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ABSTRACT
Some of the main deterioration problems concerning wall paintings is structural degradation
of the wall painting and the flaking of the painted layer. Consolidation, both in the form of
reinforcement of the rendering of the wall painting and the re-adherence of a flaking paint
layer to the underlying substrate, have thus been an important part of conservation efforts
concerning wall paintings. Since the turn of the millenia dispersions of nanoparticles of
calcium hydroxide, sometimes referred to as nano-lime, have been developed as a
consolidation method for wall paintings. Research studies investigating the effects of
nano-lime as a consolidation method for wall paintings are limited to wall paintings executed
in the fresco technique. Current research is also limited to investigating nano-lime used in
environments with generally high levels of relative humidity. In this thesis paper the effects of
commercial nano-lime products Nanorestore® and Nanorestore Plus®, used on wall
paintings in the secco fresco technique in climatic conditions with relatively low levels of
relative humidity are investigated.

The results of a literary study and an experimental study indicate a significant influence of
both the environmental conditions and the constituents of the wall painting rendering in
regards to the outcome of the consolidation treatment. The results also highlight the
application method as a decisive factor and implies that adjustments in application technique
are necessary depending on environmental conditions and the constituents of the rendering
of the wall painting. The most important conclusion of this thesis paper is the necessity of
further research investigating the effects of nano-lime products in different climates and on
different substrates.
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1. Introduction

1.1. Introduction

Some of the more common deterioration issues concerning wall paintings is structural

degradation and the flaking of the painted layer, which can result in the loss of material.

Structural degradation can occur both in the rendering of the wall painting and in the pigment

layer itself. Such deterioration indicates a loss of cohesion within the material due to the

deterioration of the binding media. Flaking of the paint layer is a problem regarding the loss

of adhesion between the pigmented layer and the underlying substrate. The loss of cohesion

and the loss of adhesion is a continuing concern in regards to the preservation of wall

paintings and different conservation methods are frequently being developed and examined to

deal with these deterioration issues. One of these continually developing methods are

nanoparticles of calcium hydroxide particles dispersed in short-chained alcohols, commonly

referred to as nano-lime.

The use of nano-lime within the field of conservation of cultural heritage has been studied

and developed since the end of the 20th century. Many studies (Baglioni, Carretti & Chelazzi,

2015, Baglioni et.al., 2014, Baglioni & Giorgi, 2006, Gregorio, 2010, Baglioni & Chelazzi,

2013 & D'Armada & Hirst, 2012) suggest that nano-lime can be used as a suitable

conservation treatment for the consolidation of wall paintings, both in regards to

reinforcement of cohesion within the material and re-adherence of flaking paint layers.

However there is a need for more practical studies to be carried out, examining the effects of

nano-lime in different environmental conditions and on different substrates. The research

examining the use of nano-lime as a consolidation treatment for wall paintings is limited to

studies performed in indoor climates with generally high levels of relative humidity and to

wall paintings executed in fresco technique. Research investigating the effects of nano-lime

on wall paintings in secco technique and secco fresco technique in colder and drier climates,

which is found in Scandinavia, is lacking. This creates certain problems for conservators

using commercial nano-lime products in climates and on substrates where the effects of the

products have not yet been properly examined.

This paper will through a literary study and an experimental study investigate the effects of

two commercial nano-lime products in a Scandinavian climate on wall paintings executed in

the secco fresco technique. Since the presence of gypsum in the mortar is a common

occurrence in medieval churches in Sweden the study will also aspire to investigate the
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effects of commercial nano-lime products on substrates where gypsum may be present in the

mortar (Hemgren, 2001, p.10). The investigation will have an exploratory approach and

experiments will be performed in Dalby church in Skåne in collaboration with Skånes

Målerikonservatorer.

1.2. Purpose & aim

The purpose of this research study is to examine if commercial nano-lime products available

on the market today are suitable as a consolidation material for church wall paintings in

Scandinavia. Furthermore the study will aspire to initiate a discussion concerning possible

adjustments that can be made in regards to application methods that can make commercial

nano-lime products more suitable to be used in indoor climates with generally low levels of

relative humidity.

1.3. Research questions

What are the effects of commercial nano-lime products used on wall paintings in an

environment with generally low levels of relative humidity?

What are the effects of commercial nano-lime products used on wall paintings executed in the

secco fresco technique with gypsum present in the mortar?

1.4. Background

1.4.1. Research object - Dalby Church

Dalby church is located in Skåne County in the south of Sweden. It was built as an episcopal

church around the year 1060, making it the oldest stone church in Sweden. The building was

erected in the Romanesque style and has since its construction undergone major alterations

both to the exterior and interior (Ranby, 2014, p.10-11). In 1758 the church gained its current

appearance after extensive renovations. Many medieval wall paintings in Swedish churches

were at some point covered with an overlying lime plaster, this is usually referred to as

whitewash. During the early 1900s the whitewash was removed in many churches and the

original wall paintings were uncovered (Hermgren, 2001, p.10). The oldest wall paintings in

Dalby church are dated to the 13th century and were uncovered during a renovation in 1936.

Like most medieval church wall paintings in Sweden, the paintings were produced using the

secco technique (Nisbeth, 1980, p.126). In 1936 the 13th century wall paintings were restored

by conservator Hans Erlandsson and the reconstruction block painting in red and blue in the

belt arch in the east vault, which will be the object of study for this investigation, was added,
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see figure 7-8 (Eriksson & Wedberg, Åtgärdsprogram för Dalby Kyrka, 2018, p. 10-11). The

most recent conservation effort of the interior and wall paintings in the church were in 1978

(Eriksson & Wedberg, Åtgärdsprogram för Dalby Kyrka, 2018, p.5).

Figure 1: Dalby Church, Skåne, Sweden

During the renovations efforts in 1936 a central heating system, which is still used today, was

installed in the church. Too efficient heating of churches can cause very low levels of relative

humidity during the winter season. However, no continuous measurements of the indoor

climate in the church that can provide information about the seasonal variations in

temperature and relative humidity has been performed (Eriksson & Wedberg,

Åtgärdsprogram för Dalby Kyrka, 2018, p.13). During three days, whilst the experiments of

this research study were conducted, the temperature and relative humidity levels were

monitored in the immediate vicinity of the study object, see appendix 6.1. The weather

outside when the climatic measurements were recorded was clear with a temperature around

5-10°C. Since the measurements recorded are limited to the three days of the experimental

study and the day time, they are not representative for the seasonal and diurnal variations that

might occur in the church’s indoor climate. The measurements taken do provide a small

indication of the levels of relative humidity and temperature during the time of the

experiments.
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1.4.2. Materials and techniques of wall paintings

Generally a wall painting consists of three layers, see illustration 1. These three layers differ

in their composition but they mainly consist of calcium carbonate, which was formed through

the reaction between calcium hydroxide and carbon dioxide in the presence of water when the

wall painting was produced (Chelazzi et.al., 2013, p.43). Originally the belt arch in the

eastern vault in Dalby Church, the object of study for this research study, was constructed

with these three layers. However since its construction the belt arch has been through several

alterations and restorations where the old plaster have been insufficiently removed and new

plaster has been added at several occasions. It is necessary to examine the stratigraphy in a

wall painting in order to gain understanding about the deterioration mechanisms in the

different layers. Such knowledge is vital in order to understand which consolidation measures

are required and to anticipate the effects of a conservation treatment (Mecklenburg,

Fuster-López & Ottolini, 2012, p.8).

The first and innermost layer, the one applied onto the wall structure of the building, is called

the arriccio. Apart from the calcium hydroxide, the arriccio layer contains a high amount of

sand, which is used as an additive to prevent the rendering shrinking and cracking upon

drying. The carbonation of calcium hydroxide without the presence of an additive acting as a

filler produces a non-cohesive calcium carbonate substrate (Mora, Mora & Philippot, 1984,

p.51). The second layer, called the intonaco, contains roughly an equal amount of calcium

hydroxide and sand. The third layer, which is the outer layer, is the paint layer. The paint

layer is a thinner layer and is a mixture of pigments and calcium carbonate (Chelazzi et.al.,

p.43). The formulation of the rendering of a wall painting is of great importance for the wall

painting's stability. If an excess of binding media is used, craquelure and detachment between

the support and rendering can occur. If on the other hand an insufficient amount of binder is

used loss of cohesion and powdery disintegration can occur (Mora, 1974, p.13).
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Illustration 1: Stratigraphy of a wall painting

Several different materials have historically been used for the renderings of wall paintings,

the most common being lime-based, clay-based and gypsum-based. Gypsum has also

historically been used as a fixative added to lime-based mortars to make the mortar more

workable. Gypsum is highly soluble in water, which makes it sensitive both to direct contact

with water and humidity in the atmosphere. Because of its particular properties gypsum, both

as a rendering and as an additive to lime-based renderings, have been almost exclusively used

in regions with climates with generally lower levels of relative humidity (Mora, Mora &

Philippot, 1984, p.45-46). A rendering containing gypsum can, if exposed to high levels of

relative humidity suffer from loss of cohesion in the rendering, which in turn will have

detrimental effects for the painted layer (Mora, Mora & Philippot, 1984, p.186). There are

several different types of gypsum, containing various amounts of crystallized water, however

the common definition for gypsum is that it consists of calcium sulfate (Mora, Mora &

Philippot, 1984, p.39).

The painted layer of a wall painting is applied usually with the fresco technique, secco

technique or the secco fresco technique. Calcium carbonate, which is the main constituent of
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most wall paintings, is an alkaline substance and thus pigments used in wall paintings must

not be sensitive to alkaline environments (Mora, 1974, p.12). In the secco technique the

pigments are executed on the dried intonaco layer. The pigments are mixed with an organic

binder that fixates the pigments onto the substrate (Mora, Mora & Philippot, 1984, p.12).

This means that unlike in fresco painting, where the pigments are applied while the plaster is

still wet and are fixated by the carbonation process of calcium hydroxide forming calcium

carbonate, an organic binder may be present in the paint layer in wall paintings executed in

the secco technique (Mora, Mora & Philippot, 1984, p. 11). Another technique, which is the

one used in the belt arch in Dalby Church, is the secco fresco technique. In the secco fresco

technique the pigments are mixed with an aqueous solution of calcium hydroxide, which is

commonly called lime-water. They are then applied onto the dry intonaco layer. The

lime-water thus acts as the binder and the painted layer is fixated on the substrate through the

same carbonation process as in the fresco technique. The distinctive difference between secco

fresco technique and fresco technique is that the pigments are not fixated into the plaster of

the wall painting in the fresco secco technique, they only react with the lime-water that was

used as the binding media ((Mora, Mora & Philippot, 1984, p. 12-13).Wall paintings executed

in the secco technique are typically more sensitive to deterioration than those painted in the

fresco technique, due to the presence of an organic binding media. Studies have shown that

organic materials also have been used as additives to renderings of wall paintings, which

means that organic materials may be present in a wall painting even if no organic binder was

used for the pigments application (Casadio, Giangualano, & Piqué, 2004, p.63).

Organic materials are generally less resistant to deterioration than inorganic materials,

especially in uncontrolled environmental conditions. Therefore it is important to identify any

organic materials present in a wall painting before undertaking any conservation efforts.

Organic materials can be difficult to detect in wall paintings. Usually a smaller amount of the

material is used than in an easel painting, which requires an analytical method with a low

minimum detection limit. Another aspect that can hinder the detection of organic materials in

wall painting is the fact that wall paintings are exposed to uncontrolled environmental

conditions, which can entail the occurrence of various forms of biodeterioration and residues

from previous conservation efforts. Such an occurrencd can be misleading in the

interpretation of the results of the analysis (Casadio, Giangualano, & Piqué, 2004, p.70).
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1.4.3. Deterioration of wall paintings

Inorganic materials are generally more durable than organic materials, however when

exposed to uncontrolled environmental conditions, as is the case with wall paintings, even the

more resistant materials will gradually deteriorate (Baglioni & Giorgi, 2013, p.345). The

outer paint layer of a wall painting is at the interface between the substrate and the ambient

environment, which makes it particularly exposed and susceptible to deterioration (Giorgi

et.al., 2010, p.9375). The main deterioration problems detected in the belt arch in Dalby

Church are loss of cohesion, mainly in the intonaco layer, and loss of adhesion between the

pigmented layer and the underlying substrate, see figure 2-4. There are several causes for the

deterioration of wall paintings and these usually have a synergistic effect. Particularly

important causes for deterioration of wall paintings is exposure to the ambient environment

(including atmospheric pollutants), inherent instability of the materials, soluble salts and

previous conservation efforts (Mora, 1974, p.11). Chemical processes causing deterioration in

wall paintings require the presence of water, making water the universal catalyst for

deterioration processes and humidity the single most important cause for the deterioration of

wall paintings (Mora, 1974, p.30). Humidity can both initiate and enable many deterioration

processes and secondary reactions in synergy with other deterioration causes (Mora, 1974,

p.16). Humidity is introduced into wall paintings through various mechanisms, the main ones

being capillary action, infiltration and condensation (Mora, 1974, p.31).

Artificial heating in churches through heating systems can contribute to the deterioration of

wall paintings. It can cause the formation of soot and dust layers on the surface of the wall

painting and it also causes changes in temperature and relative humidity, which in turn will

result in the activation of damaging chemical processes (Nisbeth, 1980, p.126). As mentioned

in the previous paragraph, water is the foremost cause for the deterioration of wall paintings,

which means that the sudden changes in relative humidity and temperature caused by

artificial heating can have detrimental effects on wall paintings (Mora, Mora & Philippot,

1984, p.209).

The loss of cohesion within the wall painting structure is a common deterioration problem

This is sometimes referred to as chemical corrosion of the wall painting, which entails the

deterioration of the binding media in the material, which usually is calcium carbonate

(Baglioni & Giorgi, 2006, p.297). Effects of the chemical corrosion within porous structures

also include the loss of adhesion between the paint layer and substrate, resulting in flaking of
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the paint layer (Baglioni, Giorgi & Dei, 2009, p.62). When examining the deterioration of

wall paintings it is necessary to understand the difference between loss of cohesion and loss

of adhesion. The term cohesion refers to a material's mechanical properties and ability to

develop mechanical strength within itself. The term adhesion refers to a material’s ability to

bond to other materials (Mecklenburg, Fuster-López & Ottolini, 2012, p.9). Thus, loss of

cohesion in a wall painting refers to deterioration weakening the mechanical strength of the

material itself, usually for wall paintings this means the deterioration of calcium carbonate.

Loss of adhesion refers to deterioration concerning the weakening of the bonds between two

different materials. For wall paintings in the secco technique or the secco fresco technique the

loss of adhesion usually occurs between the paint layer and the substrate. In this study, due to

the nature of the deterioration problems in the object of study, the forms of consolidation that

will be examined are the re-adherence of a flaking paint layer, an effort dealing with the loss

of adhesion, and the reinforcement of the pigment layer itself, an effort dealing with the loss

of cohesion.

Figure 2 (left): Loss of adhesion between paint layer and substrate (flaking of painted layer) in block painting in
belt arch
Figure 3 (right): Loss of adhesion between paint layer and substrate (flaking of painted layer) in block painting
in belt arch
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Figure 4 (right): Loss of adhesion between paint layer and substrate (flaking of painted layer) in block painting
in belt arch

1.5. Theoretical considerations

The notion of reversibility has since the early 20th century been strongly advocated in the

field of conservation of cultural heritage and has been considered one of the most important

ethical aspects of any conservation effort. However, during the last twenty years, in

connection with the emergence of contemporary conservation theories, the debate concerning

the ethics of conservation decisions and treatments have become increasingly critical towards

the idea of complete reversibility (Munoz-Vinas, 2005, p.185-186). It has been argued that

reversibility in practicality is an unachievable ideal and cultural heritage professionals are

now advocating the notion of physico-chemical compatibility with original material as a more

realistic aspiration (Baglioni & Giorgi, 2013, p.349). Thus a possible shift from reversibility

as the characterizing idea of conservation philosophy towards the more pragmatic notion of

compatibility is arising.

1.5.1. Scientific conservation

During the second part of the 20th century a more rational scientific approach towards

conservation was adopted. With the emergence of this scientific methodology, conservation

was distinguished from restoration, previously the two concepts had been used more

interchangeably. Conservation came to include material science and knowledge about

deterioration processes to a greater extent than previously (Munoz-Vinas, 2005, p.70). The

15



main focus in scientific conservation methodology is the preservation of the physical integrity

of an object and according to Munoz-Vinas (2005, p.81) there are two basic principles

defining this scientific approach. The first one being the assumption that the integrity of an

object is found in its physical material properties. This assumption suggests that an object

possesses objective inherent values rather than attributed and ambiguous values. The second

basic principle is that conservation methods should be developed according to a scientific

methodology (Munos-Vinas, 2005, p.81).

1.5.2. Contemporary Theory of Conservation

Munoz-Vinas (2005, p.78-79) suggests that the scientific conservation methodology is

lacking an elaborated theoretical framework and that its emergence in some ways substituted

the more theoretical and philosophical debate concerning conservation of cultural heritage.

Clavir (2002, p.27) defines ethics as a means to provide a framework to guide actions. Much

of the decision-making in conservation practice today is based on scientific and technical

examination as well as material science and this scientific and systematic approach is a

fundamental part of contemporary conservation practice. However, in the matter of ethical

considerations, the scientific conservation methodology does not present any useful

contribution (Clavir (2002, p.30). Clavir (2002, p.42) argues that it is equally important to

make conservation decisions based upon cultural knowledge as well as scientific knowledge.

Contemporary conservation theories have a more nuanced and critical approach towards

conservation ethics than many of the classical conservation theories. Classical conservation

theories are characterized by objectivism whereas contemporary conservation theory has a

more value-based orientation (Munoz-Vinas, 2009, p.69). In contemporary conservation

theories it is widely accepted that the values of an object are attributed and subjective rather

than intrinsic and absolute. Munoz-Vinas (2009, p.56-57) suggests that any conservation

decisions and interventions inevitably will entail a prioritizing and de-prioritizing of the

values of an object. Even the decision to abstain from all interventions will result in

prioritizing the historical value over the aesthetic value for instance. In the case of wall

paintings that are inseparable from the substrate and the built structure to which they belong,

the ethical issues become even more complex. All the dimensions of a wall painting must be

considered, the painting, the substrate and the built structure (Hemgren, 2001, p.10). A

holistic perspective would suggest that a wall painting cannot exist if the built construction or

the substrate fails, which would indicate that the conservation of a wall painting on an

unstable support would be meaningless. Thus in the case of architectural cultural heritage,
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including wall paintings, one could argue that the stability of the structure must always be

prioritized in order to preserve historical and aesthetic values.

1.5.3. Reversibility and Compatibility

Munoz-Vinas (2005, p.185) defines reversibility as an ethical principle that requires the

possibility to return an object to its state before a conservation treatment. Cesare Brandi,

whose contributions to the ethical and philosophical discussion of conservation of cultural

heritage are still considered to be one of the main conceptual contributions to the field, is a

strong advocate for reversibility (Brandi, 2005, p.50). Many of the 19th and 20th century

conservation theorists' ideas, including the scientific conservation methodology, are

characterized by the basic assumption that an object possesses inherent rather than attributed

values (Munoz-Vinas, 2005, p.69). According to Brandi, the ambition of any conservation

effort should be the preservation of the aesthetic and historical integrity of an object (Brandi

& Basile, 2005, p.43). Brandi (2005, p. 56) is an advocate for reversibility and has expressed

criticism towards inorganic consolidation materials. The aspects of inorganic consolidation

materials that he is particularly critical towards is the irreversibility and uncontrollability of

the consolidation process. Munoz-Vinas (2005, p.185) have suggested that the reversibility of

a conservation intervention entails a possible lack of responsibility for the cultural heritage

professional performing the conservation treatment. In other words, Munoz-Vinas considers

the possibility that relying completely on the reversibility of a conservation treatment can

result in a lack of precautionary considerations by the cultural heritage professional. It can be

suggested that the advocacy of reversibility within aesthetic conservation theories is a way to

ethically justify somewhat invasive restoration efforts enforced to preserve what is

considered to be the aesthetic integrity of works of art.

As mentioned, the notion of reversibility has shaped the conservation discourse since the

second part of the 20th century. One of the reasons for this strong advocacy for reversibility

is the fact that it is impossible to predict the long-term effect of a conservation material.

Using conservation materials that have not been tested by real time aging will always imply

a risk and it is impossible to guarantee its durability (Munoz-Vinas, 2005, p.184-185). In

contemporary conservation theories the idea of reversibility has been criticized for being an

impossible ideal. Chemical processes are constantly occurring within materials, which

inevitably will entail changes in the material properties of an object and of the conservation

material used (Munoz-Vinas, 2005, p.186). One might argue that this fact makes it as

impossible to predict the reversibility of a conservation material as it is to predict the
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real-time aging of conservation materials, which is one of the main arguments in favor of

reversibility. In contemporary conservation theories the idea of reversibility is being replaced

by the more realistic notions of removability and retreatability (Munoz-Vinas, 2005, p.187).

Scientists Baglioni, Dei and Giorgi, who have conducted a great deal of research in the area

of how inorganic nano-materials can be used for the conservation of cultural heritage, stress

that complete reversibility does not exist (Baglioni, Dei & Giorgi, 2009, p.63). They advocate

that the aim of a conservation treatment should be to use materials that largely have the same

physical and chemical behavior as the original material. Physico-chemical compatibility has

been suggested as an alternative ethical principle to reversibility (Baglioni & Giorgi, 2013,

p.349). A high degree of physico-chemical compatibility with the original material will allow

the conservation material to deteriorate through similar processes as the original material.

Since it can be considered impossible to predict the aging of conservation materials, the idea

of compatibility might be a favorable alternative. If a conservation material has a high

physico-chemical compatibility with the original material, the prediction of its possible

alterations is not as important since any alterations will occur harmoniously with the original

material. Compatibility might be especially advantageous for architectural cultural heritage

and in-situ objects where preventative conservation is difficult and artificial aging often

unreliable. For cultural heritage situated in uncontrollable environmental conditions it is

especially important to ensure that materials introduced to an object during conservation will

deteriorate in a manner not harmful to the object. Thus a major argument for the use of

physico-chemical compatible conservation materials is that it reduces the risk of unforeseen

detrimental long-term effects (Baglioni & Giorgi, 2013, p.351).

1.6. Method

The research questions were investigated theoretically through a literary study and practically

through an experimental study. The study will have an exploratory systematic approach in

which deductive reasoning based on scientific evidence will be applied (Clavir, 2002, p.40).

The analytical methods used in the experimental study were visual examination,

tapping-sound testing, optical microscopy, X-ray fluorescence and Fourier Transform

Infrared Spectroscopy. Tapping-sound testing was used in order to investigate the

consolidation effects after treatment that could not be examined through surface examination.

Optical microscopy was used as a complement to visual examination to examine the effects
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of the consolidation treatment and detect any alterations to the surface. Fourier Transform

Infrared Spectroscopy is used to identify elements and was used in this research study for the

detection of possible organic materials present in the wall painting. The possible occurrence

of an organic binder present in the block painting in the belt arch would be useful in

determining if the wall painting were executed in the secco technique, in which case an

organic binder would be present, or if it was executed in the fresco secco technique, in which

case no organic material should be detected. X-ray fluorescence provides both a quantitative

and qualitative indication of elements present in the sample and was used mainly for

identification of pigments.

1.6.1. Optical microscopy

The surface areas of the wall painting that was to be treated was examined through optical

microscopy before and after the treatment with the commercial nano-lime products as well as

in between the three applications. The optical microscopy used was the Dino-Lite EDGE with

a resolution of 5 megapixels.

1.6.2. X-ray fluorescence

X-ray fluorescence (XRF) is an analytical investigative technique that can be used to obtain

information about the elemental composition of a material. It is a qualitative and quantitative

method, which means that it is possible to gain information both about the elements present

in a material and in which quantity (Stuart, 2007, p.234). The analytical instrument can be

used for a wide range of materials including wall paintings. XRF is frequently used for the

identification of inorganic pigments in paintings, many pigments are possible to identify

through the presence of one or two elements that are detectable with the XRF (Stuart, 2007,

p.240). The XRF cannot detect elements lighter than sodium, this is because the fluorescent

signal emitted from lighter elements is not strong enough to be detected by the instrument

(Stuart, 2007, p.236). The principle of X-ray fluorescence is that the sample is placed in a

high energy beam of photons, which are produced by an X-ray tube. The atoms in the sample

absorb the radiation and become excited, meaning that their electrons are in a higher energy

state than in the ground state. An excited atom is unstable and as the atom returns its more

stable state it releases energy, which is emitted in the form of radiation. Since each element

has a particular set of energy levels, the emitted radiation will have unique characteristics

(Stuart, 2007, p.234). There are two main types of XRF spectrometers. There is the

wavelength dispersive spectrometer (WDXRF), which measures the wavelengths of the

fluorescence radiation emitted, and there is the energy dispersive spectrometer (EDXRF),
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which measures the energy of the fluorescence radiation emitted (Stuart, 2007, p.236). In this

study an energy dispersive spectrometer will be used. Usually XRF is used as a

non-destructive analytical method since sampling is not required. However in this paper, the

samples that were acquired for the FTIR-analysis, which is a destructive analytical method

that requires sampling, were used for the XRF-analysis. The instrument used in this study is

the Bruker ELIO Portable Micro X-ray Fluorescence Spectrometer.

1.6.3. Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) is a commonly used infrared spectroscopy

analytical technique. FTIR is primarily a qualitative analytical method that is used to

understand the molecular composition of materials (Stuart, 2007, p.117). An advantage of the

FTIR is that it detects both organic and inorganic materials. When examining a wall painting,

pigments, binders and other additives may all be identified. However, all inorganic pigments

can not be detected in the mid-infrared radiation region, which is used in FTIR-analysis, this

includes metal oxides and sulfides (Stuart, 2007, p.126). The basic principle of infrared

spectroscopy is the measurement of vibrations of atoms within a molecule. Since the different

bonds in a molecule vibrate at different energies they will absorb different wavelengths of the

infrared radiation. The specific frequencies at which the radiation is absorbed by the sample

is correlated to the vibrational bond energies between the atoms within a molecule (Stuart,

2007, p.110). The infrared radiation passes through the sample and is absorbed by the sample.

The energy from the radiation causes vibrations to occur of specific atomic bonds in the

molecule. Some of the radiation is reflected back but most is absorbed and transmitted

through the sample. The absorbed energy carries the molecular information and is transmitted

to a detector. In FTIR the radiation is passed through an interferometer before passing

through the sample and then reaching the detector (Stuart, 2007, p.110-111). The frequency

and intensity of the vibrations transmitted to the detector is convertible through the

mathematical method of Fourier Transformation, which creates a spectra characteristic to

each molecule (Stuart, 2007, p.111). The spectra produced from an analysis can then be

compared to spectras in a database with FTIR-spectrums to find a match and thus identify the

elements of the analyzed sample. The instrument used in this study was Bruker ALPHA-R

med Platinum-ATR and triclyceringsulfate-detector settings that measured the emitted

radiation in the range 4000-400 cm-1.
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1.7. Research overview

There is a substantial amount of literature that discusses the use of nanotechnology in the

conservation of cultural heritage. Since the emergence of nanotechnology into the field of

cultural heritage around the turn of the millenia there has been great development within the

research field and several case studies examining nanoparticles of alkaline earth-metals

dispersed in short-chained alcohols and their consolidation effects on wall paintings have

been published. However a considerable amount of the research published is authored by

mostly the same scientists. Moreover most of the case studies have been performed in either

climates with generally high levels of relative humidity and temperature, research

investigating the effects of nano-lime in a Scandinavian climate have not been found.

1.7.1. Inorganic nanomaterials for the consolidation of wall paintings

A large portion of the research of inorganic nanomaterials as conservation materials for

cultural heritage published in the last twenty years have been contributed by italian chemists

Piero Baglioni and Rodorico Giorgi at the University of Florence at the Department of

Chemistry and Center for Colloids and Surface Science. (Baglioni & Giorgi, 2006). In the

article “Nanomaterials in art conservation”, an overview report of the use of nanotechnology

for conservation of cultural heritage is presented. The article accounts briefly for different

types of nanomaterials and their potential use as conservation treatments for different

materials, including wall paintings (Baglioni, Carretti & Chelazzi, 2015). Nanomaterials are

presented as an environmentally sustainable material for conservation with a high

physico-chemical compatibility with the original materials (Baglioni, Carretti & Chelazzi,

2015, p.287). Nanomaterials are showing great potential within the field of conservation of

cultural heritage and have demonstrated successful results as conservation treatments for

different materials.

As well as the publication of many scientific articles and case studies, Baglioni and Giorgi

authored and edited the book “Nanoscience for the conservation of works of art” (2013),

which have become one of the most influential publications for the use of nanotechnologies

in conservation of cultural heritage. The reduction in particle size in one or several

dimensions gives nanomaterials their particular properties (Bonnini, Baglioni & Chelazzi,

2013, p.316-318). These alterations in the chemical properties are fundamental for the

possibility to use nanomaterials for conservation purposes. In some regards calcium

hydroxide is an ideal material for the consolidation of wall paintings since it has a high
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physico-chemical compatibility with the original material (calcium hydroxide is the original

binding media in many wall paintings). High compatibility between conservation and original

material favor homogeneous degradation, avoiding causing localized mechanical stress in the

material as well as reducing the risks of unforeseen harmful long-term effects. It has however

been ineffective to use calcium hydroxide as a consolidant for wall paintings due to the low

solubility of calcium hydroxide in water (Baglioni & Giorgi, 2013, p.350). Baglioni, Dei &

Giorgi first addressed this problem in an article published in 2000. The problem with

calciumhydroxide particles dispersed in water as a consolidation treatment for wall paintings

is the low solubility of calcium hydroxide in water, which means that the concentration of the

active substance calciumhydroxide will be too low for it to be effective as a consolidant. The

other main issue is that suspensions of calciumhydroxide in water is kinetically unstable and

forms aggregates, which makes it unable to be applied to a wall painting (Giorgi, Dei &

Baglioni, 2000, p.154). The reduction of calcium hydroxide particles to nano-size increases

the solubility making it possible to retain a concentration sufficient enough for consolidation

purposes. Moreover, instead of using water as the carrier media for the calciumhydroxide

nanoparticles it was shown that suspended in short-chained alcohols a kinetically stable

dispersion was created (Baglioni & Giorgi, 2013, p.354).

The article “A new method for consolidation of wall paintings based on dispersions of lime in

alcohol” (Giorgi, Dei & Baglioni) published in 2000 is an important predecessor for the

development of dispersions of calcium hydroxide nanoparticles used for the consolidation of

wall paintings. It is one of the research studies that the effects of a reduction in particle size

for calcium hydroxide was recorded, which became an important step in the development

towards dispersions of calcium hydroxide nanoparticles in short-chained alcohols that could

be used for the consolidation of wall paintings. Dispersions of calcium hydroxide in

short-chained alcohols are examined as a potential new consolidation treatment för wall

paintings. The high physico-chemical compatibility of calcium hydroxide is highlighted as a

major advantage of dispersions of calcium hydroxide particles as a consolidation material

(Giorgi, Dei & Baglioni, 2000, p.155). This high physico-chemical compatibility with the

original material is also stated as one of the most important aspects of dispersions of calcium

hydroxide particles by other authors Chelazzi et.al (2013), Di Gregorio (2012) and Girginova

et.al. (2018). The first part of the study examines the stability of calciumhydroxide particles

in a dispersion of propanol and the second part of the study examines and evaluates the

effectiveness of the dispersion as a consolidation treatment for wall paintings. The results
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demonstrate that the dispersion of calciumhydroxide in propanol is stable and therefore

applicable to the wall painting. The results also show good consolidation effects from the

treatment with an increased cohesion and compactness in the wall painting (Giorgi, Dei &

Baglioni, 2000, p.156-158).

1.7.2. Commercial nanolime-based consolidants

In 2017, Pondelak et.al. performed an in-situ comparative study that examined the

consolidations effects of three different commercial conservation products used for

consolidation of wall paintings. Two of these three were nano-lime products Nanorestore®

and CaLoSiL, the third product examined in the study was not a nanomaterial. The wall

paintings being investigated in the study are executed in the fresco technique and dated to the

1930s (Pondelak, et.al., 2017, p.1). The authors argue that there is a lack of research studies

investigating the effects of nano-lime consolidation products in-situ using methods other than

visual examination. A distinguishing feature of this study is the use of technical analysis

methods in-situ. Possible alterations in the aesthetic appearance were measured through

spectrophotometry and visual examination. Consolidation effects were examined through

ultrasound velocity, surface hardness and DRMS (drilling resistance measurements)

(Pondelak et.al., 2017, p.1-2). Both of the nano-lime products showed inferior results both in

regards to consolidation effects and aesthetic alterations compared to the third product, which

was a calcium acetoacetate-based product dispersed in water (CFW) (Pondelak et.al., 2017,

p.1).

1.7.3. The influence of environmental conditions on consolidations treatments using

nanolime-based consolidation treatments

A majority of the research studies examining the effects on nanolime on wall paintings are

performed in-situ, which makes it very difficult to achieve control over climatic conditions.

Di Gregorio (2010) performed a laboratory study where the effects of the commercial

nanolime product, Nanorestore®, was examined in controlled climatic conditions. The results

of the study shows that a higher level of relative humidity decelerate the carbonation process,

which favorably affects the consolidation treatment by allowing the calcium hydroxide

nanoparticles sufficient time to penetrate the substrate, which prevents the formation of a

white haze on the painted surface (Di Gregorio, 2012, p.3). Chelazzi et.al. (2013) and

Girginova et.al. (2018) gives prominence to the ambient climatic conditions as a major

influencing factor for the consolidation effects of nano-lime. Suggested as the most

influential environmental factors by Giorgi et.al. (2010, p.9377) are relative humidity levels,
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the carbon dioxide concentration and the permeability of the wall painting. Baglioni et.al.

(2014, p.724-725) examines the consolidation effects of Nanorestore® in different levels of

relative humidity in which the results indicate a significant influence of different relative

humidity conditions. Higher levels of relative humidity (75-90%) generate a faster

carbonation process, creating larger particles of calcium carbonate and a higher crystallinity

whereas lower levels of relative humidity (33-54%) results in a slower carbonation process

and a smaller particle size and lower crystallinity (Baglioni et.al., 2014, p.725).

1.8. Limitations

The study will be limited to investigating the effects of commercial nano-lime products

Nanorestore® and Nanorestore Plus® used in a Scandinavian climate with generally low

temperatures and levels of relative humidity. The results of this study will not be applicable

for wall paintings in different climates. As mentioned by Mora et.al. in Conservation of Wall

paintings (1984, p.39) different materials and different compositions of materials have been

used historically for the renderings of wall paintings. The different materials used for the

renderings have often been correlated to the environmental conditions. The properties of the

material and the chemical composition of the object of study will shape the orientation of the

investigation. The study will be limited to examining wall paintings with a lime-based

rendering where gypsum has been used as an additive. The study will also be limited to

investigating the effects of the commercial nano-lime products on wall paintings executed in

the secco fresco technique.

A common deterioration problem for wall paintings is the presence of soluble salts. In wall

paintings with high amounts of salts the use of calcium hydroxide as a consolidation material

can be problematic. The calcium hydroxide can react with the salts present and form other

compounds with poor consolidating abilities, weakening the wall painting. For wall paintings

contaminated with sulfates the Ferroni-Dini-Method may be a more suitable choice for

consolidation and desalination (Baglioni & Giorgi, 2013, p.359). In the wall paintings in

Dalby Church high amounts of salts have not been encountered. Thus the effects of

nano–lime on wall paintings with high amounts of salts present will not be examined in this

study.

There are several other inorganic nano-products used for the consolidation of wall paintings,

such as other hydroxides of alkaline earth-metals and silica-based inorganic nanocomposites
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(Girginova et.al., 2018). These will not be considered in this investigation. The study will

also be limited to the commercial nano-lime products Nanorestore Plus® and Nanorestore®,

other commercial nano-lime products available on the market will not be considered.

Depending on the deterioration in a wall painting there are different types of consolidation

that may be required. In the case of degradation of the rendering more in-depth consolidation

is desirable and a consolidation method with sufficient penetration ability is necessary

(Giorgi, Dei & Baglioni, 2000, p.154). Due to the character of the deterioration problems in

the object of study a more superficial consolidation is what will be dealt with in this paper.

Examination of the effects regarding more in-depth consolidation with the use of nano-lime

will not be included.

There are several different application methods commonly used when applying dispersions of

nano-lime including brushing, spraying and injection. Which application method that is

suitable depends on the properties of the material being treated as well as the character of the

deterioration. Since the aim of the experimental study is a superficial consolidation the

application technique used will be brushing. Thus the results and conclusions of this paper

will be representative only for this application method.
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2. Theoretical study

2.1. Requirements for consolidation materials

Wall paintings have several characteristics that distinguish them from other forms of painting.

Wall paintings are inescapably linked with the architecture on which they exist, which entails

that the whole built structure and the indoor environment of the building must be taken into

consideration when undertaking any form of conservation effort. (Mora, Mora & Philippot,

1984,, p.7). General demands for a conservation treatment is that the conservation material

used is durable, chemically inert, compatible with the original material and reversible

(Baglioni, Giorgi & Dei, 2009, p.63). A high physico-chemical compatibility with the

original material implies that the conservation material used will not alter structural or

aesthetic properties of the original material significantly (Giorgi, Dei & Baglioni, 2000,

p.154). There are different forms of consolidation and different consolidation materials may

be more or less suitable depending on specific deterioration problems (Mora, Mora &

Philippot, 1984, p.216). A flaking paint layer is an indication of a loss of adhesion between

the paint layer and substrate, which requires a consolidation material with sufficient adhesive

properties and the ability to re-adhere the paint layer to the substrate. A powdering paint layer

indicates a loss of binder and an internal de-cohesion of the paint layer itself and is thus a

problem of loss of cohesion. When dealing with the loss of cohesion consolidation materials

with sufficient cohesive and penetration abilities are necessary. (Giorgi, Dei & Baglioni,

2000, p.154). Requirements for an efficient and suitable consolidation material used in the

conservation of wall paintings is a high degree of compatibility with the original material,

reinforcement of mechanical and physical properties of the wall painting, sufficient

penetration ability and that it does not cause alterations in the aesthetic appearance of the wall

painting (Girginova, 2018, p.4169). Insufficient penetration of a consolidation material will

diminish the consolidation effects and it is possible that a film forms on the surface, changing

the aesthetic appearance of the wall painting (Mora, Mora & Philippot, 1984, et.al., p.218).

Physico-chemical penetration parameters that should be considered when examining a

consolidation material for wall paintings is the particle size, smaller particles generally

penetrate deeper into porous materials, and the evaporation rate of the carrier medium (Mora,

Mora & Philippot, 1984, p.219). Other factors to consider are the durability of a

consolidation material, it is vital that the material used can withstand environmental changes

(Chelazzi et.al., 2013, p.42). This is especially important regarding materials used for in-situ
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conservation, which must be resistant to lengthy periods of exposure to the ambient

environment and atmospheric pollutants (Mora, Mora, Philippot, 1984, p.221).

2.2. Properties of nanomaterials

The definition of a nanomaterial is a material that has one or more structures within the

dimension of the nanometre scale, which is one billionth of a meter. Unlike materials with

dimensions in the micrometer scale, which generally have the same properties as in bulk

form, the properties of nanomaterials are different from the same material in bulk form (Cao

& Wang, 2011, p.1-3). Nanomaterials gain these properties due to their nanosize structure.

The reduction in particle size gives an increased proportion of surface atoms to the structure,

which alters the chemical properties of the material, significantly enhancing the chemical

reactivity of the material (Baglioni & Giorgi, 2013, p.316-318). Other properties of

nanomaterials are a lower melting point, increased solubility and change in thermal stability

(greater stability at lower temperatures) (Cao & Wang, 2011, p.2).

Since around the turn of the millenia nanostructured calcium hydroxide, also referred to as

nano-lime, have been used for the consolidation of wall paintings. The nanoparticles

penetrate the porous material and react with the atmospheric carbon dioxide in the presence

of water and form calcium carbonate. The formed calcium carbonate reinforces the

carbonatic matrix of the original material and stabilizes the wall painting (Baglioni, Caretti

& Chelazzi, 2015, p.289). Historically, conservators in Sweden, unlike in countries in

southern Europe where they commonly used oil or wax, used lime-water for the stabilization

of wall paintings (Nisbeth, 2001, p.126). Although lime water has a high compatibility with

the original material there are several factors limiting the effectiveness of lime-water as a

consolidation material for wall paintings. The two main problems being the low solubility of

calcium hydroxide in water and its instability suspended in water. Due to the low solubility,

saturated solutions of calcium hydroxide suspended in water are too weak to effectively

consolidate a wall painting. The instability of suspensions of calcium hydroxide in water

makes it very difficult to apply to painted surfaces (Giorgi, Dei & Baglioni, 2000, p.154). The

issue of unstable dispersions of calcium hydroxide in water have been resolved by instead

using short-chained alcohols as dispersing agents, which have shown to be suitable for

alkaline earth-metals hydroxide nanoparticles. Commonly used are ethanol, propanol and

isopropanol (Chelazzi et.al., 2013, p.45). The short-chained alcohols prevent the

nanoparticles from forming aggregates in aqueous solution, allowing them to form kinetically
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stable dispersions (Baglioni & Giorgi, 2013, p.354). It has also been shown that dispersions

of calcium hydroxide in propanol with a smaller particle size has an increased stability

compared to dispersions of calcium hydroxide in propanol with a larger particle size. (Giorgi,

Dei & Baglioni, 2000, p.156-158). The alcohol used as a carrier medium must not be too

volatile since a too fast evaporation will prevent the nanoparticles from penetrating the

porous material, which can cause the formation of a white haze on the surface (Chelazzi

et.al., 2013, p.45).

The reduction in particle size is fundamental in making it possible to effectively use

dispersions of calcium hydroxide as a consolidation material for wall paintings. The reduced

particle size increases the solubility of calcium hydroxide making it possible to create a more

concentrated solution. The reduced particle size also increases the reactivity of the material

generating greater penetration into the porous material of the wall painting (Chelazzi et.al.,

2013, p.43). Thus the combination of using a short-chained alcohol as the dispersing agent

and the reduction of particle size gives calcium hydroxide favorable properties to be used as a

consolidation material for wall paintings.

2.3. Compatibility with original material

During the 20th century synthetic polymers were commonly used as a consolidation material

for wall paintings in Europe. There have been cases where the use of synthetic polymers have

shown to have damaging long-term effects for the original material of the wall painting.

These synthetic materials are organic, which entails a poor physico-chemical compatibility

between the conservation material and original material, which has proven to have

detrimental effects for wall paintings in some cases (Chelazzi et.al., 2013, p.43). In a

controlled environment synthetic polymers have been used with successful results, however

in an uncontrolled environment they have shown to have a low durability making them an

unsuitable conservation material for wall paintings. On an historical site in Mexico some of

the wall paintings had been treated with the synthetic polymer Paraloid B72 in previous

restoration efforts and others with inorganic consolidation materials. The wall paintings that

had been treated with synthetic polymers showed a significantly more severe degradation

than those treated with inorganic conservation materials (Baglioni, Giorgi & Dei, 2009,

p.65-66). Some of the more important negative effects that have been reported for traditional

organic consolidation materials, such as synthetic polymers, are their low durability. With

time they undergo chemical alterations, which makes them insoluble and very difficult to
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remove. Furthermore some synthetic polymers have been prone to change appearance upon

aging, affecting the aesthetic appearance of the wall painting (Baglioni, Giorgi & Dei, 2009,

p.69).

Inorganic consolidation materials have a higher physico-chemical compatibility with the

original material of wall paintings as well as being more durable and resistant to chemical

alterations upon aging (Mora, Mora & Philippot, 1984, p.224-226). Since calcium hydroxide

is the original binding media used in the production of many wall paintings nano-lime has a

high physico-chemical compatibility with the original material. In the book Conservation of

Wall Paintings by Mora et.al. the following quote is found commentating the importance of a

high degree of physico-chemical compatibility between the consolidation material and

original material:

Because the permanent fixative must remain in contact with the original materials of which the work is

composed, there must be the strongest guarantees of its durability and it must be easily removable if

desired or else age in a way that it disintegrates without causing alterations in the paint layer. (Mora,

Mora & Philippot, 1984, p.216-217).

One of the most important advantages of using a consolidation material with a high

physico-chemical compatibility is that the conservation material will deteriorate through

similar processes as the original material. This entails a homogeneous deterioration

throughout the material and avoids localized stress in the structure (Giorgi et.al, 2010,

p.9381). A significant disadvantage with inorganic consolidation materials, including

nano-lime, is the difficulty in controlling the consolidation process, which can be an

argument for nano-lime being an unreliable conservation material. Other negative aspects of

inorganic consolidation materials is that they can be time-consuming, requiring many

applications, and that they are very difficult to remove, which practically makes them

irreversible. In some cases the consolidation process has been reported to form unwanted

residual products, this should however not be a concern when using dispersions of

nanoparticles of calcium hydroxide on wall paintings that do not contain high concentrations

of salts (Mora, Mora & Philippot, 1984, p.226).
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2.4. Influence of environmental conditions and application technique

The ambient environment is always an important aspect of any conservation effort, it is

however an even more decisive factor when working with in-situ conservation as with wall

paintings. The basic principle of using dispersions of nanoparticles of calcium hydroxide is

the formation of calcium carbonate, which is the main constituent of many wall paintings.

This is referred to as the carbonation process, which is the same process through which the

original material was formed. Through this carbonation process a crystalline network of

calcium carbonate is formed, which increases the cohesion and reproduces the mechanical

properties of the original material (Baglioni & Giorgi, 2013, p.354). Water and carbon

dioxide are necessary components for the carbonation process to occur. Atmospheric carbon

dioxide reacts with the calcium hydroxide in the presence of water, the carbon dioxide can

only react with the calcium hydroxide dissolved in water as carbonic acid (D’Armada &

Hirst, 2012, p.76). After the application of the dispersion of nanoparticles of calcium

hydroxide the carrier medium (short-chained alcohol) evaporates as the nanoparticles

penetrate the substrate. The calcium hydroxide then reacts with the atmospheric carbon

dioxide, which has formed carbonic acid through a reaction with the water present in the wall

painting. The reaction between the calcium hydroxide particles and the carbonic acid forms

calcium carbonate and water vapor, see reaction formula below (Girginova et.al., 2018,

p.4171). Thus the consolidating ability of nano-lime is highly dependent upon the climatic

conditions in which the carbonation process takes place. The amount of carbon dioxide

present in the ambient environment as well as the levels of relative humidity will have a

significant impact on the carbonation process. (Baglioni, Caretti & Chelazzi, 2015, p.289).

Calcium hydroxide + (Water + Carbon dioxide) (forming carbonic acid) → Calcium carbonate + Water

Ca(OH)2 + H2O + CO2 (g) ---------> CaCO3 + H2O (g)

The carbonation process is influenced by several different factors; climatic conditions,

particle size, carrier medium characteristics (Baglioni et.al., 2014, p.726), carbon dioxide

concentration and permeability of the mortar. The environmental conditions thus have a great

influence in regards to the carbonation process, the most important influencing factor being

the relative humidity levels (Giorgi et.al., 2010, p.9377). Research studies that have examined

the use of commercial nano-lime product Nanorestore® suggests that higher levels of relative

humidity (75-90%) results in an increase in carbonation of the calcium hydroxide particles
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and that lower levels of relative humidity (33-54%) results in a lower degree of carbonation

(Baglioni et.al., 2014, p.724-725). This suggests that nano-lime as a consolidation material

may be less effective in a Scandinavian climate with generally lower levels of relative

humidity. This indication makes it necessary to adjust the guidelines for the use of nano-lime

in drier climates compared to environments with higher levels of relative humidity. It is

probable, due to the generally lower levels of relative humidity commonly encountered in

churches in Scandinavia, that different requirements in regards to the application method of

nano-lime are necessary.

Aspects of the application that affect the carbonation process and thus the consolidation effect

include the concentration of the dispersion of nanoparticles, number of applications, time

intervals between the applications and the amount of nano-lime applied as well as application

technique used (Girginova et.al., 2018, p.4172). Research studies indicate that several

applications are required to achieve the desired consolidating effect and that several

applications with a lower particle concentration are more effective than a single application

with a higher particle concentration (Baglioni & Giorgi, 2013, p.361). The most commonly

used application techniques for nano-lime are injection, brushing and spraying. Which of

these application techniques are appropriate depends on the condition of the substrate, the

constituents of the rendering, what type of consolidation that is required as well as on the

environmental conditions. The application technique used in the experimental study of this

research paper will be brushing. The dispersion of nano-lime is applied using a brush onto the

area that is to be treated through a veil of Japanese paper, which protects the surface of the

wall painting and allows a homogeneous distribution of the nanoparticles into the surface

layers (Baglioni & Giorgi, 2013, p.361). Since the relative humidity levels in Dalby Church,

where the experiments are performed, are quite low a cotton compress hydrated with

deionized water was applied onto the Japanese paper saturated with nano-lime. The hydrated

compress should slow down the evaporation process of the carrier medium, allowing the

nanoparticles to sufficiently penetrate the substrate before carbonating (Baglioni & Giorgi,

2013, p.725).

2.5. Commercial nanolime products

Two of the commercial nano-lime products available on the market today is Nanorestore®

and Nanorestore Plus®. Both products are developed and patented by the Consorzio Center

of Colloid and Surface Science at the University of Florence, Italy. These products, which are
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commonly referred to as nano-limes, are formulations composed of calcium hydroxide

nanoparticles dispersed in short-chain alcohols. The average diameter particle size in

nano-limes is between 50-300 nm, calcium hydroxide particles in bulk form have an average

particle diameter of 8000 nm (D’armada & Hirst, 2012, p.321). Nanorestore® was developed

in the end of the 1900s and was one of the early nano-lime products available on the market

(Baglioni & Girogi, 2013, p.354). Nanorestore® is dispersed in isopropanol and the calcium

hydroxide particles have an average particle size of 250 nm (Baglioni et.al., 2014, p.725).

Nanorestore Plus® was developed later and is available in a range of formulations with

different dispersing media at different concentrations. The formulation used in this study was

the Nanorestore Plus® Ethanol 10. R. Giorgi (personal communication, 21st of april 2023),

MD in Chemistry and PhD in Conservation Science at the University of Florence, states that

the main difference between Nanorestore® and Nanorestore Plus® is the average particle

size, which in Nanorestore Plus® is around 30% smaller than in the nanoparticles in

Nanorestore®. Another difference is the particle size distribution, which is narrower for

Nanorestore Plus®.
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3. Experimental study

3.1. Object of study

The experimental study is centered around a wall painting in Dalby church. The object of

study is specifically the pointed belt arch in the eastern vault, see figure 5-8. The

reconstructed block painting in the belt arch was added in conjunction with the restoration

carried out in 1936. When medieval wall paintings were restored during the 20th century it

often included extensive retouching and reconstructive painting (Nisbeth, 2001, p.16). The

red and blue block painting is executed in the secco fresco technique, which is a common

technique used in medieval wall paintings in Swedish churches. It is probable that the

conservator performing the reconstruction painting aspired to use traditional techniques and

materials for the reconstruction painting. Additional layers of plasters have been applied onto

the original plaster without the complete removal of the older plaster, thus the substrate

consists of several different plasters applied at different instances.

The overall and most prominent deterioration problems in the 1930s block painting is loss of

cohesion within the material, probably in the intonaco layer, and loss of adhesion between

substrate and painted layer, see illustration 2 & 3. A possible cause for this type of

deterioration are generally low levels of relative humidity at the time of production of the

wall painting. In dryer climates adsorption is the active mechanism and only a few separate

layers can be bound. However in climates with generally higher relative humidity capillary

action mechanisms are active making it possible for more of the layers to bind together,

which provides a stronger adhesion between substrate and painted layer (Skånes

Målerikonservatorer, 2018, p.14). Overall on the surface craquelure occurs, however some of

these cracks appear stable, which indicate that they occurred in correlation with the drying

process when the wall painting was produced. Such craquelure does not necessarily indicate

poor cohesion within the material (Skånes Målerikonservatorer, 2018, p.15)
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Figure 5 (left): Pointed belt arch Figure 6 (right): Pointed belt arch

Figure 7 (left): Research object: Red wall painting in belt arch
Figure 8 (right): Research object: Blue wall painting in belt arch

Illustration 2: Loss of cohesion in the intonaco layer of wall painting.
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Illustration 3: Loss of adhesion in the paint layer of wall painting

3.2. Analytical investigations
3.2.1. Fourier Transform Infrared Spectroscopy

Analysis were performed on samples taken from the blue respectively the red wall painting in

the belt arch. Analysis was carried out on both the front side (the pigmented side) and the

backside of the samples. Before the sample is placed in the FTIR-instrument, all equipment

and the instrument is cleaned with ethanol. The sample is then placed in the instrument, see

figure 9, and then the handle is folded down, see figure 10, and the analysis can be

performed. To avoid detecting atmospheric substances in the analysis an initial measurement

is performed without a sample present, which will create a single channel reference spectra.

The next spectra will be with the sample and will be a single channel spectra. The sample

spectrum is then divided by the reference spectrum, which creates the transmission spectra

(Stuart, 2007, p.110).

Three analyzes were performed on two samples taken from the blue wall painting in the belt

arch, named in this research study as Sample Blue 1 and Sample Blue 2. An initial analysis

was made on the front side of Sample Blue 1 and another analysis was performed on the

front side of Sample Blue 2 to be used as a reference. The third analysis was performed on the

backside of Sample Blue 2.

For analysis of the red wall painting four analyzes were performed on three different samples,

named in this research study Sample Red 1, Sample Red 2 and Sample Red 3. Analysis of the
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front side of Sample Red 1 and Sample Red 2 were performed and as with the blue samples,

two analyses were performed on two different samples so one could be used as a reference.

Two more analyses were performed, one on the backside of Sample Red 2 and one on the

backside of Sample Red 3 The reason for two analyses being performed on the backside of

different samples was that the backside of the two samples had different appearances, one

being more gray in colour and the other more white.

Figure 9 (left): FTIR-instrument: sampling area
Figure 10 (right): FTIR-instrument

3.2.2. X-ray fluorescence

In total four analyzes were performed with the XRF, two analyzes on the sample from the red

wall painting and two analyzes on the sample from the blue wall painting. Two analyzes of

the same sample were performed so that one could be used as a reference. The analysis for all

four samples was performed on the front side of the samples (the side with the pigments).

Analysis was not carried out on the backside of the samples since the purpose of the analysis

was to identify the pigments used in the wall painting. To avoid the detection of commonly

detected elements occurring in the atmosphere the instrument was set to exclude elements

Argon (Ar), Rh (Rhodium) and Krypton (Kr) from the analysis.
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Figure 11 (left): XRF-instrument: sampling area
Figure 12 (right): XRF-instrument

3.3. Conducting experiments

3.3.1. Framework for experiments

For the experiments two areas of the red and blue wall painting respectively, in total four

areas, were selected for the application of the nano-lime products. Due to the sensitivity of

the surface of the wall painting no marking could be made on the wall painting, marking was

done on documentation photographs, see figure 13-18. When the treatment areas had been

established and marked they were documented through microscopic photography. The two

nano-lime products, Nanorestore® (marked in blue colour) and Nanorestore Plus® (marked

in green colour) were applied to one area on the red wall painting and one area on the blue

wall painting respectively.

Figure 13 (left): Red wall painting: areas to be treated
Figure 14 (right): Blue wall painting: areas to be treated.
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Figure 15 (left): Red wall painting: area R1
Figure 16 (right): Red wall painting: area R2

Figure 17 (left): Blue wall painting: area B1
Figure 18 (right): Blue wall painting: area B2

3.3.2. Application

Before the nano-lime products were applied a dry mechanical cleaning, using a soft brush, of

the areas to be treated was performed. A clean surface is important to avoid contaminations to

be consolidated along with the material. Sheets of Japanese paper and compresses of cotton

were cut into a suitable size for the area that were to be treated. Before application the

dispersion was shaken for 1-2 minutes. The dispersion of nano-lime was applied with a brush

through a sheet of Japanese paper, see figure 19. The sheet of Japanese paper should be

saturated, however dispersion leaking outside the sheet of Japanese paper should be avoided.

A compress of cotton soaked in deionized water is applied on top of the saturated sheet of
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Japanese paper, see figure 20. Pressure is applied to the cotton compress for enhanced

consolidation effect through mechanical action. The compresses are then left to dehydrate

until the next day. After about 24h the compresses are removed and the treated areas are

documented through visual examination, tapping-sound test and optical microscopy. The

application process is repeated two more times.

For those areas where a white haze had formed on the surface, carbonated water was applied

with a cotton swab in an attempt to remove the white haze. This method was successful in

reducing the white haze, it did not however remove it completely, see figure 22 & 23. This

procedure, although successful in reducing the white haze on the surface, should not be

repeated more than one or two times since the painted surface is sensitive to mechanical

action and there is a risk for unwanted removal of fragments.

Figure 19 (left): Area R1: sheet of Japanese paper saturated with Nanorestore
Figure 20 (right): Area R1: hydrated cotton compress applied to sheet of Japanese paper

Figure 21: Application of nano-lime products with Japanese paper and cotton compresses
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Figure 22 (left): Area B1: formation of white haze after treatment with Nanorestore®
Figure 23 (right): Area B1: after removal of white haze with carbonized water
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4. Results and discussion

In this section the results of the analytical methods, X-ray fluorescence and Fourier

Transform Infrared Spectroscopy, used in the experimental study will be presented. The

results of the experiments performed with Nanorestore® and Nanorestore Plus® will also be

presented.

4.1. Results

4.1.1. X-ray fluorescence

The XRF-results of the samples taken from the red wall painting shows presence of iron, see

figure 24, which likely is to be a red iron oxide pigment. The XRF-results from the sample

taken from the blue wall painting showed no detection of any elements that could indicate a

blue pigment being present in the sample. Many elements characteristic for blue pigments are

detectable through XRF-analysis (Stuart, 2007, p.242). Such a result suggests that a black,

probably coal-based, pigment was used for the blue/gray colour of the wall painting.

The results show a high percentage of sulfur in both the red and blue sample, see figure 24 &

25, which can be due to several different reasons. Sulfur is a component in a number of red

pigments (Rutherford et.al., 1993, p.166) as well as being an atmospheric pollutant. However,

the most probable cause, due to the high percentage of sulfur detected in the sample, is that

gypsum (calcium sulfate) is present in the rendering of the wall painting. The presence of

gypsum in the plaster is not uncommon in wall paintings in churches in Sweden (Hemgren,

2001, p.10).
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Figure 24: Red wall painting: Results from XRF-analysis

Figure 25: Blue wall painting: Results from XRF-analysis
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4.1.2. Fourier Transform Infrared Spectroscopy

FTIR-analysis showed no indication of any organic substance being present in any of the

samples from either the blue or red wall painting. Transmission spectras containing organic

materials have energy peaks within the wavelengths of 4000-2000 (Stuart, 2007, p.118-119),

which was not present in any of the transmission spectrums produced by either the red or blue

wall painting samples analyzed, see figure 26 & table 1.

The analysis of the backside and front side of the Sample Blue 1 and Sample Blue 2 show the

same results. The results of the analysis of the front- and backside of Sample Red 2 and

Sample Red 3 show some differences. The transmission spectra for the front-side of Sample

Red 2 and Sample Red 3 show energy peaks within the wavelengths of 1394-1397, 871-872

and 712-712, see figure 28 & table 1, which are the same as for the transmission spectras of

the blue wall painting samples. Analysis from the backside of Sample Red 2 and Sample Red

3 have energy peaks in the same wavelengths as the front-side of Sample Red 2 and Sample

Red 3, however they have some additional energy peaks, see figure 29-30 & table 1.

Table 1: Results of FTIR-analysis

Sample Wavelengths range (front-side)

Blue 1 (front-side) 1397-1400, 871-872, 712-712

Blue 2 (front-side) 1397-1400, 871-872, 712-712

Blue 2 (backside) 1397-1400, 871-872, 712-712

Red 1 (front-side) 1394-1397, 871-872, 712-712

Red 2 (front-side) 1394-1397, 871-872, 712-712

Red 3 (front-side) 1394-1397, 871-872, 712-712

Red 2 (backside) 1400-1402, 1032-1032, 871-872, 712-712, 537,
469-470.

Red 3 (backside) 1400-1402, 1032-1032, 871-872, 712-712, 537,
469-470.

The transmissions spectrums produced from the analyzes were compared to transmissions

spectrums found in a FTIR-database, see figure 31 & 32. The transmission spectrum

collected from the database can be interpreted in the same way as the transmission spectras
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from the analysis of the research study; it is the wavelength ranges of the energy peaks that

provide the information. Samples containing calcite have been reported to produce energy

peaks within the wavelengths ranges 1429-1492, 879 and 706 (Stuart, 2007, p.127), which

can be seen in the transmission spectrum of calcium carbonate found in the database, see

figure 31. As expected the transmission spectrums of the samples from the wall painting had

energy peaks around the same wavelength ranges. The energy peaks produced by the samples

from the red and blue wall painting do not match the energy peaks presented in the

transmission spectra for gypsum found in the database, see figure 32. Only one of the energy

peaks found in the results of the FTIR-analyzes is found in the wavelength range that is

reported to be the wavelength ranges for gypsum (Stuart, 2007, p.130). These results should

be interpreted as an indication rather than a complete confirmation in regards to organic

material present in the wall painting. The presence of organic materials or an additive such as

gypsum can be very difficult to detect using analytical techniques. The reason for this is that

the amount of additive or binder used in wall paintings is usually very small. Thus it requires

an analytical instrument with a very low minimum detection limit in order to detect these

elements (Casadio, Giangualano & Piqué, 2004, p.63). The reason that a high percentage of

sulfur can be detected in the XRF-analysis, even though gypsum is not detected in

FTIR-analysis due to its low quantity, is that gypsum is highly soluble in water and probably

have migrated towards the surface with the moisture moving within the wall painting. Such

mechanisms entail a high concentration of sulfur present on the surface of the wall painting

even if the overall amount of gypsum in the material is relatively low.
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Figure 26: FTIR-spectrum: results from all 7 samples that were analyzed.

Figure 27: FTIR-spectrum: Sample Blue 1 (front-side), Sample Blue 2 (front-side) & Sample Blue 2 (backside)
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Figure 28: FTIR-spectrum: Sample Red 1 (front-side), Sample Red 2 (front-side), Sample Red 2 (backside),
Sample Red 3 (front-side) & Sample Red 3 (backside)

Figure 29: FTIR-spectrum: Sample Red 2 (backside)
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Figure 30: FTIR-spectrum: Sample Red 3 (backside)

Figure 31: FTIR- spectrum from Database: Calcium carbonate.
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Figure 32: FTIR-spectrum from Database: Gypsum (construction Gypsum, CaSO4·2H2O)

4.1.2. Evaluation of treatments with nano-lime products

The results of the treatment were evaluated based on the following three parameters;

consolidation ability, formation of a white haze upon surface and loss of material. No

systematic differences in the results between the red and the blue wall painting was recorded.

However the consolidation and visual effects differ significantly between the two commercial

nano-lime products. The loss of painted fragments was evident after the first application on

all treated areas, see figures 64, 70 & 82. Loss of painted fragments appears to be most severe

from the first and the second application, which might suggest that the surface has been

successfully consolidated with the nano-lime products. Although the reason for this can also

be that the most sensitive fragments of the surface were lost in the first or second application.

The areas treated with Nanorestore® show an increase in mechanical strength with each

application, the greatest consolidation effects are found after the third application. The hollow

sound produced upon tapping the surface before treatment has significantly decreased and

crevices and cracks on the surface have been reinforced. The newly formed calcium

carbonate bonds in the crevices can be seen through optical microscopy, see figure 40, 41, 46,

55, 58, 59, 70 & 71.
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Results indicate that Nanoresore Plus® has a lesser consolidation ability than Nanorestore®.

Areas treated with Nanorestore Plus® do not show the same reinforcement of crevices and a

much slighter decrease of the hollow sound upon the tapping-sound test than the areas treated

with Nanorestore®. All treated areas showed a formation of a white haze on the surface, see

figures 53, 61 & 67. However the extent of the white haze was substantially more severe for

the areas treated with Nanorestore Plus®. The most severe formation of the white haze on

areas R2 and B2 occurred during the second application for Area B2 and during the third

application for Area R2. The results of the areas treated with Nanorestore® are favorable

compared to those of the areas treated with Nanorestore Plus® in terms of consolidation

ability and formation of white haze on the surface. The more severe formation of a white

haze after the first application of Nanorestore® on the blue wall painting (Area B1), see

figure 53 & 67, was probably caused by faulty application of the cotton compress, causing a

too speedy evaporation process of the dispersing media, which in turned resulted in

insufficient penetration of the nano-lime particles and carbonation of the calcium hydroxide

occurring on the surface. In terms of material loss all the treated areas suffered a similar

degree of loss of fragments of the painted layer. This suggests that the loss of material

correlates primarily to the sensitivity of the surface of the wall painting and application

technique rather than the nano-lime products.

Figure 33 (left): Red wall painting: before conservation treatment
Figure 34 (right): Red wall painting: after conservation treatment and retouching1

1 Retouching performed with conservation product Rollovit®
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Figure 35 (left): Blue wall painting: before conservation treatment
Figure 36 (right): Blue wall painting: after conservation treatment and retouching2

Figure 37 (left): Area R1: before treatment with Nanorestore®
Figure 38 (right): Area R1: after treatment with Nanorestore® and retouching3

Figure 39 (left): Area R1: Optical microscopy before treatment with Nanorestore®
Figure 40 (middle): Area R1: Optical microscopy after treatment with Nanorestore®
Figure 41 (right): Area R1: Optical microscopy after treatment with Nanorestore®

3 Retouching performed with conservation product Rollovit®
2 Retouching performed with conservation product Rollovit®
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Figure 42 (left): Area R2: before treatment with Nanorestore Plus®
Figure 43 (right): Area R2: after treatment with Nanorestore Plus® and retouching4

Figure 44 (left): Area R2: Optical microscopy before treatment with Nanorestore Plus®
Figure 45 (middle): Area R2: Optical microscopy after treatment with Nanorestore Plus®
Figure 46 (right): Area R2: Optical microscopy after treatment with Nanorestore Plus®

4 Retouching performed with conservation product Rollovit®
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Figure 47 (left): Area B1: Before treatment with Nanorestore®
Figure 48 (right): Area B1: After treatment with Nanorestore® and retouching5

Figure 49 (left): Area B1: Optical microscopy before treatment with Nanorestore®
Figure 50 (middle): Area B1: Optical microscopy after treatment with Nanorestore®
Figure 51 (right): Area B1: Optical microscopy after treatment with Nanorestore®

5 Retouching performed with conservation product Rollovit®
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Figure 52 (left): Area B2: Before treatment with Nanorestore Plus®
Figure 53 (right): Area B2: After treatment with Nanorestore Plus® and retouching6

Figure 54 (left): Area B2: Optical microscopy before treatment with Nanorestore Plus®
Figure 55 (middle): Area B2: Optical microscopy after treatment with Nanorestore Plus®
Figure 56 (right): Area B2: Optical microscopy after treatment with Nanorestore Plus®

6 Retouching performed with conservation product Rollovit®
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Table 2: Application 1: Red wall painting

Red wall painting Consolidation
ability

Formation of
white haze

Loss of sensitive
surface fragments

Comments

R1:Nanorestore
(dispersed in
isopropanol)

Cracks appear to
have been
consolidated, new
bindings of calcium
carbonate are
visible through
microscopy. Still a
hollow sound upon
tapping but
noticeably more
mute than before
treatment.

A slight formation
of white haze is
detectable, the
white haze has a
slight purple colour
tone.

Some loss of
surface fragments
when compress is
removed.
Detectable both
with visible
inspection and
microscopy.

It is plausible that
some superficial
cleaning has been
performed in
connection with the
treatment.

R2:Nanorestore
Plus (dispersed in
ethanol)

Cracks appear to
have been
consolidated, new
bindings of calcium
carbonate are
visible through
microscopy. Still a
hollow sound upon
tapping but
noticeably more
mute than before
treatment.

A slight formation
of white haze is
detectable, the
white haze has a
slight purple colour
tone.

Some loss of
surface fragments
when compress is
removed.
Detectable both
with visible
inspection and
microscopy.

It is plausible that
some superficial
cleaning has been
performed in
connection with the
treatment.

Figure 57 (left): Area R1: after 1st application with Nanorestore ®
Figure 58 (middle): Microscopic image, Area R1: Consolidation of crack after 1st application with
Nanorestore®
Figure 59 (right): Microscopic image, Area R1: Consolidation of crack after 1st application with Nanorestore ®
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Figure 60 (left): Area R2: after 1st application with Nanorestore Plus®
Figure 61 (middle): Microscopic image, Area R2: Formation of white haze after 1st application with
Nanorestore Plus®
Figure 62 (right): Microscopic image, Area R2: Consolidation of crack after 1st application with Nanorestore
Plus®

Table 3: Application 1: Blue wall painting

Blue wall painting Consolidation
ability

Formation of a
white haze

Loss of sensitive
surface fragments

Comments

B1:Nanorestore
(dispersed in
isopropanol)

Cracks appear to
have been
consolidated, new
bindings of calcium
carbonate are
visible through
microscopy. Still a
hollow sound upon
tapping but
noticeably more
mute than before
treatment.

A slight formation
of white haze is
detectable, the
white haze has a
slight purple colour
tone.

Some loss of
surface fragments
when compress is
removed.
Detectable both
with visible
inspection and
microscopy.

Discoloration due
to faulty
application: too
small compress.

Discoloration due
to uneven surface.

A larger amount of
moisture is
required.

B2:Nanorestore
Plus (dispersed in
ethanol)

Cracks appear to
have been
consolidated, new
bindings of calcium
carbonate are
visible through
microscopy. Still a
hollow sound upon
tapping but
noticeably more
mute than before
treatment.

A slight formation
of white haze is
detectable, the
white haze has a
slight purple colour
tone.

Slight loss of
surface fragments
when compress is
removed.
Detectable both
with visible
inspection and
microscopy.

Discoloration due
to faulty
application: too
small compress.

Discoloration due
to uneven surface.

A larger amount of
moisture is
required.
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Figure 63 (left): Area B1: after 1st application with Nanorestore®
Figure 64 (middle): Microscopic image, Area B1: Loss of material after 1st application with Nanorestore®
Figure 65 (right): Microscopic image, Area B1: Consolidation of crack after 1st application with Nanorestore®

Figure 66 (left): Area B2: Formation of white haze after 1st application with Nanorestore Plus®
Figure 67 (middle): Microscopic image, Area B2: Formation of white haze after 1st application with
Nanorestore Plus®
Figure 68 (right): Microscopic image, Area B2: Crevice after 1st application with Nanorestore Plus®
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Table 4: Application 2: Red wall painting

Red wall painting Consolidation
ability

Formation of a
white haze

Loss of sensitive
surface fragments

Comments

R1:Nanorestore
(dispersed in
isopropanol)

Area is not
completely mute
upon tapping, it is
however
significantly less
hollow than before
treatment and after
1st application.
Cracks have been
consolidated and
“filled in” and
brightened by the
formation of new
calcium carbonate.
Edges have been
significantly
reinforced.

A slight formation
of white haze is
detectable, the
white haze has a
slight purple colour
tone.

Severe loss of
surface fragments
when compress is
removed.
Detectable both
with visible
inspection and
microscopy.

Significantly better
consolidation
effects from the 1st
application.

Difficult to
determine loss of
fragments is from
the first or second
application.

R2:Nanorestore
Plus (dispersed in
ethanol)

Area is not
completely mute
upon tapping, it is
however
significantly less
hollow than before
treatment and after
1st application.
Cracks have been
consolidated and
“filled in” and
brightened by the
formation of new
calcium carbonate.
Edges have been
significantly
reinforced.

A slight formation
of white haze is
detectable, the
white haze has a
slight purple colour
tone.

Some loss of
surface fragments
when compress is
removed.
Detectable both
with visible
inspection and
microscopy.

Significantly better
consolidation
effects from the 1st
application.

Difficult to
determine loss of
fragments is from
the first or second
application.

Figure 69 (left): Area R1: after 2nd application with Nanorestore®
Figure 70 (middle): Microscopic image, Area R1: Loss of material after 2nd application with Nanorestore®
Figure 71 (right): Microscopic image, Area R1: Consolidation of crack after 2nd application with Nanorestore®
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Figure 72 (left): Area R2: after 2nd application with Nanorestore Plus®
Figure 73 (middle): Microscopic image, Area R2: Formation of white haze after 2nd application with
Nanorestore Plus®
Figure 74 (right): Microscopic image, Area R2: Consolidation of crevice after 2nd application with Nanorestore
Plus®

Table 5: Application 2: Blue wall painting

Blue wall painting Consolidation
ability

Formation of a
white haze

Loss of sensitive
surface fragments

Comments

B1:Nanorestore
(dispersed in
isopropanol)

Area is not
completely mute
upon tapping, it is
however
significantly less
hollow than before
treatment and after
1st application.
Cracks have been
consolidated and
“filled in” and
brightened by the
formation of new
calcium carbonate.
Edges have been
significantly
reinforced

A slight formation
of white haze is
detectable, the
white haze has a
slight purple colour
tone.

Some loss of
surface fragments
when compress is
removed.
Detectable both
with visible
inspection and
microscopy.

Difficult to
determine loss of
fragments is from
the first or second
application.

B2:Nanorestore
Plus (dispersed in
ethanol)

Treated area still
gives a hollow
sound upon
tapping. Very slight
reinforcements of
edges.

Severe formation
of white haze
detectable, more
severe compared
than from the 1st
application.
Discoloration
appears both
around edges of
compress and in
the middle of the
compress.

Some loss of
surface fragments
when compress is
removed.
Detectable both
with visible
inspection and
microscopy.

Difficult to
determine loss of
fragments is from
the first or second
application.
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Figure 75 (right): Area B1: after 2nd application with Nanorestore®
Figure 76 (middle): Microscopic image, Area B1: Consolidation of crevice after 2nd application with
Nanorestore®
Figure 77 (left): Microscopic image, Area B1: Consolidation of crevice and loss of material after 2nd
application with Nanorestore®

Figure 78 (left): Area B2: after 2nd application with Nanorestore Plus®
Figure 79 (middle): Microscopic image, Area B2: Consolidation of crevice after 2nd application with
Nanorestore Plus®
Figure 80 (right): Microscopic image, Area B2: Formation of white haze after 2nd application with Nanorestore
Plus®
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Table 6: Application 3: Red wall painting

Red wall painting Consolidation
ability

Formation of a
white haze

Loss of sensitive
surface fragments

Comments

R1:Nanorestore
(dispersed in
isopropanol)

Good consolidation
effect, treated area
is almost
completely mute
upon tapping.
Cracks have been
consolidated and
“filled in'' and
brightened by the
formation of new
calcium carbonate.
Edges have been
significantly
reinforced.

A slight formation
of white haze is
detectable, the
white haze has a
slight purple colour
tone.

Loss of painted
layer when
compress is
removed.
Detectable both
with visible
inspection and
microscopy.

R2:Nanorestore
Plus (dispersed in
ethanol)

Treated area still
gives a hollow
sound upon
tapping. Very slight
reinforcements of
edges.

Severe formation
of white haze is
detectable, the
white haze has a
slight purple colour
tone.

Loss of painted
layer when
compress is
removed.
Detectable both
with visible
inspection and
microscopy.

Figure 80 (left): Area R1: after 3rd application with Nanorestore®
Figure 81 (middle): Microscopic image, Area R1: Consolidation of crevice and loss of material after 3d
application with Nanorestore ®
Figure 82 (right): Microscopic image, Area R1: Consolidation of crevice and loss of material after 3rd
application with Nanorestore®
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Figure 83 (left): Area R2: after 3rd application with Nanorestore Plus®
Figure 84 (middle): Microscopic image, Area R2: Formation of white haze after 3rd application with
Nanorestore Plus®
Figure 85 (right): Microscopic image, Area R2: Loss of material after 3rd application with Nanorestore Plus®

Table 7: Application 3: Blue wall painting

Blue wall painting Consolidation
ability

Formation of a
white haze

Loss of sensitive
surface fragments

Comments

B1:Nanorestore
(dispersed in
isopropanol)

Good consolidation
effect. Treated area
is almost
completely mute
upon tapping.
Edges have been
significantly
reinforced. One
severe crevice has
not been
reinforced.

Very slight
formation of white
haze in the cracks.

Loss of painted
layer when
compress is
removed.
Detectable both
with visible
inspection and
microscopy.

B2:Nanorestore
Plus (dispersed in
ethanol)

Treated area still
gives a hollow
sound upon
tapping. Very slight
reinforcements of
edges.

Severe formation
of white haze both
around the edges of
where the compress
was located and in
the middle of the
compress.

Loss of painted
layer when
compress is
removed.
Detectable both
with visible
inspection and
microscopy.
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Figure 86 (left): Microscopic image, Area B1: Consolidation of crevice and loss of material after 3rd application
with Nanorestore®
Figure 87 (middle): Microscopic image, Area B1: Consolidation of crevice and loss of material after 3rd
application with Nanorestore ®
Figure 88 (right): Area B1: after 3rd application with Nanorestore®

Figure 89 (left): Area B2: after 3rd application with Nanorestore Plus®
Figure 90 (middle): Microscopic image, Area B2: Formation of white haze and loss of material after 3rd
application with Nanorestore Plus®
Figure 91 (right): Microscopic image, Area B2: Consolidation of crevice after 3rd application with Nanorestore
Plus®
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Figure 92 (left): Microscopic image, Area B2: formation of white haze after treatment with Nanorestore Plus®
Figure 93 (middle): Microscopic image, Area B2: formation of white haze after treatment with Nanorestore
Plus®
Figure 94 (right): Microscopic image, Area R2: formation of white haze after treatment with Nanorestore Plus®

4.2. Discussion

One of the negative aspects of nano-lime is the low controllability of the consolidation

process. It is important that the nanoparticles of calcium hydroxide are allowed sufficient

penetration into the material, insufficient penetration can result in the formation of a white

haze on the surface of the wall painting. The formation of a white haze on the surface appears

when the carbonation process occurs on the surface of the wall painting rather than internally

in the material, see figure 92-94. Not only will this cause an aesthetic alteration of the object,

but it will also undermine the sought for consolidation effects. Insufficient penetration of the

calcium hydroxide nanoparticles can be caused by several different reasons, which often

correlates to one another creating a synergistic effect.

Based on an interpretation of the results from the experimental study one of the the main

influencing factors appears to be the application method. Formation of a white haze on the

surface can be traced to the fact that the hydrated compress did not sufficiently cover the

sheet of Japanese paper to which the nano-lime was applied, see figure 91 & 92. This resulted

in accelerated evaporation of the dispersion agent, not providing sufficient time for the

nanoparticles of calcium hydroxide to penetrate the material. Thus the carbonation process

occurs on the surface of the wall painting, creating the white haze, rather than internally in

the material on the areas not sufficiently covered by the hydrated compress. However, the

results from the experimental study also show the formation of a white haze on areas

completely covered by the hydrated compress, the reason for this is likely to be the
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unevenness of the surface of the wall painting. It is possible that the hydrated compress might

not have reached sufficiently into cavities and crevices on the uneven surface, which resulted

in a speedy evaporation of the alcohol, not giving the nanoparticles of calcium hydroxide

sufficient time to penetrate the substrate, which in turn causes the carbonation process to

occur on the surface, creating a white haze.

The results of the experimental study indicate the application method as a likely cause for the

insufficient penetration of the calcium hydroxide nanoparticles. The results suggest that an

adjustment in the application method should be examined in order to allow sufficient

penetration of the nano-lime products used in environments with generally lower levels of

relative humidity. One possibility that could be considered is the wetting of the surface that is

to be treated with nano-lime with alcohol before application. This could increase the

penetration ability of the calcium hydroxide particles into the porous material of the wall

painting.

The results of the treatment with the two nano-lime products demonstrate a difference both in

regards to consolidation effect and in the formation of white haze on the surface between the

Nanorestore® and Nanorestore Plus®. Areas treated with Nanorestore Plus® show inferior

consolidation effects as well as a more severe formation of a white haze of the surface, which

probably correlates since the carbonation process occurring on the surface both creates a

white haze and undermines the consolidation effects internally in the material. The results

suggest a lower penetration ability of Nanorestore Plus®, which is somewhat contradictory

since Nanorestore Plus® consists of particles with an average smaller particle size than

Nanorestore®. Theoretically, Nanorestore Plus® should have a greater penetrating ability

than Nanorestore®. These results could be explained either by the presence of gypsum in the

rendering of the wall painting or by the back-migration of the nanoparticles.

Gypsum has a high solubility in water and it is possible that when water from the hydrated

compress interacts with the surface that the calcium sulfate particles in the wall painting

dissolves and migrates towards the surface as the water evaporates. The calcium sulfate

crystallizes on the surface as the water evaporates, resulting in the formation of a white salt

layer on the surface of the wall painting. This double exchange reaction, see reaction formula

below, between the nanoparticles of calcium hydroxide and the calcium sulfate present in the

wall painting, which is favored by water, could explain the formation of a white haze on the
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surface after treatment with the nano-lime products. It could also explain that it was possible

to remove some of the white haze formed with carbonated water, see figure 22 & 23, since

calcium sulfate is highly soluble in water. The more severe formation of a white haze on the

surface on the areas treated with Nanorestore Plus® could also be explained by this double

exchange reaction. The reaction will take place for both Nanorestore® and Nanorestore

Plus® but because Nanorestore Plus® consists of smaller particles it has a higher chemical

reactivity, which can be the reason for the more severe formation of white haze on the

surface.

Ca(OH)2 + CaSO4 + 2H2O→ CaSO4 + Ca(OH)2 + 2H2O

Theoretically, since it has smaller average particle size, the Nanorestore Plus® should have a

greater penetration ability than the Nanorestore® that has a larger average particle size and

broader size distribution. However, the results of the experimental study show a more severe

formation of white haze on the surface of the areas treated with Nanorestore Plus® , which

indicates an inferior penetration ability to the Nanorestore®. A possible explanation for these

results could be the back-migration of the calcium hydroxide nanoparticles, which is favored

by generally low levels of relative humidity in the surrounding environment. Back-migration

entails that the nano-particles penetrate the substrate but then migrate back to the surface,

carbonating on the surface. Another contributing factor to the different results between the

two nano-lime products is the dispersing alcohol. Ethanol, which is the dispersing agent for

Nanorestore Plus®, has a higher volatility than isopropanol, which is the dispersing agent for

Nanorestore®. A higher volatility will entail a faster evaporation, which will favor the

process of back-migration of the calcium hydroxide nanoparticles.

It is necessary to mention that the possible explanations for the results of the experimental

study are merely hypothetical at this stage. Additional tests and further investigation is

required to gain a more comprehensive understanding about the possible processes and

mechanisms taking place.

4.3. Future research

The results of this research study and the hypothesis presented in the discussion demonstrate

the necessity of further research concerning the use of nano-lime products as a consolidation

treatment in different climates and on different wall painting substrates. Knowledge about

how nano-lime products should be used in environments with generally lower levels of
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relative humidity is lacking and it would be beneficial to conduct further tests investigating

the influence of the application method in different climatic conditions. It seems probable that

it is necessary to adjust application technique depending on the climatic conditions. Even if

the deterioration problems are similar, the same approach and application method cannot be

applied in distinctively different climatic conditions.

An adjustment to consider in regards to application method should be preparing the surface

with alcohol before application of the nano-lime product. This could help the nanoparticles of

calcium hydroxide to reach a sufficient penetration of the wall painting, which would

increase consolidation effects and avoid the carbonation occurring on the surface creating a

white haze. Another aspect that could be considered is the concentration of the dispersion of

nanoparticles of calcium hydroxide. Some studies (D’Armada & Hirst, 2012, p.76) have

suggested that the formation of a white haze on the surface could be avoided if using a lower

concentration of the nano-lime product for the initial applications and then successively

increasing the concentration, which is a possibility that should be further investigated.

Another consideration that should be further examined is the possibility of using a higher

concentration of the nano-lime product to reduce the loss of material. It is however important

to consider the possible increased risk of formation of white haze on the surface when using a

higher concentration of the nano-lime product.

For future experimental studies it would be beneficial to examine several areas of the same

wall painting using the same nano-lime product, this would enable a more in-depth

comparison. It would be preferred that the indoor climate of the church be monitored during a

longer period of time so that both seasonal and diurnal changes in the temperature and

relative humidity could be recorded. In addition to this it would have been advantageous to

examine the treated areas of the wall painting after longer periods of time had passed after

treatment. Examinations of the surface should be performed several weeks and even months

after treatment since it can take a long period of time for the completion of the carbonation

process. Future research projects should consider the possibility of using more technical

analytical methods in-situ to examine the wall painting during the process of the conservation

treatment. Useful analytics methods for examining consolidation effects and alterations

occurring on the surface could be ultrasound velocity measures and a colorimeter instrument

as well as spectrophotometry. The mechanisms of the use of carbonized water as a means for

removal of the white haze formed on the surface should also be further investigated.
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6. Appendix
6.1. Temperature and relative humidity measurements in Dalby church

Time and date of
measurement

Temperature °C Relative humidity %

05-04-2023 (11.17 a.m.) 17,4°C 49%

05-04-2023 (12.00 p.m.) 17,2°C 50%

05-04-2023 (1.12 p.m.) 17,1°C 51%

05-04-2023 (2.10 p.m.) 17,0°C 50%

05-04-2023 (3.06 p.m.) 17,1°C 52%

06-04-2023 (10.44 a.m.) 17,2°C 52%

06-04-2023 (11.57 a.m.) 17,8°C 49%

06-04-2023 (12.30 p.m.) 17,5°C 51%

06-04-2023 (1.40 p.m.) 17,8°C 47%

06-04-2023 (2.39 p.m.) 17,4°C 51%

14-04-2023 (10.29 a.m.) 18,4°C 48%

14-04-2023 (11.35 a.m.) 18,7°C 47%

14-04-2023 (1.32 p.m.) 18,6°C 48%

14-04-2023 (3.32 p.m.) 18,1°C 49%

Highest measurement Lowest measurement

Temperature °C 18,7°C 17,0°C

Relative humidity % 52% 47%



6.2. Commercial nano-lime products
6.2.1. Nanorestore Technical Sheet







6.2.2. Nanorestore Safety Sheet













6.2.3. Nanorestore Plus Technical Sheet















6.2.4. Nanorestore Plus Safety Sheet































6.3. Technical description of analytical instruments
6.3.1. MICRO-XRF ELIO: Portable Micro X-ray Fluorescence Spectrometer



6.2.2. Bruker ALPHA-R med Platinum-ATR


