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Abstract

The impact of climate on cultural heritage surfaces leads to several damage processes and the protection and the
preservation of works of art is a challenge for conservation scientists and restorers. Traditional and innovative products
are used in consolidating treatments in order to reduce the effects of the interaction environment-materials. The EC
NANOMATCH Project aims at the development of innovative consolidating agents for carbonate matrices, wood and
glass whose features should result in high compatibility, efficiency and long-lasting effect. In this project, metal
alkoxides, molecular precursors for the deposition of metal carbonate are synthesized, characterized, tested and
proposed as an alternative to traditional consolidating agents as well as to calcium hydroxide nanoparticles. This
paper gives an overall description of the methodological approach adopted for the in field evaluation of durability
taking into account the environmental impact. Preliminary results of the analyses carried out on carbonate stones
aimed at investigating the features of the consolidating treatment are here presented and discussed.
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Introduction
Climate is predicted to change in the near and far future.
The EC NOAH’S ARK Project [1-3] has contributed to
the production of scenarios and maps representing the
European situation concerning climatic events and re-
lated damage processes affecting outdoor built cultural
heritage. The foreseen impact of climate change on car-
bonate stone, marble and limestone, for the 21st century
indicates that they will undergo an increase of surface
recession, resulting mainly from the yearly precipitation
amount and the rise in carbon dioxide concentration; in
addition, thermal stress will be experienced by marble,
and increased salt crystallization by porous stone [4-7].
Although knowledge on deterioration processes of build-
ing materials have been greatly improved, no really
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effective solutions to preserve and protect these mate-
rials have been found yet.
Both organic and inorganic consolidating products

have been traditionally used in order to recover the
mechanical properties of damaged materials of built
heritage. A wide range of synthetic polymers has been
extensively used in stone conservation treatments, but
their long lasting efficacy and performance in preventing
further deterioration has been recently drastically recon-
sidered as they frequently undergo chemical modifica-
tions induced both by environmental conditions and
irreversibility of the treatment [8-10]. Traditional inor-
ganic treatments, though usually more compatible with
the carbonate matrices, suffer from low solubility and
therefore a resulting low amount of applied product as
well as from a scarcely cohesive effect. Penetration
depth, physico-chemical compatibility, stability, absence
of by-products and partial filling of porosity are those
characteristics to be evaluated in choosing the best con-
solidating material for a valid conservation treatment.
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In the last decade nanomaterials have been specifically
developed for restoration procedures. In particular cal-
cium, magnesium, barium hydroxide nanoparticles have
been largely studied and their potentiality as surface
consolidating agents has been demonstrated [11-13]. Al-
though these innovative materials have been extensively
characterized, little is known about their behaviour in
outdoor environment and their durability.
The EC NANOMATCH Project is aimed at developing

innovative consolidating products for carbonate matri-
ces, wood and glass. In particular, metal alkoxides have
been identified and then synthesized as molecular pre-
cursors for the deposition of metal carbonate as consoli-
dating agent for carbonate stones, the same product as
alkaline reservoir to prevent acidity of wooden materials
and metal oxide as a glass consolidant. Alkaline earth
and semimetal alkoxides are suitable molecular precur-
sors because the corresponding solutions or nano-
particulate inorganic sols, upon evaporation of the solv-
ent based carrier, undergo hydrolysis and condensation
or carbonation inside the porous structure of the sub-
strate. Particularly, calcium alkoxides, acting as precursors
of corresponding carbonate [14,15], can be considered for
stone strengthening as an indispensable and essential pre-
liminary action for its conservation, as demonstrated
within the bilateral Italian-French GALILEO Project [16].
The same material has been used for wood as these mate-
rials, besides strengthening effects, also ensure an alkaline
supply to mitigate acidic deterioration processes of cellu-
lose structures.
The expected features making them competitive re-

spect to conventional conservation products are their (i)
compatibility with the main materials used in built heri-
tage like stone and wood -even painted- and glass, en-
suring enhanced durability, re-treatability, sustainability
and efficiency, (ii) easy and safe handling during applica-
tions, (iii) satisfactory selling prices.
In this paper we will briefly describe the methodo-

logical approach adopted for the evaluation in field of
the performances of newly developed products com-
pared to commercial ones applied on carbonate stones.
Furthermore, the study here presented is part of the ex-
perimental work carried out within the project to
achieve an exhaustive performance evaluation of the de-
veloped material by investigating its efficacy, compatibil-
ity and durability. As the latter aspect is intimately
linked to climate impact, environmental parameters hav-
ing a crucial role in damage processes have been priori-
tized for a correct evaluation of the durability of the
NANOMATCH product during the test in field. Climate
parameters have been considered more important than
pollution parameters in addressing the objectives of the
NANOMATCH project. The main parameters linked to
climate change and trigging future damage on materials
constituting immovable and movable heritage have been
identified from the results of previous EU projects
[17-21] and taken into account for the definition of
methodologies to assess long-term behaviour of treat-
ments. Rain, relative humidity, air temperature, wind,
solar radiation contribute to trigger decohesion pro-
cesses affecting carbonate stones and therefore believed
to have priority for the evaluation of the compatibility,
efficiency and performance of nano-structured materials
in field. In addition, surface temperature has been also
taken into account as an important parameter linked to
the material constituent the work of art. The aim of this
paper is to highlight how field exposure tests can consti-
tute a valid tool to investigate compatibility and durabil-
ity of innovative nanostructured consolidating agents,
specifically developed to be applied on outdoor built
heritage surfaces. The methodological approach adopted
to achieve the project objectives is described and part of
the results obtained by analysing samples before/after
treatment and after exposure by means of different ana-
lytical techniques are presented and discussed.
Materials and methods
Synthesis of calcium alkoxides
Different synthetic routes have been tested and more
than 20 different alkoxides have been obtained in order
to identify the right products and the suitable method-
ology for its production at industrial scale. In first in-
stance, calcium and magnesium alkoxides were believed
adequate to be used in the field of conservation of cul-
tural heritage.
Synthesis of calcium alkoxides, involving ammonia

gas-assisted reactions with the corresponding alcohol,
have been carried out in nitrogen-filled gloves-boxes
with the exclusion of moisture and oxygen according to
procedures already described in the literature [22]. The
reaction mixture can arise as a white suspension or as a
clear solution depending on the alkoxide: in the case of
a white suspension, the white precipitate is recovered by
centrifugation while in the case of a clear solution, the
product is recovered by solvent evaporation.
Then, two alkoxides have been selected on the basis

of their properties (solubility in common organic sol-
vents, volatility of the corresponding alcohol, low toxicity):
Ca(OCH2CH3)2 (NANOMATCH2) and a Ca(OTHF)2,
where THF = tetrahydrofurfuryl moiety (NANOMATCH1).
These have been up-scaled to produce about 3Kg of each
compound.
Although several synthetic methodologies can be used

[23] to synthesize magnesium alkoxides, preliminary car-
bonation tests performed with available commercial
products demonstrated that they are unsuitable for con-
servation of built heritage [24,25].
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Coatings investigation
Figure 1 show the possible pathways for the formation
of calcium carbonate from calcium alkoxides. To assess
the kinetic and the final products of the carbonation
process, the calcium alkoxides produced by different syn-
thetic pathways have been dissolved in alcohol and depos-
ited on suitable substrates. The corresponding coatings
have been analysed by different techniques (FT-IR, XRD;
FEG ESEM) and details can be found in papers by Favaro
et al. (2013) [24,25].
The effects of solvents and different relative humidity

conditions (50 and 90%) on carbonation rate and phase
formation as well as the effects of outdoor environment
and liquid water have been investigated. The results evi-
denced the complexity of carbonation process, where
the most kinetically favoured vaterite is always formed
but it can evolve to the thermodynamically stable calcite
by addition of water and with high relative humidity.
The choice of the solvent is extremely important to con-
trol carbonation rate: higher vapour pressure (fast evapor-
ation rate) leads to faster carbonation. Slow carbonation is
also related to the formation of the thermodynamically
favoured phase calcite.

Lithotypes selection and application trials
The selection of stones has been restricted to carbonate
ones since the Ca-alkoxide products developed in the
NANOMATCH project are mainly meant for the con-
solidation of calcite-based matrices by deposition of cal-
cium carbonate. Stone materials have been selected on
the basis of their Water Absorption Coefficient (WAC)
and total porosity. In particular, lithotypes characterized
by having very different values of these two properties
have been chosen; then, the final choice took into ac-
count stones presenting extreme, completely different
values of total porosity and WAC.
Therefore, Carrara marble, Savonnières limestone, Laspra

dolostone and Albeşti limestone have been selected and
used for testing in field (vide infra). Moreover, as the
Ca-alkoxide products developed in the project aimed at
treating substrates presenting granular disintegration
(sugaring, powdering, sanding), it has been decided to
carry out the tests on both sound stones and artificially
deteriorated stones. Other lithotypes have been tested
Figure 1 Possible pathways for the formation of CaCO3 from Ca(OR)2
in laboratory as part of the experimental work planned
within the project (Figure 2a), not presented in this
paper.
Moreover, the Ca-alkoxide consolidants developed

during the NANOMATCH project have been compared
to a commercial consolidants currently on the market,
CaLoSiL® manufactured by IBZ-Salzchemie (Freiberg,
Germany).
A number of application trials (Figure 2b) have been

carried out on all stones in order to optimize the appli-
cation parameters of both compounds. The trials en-
abled to select the application solvent, the product
concentration and the application conditions that gave
the best results. Four different solvents (2 alcohols and 2
hydrocarbon based) or mixture of them at different con-
centration have been applied on the different lithotypes.
The best results have been obtained with solution of

alkoxides with 20 g/L of Ca in ethanol:ligroin 1:1 applied
by brush for two times (different application methods/
condition gave worse results), on the basis of visual ap-
pearance, amount of consolidant introduced as well as
scratch test.
Tests in field
Four European monuments have been selected as field
exposure sites. For each of them one typical lithotype
(Table 1) has been chosen to carry out the experimental
work in order to assess the performance of the product
when exposed to different natural conditions. In particular,
Carrara marble, Savonnières limestone (oolitic limestone),
Laspra dolostone and Albeşti limestone (nummulitic lime-
stone) are lithotypes representative of Santa Croce Basilica
in Florence, Cologne Cathedral, Oviedo Cathedral and
Stavropoleos Monastery, respectively. Plaques with size of
10×10×5 cm3 for each lithotype has been prepared as
model samples in order to test in field efficacy, com-
patibility towards stone and durability against climate
impact of the alkaline earth metal alkoxides as consoli-
dating agents. Although Carrara marble is typical of
Florentine architecture, this lithotype has been exposed
in all four sites together with one local lithotype, to
evaluate the impact of climate on the same stone in dif-
ferent European geographical areas.
: insertion of CO2 can either follow or precede the hydrolysis.



Figure 2 Samples of the stones selected for testing (left); application trials on different lithotypes (right).
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For the exposure test, Carrara marble and Savonnières
limestone have been previously artificially damaged re-
spectively by thermal shock (heating treatment at 600°C
for 1 h) and by contamination with sodium sulfate (5%
w/w Na2SO4 solution). The thermal shock carried out
on Carrara marble was aimed exclusively at obtaining
samples characterized by a heavy intergranular decohe-
sion (damage effect) without any purpose of simulating a
realistic outdoor damage process. A set of samples of
each of the two types of stone has been exposed undam-
aged, while four samples of each lithotype have been
treated with the NANOMATCH1 product. Other identi-
cal sets have been treated with CaLoSiL® in order to
make a comparison. Table 2 summarizes the artificial de-
terioration and the consolidating treatments carried out
on the four lithotypes.
Model samples have been placed in galvanized rack

(Figure 3) specifically built for field testing, located out-
door in an unsheltered area, exposed to environmental
impact so that at each site of exposure specimens of the
local lithotype are present and Carrara marble as well.
Samples were exposed for 11 months in each site, from
April/May 2013 to March/April 2014. In Florence the
rack has been installed outside on the roof above the
Pazzi’s and Castellani’s Chapels in the south-west side of
Santa Croce Basilica. In Cologne the rack was installed
at 20 m height on a small outside balcony at the south
side of the Cathedral. Concerning Oviedo, samples have
been placed in the “Patio de Carton”, on the south side
of the Cathedral, while in Bucharest in the southeast side
of the courtyard of the Monastery. Climatic and micro-
climatic data (rain, wind, solar radiation, relative humid-
ity, air and surface temperature) were continuously
collected outdoors nearby the rack, close to the samples
Table 1 Lithotypes and sites of exposure selected for the field

Lithotype Site of exposure

Carrara Marble Santa Croce Basilica Florence

Savonnières limestone Cologne Cathedral

Laspra dolostone Oviedo Cathedral

Albeşti limestone Stavropoleos Monastery Buch
exposed, they were analysed, and their temporal evolu-
tion for the whole duration of the exposure was studied.
During the monitoring campaign Florence and Oviedo
were characterized by the highest cumulative amounts
of rainfalls, both around 820 mm, followed by Cologne
(460 mm) and Bucharest (275 mm). Florence and Ovi-
edo were also characterized by the highest rain monthly
amounts (respectively 144 mm in October in Florence
and 152 in November in Oviedo). Average relative hu-
midity was around 70-74% during the field exposure at
all sites, with the highest values in Bucharest. The lowest
air thermal value close to the stone samples was mea-
sured in Bucharest (−14°C in January), where it also
snowed heavily at the beginning of February. Neverthe-
less, Bucharest was the site characterized by the lowest
average values of thermo-hygrometric daily variations,
respectively of 14°C for temperature and 55% for relative
humidity. In the other sites, the average daily thermal
variations were of 22-24°C, whilst the average daily
hygrometric variations were between 60% (Cologne) and
75% (Florence). The risks for the most important
physical damage processes for the material investigated
(i.e. condensation, freeze-thaw cycles, salts crystallization
etc.) were evaluated, as well as other potentially damage
phenomena related to the climatic and microclimatic con-
ditions (i.e. surface heating, thermo-hygrometric cycles,
etc.). The results of the microclimatic monitoring are
reported in details in [26].
It is well known that pollutants in synergy with envir-

onmental factors trigger many damage processes affect-
ing surfaces. According to the methodological approach
adopted in the NANOMATCH Project, samples have
been placed outdoor, in an unsheltered area and so ex-
posed to the rain-wash out. However, all samples were
test within NANOMATCH Project

, Cologne Cathedral, Oviedo Cathedral, Stavropoleos Monastery Bucharest

arest



Table 2 Artificial deterioration and consolidating treatments carried out on the four lithotypes

Site Model sample
(10 × 10 × 5) cm3

Artificial deterioration Treatments

Florence Carrara marble Thermal shock NANOMATCH1 solution in 1:1 ethanol:ligroin at 20 g/L of Ca

Cologne Carrara marble Thermal shock

Savonnières limestone Contaminated with a 5% w/w Na2SO4 solution

Oviedo Carrara marble Thermal shock COMMERCIAL: CaLoSiL® – 20 g/L of Ca in ethanol

Laspra dolostone -

Bucharest Carrara marble Thermal shock

Albesti limestone -
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placed in urban environments therefore affected by prob-
lems related to the vehicular traffic, domestic heating and
industry. Moreover, Cologne, Oviedo and Bucharest have
also to face pollution caused by power plants (some of
them also fuelled by coal) located within the cities or in
their periphery. Oviedo is also placed in a coal mining
area, implying a high concentration of SO2, NOX, CO2

and traces of heavy metals in the atmosphere. However in
Florence, Oviedo and Bucharest samples were exposed in
pedestrian areas and therefore not directly exposed to ve-
hicular traffic impact. On the contrary, Cologne cathedral
is aside the railway station and in traffic congested area.
The yearly reports about the air quality status for the year
2013 of the four cities confirm the main pollution prob-
lems are the still high concentration of nitrogen oxides
and particulate matter, both connected with vehicular traf-
fic emissions. Examining the yearly report about the air
quality status of Tuscany for the year 2013 [27], some
events of pollutants concentration exceeding suggested
thresholds were observed in the congested monitoring
station of Gramsci Avenue, located near Santa Croce
Figure 3 Galvanized rack used for the field exposure test
(Santa Croce Basilica, Florence).
Basilica. For example, the daily mean limit value of PM10
regulated by the European Directive 2008/50/EC and the
Italian D.Lgs 155/2010 and D.Lgs 250/2012 was not
respected as well as the concentration of ozone (O3).
Moreover, the concentration of NO2 exceeded the annual
limit value of 40 μgm−3. During the 2013 there was also a
reduction of the yearly mean concentration of carbon
monoxide (CO) and sulfur dioxide (SO2). Concerning Co-
logne, the annual report on air quality of the North Rhine-
Westphalia relative to 2013 [28] highlighted that the
amount of particulate matter slightly increased while the
hourly limit value of nitrogen dioxide was respected in all
the monitoring stations, although some excesses of the an-
nual limit value occurred in congested areas such as the
one located near the Cologne Cathedral. An improvement
in the concentration of sulfur dioxide and ozone was ob-
served, the latter facilitated by few long sunshine periods
and by the decrease in emissions of precursors such as
NOX and volatile hydrocarbons. During the eleven
months of stone samples exposition in Oviedo no excesses
in sulfur dioxide concentration were recorded by the
monitoring station nearest to the Cathedral, both of the
hourly and the daily limits (respectively 350 μgm−3 and
125 μgm−3) [29]. Moreover, there was an improvement in
the emission of ozone in respect to the previous years
while the concentration of nitrogen dioxide and particu-
late overtook the limits, remaining, however, below the
number of possible excesses. The Rumanian annual report
on air quality relative to 2013 [30] highlighted that the
concentration of nitrogen oxides and of the particulate
matter were still high in Bucharest while the sulfur dioxide
emissions did not manifest any excess of the hourly and
daily limit values.

Analytical techniques
Analyses on model samples have been performed before
and after the consolidation treatments with both the
NANOMATCH1 and commercial products. Then, sam-
ples have been exposed at the sites. Performance in
terms of efficacy, compatibility and durability of the
newly developed product have been evaluated by com-
paring results obtained before exposition, and after one
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year of exposure of each treated/untreated stone by
means of the following analyses:

– Optical Microscopy (OM) both in transmitted and
reflected light on thin and polished cross sections of
each lithotype using an Olympus BX51 microscope;

– Scanning Electron Microscopy - Energy Dispersive
X-ray spectroscopy (SEM-EDX) using a ZEISS 1530
instrument, equipped with two different Secondary
Electrons (SE) detectors, the InLens (IL) and the
Everhart-Thornley detectors (ETD);

– Color measurements (spectrophotometry) carried
out according to the CIE L*a*b* chromaticity
diagram and to the UNI 8941 Standard Colored
surfaces, using a KONICA MINOLTA CM700d
Spectrophotometer, performing measurements with
a spot size of 8 mm diameter in the 400–700 nm
spectral range.

– Scotch Tape Test (STT)
– Capillarity water absorption test.

Objectives and analyses performed on the four litho-
types are summarized in Table 3.
Cohesion, surface properties, penetration depth, inter-

actions with stone, porosity and water absorption have
been therefore evaluated and compared.
Results and discussion
Analyses on collected samples have been carried out
with the aim to verify the cohesive properties conferred
to the surface by the treatments, the possible textural
and structural modifications induced by the application
of the nanomaterials to the stone surface, the penetra-
tion depth of the consolidating product, as well as pos-
sible interactions with the stone.
In this section the most important contributes ob-

tained from each analytical technique, with exception of
capillarity water absorption test, are shown in order to
Table 3 Analyses performed on the four lithotypes samples a

Objective Analysis When

Colour change colorimetry Before/after treatme

After exposure

Cohesion, surface properties,
penetration depth, interaction

SEM-EDX Before/after treatme

After exposure

Cohesion, penetration depth,
interaction

OM Before/after treatme

After exposure

Cohesion ScotchTapeTest Before/after treatme

After exposure

Water absorption capillarity water
absorption

Before treatment/aft
exposure
highlight the potentialities of the adopted methodo-
logical approach.
Intergranular decohesion induced by thermal shock is

clearly visible in OM and SEM images of Carrara marble
artificially damaged (Figure 4a and b, respectively). On all
analysed samples, the treatment with NANOMATCH1
product has been identified as a surface homogeneous
microcrystalline layer, whose thickness and penetration
into the stone matrix depend on the lithotype’s porosity
and petrographic characteristics (Figure 5a, c, e). The
treatment performed with CaLoSiL® (Figure 5b, d, f ) also
leads to a surface microcrystallization layer characterized
by higher thickness values. In addition, the surface layers
produced, although they are both constituted by calcium
carbonate microcrystals, appear different in terms of
compactness and distribution on samples’ surfaces. The
CaLoSiL® treatment induces the formation of a more com-
pact layer adhering to the surface, while NANOMATCH1
treatment appears less compact, following the surface’s
shape of the stone, as highlighted by the red arrows in
Figure 5.
Analyses performed after exposure have highlighted

traces of NANOMATCH1 product within the stone
matrix, filling intergranular spaces as calcium carbonate
recrystallization (Figure 6a, b).
On the contrary, CaLoSiL® treatment is still clearly vis-

ible on Carrara Marble surface after exposure and it ap-
pears as a discontinuous brownish surface layer in plane
polarized light, and as a bright greenish microcrystalline
layer in cross polarized light (Figure 6c, d).
More information about the capability of the product

to penetrate into fractures and cracks have been ob-
tained by SEM investigation executed after the exposure.
In particular, after 11 month of exposure in Florence
and Cologne, morphological observations performed on
cross sections of treated sample surfaces demonstrated
different decay patterns according to the consolidating
treatment (NANOMATCH1 or CaLoSiL®) and exposure.
It can be pointed out that samples from Florence show
nd objectives

Lithotype Site

nt all all

nt Carrara marble, Savonniéres limestone Florence, Cologne

nt Carrara marble, Savonniéres limestone Florence, Cologne

nt all all

er Carrara marble, Savonniéres limestone
(on selected samples purposely prepared)

Florence, Cologne



Figure 4 Optical micrograph (plane-polarized light) (a) and scanning electron micrograph (b) of Carrara Marble artificially damaged by
thermal shock.

A B

C D

E F

Figure 5 Optical micrographs of: Carrara Marble treated with NANOMATCH1 product (plane-polarized light) (a) and CaLoSiL® (crossed-
polarized light) (b); Laspra dolostone treated with NANOMATCH1 product (crossed-polarized light) (c) and CaLoSiL® (crossed-polarized
light) (d); Savonnières limestone treated with NANOMATCH1 product (crossed-polarized light) (e) and CaLoSiL® (crossed-polarized light) (f).
Red arrows indicate the surface microcrystalline layer formed after the consolidating treatment executed with the two products.
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Figure 6 Optical micrographs of: Carrara Marble treated with NANOMATCH1 product after the exposure in plane-polarized light (a)
and in crossed-polarized light (b); Carrara Marble treated with CaLoSiL® after the exposure in crossed-polarized light (c, d). Red arrows
indicate the surface microcrystalline layer still present on the marble surface.
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more severe effects of pitting on the surface, having the
treatment layer been thinned and largely removed leav-
ing uncovered and visible crystals of calcite (Figure 7a).
This effect can be linked to the acid rain impact that par-
tially dissolved the calcium carbonate formed by the
treatment, being stone samples exposed outdoors in un-
sheltered positions. Taking into account the values of pre-
cipitation recorded during the exposure period it should be
underlined that Florence, along with Oviedo, has been
characterized by the highest cumulative amounts of rainfall
during the monitoring campaigns (820 mm), followed by
Cologne (460 mm). It is known that the main cause of rain
acidification is essentially attributable to an increase of car-
bon dioxide concentration in the air and to other gaseous
compounds such as NOx and SO2, whose concentration in
urban environment is mostly linked to anthropogenic activ-
ity. Comparing acidifying agents concentrations registered
by the local agencies from 22/07/2013 to 31/12/2013 it can
be noticed that nitrogen oxides concentration registered
close to Santa Croce Basilica [27] are higher than those re-
corded in Cologne [28] (Figure 8). Moreover, a similar dis-
tribution has been noticed observing samples treated with
NANOMATCH1 product, independently from the site ex-
posure. Indeed, the product is randomly distributed along
the inner pores (Figure 7b) forming a superficial coating
adhering to the calcite surface on wider pores (pore diam-
eter > 20-30 um). Morphological observations performed
on marble treated with CaLoSiL® and exposed in Florence
and Cologne showed the uneven presence of the product
mainly distributed along the surface (Figure 7d); the pit-
ting effect has been also observed (Figure 7c).
In general, surface treatments adopted in conservation

procedure should not strongly modify the aesthetic as-
pect of the work of art. Spectrophotometric measure-
ments have been performed according to the CIE L*a*b*
chromaticity diagram in order to verify if possible differ-
ences in colour of surfaces induced by NANOMATCH1
treatment would be noticed and if they might be consid-
ered negligible or not. Taking into account the indication
given by García and Malaga [31] with regard to the
threshold value of ΔE* accepted as reference in the
evaluation of a conservation treatment, the ΔE* values,
calculated using colour coordinates referred to the sur-
face of the samples before and after treatment, cannot
be seen by a human eye when they are < 5 units.
Each colour parameter has been acquired for each

lithotype before and after the treatment and therefore
the total colour difference has been calculated using the
formula (1):

ΔE� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðL�2−L�1Þ2 þ ða�2−a�1Þ2 þ ðb�2−b�1Þ2

q
ð1Þ

As shown in Figure 9, the average values of the total
colour differences calculated using colour parameters



Figure 7 SEM micrographs of Carrara marble treated with: NANOMATCH1 product after exposure, bulk sample (a) and polished crossed
section (b); CaLoSiL® product after exposure bulk sample (c) and polished crossed section (d). Red circle indicates the coating formed by the
NANOMATCH1 treatment adhering to the calcite surface within pores.
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acquired before and after NANOMATCH1 treatment
lies under the threshold value (ΔE* = 5) for all lithotypes;
on the contrary, CaLoSiL® treatment induces total colour
differences higher respect to the threshold value, except
for Carrara Marble samples. In addition, measurements
highlighted that L* and b* are the colour parameters
principally changing in consequence of the consolidat-
ing treatments, leading to a surface whitening and a
Figure 8 Hourly mean concentration of NO, NO2 and SO2

registered during the period 22/07/2013-31/12/2013 by the
local agencies for the monitoring of the environment and air
quality [27,28].
yellowing effect respectively. It has been noticed that
for a white coloured stone as Carrara Marble, the gen-
eral increase in L* values is attributable in first instance
to the heating treatment. The treatments do not contrib-
ute to further increase of this effect. A slight yellowing
Figure 9 Total colour difference calculated using colour
parameters acquired before and after treatment with
NANOMATCH1 product and CaLoSiL®. The red line marks the
threshold value indicated by García and Malaga [31].



Figure 10 ΔL*, Δa*, Δb* referred to Carrara Marble exposed
Bucharest calculated from data acquired before and
after exposure.
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effect has been observed in samples treated with NANO-
MATCH1 product.
Colour measurements carried out after the exposure

have allowed to estimate the colour variation due to the
outdoor exposure. Among obtained results, it was inter-
esting to verify which set of samples had undergone
major colour changes and, in particular, which colour
parameters were mostly involved. In Figure 10 ΔL*, Δa*,
Δb* values referred to Carrara Marble exposed in
Bucharest, calculated from data acquired before and
after exposure are presented. It can be pointed out that
the highest variations for each colour parameter are re-
ferred to artificially damaged samples where the ΔL*
reaches the highest negative value (|ΔL*| = 9.25), mean-
ing a more pronounced darkening of the exposed surface
with respect to undamaged and treated samples as well.
Surface cohesion characteristics of the stones before

and after the consolidating treatment have been assessed
by carrying out the peeling test recommended by many
authors and standardized by Drdácký et al. [32]. It con-
sists in applying and removing pressure sensitive tape
Figure 11 Scotch tape test on Carrara Marble samples.
over the surface of interest to evaluate the amount of in-
coherent material peeled from the surface by gravimetri-
cal analysis (Figure 11). In Figure 12 results among those
obtained by performing STT on Carrara marble and
Albeşti limestone model samples are presented. In gen-
eral, STT carried out on all stone samples show that the
amount of material peeled from the surface after the
NANOMATCH1 treatment is highly reduced as com-
pared to the amount removed before the treatment;
moreover, while the test performed on untreated sam-
ples highlights a reduction of the quantity of incoherent
material removed from the surface in function of the
number of peeling executed (the stone is much more de-
tached and mechanically deteriorated on the surface re-
spect to the inner part), samples treated with
NANOMATCH1 product show that the amount of re-
moved material is independent from the number of peel-
ing carried out, suggesting a surface hardening effect.
On the contrary, CaLoSiL® treatment seems to be inef-
fective in reducing the detachment of the surface, as the
quantity of incoherent material removed before and after
treatment are comparable.
Both untreated and treated samples after the exposure

show a decrease of the material removed by the peeling
action, probably due to the rain compacting action and
to calcite dissolution and recrystallization phenomena.
As an example, STT results referred to Carrara Marble
exposed in Bucharest are reported in Figure 13. Con-
cerning NANOMATCH1 treatment’s behaviour, it could
be noticed that a positive mild effect of exposure oc-
curred, with general slight increase of cohesion in deeper
layers. CaLoSiL® treatment demonstrate best results after
exposure respect to before exposure, highlighting the
slow kinetics of carbonation reaction being CaLoSiL®
constituted by nanoparticles suspended in different alco-
hols and having sizes ranging between 50 and 150 nm
depending on the production process.

Key outputs
In this paper the methodological approach adopted by
field exposure tests in the EC NANOMATCH project



Figure 12 Scotch Tape Test data referred to samples of Carrara Marble (up) and to Albeşti limestone (bottom) treated with the two
consolidating agents.
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for the evaluation of climate impact on the performances
of newly developed products was described. The pre-
sented data should be read as part of the preliminary re-
sults of the analyses carried out before and after the
application of the product on stone samples.
In terms of aesthetic compatibility NANOMATCH1

product can be considered suitable to be used as consoli-
dant for the selected lithotypes as it does not affect the ap-
pearance of the stone when appropriately applied. Results
showed that it leads to the formation of microcrystalline
aggregates on porous limestones’ surfaces, somewhere
penetrating the stone matrix; on stones characterized by
low porosity or microporosity (as Carrara Marble) it forms
a discontinuous microcrystalline surface layer. After
Figure 13 Scotch Tape Test data referred to samples of Carrara Marble t
exposure, morphological observations performed on stone
surfaces and sections of samples treated with NANO-
MATCH1 and CaLoSiL® products, demonstrated that the
calcium carbonate coating deriving NANOMATCH1
product is barely observable over the surface and is ran-
domly distributed on wider pores and cracks below the
stone surfaces, while the consolidant obtained from car-
bonation of CaLoSiL® is exclusively located on the out-
most surface and it is affected by fissures as the substrate
itself due to outdoor weathering.
A good surface cohesive effect is achievable in a short

time after its application on stones, due to the fast reac-
tions of alkoxides with atmospheric H2O and CO2. More-
over, greater cohesion of the surface has been detected
reated with the two consolidating agents and exposed in Bucharest.
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after the exposure period, even though the NANO-
MATCH product is almost absent on the stone surface, as
confirmed by optical and electron scanning morphological
observations. Comparing and combining OM and SEM
results with those obtained by the peeling test (STT) it
has been possible to argue for the calcium carbonate de-
riving from the calcium alkoxide a partial dissolution,
penetration and recrystallization of the product within the
porous matrix as a consequence of the exposure.
The comparison and the crosschecking of all the re-

sults obtained by the analyses of samples before/after
treatment and after one year of exposure will allow to
evaluate the durability of the nanostructured material
developed within the NANOMATCH project and the
climatic impact on the innovative treatment and the
treated surfaces related to different geographical areas.
The preliminary analyses carried out on Carrara Marble,
the only lithotype exposed in all the sites, indicate that
the differences in the environmental factors present at
each site do not translate in significant differences be-
tween the marble samples exposed at the different sites.
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