmospheric CO, in wet conditions,
the layered network of its hexagonal packing crys-
tal structure favors the incorporation of such CO,
to the structure producing the carbonation pro-
cess, which consists of reacting and transforming
into calcium carbonate (Figure 2). However, this
approach has resulted in many cases unsatisfactory

Untreated

D Pores D Micritic matrix

D Grains of dolomite I:‘ Recrystallized calcite
. Grains of calcite . Moldic porosity from Bioclast

by the poor penetration of the dissolution inside the
stone material and its inability to achieve complete
consolidation of the damaged area of the material.
New products based on nanoparticles can modify its
properties and be used in protection and consolida-
tion of geomaterials including marbles, dolostones,
limestones (14), mortars. Significant progress has
been achieved using colloidal nanoparticles calcium
hydroxide-based, commercially distributed among
which the most used are Nanorestore (2), Calosil
(15) for obtaining calcium carbonate, which acts on
the carbonate rock modifying the pore structure.
However, it is important to assess whether their
characteristics are compatible or not with petrologi-
cal aspects and mineralogical or local environmental
conditions they are exposed and amend the process
and therefore its effectiveness (16). Like all products
used in treatments of consolidation, consolidating
products based on nanoparticles, different agents
are susceptible to extrinsic and intrinsic factors that
influence its stability and can, at a given time, alter
their specific properties, such as relative humidity
(17), exposure time (18), temperature changes (19)
or its stability with over time (20). Differences in the
carbonation process in nanoparticles are associated
with several factors among which are the presence of
CO, in the environment and the presence of water
(liquid or vapour phase) (21) as an accelerator of the
process, producing differences in the nucleation and
growth of different calcium carbonate polymorphs
(22). This behaviour affects the reactivity of min-
erals, their crystallinity and the porosity and pet-
rophysical properties of the stone surface to which
nano lime has been applied (23, 18).

Progress in the use of consolidating products
based on calcium hydroxide nanoparticles for the
consolidation of carbonate stone materials has
been increasing in the last years. One of the main

E Hydroxide NPs in micrictic matrix

FIGURE 2. A schematic illustration of the thin film of dolostone before and after treatment with hydroxide nanoparticles.
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objectives has been to improve its properties to
ensure the success of the process, including control
of morphology and size of the nanoparticles (24),
rate and the effect of carbonation in crystal growth
(25), degree of crystallinity, penetration depth, con-
centration of solution (23), additives, catalysers (26)
or solvents, and solubility (27).

One of the main factors that have been proven
to be the clue to produce the carbonation has been
the effect of the relative humidity. Carbonatation
reaction produces different polymorphs of calcium
carbonate, which have different stability and mor-
phology. When it comes to be applied in the stony
substrate, the behavior is different depending on the
relative humidity. Therefore, in dry environments
is slower giving rise to low crystallinity calcium
carbonate (28). However, it is not the same in wet
environments where carbonation is faster; however
it not only produces calcite, the most stable of all
polymorphs, but mainly acicular aragonite or unsta-
ble polymorphs as vaterite and even hydrated phases
of ikaite or monohydrocalcite that can affect to the
substrate in the same way as it would do other salt
contributing to the loss of cohesion (22).

Due to the influence of relative humidity on car-
bonation, not always achieved to form calcite, as it
is the case of nanoparticles that are exposed to very
low humidity relative (33%) and which still conserve
calcium hydroxide although they have been exposed
for a long period of time (28, 29).

In order to accelerate the carbonation process,
nowadays are being tested different routines, which
include the use simple accelerators as yeast, which
contributes to accelerate the carbonation in calcium
hydroxide nanoparticles (26).

The results of treatment with Ca(OH), nanopar-
ticles from commercial products obtained by colloidal
synthesis (Calosil®) applied on dolomite stones from
Reduena (Spain) with different concentrations have
demonstrated the development of surface with carbo-
natic efflorescences, which has been observed in sam-
ples treated with the product in high concentration (15
and 25%) and heterogeneous porosity. Changes in the
color and brightness, for instance, are reason enough
to discourage the application of this treatment in high
concentrations on this type of porous dolostones (23).

However, when the same product (Calosil®) is applied
in low concentration (1.5 g/I) can result in a natural
method, compatible with the petrological character-
istics of the substrate, without secondary damages on
the stone, being an effective method to improve the
durability of carbonate stones (30).

It is essential to conduct a previous study of
mineralogical and chemical compatibility between
consolidating product/stone to avoid develop-
ing unaesthetic neomineralizations in the stone.
Therefore a mineralogical and textural control can
early diagnose possible pathologies developed as a
result of no suitable treatments (Figure 3) (23).

Although portlandite (Nanorestore”) has been
applied to dolostones and calcitic dolostones get-
ting an improvement in their hydric and physical
properties more effectively in wet than in dry envi-
ronments, without changes in color, their effect
has produced phenomena of dolomite dissolution
and calcite recrystallization (18). This behavior is
expected being its application more suitable to be
applied in limestone.

These nanomaterials include significant advan-
tages that could solve many problems found in the
traditional interventions of the stone consolidation.
However, the physical-chemical compatibility of
these consolidants with the stone material is one of
the most important requirements for its use in heri-
tage preservation. Therefore, the new goal consists
in the development of new consolidant products
based on Mg(OH), nanoparticles in order to pre-
serve the dolostone used in built heritage (31).

In the field of the mortars, the commercial
products(Calosil®, Nanorestore”, Merck®) have been
tested on dry hydrated lime and fine crushed calcare-
ous aggregate (32); powdered lime hydrate and river
sand (33) and siliceous and lime mortars (34). The
effectiveness depends on the type of mortar and
humidity conditions to which they are exposed.

2.1.2. Consolidant products based on Mg(OH ),
nanoparticles

Dolostone represents one of the materials most
used in the history of construction in the world. The
damage experienced by these materials generates a
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FIGURE 3.

ESEM Images and roughness profiles obtained of treated and untreated Laspra dolostone (Spain).
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significant loss of internal cohesion that makes the
application of consolidant products necessary. As
mentioned, consolidant products based on calcium
hydroxide nanoparticles are one of the most com-
monly used nanomaterials in stone consolidation. To
our knowledge, it is important to take into account
that in dolomite crystals, layers of carbonate ions
alternate with layers of magnesium and calcium
ions (35). Variables such as the possible Mg**/Ca**
ion exchange in the stone-consolidant system, the
influence of particle size on carbonation kinetics or
the surface tension differences in the medium, have
to be taken into account. In this way, the application
of calcium hydroxide nanoparticles in dolostone
could generate nano-calcite recrystallized, lead-
ing the dolomite dissolution due to the calcium ion
enrichment (18). This is why the effectiveness of the
use of calcium hydroxide nanoparticles is reduced in
dolostone substrate.

The dedolomitization is another risk arising as a
result of the use of calcium hydroxide nanoparticles
for the dolostone consolidation. In alkaline condi-
tions, the dolomite can react with alkali hydroxides
causing a fine intergrowth of brucite, calcite and
alkali carbonates. This process would regenerate
alkalis and thereby permit a continued reaction with
the dolomite (36). In addition, the expansion and
the cracking of dolostone substrates occur when the
dedolomitization happens (36-38). Works carried
out by Berube et al. (39) showed that extensive dedo-
lomitization occurred when dolomite was immersed
in a lime solution. Thus, one of the main goals con-
sists in the development of new consolidant prod-
ucts based on Mg(OH), (brucite) nanoparticles,
with morphology, crystalline structures, and com-
patibility suitable for application in the dolostone
used in built heritage (30). The consolidant action
of this type of nanoparticles is based on their car-
bonation reaction in the presence of CO, and rela-
tive humidity, which result is the precipitation of
magnesium carbonate (Mg(CO;) (Figure 4). The
consolidation of dolostone can be achieved through
the application of a mixed Ca(OH), and Mg(OH),
nanoparticles dispersions. In order to obtain a dura-
ble consolidation, mixed calcium and magnesium
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hydroxides, obtained by thermomechanical treat-
ment of lime and via homogeneous phase reaction,
respectively, have been applied in a high porosity
dolostone (40).

2.1.3. Ba(OH ), nanoparticles as consolidant
product

Barium hydroxide (Ba(OH),) has been widely
used as a consolidant product for carbonate stones
during decades and represents a potential alterna-
tive to calcium hydroxide given its greater solubil-
ity in water (41, 42). Literature suggests that when
barium ions are in contact with calcium carbon-
ate crystals, along with carbonation, a significant
degree of exchange of barium ions for calcium ions
is achieved. Therefore, the precipitated barium car-
bonate is directly bonded to the surface of calcium
carbonate crystals and thus, the new mineral phase
increases its adherence to the stone material (41, 43).
In this way, the consolidant action of the barium
hydroxide is based on its carbonation reaction with
the carbon dioxide, which results in the formation
of barium carbonate (BaCO;). However, one of the
most important disadvantages of using Ba(OH), as
a consolidant product is its low penetration capacity
into the stone material (44). Several techniques have
been proposed in order to introduce the Ba(OH),
into the stone matrix. Lewin (45) promoted the car-
bonation of the barium hydroxide more effectively
by adding urea to the solution due to the fact that
the urea produces a slow and controlled precipita-
tion of barium carbonate from the barium hydrox-
ide solution. However, Schnabel (46) evaluated the
Ba(OH),-urea method applied to marble and porous
limestones and suggested that the effectiveness of
the method is reduced when it is applied by capil-
larity in situ. In this context, the use of controlled
nano-sized barium hydroxide particles allows an
increased penetration depth of the nanoparticles
into the stone matrix, due to the small average
size of the particles (47, 48). Furthermore, barium
hydroxide solutions have been widely applied to the
consolidation of gypsum materials and wall-paint-
ings through a procedure known as the Ferroni-Dini

As deposited

10 20 30 40 50 60 70
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FIGURE4. SEM images and XRD patterns of magnesium hydroxide nanoparticles obtained by hydrothermal method, before and
after 15 and 31 days at 75%RH.
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method or Florentine method (49). The gypsum can
be converted into barium sulfate when using the first
step of the Ferroni-Dini method (treatment with
ammonium carbonate). Later, the application of
barium hydroxide solution allows the stone consoli-
dation. Baglioni et al. (48) suggest the use of mixed
formulations of Ca(OH), and Ba(OH), nanoparti-
cle dispersions for the pre-consolidation of surfaces
extremely affected by sulfates, after the application
of the first part of the Ferroni-Dini method.

On the other hand, barium hydroxide has also
been applied as additive material in conservation
mortars. Thus, the effect of barium hydroxide on
the setting mechanism of lime-based mortars has
been studied by Karatasios et al. (41). Their results
suggested that Ba(OH), produced a homogeneous
binding material, consisting of calcite (CaCO;),
witherite (BaCO;) and barium-calcium carbonate
(BaCa(COs;),), without causing any defects. They
also found the carbonation of barium hydrox-
ide much faster than that of calcium carbonate.
Moreover, barium hydroxide was found to have a
positive effect on the sulphate-resistance of lime-
based mortars by blocking Ca* dissolution, when
used as an additive material to the lime binder (50).
In this way, the formation of barium phases within
the mass of lime binder could increase the durability
of conservation mortars.

The effectiveness of barium hydroxide as an
additional activator in alkali Ca(OH),-activated
ground granulated blast-furnace slag (GGBS) mor-
tars mixed and cured at air-dried and water condi-
tions has also been reported (51). These researchers
determined that the addition of Ba(OH), could
led the development of alkali-activated mortars
with a higher strength due to the formation of
2Ca0-Al,05-S10,:8H,0 hydrates with higher molar
Si/Al and Ca/Al ratios (50). More recently the effects
of lime and barium water treatment on the consoli-
dation of lime mortars were researched (52). The
authors compared the traditional lime water tech-
nology and barium hydroxide treatment with the
consolidation results obtained using distilled water
and lime water with added metakaolin in mortars.
They concluded that the barium water built a denser
and connected substance in lime mortars, which sig-
nificantly increased the tensile strength of the tested
mortars.

2.1.4. Consolidant products based on Sr(OH ),
nanoparticles

The synthesis of strontium hydroxide (Sr(OH),)
nanoparticles obtained by bottom—up approach,
and their use as consolidant product and also as a de-
sulphating agent for stone, mortars and wall paint-
ings were proposed (13). The nanoparticles were
dispersed in propan-1-ol solvent and were applied
for the consolidation of Lecce limestone (Italy)

and for wall paintings (the frescoes of the “Grotta
del Crociffiso”, Sicily). The authors determined that
Sr(OH), nanomaterials can react with gypsum, pro-
ducing strontium sulphate, an insoluble sulfate, that
replace the more soluble gypsum and can reduce
the mechanical stress. In addition, the carbonation
reaction of Sr(OH), can produce strontium car-
bonate (SrCOs;), which provides the consolidation.
Moreover, Licchelli et al. (53) studied the use of
Ca(OH), nanoparticles and Sr(OH), nanoparticles
for the consolidation of bioclastic limestones (Lecce
stone), and their durability performance, expos-
ing the treated stone specimens to salt crystalliza-
tion test. They applied the nanoparticles by using
capillary absorption and brushing and compared
the results obtained with to those observed after
the application of tetraethoxysilane (TEOS) on the
Lecce stone. They concluded a satisfactory consoli-
dant action of the inorganic nanoparticles compared
to the application of TEOS on the stone. Thus, the
treatment with Ca(OH), and Sr(OH), nanoparticles
was able to increase the resistance of stone to aging.
Besides, the performance of the treatment based on
Ca(OH), and Sr(OH), nanoparticles by brushing
results in a deeper penetration and a more homoge-
neous distribution of the consolidant nanomaterial
into the stone substrate (53).

2.1.5. Silicon dioxide nanoparticles (SiO,) applied
as consolidant product

Recently, studies about the behavior of commer-
cial water-based silica dispersions, with different
average radius (from 55 to 9 nm), as consolidant
products on limestone (Lecce stone) have been
carried out by Falchi et al. (54). These researchers
determined a low penetration depth of the nano-
silica dispersions into the stone matrix (2 mm), and
the tendency of silica nanoparticles to form a xero-
gels layer on the surface of the stone. They proposed
that a pre-treatment of the stone surface with etha-
nol could reduce the stone surface tensions improv-
ing the penetration depth and thus resulting in a
better consolidant action. In addition, works car-
ried out by Okubo et al. (55, 56) showed the influ-
ence of the solvent, temperature and humidity in
the colloidal crystals of silica spheres (with a diam-
eter of 110 and 103nm) deposited on a cover glass.
They determined an important influence of relative
humidity and temperature on the macroscopic dry-
ing dissipative patterns of colloidal nanosilica (56).
Besides, Zornoza-Indart et al. (57) studied the influ-
ence of relative humidity in the commercial product
Nanoestel”, based on an aqueous solution of colloi-
dal SiO, nanoparticles, and their consolidant action
on bioclastic sandstones (calcarenites). The authors
have showed that its consolidant action depend
strongly on relative humidity. Therefore, com-
pared to the treatment carried out at higher relative
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humidity (90%RH), the treatment at lower rela-
tive humidity (40%) showed an increased efficiency
and less adverse changes, marked by less chromatic
changes, and no-formation of a cracker layer over
the surface stone. Moreover, the effectiveness of
consolidation treatments based on a suspension of
nanosilica in water and ethyl silicate dispersed in
organic solvent applied on a pyroclastic rock were
assessed (58). These authors concluded that consoli-
dants increased the resistance of rocks against salt
crystallization, although the treatments induced an
increase of crystallization pressure.

Nanosilica has been also applied in the field of
mortar technology. Zendri et al. (59) studied the
reactivity of a colloidal suspension of silica made
of particles with an average diameter of 10-15nm,
sodium silicate, and ethyl silicate with calcium car-
bonate and quartz. These consolidant products
form a gel of amorphous silica, which after sol-
vent evaporation are transformed itself in xerogels.
Firstly, the authors characterized the three silicatic
systems and then, they studied its chemical reac-
tivity mixed with calcite and quartz in 1:1 molar
ratio. They determined structural differences on
the silica produced by the three consolidants. While
the xerogel coming from the colloidal silica formed
xerogels with systems mainly related to tri-dimen-
sional systems (Q* type), in the xerogels coming
from ethyl silicate and sodlum silicate prevalence
more planar systems (Q’ type), highly available for
a chemical interaction with calcium carbonate and
quartz. Despite the consolidant based on ethyl sili-
cate proves more reactivity than others, measures of
cohesion revealed few differences between the prod-
ucts. The porous values and the distribution of the
treated and non-treated mortars evidenced a greater
penetration capacity of the colloidal silica due to
their small dimensions. Furthermore, the research
on the science of cementitious materials at nano
atomic level is an important research topic. In this
field, the incorporation of nano-silica in cementi-
tious mortars has been shown to improve the dura-
bility and sustainability of cement-based materials,
due to its enhanced reactivity and specific surface
area, which results in a high degree of pozzolanic
activity (60, 61).

2.1.6. Calcium alkoxides nanoparticles for the stony
materials consolidation

Consolidant products based on metal alkoxides
(calcium alkoxides) have been recently proposed (62,
63). It is well known that calcium alkoxides react in
presence of atmospheric moisture and carbon diox-
ide to precipitate metal carbonates nano-structured,
and alcohols. The limitation of using these alkoxides
as consolidant product is their poor solubility and
volatility, which results in a low amount of precipi-
tated carbonates in each application. Recently, and

with the objective to increase solubility and stabil-
ity in metal alkoxides, Ossola et al. (64) and Favaro
et al. (65) synthesized calcium alkoxides using start-
ing alcohols sterically hindered (2,2-dimetyl-1-pro-
panol) and/or with additional coordinating atoms
by using different synthetic pathways. They deter-
mined a strong influence of the alkoxide precursors
on the resulting vaterite/calcite ratios generated in
contact with the atmosphere. Moreover, the poten-
tial effectiveness of alkoxides as consolidant prod-
uct was tested on Carrara marble by ultrasound
measurements. These authors also studied the use
of commercial magnesium alkoxides for the conser-
vation of built heritage (65). They determined an
unsuitable use of this type of alcoxides applied to
stone substrates due to the low crystallinity degree
of the obtained coatings and the unsuccessfully
carbonation of the Mg alcoxides into the required
phase magnesite.

2.1.7. Hydroxyapatite for carbonate stone
consolidation

Sassoni et al. (66) were pioneers in the use of
hydroxyapatite (HAP) as an alternative to calcium
oxalate for the consolidation of carbonate stones
used in building heritage. Thus, HAP has been
applied for the consolidation of limestones (66),
marbles (67), and sandstones with different carbon-
ate contents (68, 69). This product is not introduced
directly into stone material, but is formed by the
reaction between phosphate ions coming from an
aqueous solution of diammonium hydrogen phos-
phate (DAP) applied to the stone and calcium ions
coming from the substrate. Among its advantages,
HAP has shown a good compatibility with the crys-
tal structure and lattice parameters of calcite (70).
Thanks to its low viscosity, this aqueous consolidant
product is able to penetrate deeply into the stone,
generating a significant improvement in mechanical
properties (65) and (66). A comparison with TEOS
shows how hydroxyapatite-treated specimens pre-
sented an increase in dynamic elastic modulus and a
tensile-strength substantially similar to that achieved
by TEOS-treated ones. However, differently from
samples consolidated with TEOS, hydroxyapatite-
treated stones experienced very low variations in
porosity and pore size distribution, leading to sub-
stantially no variation in the rate of water sorption
and a small decrease in water vapor permeability
(68). On the other hand, the HAP has been tested as
a protective treatment for marble against acid rain
corrosion, showing an improvement in the marble
resistance to the dissolution (69, 71).

Recently, the role of the application technique
on the effectiveness of HAP for limestone has been
carried out (72). The authors tested the consoli-
dant action of HAP applied by brushing, poultice
and immersion on limestone samples artificially
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weathered by heating. They determined the appli-
cation of HAP by brushing as the most suitable
method. This methodological application induced
a significant mechanical improvement of limestones
with limited microstructural, physical and chro-
matic alterations (69). Furthermore, Sassoni et al.
(73) studied the effectiveness and compatibility of
hydroxiapatite treatment for limestone, in compari-
son with ethyl silicate. The researchers concluded
that the hydroxiapatite was able to overcome some
ethyl silicate limitations (mainly, prolonging cur-
ing time and compatibility), being a very promis-
ing consolidant product of porous limestones. They
also evaluated the durability of the HAP treatment
to wetting-drying, freezing-thawing and salt weath-
ering cycles, in comparison with ethyl silicates (74).
Their results showed the HAP as a better option for
limestone consolidation compared to ethyl silicates.
After the accelerated weathering cycles, the samples
treated with HAP underwent less deterioration in
original properties than the samples treated with
ethyl silicates.

Also, the application of hydroxyapatite and
strontium-hydroxyapatite nanoparticles as con-
solidant product in highly porous limestones
(chalk stone) was studied by lon et al. (75). They
determined a higher consolidant activity for
the strontium-hydroxyapatite nanomaterial than
hydroxyapatite. These authors have also tested
a consolidant product based on hydroxyapatite
jointed with calcium oxalate trihydrate (caoxite)
on weathered chalk stone (76), and concluded
that the caoxite induced the stabilization of the
hydroxyapatite and their mixed composition pro-
duced an important reinforcement of chalk stone
after accelerated weathering tests.

2.2. Silicon-based hybrid polymer nanocomposites

2.2.1. Surfactant-synthesized silicon-based hybrid
nanocomposites applied to stony materials

Alkoxysilane-based formulations, and specially
methyltrimethoxysilane (MTMOS) and tetraeth-
oxysilane (TEOS), have been the most widely used
stone consolidants mainly due to their ability to pen-
etrate easily into porous matrix. These consolidants
are absorbed by the stone, hydrolyzed by water to
form silanols, which then polymerise in a conden-
sation reaction and form a polymer that increase
the cohesion of the stone material (77). Thus, sili-
con based-consolidants can be considered as fairly
compatible with silicate stones, at least in terms of
chemical-mineralogical composition, since TEOS
is expected to fully convert into amorphous silica
once the hydrolysis/condensation reaction has been
completed. Despite these materials have improved
physical, chemical and mechanical properties, the
alkoxysilanes present important disadvantages, such

as their tendency to form brittle gels susceptible to
crack during shrinkage and drying and their inef-
ficient chemical bonding to carbonaceous stones
(78). As noted by Mosquera el al. (79) cracking is
generated by the high capillary pressures supported
by the gel network during drying. Smaller pores are
subject to higher pressure than larger pores. Thus,
dense gels containing micropores, typically obtained
from TEOS, are susceptible to cracking.

In order to minimize the tendency to crack of
TEOS, novel nanomaterials have been synthesized
by a synthesis strategy in which the sol-gel transi-
tion is carried out in the presence of a non-ionic
surfactant (n-octylamine). The n-octylamine acts
as a template to make the pore size of the gel net-
work uniform, and as a basis catalyst of the sol-
transition on the stone surface. In this way, the
cracking of consolidants is successfully prevented
(80). These new consolidant products have been
tested in sedimentary and metamorphic rocks and
more recently, in granite (81). In this last work, the
authors defined the application protocol and com-
mercial requirements for their application to exte-
rior conditions. The addition of a small amount of
surfactant during the preparation of the nanocom-
posites in order to obtain crack-free consolidants
for stone conservation has also been employed by
other researchers (82). Furthermore, Zornoza-
Indart et al. (83) evaluated the consolidant action
of a nanostructured consolidant developed by
Illescas et al. (78) composed bg a silica oligomer
precursor Wacker TES 40 WN™ with the addition
of n-octylamine as a surfactant, under different
environmental conditions (dry, RH = 40 £ 2%,
and very humid conditions, RH = 84 + 2% and
95 + 2%). They determined an increased consoli-
dant effectiveness in the stone specimens treated in
the very humid consolidation environment. They
also detected negative results concerning to the
chromatic changes obtained in the treated sub-
strates, marked by a visually change by the shift
to yellow color.

2.2.2. Particle-modified silica consolidants (PMC)
for the stone materials

Another approach that has been developed in
order to optimize the gel phase physical proper-
ties is to reduce the cracking of the consolidant
products through the addition to different metal
colloidal oxides particles to the TEOS-based
polymeric resins (84, 85). The loading of colloi-
dal oxide particles to TEOS has shown to enlarge
the pore size within the network and increases
the modulus, resulting in a lower capillary pres-
sure (86). Also, the excessive agglomeration can
be prevented through the modification of the final
gel by absorbing nanoparticles onto the oxide
particles (87). In this way, the development of
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nano particle-modified silica consolidants, allow
reducing the cracking seen in conventional treat-
ments and improve the consolidation. In order to
avoid color problems that usually leave a whitish
surface on the material Miliani et al. (85) studied
the incorporation of oxide nanoparticles (~200-
300 nm) to the initial silicate network (TEOS) for
the consolidation of Ohio Massilian sandstones.
These consolidant products consisted of a sili-
cate binder loaded with alumina (Al,O;), titania
(T10,), and silica (Si0,) nanoparticles. PMCs pro-
vided a remarkable protection against salt dam-
age. However, the TiO,-PMC application caused
an unacceptable color change on Ohio sandstone.
Nevertheless, alumina and silica provided com-
posites giving color changes near the threshold.
Anyway, particle-modified consolidants offered
substantially improved properties compared with
the unfilled ethyl silicate consolidant, particularly
with respect to protection from salt crystallization
damage (85).

The use of nanoparticle loading in polymeric
resins with enhanced photoactivity for self-cleaning
and protection applications on building materials
will be discussed further below.

2.2.3. Calcium oxalate-Silica nanocomposites
applied to calcareous substrates and mortars

Recently, Verganelaki et al. (88), proposed a novel
crack free calcium oxalate-silica nanocomposite for
protecting both historic and modern building mate-
rials. The nanocomposite was obtained by using
two-step sol gel method consisting in the reaction
of calcium hydroxide with oxalic acid, followed by
its loading into TEOS. Therefore, nanoparticles of
calcium oxalate were mixed with TEOS to produce
a crack-free xerogel with an average pore radius of
approximately 15 nm (88). Among the advantages
of these new nanocomposites is the use of calcium
oxalate, compound identified in historical patina
layers on monuments (89). In addition, the forma-
tion of a stable component composed of calcium
oxalate and silica is a well-established process in
plant biomineralization (88). The authors concluded
that the proposed hybrid nanocalcium oxalate-silica
reached a penetration depth of more than 1 cm from
the surface of the treated stone without altering its
microstructure, and improving its tensile strength.
Results indicated also that the changes in water per-
meability and total color produced by the treatment
were within acceptable limits.

More recently, these researchers showed the
optimization of the synthesis route by the forma-
tion of nano-calcium oxalate simultaneously with
the polymerization of TEOS via one-pot sol-gel
method (90). The new nanocomposite incorporated
particles of synthesized amorphous nano-calcium
oxalate monohydrate in a silica matrix, obtaining a

microporous hybrid material with an average pore
diameter of 2.73 nm. The consolidation effective-
ness of the method was evaluated in calcareous
building stones and cement mortars. They conclude
the optimal penetration depth of the nanocompos-
ite into the substrates without occluding the pores
with crack-free microstructure, and improving the
mechanical properties of the treated limestones
and cement mortars. The incorporation of amor-
phous nanocalcium oxalate into the silica matrix
provided a good interfacial compatibility between
the nanocomposite and the carbonaceous stones.
Furthermore, the nanocomposites showed good
stability under conditions of high relative humidity
(90%) and UV irradiation.

3. WATER REPELLENTS NANOMATERIALS

The hydrophobic character of synthetic poly-
mers, such as hybrid siloxanes or silicone polymers,
can be enhanced by incorporation of inorganic
oxide nanoparticles, such as silicon dioxide (SiO,),
aluminum oxide (Al,O;), tin dioxide (SnQO,), and
titanium dioxide (TiO,), which present a high water-
repellent capacity, generating superhydrophobic
coatings (91).

Thus, during the last years, the use of polymeric
materials with hydrophobic properties has been
widely studied (Figure 5). In this context, the prepa-
ration of polymer-nanoparticles composites has
involved a significant contribution in the conserva-
tion of stone cultural heritage due to the important
advantages of these new nanocomposites (higher
surface area available and small particle size) (92-99).

Superhydrophobic surfaces exhibit certain wet-
ting characteristics originating from very high static
contact angles (>150°) and very small values of con-
tact angle hysteresis (<10°) (91, 100, 101). Hysteresis
is directly related to the force required for a drop
starts to move or sliding on a surface (102) providing
its water repellency (103). These superhydrophobic
properties can be achieved through the incorpora-
tion of nanoparticles into the composites matrix
(104), which modifying the chemical properties of
material surfaces, reducing the chemical free energy
or increasing the superficial roughness (105, 106).
The influence of surface roughness on the behavior
of water over the surfaces has been studied by Cassie-
Baxter (107). A good treatment efficacy is achieved
when the average values of superficial roughness
are in the range of 125 to 150nm (108). The surface
roughness of the treated surfaces is marked by the
particle sizes and the aggregation level of nanopar-
ticles (9). In addition, the increase in the concen-
tration of nanoparticles brings higher roughness
values, which promotes their water repellency capac-
ity. This is why the contact angle is increased with
the decrease of contact angle hysteresis to values of
below 5° (104), providing its water repellent degree.
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FIGURE 5. Static contact angle of a water drop of untreated
(a) and (b) treated limestone by a water repellent product.

One important point in the use of nanoparticles
polymer composites on the patrimonial stoneworks
is to take into account the changes that can generate
the presence of nanoparticles in the polymer matrix
during the polymerization process (109). Works car-
ried out by Lampakis et al. (110) detected that the
polymerization is not influenced by the presence of
nanoparticles.

In this context, relevant superhydrophobic
materials have been developed in recent years by
the reduction of the surface free energy and rough-
ening the surface. Acrylics, fluorinated acrylic
polymers, siloxanes and fluoropolyethers are usu-
ally employed as protective coatings. Recently, De
Ferri et al. (95) obtained superhydrophobic prod-
ucts for stoneworks, by mixing alkoxysilanes and
silica particles synthesized by sol-gel route using
HCl as a catalyst and ethanol as a solvent. In addi-
tion, Mosquera et al. (79), synthesized a new water
repellent product by adding an organosiloxane

PDMS (polydimethylsiloxane), to tetraethoxysi-
lane (TEOS) sol in the presence of n-octylamine
as surfactant. Thus, an organic-inorganic hybrid
material with high elasticity was obtained through
the cocondensation of TEOS and PDMS. These
hydrophobic products were shown to improve
the robustness, hydrophobicity, water repellence,
and stain resistance of the stone substrates (78,
111). Most recently, D.S. Facio et al. (9) produced
superhydrophobic nanocomposites by mixing
silica nanoparticles with a silica oligomer and a
low-molecular weight organic siloxane in presence
of a surfactant. The nanocomposite was applied
on sandstone and produced a homogeneous coat-
ing with hydrophobic and repellence properties
to the stone, preserving the aesthetic qualities
of the stone substrate. The authors showed that
the addition of SiO, nanoparticles is a key factor
for improving the hydrophobic properties of the
nanocoatings (9).

Works carried out by B.J Sparks et al. (112)
showed the development of superhydropho-
bic hybrid inorganic organic thiol-ene surfaces
obtained by spray-deposition and photopolim-
erization. The spray process provided a hier-
archically structured surface stabilized by
cross-linking the resin via thiol-ene photo-polim-
erization. Subsequently, Xiong et al. (113) cre-
ated superamphiphobic surfaces by introducing
a fluorinated multifunctional thiol into the thiol-
ene formulation. Droplet impact and sandpaper
abrasion tests indicated that the coating pos-
sessed a robust antiwetting behavior and good
mechanical durability. Recently, Pedna et al. (114)
produced homogeneous coatings composed by
SiO,-fluorinated PLA composites highly hydro-
phobic and reversible for the protection of build-
ing materials.

On the other hand, it is important to take into
account not only the water repellency capacity of
the treatment, but also the petrophysical properties
of the treated stone substrates and the durability of
the treatments in order to prevent damage to the
stone heritage (115). Also, the nanomaterial must
preserve the esthetic properties of the stone sub-
strate. Therefore, transparency and absence color
are important requirements for products that must
be invisible color. Manoudis et al. (92) observed
color changes in treated stone by akylsiloxane modi-
fied with different types of nanoparticles. However,
other authors have not observed significant changes
in stone treated with polydimethylsiloxane and SiO,
nanoparticles (9). Furthermore, the treated stone
must maintain its permeability to water vapor and
the decrease in its ability to absorb water by capil-
larity (93). It is crucial to assess the durability of the
hydrophobic nanomaterials in order to ensure that
its water repellent properties are maintained over
time (116).
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FIGURE 6. Schematic illustrations of self-cleaning processes on untreated and treated stone surfaces.

4. PROTECTIVE TREATMENTS
4.1. Self-cleaning coatings

The TiO, in the anatase form is widely used for
self-cleaning applications, due to their photocata-
lytic properties for the destruction of organic pol-
lutants (117). Apart from its high stability, good
performance and low cost (118), it has hydrophilic
and amphiphilic properties. The photocatalysis and
hydrophilicity can take place simultaneously on the
same surface even though the mechanisms are com-
pletely different (119).

When photocatalyst TiO, absorbs Ultraviolet
(UV) radiation from sunlight or illuminated light
source (fluorescent lamps), it will produce pairs
of electrons and holes. The free radicals or elec-
trons that result react with foreign substances
on the surface and produce chemical reactions
that ultimately decompose the foreign substances
through oxidation. Organic matter can be quickly
decomposed. The loosened and decomposed mate-
rial can then be washed away by normal rainfall
or other means (Figure 6). Since bacteria forma-
tion is associated with organic matter, the washing
away of this matter also causes the surfaces to have
antibacterial qualities (120). However, the particle
size is a clue factor in photocatalysis performance,
(121, 122) being necessary to determine an optimal
particle size for obtaining the maximum photocat-
alytic efficiency.

TiO, acts against the onset of degrading pro-
cesses due to stain, biological attacks and pollu-
tion molecules such as NOx, SOx, BTX (123-126).
Photocatalysis plays an important role in maintain
the self-cleaning effect through two ways: decom-
posing the soiled compounds into H,O, CO, and
organic compounds to acquire self-cleaning effect
directly, and decomposing the soiled compounds to

recover the hydrophilicy and acquiring self-cleaning
effect indirectly (126).

The trend nowadays is to develop hybrid
materials which promote simultaneously photo-
catalytic action and thus serve as self-cleaning,
biocidal and for mechanical strengthening. These
materials alter the surface and thus the contact
angle, so that may protect from the action of
water. This is the case of combining powders or
suspensions of TiO, with SiO,, polymers, oligo-
mers or silicon alkoxides.

Nano TiO, is commercialized for its application
in marbles, limestones and dolostones. However, its
efficiency is different depending on the synthesis pro-
cedure used (127-129) or by its application method
(spray coating (130), brushing (131, 132)). When it
is used in single-layer or multilayer treatments as in
travertine samples, has shown good compatibility
and photocatalytic efficiency. The hydrophilic effect
is partially reduced by weathering, without apparent
damages in the stone substrate (133). The de-pollut-
ing activities of TiO, in NOx degradation (128), has
demonstrated good compatibility with limestone
surfaces and efficiency, for outdoor applications.

The incorporation of polymeric matrices for dis-
persing the TiO, represents a coating technology
with hydrophobic, consolidating and biocidal prop-
erties (96). Some products (Fosbuild FBLE 200),
applied in limestones and marbles present biocidal
effectiveness (96), Although, after aging, limestone
treated seem to be not affected by solar radiation;
conversely, for marble, the coating is almost ineffec-
tive (96).

The combination of oligomers and TiO,
nanoparticles for obtaining mesoporous titania-
silica composites with photocatalytic properties,
(ethoxysilane oligomers mixed with TiO, in the
presence of a nonionic surfactant) have resulted to
be an effective adhesive with crack-free coatings for
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stone. These coatings give self-cleaning properties to
stone, improving its mechanical resistance and giv-
ing hydrophobic properties (134).

TiO, mixed with a silica sol interlayer (TEOS
as precursor) is used for limestone protection.
Promising results are reported for application in
calcarenites (131), although with slight darken-
ing of the surface, when impurities of brookite are
present. In this case, the coatings do not alter the
capillary absorption of water, conserving the stone
characteristics, but do not prevent the salts crystal-
lization (129). Moreover, multifunctional products,
combining TiO, (photocatalytic) with fluorinated
polymer (hydrophobic), improve the materials dura-
bility (125). In addition to immobilize the TiO, in
the polymer, prevent the release of the TiO, from the
surface to the environment (125).

In clay brick surfaces, the inhibitory effect of
TiO, nanocoatings against microalgal growth under
weak UV exposure conditions is not effective. But,
under optimal UV exposure conditions prevents
the adhesion of microorganisms on the treated sub-
strates (135).

Very few studies with TiO, nanoparticles have
been conducted so far to remedy the problems
of pollution in mortars. One of them shows how
the efficacy varies depending on the way of appli-
cation, either as suspension, as powder or mixed.
However adhesion problems in the surface layer
have been observed. Furthermore, high content
of anatase would be necessary for having a good
performance, which would result very expen-
sive (136). However, photocatalytic mortars can
be applied in new and old buildings, because the
nanoadditives do not compromise the mortar
hardened state properties. Nevertheless, its effec-
tiveness must be controlled taking into account
the mortars microstructure (pore size and distri-
bution), the optimal catalyst content, the posi-
tion respect to the sun light and the time of
exposure (137).

4.2. Antimicrobial stone coatings

Biodeterioration is one of the main degra-
dation processes of outdoor stone heritage. The
microorganisms are involved in the deterioration
of stone due to the fact that they secrete enzymes
and organic acids during their metabolic processes,
highly harmful for the stone heritage. Thus, in
recent years important studies have been centered
on innovative strategies consisting in the application
of the combination of consolidants, water repel-
lents, and nanoparticles with antimicrobial activity.
In this context, nanostructured metal oxides might
be an effective tool for controlling the biodeteriora-
tion because present great advantages (high surface
to volume ratio, small particle size, and longer life-
times (138).

The possibility of embedding copper (Cu)
nanoparticles in polymer matrices in order to obtain
preservative treatments against biological growth
for stone heritage has been reported by different
authors (139-141). In this way, Quaresima et al.
(138) studied the application of organic matrixes
containing Cu oxide nanoparticles to prevent the
growth of algae and bacteria in fountains. Most
recently, Pinna et al. (142) researched the antimi-
crobial effectiveness of the mixtures of consolidants
or water repellent products with Cu nanoparticles
on different stones (marble, sandstone and plaster),
determining the ability to prevent the biological
growth of these mixtures for three years. Also, it is
important to take into account that the dark color
of the copper nanoparticles colloids could limit
their application on light-color stone substrates,
being necessary to use low amounts of Cu nanopar-
ticles in order to avoid this problem.

On the other hand, the use of silver (Ag) nanopar-
ticles as antimicrobial coatings for stone heritage has
been studied in recent times. Silver is widely used as
a strong antimicrobial for a long time. In the field
of cultural heritage, the capacity of silver nanopar-
ticles grafted to Italian Serena sandstone surfaces to
inhibit bacterial viability has been studied by (143).
The nanoparticles were functionalized through the
condensation of a silane precursor (tetracthylortho-
silicate, TEOS) on the surface of Ag nanoparticles,
and showed an effectiveness ranging from 50 to 80%
in reducing cell viability. Aflori et al. (144) developed
antibacterial and antifungal coatings based on two
silsesquioxane-based hybrid nanocomposites with
methacrylate units modified with titania and/or
silver nanoparticles. These authors concluded that
the silsesquioxane-based hybrid nanocomposites
containing titania nanoparticles showed a higher
antibacterial/antifungal activity against E. coli and
C. albicans. Most recently, Carrillo-Gonzalez et al.
(145) synthesized silver nanoparticles from leaf
extracts, and studied their effectiveness in control-
ling bacteria and fungi in vitro as well as on different
types of stones (stucco, basalt and calcite) widely
applied to cultural heritage. They determined the sil-
ver nanoparticles as promising antimicrobial agents
for cultural heritage conservation highly dependent
on the selected doses.

Also, nanostructured zinc oxide (ZnO) has shown
to be bio-safe and bio-compatible and possesses
antibacterial and antifungal activity due to their
surface-chemical activity (146). These nanoparticles
are white-colored and should better meet the aes-
thetic requirements for application in the field of
conservation of cultural heritage. Thus, I.D. Van
der Werf et al. (147) demonstrated that higher ZnO
nanoparticles loadings could be achieved without
affecting the color of the stone substrates. Recently,
Ditaranto et al. (148) developed bioactive nano-
composite systems composed by a water repellent/
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consolidant product and zinc oxide nanoparticles
in various %w/w concentrations for the protection
of stone heritage. The ZnO-based nanocomposites
were applied on calcareous stones and the bioactivity
of the nanocomposites was assessed against 4. niger
fungus. The nanocomposites proved to be stable
after more than one year of application. For stone
conservation, Gomez-Ortiz et al. (149) developed
Ca(OH), mixed with ZnO and TiO, nanoparticles.
The ZnO-based systems showed the best antifungal
properties against P. oxalicum and A. niger under
simulated photoperiod conditions. In addition, pro-
tective coatings containing calcium zinc hydroxide
dihydrate (Ca[Zn(OH)],'2H,0) were prepared by
sol-gel method and their antifungal properties were
studied on different limestone substrates (150).
The system showed important antifungal proper-
ties under photoperiods of dark and illumination,
keeping its antifungal properties after 21 days of
inoculation. In addition, Ruffolo et al. (151) stud-
ied the biocidal activity of ZnO and ZnTiO;, and its
application dispersed in different polymeric matri-
ces (acrylic and fluorinated) on marble samples
to obtain coatings with hydrophobic, consolidant
and biocidal properties for the stone conservation.
The ZnO and ZnTiO; showed potential antifun-
gal activity against Aspergillus niger, revealing a
higher antifungal efficiency of the ZnTiO; than
ZnO. Moreover, Ruffolo et al. (152) studied the use
of TiO, and Ag-doped TiO, synthesized by sol-
gel method as antifouling agents applied to stone
conservation. The different nanoparticles were dis-
persed in a polymer and then were applied to marble
surfaces, showing a decreasing of antifungal activity
on treated stone surfaces. M.F. La Russa et al. (153)
studied the antifungal activity of alkaline earth
metal ions (silver (Ag), iron (Fe), and Strontium (Sr)
and mix) doped TiO,. Their results showed that Ag,
Fe, and Sr increased the TiO, activity against biode-
terioration, revealing their successful application for
stone conservation of outdoor, indoor and marine
archaeological items as potential biocide.

5. CONCLUDING REMARKS

The use of nanotechnology applied to the stone
heritage conservation field creates possibilities to
produce conservation treatments with enhanc-
ing material properties and novel functionalities.
These nanomaterials include important advantages
that could solve many problems found in the tra-
ditional interventions through the development
of new nanomaterials or the improvement of the
traditional treatments with the incorporation of
nanoparticles. In this way, as has been described in
the work, innovative applications have reached by
using nanoparticles in building materials such as
stone deterioration, environmental pollution reme-
diation and self-cleaning and anti-microbial effect.

Thus, nanotechnology has been shown to have
an important impact in the cultural heritage and
construction sector, improving the durability and
enhanced performance of construction materials,
energy efficiency and safety of the monuments.

It is essential to examine the behaviour and
the stability of the nanoparticles obtained when
exposed to environmental factors as the relative
humidity, time of exposition and CO, concentra-
tion. Moreover, an exhaustive knowledge of the
petrophysical properties of the stone materials and
their durability before and after the treatments
by nanoparticles are crucial factors to take into
account in order to assess the effectiveness treat-
ments. This knowledge is crucial when designing
and implementing the interventions and materials
for the safeguard of cultural heritage.

Finally, it can be pointed out that the study of the
effectiveness, compatibility and durability of these
new nanomaterials are necessary in order to avoid
the use of inadequate treatments, which modify the
aesthetic, physical and chemical properties of stony
materials, causing new pathologies. Also, the knowl-
edge of the industrial production, the capacity utili-
zation, and the price of raw materials are important
aspects need to be considered. The human health
risks and environmental implications resulting from
the use of the new nanomaterials should be taken
into account when designing treatments based on
nanoparticles.
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