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NEWS Winter 2013/14

Dear all,
we are pleased to present you the fi rst Newsletter 
of  the European NANOMATCH project. This 
fi rst issue gives you an overview of  the project 
objectives and activities which are addressed to 
develop a new class of  innovative nanostructured 
materials for the conservation of  Cultural Heri-
tage, tailored specifi cally to historic materials and 
adapted to a climate change context.

We hope to provide new conservation products 
ensuring enhanced sustainability, compatibility and 
effi ciency compared to conventional ones, thus 
offering a real alternative and renewing the market 
thanks to the combination of  the most recent 
advances in the fi elds of  nanotechnologies and 
conservation science.

This is the fi rst of  three Newsletters which will 
bring you the latest news on the work in progress 
and present you some of  the results achieved so 
far through the fruitful collaboration of  the project 
team.

Enjoy your reading!

The Project Coordinator
Dr. Adriana Bernardi 
Senior Researcher, Head of  Unit CNR-ISAC of  
Padova, Italy 

THE PROJECT 
The NANOMATCH project “Nano-systems for the conservation of  immo-
veable and moveable polymaterial Cultural Heritage in a changing environ-
ment” is a European FP7 Project lasting from 2011 to 2014. 15 partners from 
different European countries form the consortium (companies, universities, 
technological institutes, etc.) where a group of  multidisciplinary experts 
(chemists, physicists, geologists and biologists) as well as conservators, 
restorers, producers and end-users are working together. The project is 
coordinated by the Institute of  Atmospheric Sciences and Climate of  the 
National Research Council of  Italy. 

SUMMARY

In the context of  a changing environment, the variation of  deterioration 
agents of  natural (rain, temperature) and anthropogenic (pollutants) origin 
is pushing the decay of  indoor and outdoor monuments and historical buil-
ding materials, namely stone, wood and glass.  

Moreover, the failure of  most organic conservation or restoration treatments 
and the questionable effi ciency of  inorganic ones emphasizes the urgent 
need to improve actual products and conservation methodologies or to 
develop new ones as valid alternatives for the purposes of  Cultural Heritage.

The EU project NANOMATCH addresses these problems through the 
development of  a family of  innovative materials. These are specifi cally 
designed for the consolidation requirements of  historical substrates and for 
the provision of  high performance products to close the gap in the market 
dedicated to the conservation of  built heritage.

Metal alkoxide precursors have been synthesized and their properties 
tuned according to the substrate characteristics of  stone, wood and glass, 
respectively, to achieve specifi c functionalities. The consolidation effects 
have been fi rst evaluated through lab experimentation and subsequently, the 
most suitable metal alkoxides are being tested at different European sites to 
assess the impact of  the environmental effects on their performance. This 
work is resulting in a new generation of  nano-products specifi cally tailored 
for historic materials in the context of  climatic change, emerging from the 
most recent and advanced research in the fi elds of  conservation science and 
nanotechnologies.
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The development of  suitable products for the treatment of  historical ma-
terials will finally terminate the inappropriate use of  several commercial 
products, especially polymers. In recent years, some of  these have shown 
detrimental effects due to their fast deterioration and have also damaged the 
treated material.

Central to the project is the synthesis of  molecular precursors, nano-coating 
deposition and assessment of  their conservation properties leading to the 
production of  innovative products able to replace unsuitable traditional ones 
in the market of  conservation. The basis for their production and market 
launch is being developed within the project.

PROJECT OBJECTIVES

The overall objective of  NANOMATCH is the development of  alkaline earth and 
semimetal alkoxides which evolve to nanostructured conservation products com-
patible with the main materials used in built heritage like stone and wood – even 
painted - and glass, ensuring enhanced sustainability, compatibility and efficiency 
compared to conventional conservation products.

The key S&T objectives of  the NANOMATCH project are:

1. To develop an alkaline earth alkoxide for stone and wood conservation and to 
prototype an already existing aluminium alkoxide product (developed in the 
EU project CONSTGLASS) for glass consolidation

2. To verify and demonstrate the higher performance of  these new products 
in comparison with conventional and recent ones currently available on the 
market

3. To establish the most suitable methodology to apply these new products

4. To assess their quality with respect to the environment and human health 
requirements

5. To prepare economically more attractive products for the market, meeting 
needs better than current products

IDENTIFICATION OF SUBSTRATE MATERIALS 
 
AND PRODUCTS 
 

NANOMATCH Work Package 1 was designed to provide a sound foundation for the 
project. First of  all, relevant representative substrates were identified and selected. In 
the case of  natural stone, Savonnières and Maastricht limestone, Laspra dolostone and  
Carrara marble were chosen. Relationships between total porosity and water ab-
sorption coefficient as well as relevance were determined.

For stone like substrates, wall painting replicas that mimic powdering historic wall 
paintings were selected. As wood species, pine, poplar, linden and oak were prepa-
red to be degraded by brown and white rot. For glass, model glasses were subjected 
to artificial weathering, as well as porous Vycor glass and glass powders.

The commercial products selected for the comparison of  the performance of  the 
NANOMATCH product are calcium hydroxide nanoparticles (CaLoSiL® E50) 
and silicic acid ester (Remmers KSE 300 HV) for stone, as well as nanolimes and 
Primal™ E 330 S for stone-like substrates, Paraloid™ B72 and Methocel™ A4M 
for wood and Paraloid™ B72 and ORMOCER® G for glass.

In WP1, the main parameters for the assessment of  compatibility and performance 
have been identified and prioritized. Within the project, a treatment can be conside-
red compatible if  it does not lead to technical (material) or aesthetic deterioration 
of  the historical materials. The treatment as such should be as durable as possible. 
Compatibility criteria are related to the properties of  the consolidated material 
with respect to those of  the untreated material; performance criteria are related 
to the effectiveness of  the treatment and include long-term behavior. Technical 
requirements, i. e. further specification of  compatibility and performance criteria, 
have been suggested as far as possible, including information on the methods and 
standards for their assessment. Compatibility criteria include chemical, physical, 
mechanical and acoustic aspects as well as some additional requirements. Perfor-
mance criteria include the cohesive effect, depth of  penetration and long term 
behavior. Adequate test procedures were selected and defined to assess the long 
term behavior, reflecting weathering processes in different European countries. 
Responses to freeze-thaw, salt crystallization and thermal shock are being evaluated. 
To support the assessment of  long term behavior and definition of  test methods, 
an evaluation of  the present and future trend of  the pollution concentration and 
climate change was performed by studying the results of  previous and on-going 
EU projects like NOAH’S ARK, VIDRIO, CARAMEL, CULTSTRAT, MULTI-
ASSESS, TeACH, Climate for Culture as well as recent literature, including aspects 
like rain fall, air relative humidity, air temperature, surface temperature, wind and 
solar radiation.
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© Caption: Stone, wood and glass are commonly used in 

built heritage (Santa Croce Basilica, Florence)

© Marble treated with siloxane polymer  

(10 years after treatment) 

© Soft limestone treated with siloxane polymers  

during the Nineties (Prato della Valle, Padua) © Three stone substrates investigated in the project: 

Carrara marble, Maastricht and Savonnières limestone 

© Sound wood samples of  the species selected in the 

project: pine, poplar, linden and oak

© Lime mortal wall painting replicas, with and without 

paint layer
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METAL ALKOXIDES: WHAT THEY ARE AND HOW THEY

REACT/WORK AS CONSOLIDANT FOR CULTURAL HERITAGE

MATERIALS (STONE, WOOD AND GLASS)
 
 
Work Package 2 was also devoted to the study of  the metal alkoxides as chemical 
species and to their synthesis. 

From a chemical point of  view, metal alkoxides are chemical species with the 
general formula [M(OR)x]n where M is a metal of  valency x, R is an alkyl group and 
n represents the degree of  oligomerization.

Most of  the metal alkoxides are extremely prone to hydrolyze to give metal oxides, 
consequently synthesis and handling have to be done under rigorously dry condi-
tions. However, this kind of  chemicals is not particularly flammable and does not 
present any special hazard for the work in the laboratory.

It is also well known that calcium alkoxides react in the presence of  humidity and 
carbon dioxide to give CaCO3 and alcohols (Scheme 1). Therefore, this peculiar be-
havior under atmospheric conditions makes some selected metal alkoxides suitable 
for the conservation of  built heritage.
CaCO3 is the main component of  many types of  stones, mortars, plasters and wall 
paintings in historic buildings and it has been intensively studied as pH buffer to 
avoid acidification of  cellulose-based materials such as wood and paper. 

The idea behind NANOMATCH project was to synthesize a new class of  chemicals 
that, reacting in this way in the atmosphere, would have a consolidation effect on 
stone and stone-like materials and a filler/pH stabilizer effect on wooden materials. 
The advantages of  using CaCO3 precursors for stone and wood are primarily their 
higher compatibility with the substrates in comparison with the current products, 
mainly polymers, used for the same purposes.

Hence different synthetic routes to obtain Ca/Mg alkoxides as consolidants 
for stone and wood have been found in the literature, and the five most 
promising have been experimetaly reproduced in the laboratory. Moreover, a 
careful selection of  biocidical products to be used in combination with me-
tal alkoxides on stone and wood has been done, considering their approval 
for use in the European Union, their proven safe use for Cultural Heritage 
applications and the absence of  any possible reaction with the alkoxides. 

Innovative functionalized metal alkoxides are being also developed within the 
NANOMATCH project as glass-in-glass consolidant, mainly for internally 
fractured glasses. After application of  the new consolidant on deteriorated glass, 
the solvent (ethanol) evaporates first. The remaining compound within the crack 
works, during an initial phase, as an adhesive between the inner glass surfaces and 
stabilizes the whole glass body. Condensing humidity penetrates the adhesive. With 
time, the organic portion of  the adhesive compound will gradually be hydrolyzed 
and an inorganic network will be formed. Due to its high surface energy water 
removes the organic cleavage product from the inorganic phase while glass consti-
tuents penetrate the network. Ultimately, the crack is healed by newly formed glass.   

The metal alkoxide developed during the EU project CONSTGLASS, named 
A18, has been modified and optimized. The penetration properties have been 
improved, modification of  the formulation has not have been tested (variation of  
pH during synthesis, combination with silica sols) to tailor the network-forming 
process after application, the adhesion strength at high relative humidity have been 
investigated, including the examination of  the complexation process as well as 
the hydrolysis process. The optimized A18 is a non-crystalline lightly yellow solid 
with the chemical name aluminum dihydroxy sec-butoxy diethanolaminoethylate 
and the chemical formula Al5(OH)10[O(CH3)CH2CH3][O(CH2)2-N-((CH2)2OH)2]4. 
The diethanolaminoethylate substituent gives the compound a strong hygrosco-
pic property. A18 is highly soluble in ethanol. It is molecularly dispersed when 
dissolved in ethanol and does not form any colloids or nano particles. However, 
a transesterification occuring in ethanol leads to the release of  2-butanol from 
Al5(OH)10[O(CH3)CH2CH3][O(CH2)2-N-((CH2)2OH)2]4 and the formation of  
Al5(OH)10OCH2CH3[O(CH2)2-N-((CH2)2OH)2]4 referred to as aluminum dihyd-
roxy ethoxy diethanolaminoethylate. This was confirmed by gas chromatography 
measurements of  A18 dissolved in ethanol.

A 50 % solution of  A18 in ethanol comprises 48.6 % Al5(OH)10OCH2CH3[O(CH2)2-
N-((CH2)2OH)2]4, 47.6 % ethanol, and 3.8 % 2-butanol. Regarding the 
application the released 2-butanol constituent of  the solution improves the 
wetting property on glass. After infiltration in the cracks of  the glass, etha-
nol and subsequently 2-butanol evaporate from the surface. The remaining 
Al5(OH)10OCH2CH3[O(CH2)2-N-((CH2)2OH)2]4 will then be gradually hydrolysed 
by atmospheric humidity, releasing ethanol first. After that, triethanolamine 
is removed by and by in very small quantities over a period of  several months 
or, maybe, even years. The vapor pressure of  triethanolamine is 0.01 mbar at  

Scheme 1: Reaction scheme of  calcium alkoxide with 

water and carbon dioxide.
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Model glass MK 1 exhibiting craquelé after weathering.    

© Fraunhofer ISC 

Stone consolidation through impregnation. © DUCT 

Fig. 2:  Crosslinking reaction of  the aluminium-

alkoxide complex.
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20 °C, which can be compared with the vapor pressure of  ice at a temperature of  -60 °C. 

The very slow transformation of  Al5(OH)11[O(CH2)2-N-((CH2)2OH)2]4 leads to 
the formation of  a gelatinous aluminum oxide hydroxide compound containing 
diethanolaminoethylate in a continuously decreasing concentration.  

Chemically, the consolidant consists of  Al(OH)2(OCH2CH2)-N-(CH2CH2OH)2. 
The compound can form linear strains with the help of  AlOH-groups but can 
also crosslink due to hydroxyl groups of  the organic substituent. The Al-atom is 
coordinated 6 fold in octahedral surrounding (Fig. 2). 

  

SOLUBILITY AND SYNTHETIC APPROACHES

Metal alkoxides, and especially calcium alkoxides, are classifi ed as compounds high-
ly sensitive to air and moisture with a strong tendency to oligomerize. The basis 
of  this phenomenon is the capacity to “share” a lonely pair of  oxygen electrons 
and, according to the size and complexity of  the alkoxide, to give rise to oligomeric 
systems that are physically obtained as insoluble clusters (Scheme 3).

At this stage it is essential to remember that the solubility is a fundamental para-
meter for the fi nal consolidant compounds that have to penetrate – carried by the 
solvent – into the pores of  the stones where, due to the carbonation process, they 
can create a consolidation effect (Fig. 4). 

In Fig. 5 a summary of  the different synthetic approaches to the metal alkoxides 
is represented. Among all of  them, the electrochemical technique (Method B) 
and reactions of  metal atom vapours with alcohols (Method C) have not been 
considered as they are not practical methodologies in classic synthesis laboratories 
and require specifi c equipment. 

However, most of  the other techniques applicable to the calcium derivatives have 
been tested changing a few parameters (temperature, concentration, solvents, 
reagents, coordination capacity, catalysts, etc.) that can have a huge impact on the 
products‘ characteristics and studying their infl uence on the fi nal compounds. 
A limitation of  these technologies is connected with the “form” in which the 
alkoxides are produced. Classic syntheses allow to easily obtain the metal alk-
oxides, but always as an insoluble cluster. NANOMATCH project developed an 
alternative methodology that allows to maintain the alkoxides in solution as a 
“complex”, and this synthesis has been up-scaled to the kg-scale. The products 
obtained have been fully characterized by Nuclear Magnetic Resonance (NMR), 
Electrospray Ionization Mass Spectroscopy (ESI-MS), Infrared spectroscopy 
(IR) and elemental analysis. The physico-chemical properties (solubility) of  
these species and of  their decomposition products (amorphous form vs. vaterite 

vs. portlandite vs. calcite) have been investigated through Inductively Coupled 
Plasma (ICP), X-ray diffraction (XRD) and Scanning Electron Microscopy cou-
pled with Energy Dispersive X-ray (SEM/EDX) spectroscopy, respectively.

PRELIMINARY OUTPUTS

Cencerning the research on metal alkoxides for stone and wood consolidation, 
fi nally one suitable synthetic approach was chosen among the once tested, the two 
most promising calcium alkoxides were selected over the hundreds synthesized 
and their production process optimized up to the kg-lab scale (3.5 kg each). The 
potential of  this work is important and forms an excellent starting point to a) have 
a new really effi cient class of  chemicals in the restauration world and b) habe a 
new highly competitive product in the market as well as c) develop an economic 
industrial procedure for the production of  alkoxides. 

It was also experimentally ascertained that the two calcium alkoxides evolve to cal-
cium carbonate, being therefore suitable as consolidant precursors. On one hand, 
it was observed that magnesium alkoxides preferably convert to different hydrated 
structures of  magnesium carbonate and also magnesium hydroxide. Hydrated ma-
gnesium carbonates are reactive towards water and, if  applied on stone substrates, 
could be a possible source of  effl orescence of  soluble magnesium salts rather than 
evolving to stable magnesium carbonate. On the other hand, magnesium hydroxide, 
i. e. brucite, is rather insoluble and, once formed, it will hardly convert to magnesite. 
For this reason, magnesium compounds were abandoned as precursors for carbo-
nate formation.

Regarding the necessary modifi cation of  the glass consolidant, an extensive labo-
ratory test program has been performed. Finally, the compound shows improved 
adhesion strength even at higher relative humidity (at least 70 % RH). Application 
and workability are tested by conservators on fractured model glass samples. Up-
scaling trials are on the way.  
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Scheme. 3: Oligomers and oligomerization mechanism 

of  the calcium alkoxides.

Fig. 4: Effect of  the solvent (carrier) on the penetration 
of  the alkoxide into the pores of  the stones.

Fig. 5: Synthetic pathways to obtain metal alkoxides. 


