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In this study, a preventive method for fighting bio-deterioration of stone substrates is proposed. This is
based on the use of bioactive zinc oxide nanoparticles (ZnO-NPs), which are able to exert a marked
biological activity over a long period of time due to their peculiar structure. ZnO-NPs are synthesised by
a simple and reproducible electrochemical procedure. The nanomaterials are embedded in consolidant/
water-repellent matrices to obtain nanostructured coatings. Commonly used products based on
tetraethoxysilane and/or polysiloxanes were tested. The resulting nanomaterials were fully characterised
by X-ray photoelectron spectroscopy (XPS) to investigate the amount and composition of the NPs and
the behaviour of the nanocomposites. Inductively coupled plasma mass spectrometry (ICP-MS) was
used for the study of the release of metal from the composites when put in contact with artificial
rainwater. The nanocomposites were applied to specimens composed of three different types of stone
and chromatic changes upon curing were measured by spectrophotocolorimetry. Finally, morphological
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characterization by scanning electron microscopy (SEM) was performed. The bioactivity of ZnO-NPs
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Introduction

Biodeterioration of stone substrates is of great concern due to
chemical/physical and aesthetic damage. The predominantly
outdoor location of the majority of this type of artefact requires
continuous maintenance, which mainly consists of periodical
cleaning treatments. This implies high costs and stress for the
constituent materials. So far, conservation strategies usually
rely on the use of water repellents to reduce bioreceptivity and
on the application of biocidal products to remove biofilm and
inhibit biological activity for some time. Recently, metal oxide
nanoparticles have received increased attention as antimicro-
bial agents.'™ These materials have longer lifetimes compared
to organic antimicrobial agents and are chemically stable in
extreme conditions. Moreover, these nanomaterials attack a broad
range of target microorganisms, thus avoiding the development
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nanocomposites was also assessed in preliminary tests against Aspergillus niger fungus.

of resistance.® Among these materials, zinc oxide nanoparticles
(ZnO-NPs) have attracted the interest of the scientific commu-
nity due to their multifunctional properties: biocompatibility,
bioactivity, and chemical stability. With regard to bioactivity,
ZnO-NPs have been demonstrated to be effective in killing both
Gram-positive and Gram-negative bacteria and also in inhibiting
the growth of fungi.””® Although there are many studies on the
antibacterial properties of zinc oxide nanoparticles, the mecha-
nism of their antibacterial action is still not completely under-
stood. In some papers it has been ascribed to the action of reactive
oxygen species that are formed on the ZnO-NPs surface by a
photocatalytic process.”’® Other authors report that the anti-
bacterial effect is related to the abrasiveness of ZnO-NPs due to
surface defects'” or that the toxicity of ZnO should be attributed
to release of Zn** from nanoparticles.">'* A very recent study
demonstrated the combined effect of oxidative stress caused by
both ZnO-NPs and the concentration of Zn** that accumulated
in a cell wall.’ Although their mechanism of action needs to be
thoroughly investigated, ZnO-NPs have found applications as
antimicrobial agents in many fields. To the best of our knowl-
edge, only one recent paper reports their use in the preservation
of cultural heritage; specifically, ZnO-NPs are employed in the
surface treatment of oil paintings to fight the proliferation
of fungi.'® The aim of this study is to investigate the use of
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ZnO-NPs mixed with state-of-the-art consolidant/water-repellent
materials. The idea is to exploit the combined action of the
bioactivity of zinc oxide nanoparticles and the conservation
properties of the matrices without affecting the aesthetics or
being harmful to the stone substrates.

Concerning the consolidants/water repellents that were
employed in this study, we chose commercial silicon-based
products that have been widely used for about thirty years as
protective and consolidating agents to preserve stone materials
from decay. The advantages of this type of material are related
to good chemical stability, low surface tension, good elasticity,
and resistance to thermal stress.'® As for the influence of these
materials, in particular tetraethoxysilane, on the porosity of
treated stones, several studies are dedicated to this problem.'”*°
Indeed, restorers should be well aware of all possible advantages
and drawbacks related to the use of these materials in conserva-
tion treatments, taking into account the specific properties and
characteristics (composition, type of porosity, degree and type of
decay, etc.) of the stone substrate to be treated. In particular, the
pore structure may strongly influence the movement of water
and therefore decay phenomena such as salt crystallization,
biodeterioration, freeze-thaw processes, etc.>’

In this study, three commercially available consolidants/
water repellents were selected (Estel 1000, Silo 111, and Estel
1100) for the development of a bioactive nanocomposite system
capable of preventing biological decay. The innovative composite
materials are designed to provide controlled release of the
active component in order to ensure long-lasting efficacy against
recolonization of stone substrates. Previously, the authors
reported on the development of nanocomposites that were
obtained by embedding copper nanoparticles (Cu-NPs) in com-
mercially available silicon-based consolidants/water repellents
and on their application.>* The nanomaterials have been success-
fully used as antimicrobials for in situ experimentation on
different stone substrates.>” Despite the very encouraging results
obtained with these nanomaterials, the dark colour of copper
may restrict their potential applications due to possible aesthetic
alteration: only small amounts could be used or dark substrates
could be treated. The preparation of white-coloured ZnO-NPs
and development of nanostructured films reported here repre-
sent an interesting improvement for different reasons. First of
all, these coatings are able to meet the aesthetic requirements
for application in the field of cultural heritage. Moreover, their
efficacy could vary from metal to metal as a function both of the
size and shape of the designed nanomaterial and of the
resistance of specific target microorganisms to the antimicro-
bial agent.** Despite the well-known efficacy of both copper and
zinc nanomaterials in reducing/blocking the growth of a wide
range of microorganisms, it has been proved that the antibac-
terial effect of ZnO-NPs is significantly more pronounced on
Gram-positive bacteria than on Gram-negative strains, which is
probably due to their different cell membrane structure.**

In this study, specific amounts of white ZnO-NPs powder
were dispersed in consolidant/water repellent solutions and the
resulting dispersions were then spin-coated on glass slides or
applied to stone substrates. All the nanocoatings were characterised
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from spectroscopic and morphological points of view. Preliminary
experiments assessing the ability of the nanomaterials to release
zinc were carried out, along with evaluation of their antimicrobial
properties.

Experimental
Nanomaterial preparation

Zinc oxide nanoparticles were prepared by an electrochemical
technique. The preparation was carried out in a three-electrode
cell configuration with two zinc plates as working and counter
electrodes and Ag/AgCl (KCI sat.) as reference electrode, all
immersed in an alkaline solution of NaHCO; (30 mM) and poly-
styrene sulphonate (1 g L™").>>?° Electrosynthesis was performed in
galvanostatic mode at 10 mA cm™ using a PAR 263A potentiostat—
galvanostat. After centrifugation, the resulting precipitate was
dried at 70 °C overnight. The obtained powder was calcined at
600 °C in a muffle furnace in air for 1 h. The calcined samples
were morphologically characterised by transmission electron
microscopy (TEM) using a FEI Tecnai 12 system operating at
HV (120 kv).

Estel 1000, Estel 1100 and Silo 111 are ready-to-use silicon-based
consolidant/water-repellent materials provided by CTS (Altavilla
Vicentina, Italy). According to the technical data sheet, Silo 111 is
a water repellent composed of a mixture of low-molecular-weight
organosiloxane oligomers, Estel 1000 is a consolidant composed
of tetraethyl orthosilicate (TEOS), whereas Estel 1100 contains
both TEOS and siloxane oligomers and is therefore considered
to possess both consolidant and water-repellent properties. All
materials are dissolved in white spirit D40 (a mixture of hydro-
carbons distilled from oil with a boiling point in the range
150-200 °C). The siloxane oligomers are typically composed of
dimethylsiloxanes.>”*® TEOS is well known to undergo chemical
modifications upon exposure to air, leading to the loss of ethanol
moieties and to various polymerisation phases. In the first step,
hydrolysis of ethyl silicate occurs: it reacts with atmospheric/
substrate water to produce ethanol and siloxane moieties. The
former evaporates while the latter starts to polymerise, leading to
the formation of silica gel, which eventually binds to the stone,
thus consolidating its structure.>® ZnO nanopowders were dis-
persed in Estel 1000, Silo 111, and Estel 1100 to prepare nano-
structured thin films. The procedure consisted of mixing ZnO-
NPs white powder with the consolidant/water-repellent materials
in various %w/w concentrations. The resulting dispersions were
then spin-coated on glass slides or applied to stone specimens
(see below). Nanostructured films loaded with variable amounts
of NPs were prepared by simply modifying the mixing ratio of
ZnO powder and consolidant/water repellent solutions.>"*%3!

XPS characterization

Films that were deposited on glass slides, consisting of pure
Estel 1000, pure Silo 111, pure Estel 1100, Estel 1000/ZnO-NPs,
Silo 111/ZnO-NPs, and Estel 1100/ZnO-NPs nanocomposites,
were characterised by X-ray photoelectron spectroscopy (XPS),
using a Theta Probe VG Scientific spectrometer equipped with a
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monochromatised Al Ko source (spot = 300 pm). Survey spectra
were recorded in constant analyser energy mode (CAE) at a pass
energy of 150 eV, whereas high-resolution regions (C 1s, O 1s,
Si 2p, Zn 2p) were acquired in CAE mode at a pass energy of
100 eV. Calibration of the binding energy (BE) scale was per-
formed by fixing the aliphatic component of the C 1s signal at
BE values of 284.8 & 0.1 eV.

Zinc release experiments

Determination of the amount of zinc that was released from the
nanostructured films into an aqueous contact solution of nitric
acid (2% w/w), used to mimic rainwater, was carried out by
inductively coupled plasma mass spectrometry (ICP-MS) analyses
using a Perkin Elmer Elan 9000 spectrometer. 1 mL solution was
deposited onto each modified glass slide; the solution was
sampled after a 24 hour contact period and analysed. Zinc
was measured on the basis of its isotope ®*Zn. Quantification
was performed using indium (25 ppb) as internal standard.

Biological experiments

The nanocomposites were subjected to bioactivity tests using
Aspergillus niger as target microorganism. This is a very common
fungus, which is ubiquitous in soil and commonly reported from
indoor and outdoor environments. It was grown on Nutrient Agar
(NA) CM 0003 culture medium incubated at 37 °C for 48 hours.
Different dilutions (from 10" to 10~°) were prepared and were
then evaluated in biological tests in order to choose the best
experimental conditions. Glass slides, which were modified
with nanocomposites, were immersed in bottles containing
20 mL 10~° dilution and incubated at 35 °C for 24 hours. Some
1 mL of this solution was then plated and after a further period
of 24 hours colonies, if any were present, were counted.

Application step

Stone samples. Three calcareous building stones from Apulia
were selected. The first was Calcare di Altamura (C), which is a
fine-grained biomicrite packstone-wackestone with rather low
porosity, estimated to be around 3%. The other stones were two
varieties of Calcarenite di Gravina: a light-yellow, biolithoclastic
fine-grained wackestone-packstone from a quarry district in
Massafra (M) and a whitish bioclastic medium-grained packstone
from Gravina (G). These materials exhibit a certain similarity in
terms of porosity (porosity ranges from ca. 40% (M) to 50% (G)),
dry density and uniaxial compressive strength, but have different
textural features and pore size distributions. Pore size diameters
of 10-30 um and 1-10 pm are prevalent in M, whereas in G pore
size diameters >30 pm were shown to be the most abundant.
Detailed information on the petrophysical and mechanical prop-
erties of both calcarenites, including porosity, pore size distribu-
tion, density, water absorption, degree of saturation, permeability,
and thermal properties, as well as compressive strength and
flexural strength, have been reported in the literature.***?

Specimens were prepared by cutting square blocks with
dimensions of 2.5 x 2.5 x 1 cm for Calcare di Altamura and
quarters of a circle with r = 2.5 cm and thickness of 1 em for
both Calcarenite di Gravina stone types.

6838 | New J. Chem. 2015, 39, 6836-6843

View Article Online

Paper

The specimens were treated with Estel 1000 and Silo 111 and
also with these consolidants/water repellents loaded with
0.5% w/w ZnO-NPs. Application of the materials was carried out
by a brush until complete absorption by the specimens, which
were then kept at room temperature in order to allow evaporation
of the solvent and curing of the coating.

Colorimetric measurements. Evaluation of colour changes
of the treated stone samples was carried out by colorimetric
measurements using a Konica-Minolta Chroma Meter (CM-2600d).
The operating conditions were based on the UNI Normal 43/93
recommendations.>* The results were reported in the CIE
L*a*b* system. For each stone specimen, four (samples C) or
three (samples M and G) points of analysis were selected; the
instrument was set to automatically give the average value of
the colorimetric coordinates (L*, a*, b*) of three measurements
for each point. The resultant chromatic change AE was deter-
mined by the following equation: AE = (AL* + Ad® + Ab?)"2.
Then, for each specimen the AE values were averaged out to
obtain a single value and standard deviation. Measurements
were performed at the same points of the specimens by means
of a suitable mask before and after application of the remedial
product.

SEM-EDS analyses. Fragments of all treated and untreated
stone specimens were observed with an S360 SEM instrument
(Cambridge Instruments) to evaluate the morphological modi-
fications after application of the nanocomposite. The semi-
quantitative elemental composition was obtained using an
X-ray energy-dispersive spectrometer (EDS) with an Oxford-Link
Ge detector equipped with a Super Atmosphere Thin Window
(ATW) with a thickness of 0.4 mm. An accelerating voltage of
15 kV and a beam current of 500 pA were used. Before SEM-EDS
investigations, specimens were coated with a 30 nm conductive
graphite film.

Results and discussion
Nanocomposite preparation

ZnO-NPs were prepared according to an electrochemical proce-
dure reported in the literature® and modified by adding sodium
polystyrene sulphonate as stabilizing agent to the electrolytic
medium, which resulted in improved morphology and control
of NP growth.”® Final thermal treatment of the nanocolloid at
T=600 °C allowed complete conversion into nanostructures with
ZnO stoichiometry. A TEM image is shown in Fig. 1, where it is
possible to observe the presence of nanostructures. Selected-area
electron diffraction analysis (data not reported) showed ZnO
faceted wurtzite crystallites with an average size of 50 nm.
Estel 1000, Silo 111, and Estel 1100 were chosen as disper-
sing media for ZnO-NPs, owing to their consolidant and water-
repellent properties. As already stated in the Experimental section,
ethyl silicate is well known to undergo chemical modifications
upon exposure to air, leading to the loss of ethanol moieties and
various polymerization phases. This behaviour was taken into
consideration by allowing a period of at least 40 days curing time
before any characterization and/or use of the nanocomposites.”"

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2015
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Fig. 1 TEM images of electrosynthesised ZnO after calcination at T = 600 °C.
A magnification is shown in the inset.

Specific amounts of ZnO-NPs powder were dispersed into the
consolidant/water repellent solution to obtain dispersions with
different %w/w of ZnO-NPs.

Nanocomposite surface characterization

Materials that were deposited on glass slides were analysed by
XPS. Bare Estel 1000, Silo 111, and Estel 1100, along with nano-
structured films with different bulk concentrations of ZnO-NPs,
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were investigated. The aim was to determine the best experi-
mental conditions for yielding a viable concentration of zinc on
the surface of the nanomaterials without affecting the properties
of the consolidant/water-repellent materials.

XPS analyses of the different materials revealed the presence
of carbon, oxygen, and silicon, as expected on the basis of
their chemical composition. Small amounts of zinc were also
detected on the surface of nanocomposite materials based on
Estel 1000 and Estel 1100. In Fig. 2 XPS spectra of all spectral
regions are shown. The first row of Fig. 2 gives a comparison of
C 1s, O 1s, and Si 2p spectra for materials based on Estel 1000
with (green line) and without (red line) ZnO-NPs. The second
and third rows give analogous comparisons for nanomaterials
based on Silo 111 and Estel 1100. In all cases, no differences were
found upon inclusion of ZnO-NPs and therefore it can be stated
that embedding nanoparticles does not significantly change the
surface chemistry of the consolidants/water repellents.

As regards the surface availability of ZnO, no zinc could be
detected on the top surface of Silo 111 nanocomposite films,
regardless of the curing time and/or bulk loading of ZnO-NPs.
A possible explanation for this behaviour might be found in the
high density of the polysiloxane matrix which may not allow the
nanoparticles to emerge. On the contrary, XPS analyses that
were performed on nanocomposites based on Estel 1000 and
Estel 1100 revealed some zinc on the surface, especially after curing.
In Fig. 3 Zn 2p XPS spectra recorded on an Estel 1100/ZnO-NPs
composite are reported. This figure clearly shows the surface
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Fig. 2 XP spectra of carbon, oxygen, and silicon regions recorded for Estel 1000, Silo 111, and Estel 1100-based coatings, with (green lines) and without

(red lines) ZnO-NPs.
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Fig. 3 Zn2p XP spectral region recorded on Estel 1100/ZnO-NPs nano-
composite after different curing times.

Table1 Surface atomic percentages of Zn vs. bulk amount determined by
XPS measurements on composites after 40 days of curing

% Znatomic

% ZnO-NPs Estel 1000 Silo 111 Estel 1100
w/w ZnO-NPs ZnO-NPs ZnO-NPs
0.03% n.d. n.d. n.d.
0.15% n.d. n.d. 0.3+ 0.2
0.20% 0.1 +£0.2 n.d. 0.3 0.2
0.25% 0.4+ 0.2 n.d. 0.3 +0.2

availability of zinc after a 45 day curing period of the film. The
spectral region exhibits typical doublet peaks: Zn 2p3/, (at lower
BE value) and Zn 2p;, (at higher BE value) components. Zinc
is present in a single oxidation state as zinc oxide and there-
fore retains the chemical composition of the thermally treated
ZnO-NPs.*®

A possible dependence of the surface percentage of Zn on
the bulk amount was also investigated. The results are reported
in Table 1. These data suggest that the bulk concentration does
not significantly influence the surface atomic percentage.

Zinc release experiments

ICP-MS analyses were used to determine the release of zinc
from the prepared nanomaterials into an appropriate contact
solution. An aqueous solution of acid was used to mimic the
pH conditions of rainwater to which stone monuments are
usually exposed. Glass slides modified with Estel 1000/ZnO-NPs,
Silo 111/ZnO-NPs, and Estel 1100/ZnO-NPs nanocoatings at two
different %w/w were covered with the contact solution for
24 hours; after this period, the solution was sampled and analysed.
The results are reported in Table 2.

The data suggest that the nanomaterials are able to release
amounts of zinc in the range of ppm concentrations. Moreover,
the amount of zinc released seems to be dependent on the bulk
concentration for all matrices. Therefore, apparently the process
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Table 2 Amount of zinc released by hanocomposites (curing time 40 days)
in aqueous solution of nitric acid after 24 hours contact period

Zinc release/ppm

ZnO 0.15% w/w ZnO 0.25% w/w

Estel 1000 4.58 £+ 0.09 31.6 £ 0.3
Silo 111 2.89 £ 0.08 3.60 £ 0.08
Estel 1100 0.86 £+ 0.06 0.98 £ 0.04

of metal release is not strictly influenced by surface availability
but by bulk concentration; in fact, Silo 111 materials exhibit a
certain release of zinc, although no zinc was found on their
surfaces by XPS investigation.

Biological experiments

Preliminary biological experiments were performed on Estel
1100 nanocomposites in order to study the bioactive properties of
ZnO-NPs. Aspergillus niger was chosen as target microorganism
due to its presence in outdoor environments.

The measurements were performed following the protocol
reported in the experimental section. The results are shown
in Fig. 4.

This figure shows images of Petri dishes containing plated
culture broth after 24 hours of contact with the nanocomposites.
As can be observed, only the control and bare Estel 1100 dishes
show the growth of Aspergillus colonies, more or less in the same
amounts. All the other plates are completely disinfected, regard-
less of the ZnO-NPs weight percentage.

Application step

After chemical characterization, release studies, and biological
tests, which were performed on nanocomposites applied to glass
slides, an application step was undertaken. This step consisted
of the study of stone specimens treated with consolidants/water
repellents and the respective nanocomposite coatings.

In the field of restoration and conservation of cultural heritage,
treatments have to fulfil requirements such as reversibility and
compatibility, also from an aesthetic point of view. This means that
no significant colour change should be observed upon application
of a remedy. In this study, whitish zinc oxide nanoparticles were

Fig. 4 Aspergillus niger colonies after 24 hours of contact with glass
slides covered with nanocomposites. (A) control plate; (B) Estel 1100;
(C) Estel 1100/ZnO-NPs 0.15% w/w; (D) Estel 1100/ZnO-NPs 0.30% w/w;
and (E) Estel 1100/ZnO-NPs 0.60% w/w.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2015
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dispersed in colourless consolidants/water repellents, and there-
fore no significant chromatic changes are to be expected. However,
the proper amount of ZnO-NPs that is able to accomplish its
bioactive action without affecting the aesthetics should be
determined. For this purpose, colorimetric measurements were
performed. Moreover, SEM-EDS analyses were carried out to
fully understand the behaviour of the nanocomposite-stone
specimen system.

Colorimetric measurements were performed on selected stone
samples with different porosity: Calcare di Altamura and two types
of Calcarenite di Gravina (from caves in Massafra and Gravina).

Evaluation of chromatic changes in stone specimens upon
application of Estel 1000, Silo 111, and their respective nano-
composites containing 0.5% w/w ZnO-NPs was carried out. The
AE values that were obtained immediately after application
(at 2 hours) show a consistent decrease after 14 days (data not
shown) and diminish substantially after 40 days. This trend was
expected, as the solvent gradually evaporates and the consolidants/
water repellents should have completed curing in that time.
The graphs in Fig. 5 show colorimetric data for all treated stone
samples at 40 days after application.

Examination of these data leads to the following conclusions.
Significant differences can be observed between the three types of
stone substrates. In particular, all samples that are composed of
Calcare di Altamura (C) show the highest AE values, although these
are all below 4.5. The more porous Calcarenite di Gravina samples
(M and G) exhibit smaller chromatic changes, which is probably
due to better absorption/penetration of the applied materials.
Comparison between the behaviour of pure Estel 1000 and Silo
111 reveals that the former generates more significant color
changes than the latter. It should be mentioned, however, that
the addition of ZnO-NPs seems to reduce the variations in color
produced by application of Estel 1000 and Silo 111, at least on
the C substrate. In the other cases, admixing of ZnO-NPs does not
substantially change the colour of the coatings. An exception is G
stone specimens treated with Estel 1000 and Estel 1000/ZnO-NPs,
which is probably due to the non-homogeneous distribution of
the composite on the specimen caused by the high surface
roughness of this stone substrate.

AE
3-
—

BN N

G + Estel G +Silo

0 i

C + Estel C +Silo M + Estel M + Silo

Fig. 5 Colour changes (AE) of specimens of Calcare di Altamura (C),
Calcarenite di Gravina from Massafra (M), and Calcarenite di Gravina from
Gravina (G) treated with Estel 1000 and Silo 111 alone (light grey bars) and
admixed with ZnO-NPs (0.5% w/w) (dark grey bars) measured at 40 days
after application.
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These results represent a very interesting improvement with
respect to the use of copper-based coatings, as the highest values
of AE in this study are all lower than 5, despite the amount of
embedded ZnO-NPs being much higher. Indeed, a fourfold reduc-
tion in values of AE is observed for all the stone substrates, even
when using tenfold %w/w of ZnO-NPs with respect to CuNPs.>!

SEM-EDS analyses were performed on fragments that were
detached from the surfaces of stone specimens treated with
Estel 1000, Silo 111, Estel 1000/ZnO-NPs (0.5% w/w), and Silo
111/ZnO-NPs (0.5% w/w). For each sample, three backscattered
electron (BSE) images at different magnifications - 150x, 750,
and 2000x —were acquired, as well as an ED raster spectrum for
elemental analysis. Fragments composed of Calcare di Altamura
(C) display a homogeneous, compact surface with low porosity.
EDS data indicate a prevalence of calcium carbonate with low
contents of silicon and magnesium. Treatment with Silo 111 and
Estel 1000 seems to produce a more homogeneous surface as
compared with untreated samples. Microchemical analyses revealed
a higher relative amount of silicon for Estel 1000 as compared with
Silo 111, which indicates better absorption of the latter product.
When admixed with ZnO-NPs, Estel 1000 shows some cracking,
which is clearly visible in the BSE image and which is more pro-
nounced in relation to large grains. Similarly, the compact C stone
specimen treated with Silo 111/ZnO-NPs is characterised by homo-
geneously diffused whitish areas with a very high concentration of
5 pum clusters rich in zinc and silicon (Fig. 6A). In some interstices,
Silo 111 has formed amorphous characteristic structures. The
relative amount of zinc with respect to calcium and silicon is lower
in the Silo 111 sample as compared to the Estel 1000 sample.

Regarding stone specimens of Calcarenite di Gravina from
Massafra (M), the acquired BSE images allow confirmation of
observations made with optical microscopy. This stone is less
compact than the previous limestone and is mainly composed
of calcium carbonate with significant amounts of magnesium,
aluminium and silicon. Whereas the latter two elements can
probably be ascribed to the presence of clay minerals, the occur-
rence of magnesium is most likely to be attributed to dolomite.
BSE images of the treated specimens gave evidence of a homo-
geneous distribution of Silo 111 and Estel 1000. As for the Calcare
samples, ED raster spectra show a higher concentration of silicon
on the surface of Estel 1000 samples with respect to those treated
with Silo 111. In an SEM-BSE image of an M sample treated with
Estel 1000/ZnO-NPs, luminous zinc particles can be clearly
observed. As previously remarked for the C specimen, the con-
solidant tends to concentrate in specific areas that contain zinc
oxide aggregates (2-20 pm) and exhibit cracking (Fig. 6B). In Fig. 6C
the ED raster spectrum is shown. Application of Silo 111/ZnO-NPs
produces a fairly good distribution of the water repellent as well as
of zinc oxide, which is present as single crystals and agglomerates.
Again, the relative content of zinc with respect to the other main
elements was found to be lower in the Silo 111 sample with respect
to the Estel 1000 sample.

SEM analyses confirm the high porosity of Calcarenite di Gravina
from the Gravina cave (G), which reaches 45%. This should be taken
into account when evaluating the penetration capacity of applied
materials like the consolidants/water repellents used in this study.
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Fig. 6 SEM-EDS analyses of stone specimens. (A) BSE image of Calcare di
Altamura treated with Silo 111/ZnO-NPs; (B) BSE image of Calcarenite
di Gravina from Massafra treated with Estel 1000/ZnO-NPs and (C) its
respective raster ED spectrum.

Microanalyses indicate the presence of calcium carbonate
as well as of clay minerals. Again, SEM investigation provided
evidence of a higher amount of silicon on the surface for Estel
1000 samples with respect to Silo 111 samples.

The BSE image of the sample treated with Estel 1000 shows
that the consolidant is present in cavities as an amorphous
pseudocrystalline material. The ED raster spectrum acquired
for the specimen treated with Estel 1000/ZnO-NPs shows a
rather high amount of silicon and little zinc, which is, however,
well distributed in small aggregates with dimensions ranging
from 1 to 20 um. Concerning the application of Silo 111/ZnO-NPs,
SEM-BSE images show an even distribution of 1-10 um zinc
grains on the surface of the calcarenite. In this case, the zinc
peak in the ED spectrum is higher than that for silicon, contrary
to what was previously observed for C and M samples.

Conclusions

In this study, the ability of zinc oxide nanoparticles to
exhibit biocidal activity when embedded in commonly used
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consolidant/water-repellent materials has been demonstrated.
X-ray photoelectron spectroscopy showed that the presence
of nanoparticles did not affect the surface chemistry of the
matrices. The surface or sub-surface availability of zinc was also
assessed. For materials based on Estel 1000 and Estel 1100, the
amount of Zn was shown to increase in the surface region with
curing, whereas zinc remained confined within the sub-surface
region in composites based on Silo 111. Preliminary release
data suggested, however, that zinc was released in acid contact
solutions independently of its availability at the top surface.
The diffusion of nanoparticles from the bulk to the contact
solution is a plausible mechanism. Biological tests with Asper-
gillus niger gave evidence of remarkable biostatic activity of the
tested nanocomposites, even at rather low ZnO loadings. There-
fore, we can state that the prepared nanomaterials are able to
embed zinc oxide nanoparticles and release zinc in order to
exhibit interesting bioactive properties. The application of ZnO
nanocomposites to calcareous stone specimens was shown
to generate acceptable variations in colour. Scanning electron
microscopy with X-ray microanalysis measurements, which was
performed on single consolidants and water repellents, seems
to confirm the surface spectroscopy data, in that the relative
amount of zinc is lower on the surface of samples treated with
Silo 111 as compared to those treated with Estel 1000. The
mixed matrix, Estel 1100, is expected to display mixed behaviour.
All the nanocomposites proved to be stable, as morphological
and surface chemical analyses performed after more than one
year show results similar to those obtained soon after applica-
tion. Moreover, no detachment of the coatings was observed
after such a period. In perspective, kinetic measurements will be
designed and performed to evaluate the long-term zinc release
ability of the nanocoatings. I situ experiments have been started
with the application of Estel 1100/ZnO-NPs and Silo 111/ZnO-
NPs: after six months, no colonization could be observed either
on the treated or on the control areas. This was expected, as
biological colonization may take a very long time. Moreover,
biocidal activity tests will be extended to different micro-
organisms that are usually present in the biological community
that colonizes stone substrates.
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