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ABSTRACT 

 

In the last decade, nanotechnologies have greatly developed in many research 

fields, such as engineering, biomedical, electronic and many others. They can 

offer several possibilities to design tools, to create new techniques or to improve 

the already existing ones, as well as to discover innovative applications. In fact, 

because of their small size, the characteristics and behaviours of nanomaterials 

can be very different compared to bulk materials having the same composition 

and can exhibit peculiar and new properties. 

Nanomaterials are typically obtained through two main ways: one refers to the 

so-called "top-down" approach, the other is called "bottom-up". However, several 

of these synthesis methods are characterized by multistep or complex 

procedures, working at high temperature and non-ambient pressure, and 

requiring organic synthesis media or sophisticated apparatus. Such features lead 

to an unavoidable low production yield and to an increase of times and costs to 

obtain pure products. For these reasons there is a lack of an economic method 

able to realize productions on large scale, which is of paramount importance for 

industrial applications, assuring a good control of the particles size and, at the 

same time, a desired not detrimental impact on the environment. 

In order to design and to engineer the nanoparticles as well as to tailor their 

characteristics to the final application, this thesis is aimed to define new scalable 

methods to produce a wide range of metal oxide/hydroxide nanoparticles with 

high production yields and low costs. These methods are characterized also by 

a special attention towards the environmental impact, limiting the production of 

wastes and the energetic costs of the process itself. The innovative synthesis 

techniques reported in this thesis and developed at the Laboratory of Technology 

of Materials and Applied Chemistry of the DIIIE Department of University of 

L’Aquila, are also object of a European patent (EP2880101) and of two Italian 

patents. 

By starting from the innovative procedure routes, both the synthesis, the 

characterization (by means of several consolidated laboratory techniques and of 

cutting edge techniques), and the application of the different kinds of 
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nanoparticles were performed, from alkaline earth metal hydroxides/oxides to 

several type of iron oxides. Concerning the applications, different kinds of 

applicative interests were considered. Specifically, in Cultural Heritage, calcium 

hydroxide nanoparticles and calcium/iron oxide nanoparticles were successfully 

applied in the conservation of natural stones from architectonic monuments 

(biocalcarenites of Agrigento), and, thanks to the development of a prototype for 

large-scale production, in this thesis an extensive nanolime consolidation was 

realized, for the first time, on the facade of a historic building in L’Aquila. In 

addition, magnesium hydroxide nanoparticles were applied in the deacidification 

of ancient wood samples of a historic vessel. Moreover, in biomedical sector, 

magnesium oxide nanoparticles were preliminary investigated as anticancer 

agents on melanoma cells, while superparamagnetic iron oxide nanoparticles 

(SPIONs) were tested as contrast agents for magnetic resonance imaging (MRI). 

Finally, this PhD work involved several relationships with different National and 

international research groups, including the Departments of Physics and 

Industrial Engineering of the University of L'Aquila, the Department of Life Health 

and Environmental Sciences (MESVA) of the University of L’Aquila and the CNR-

IOM-OGG group in the European Photon and Neutron Science Campus (EPN) 

of Grenoble. 
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THESIS OBJECTIVES 

 

The work presented in this thesis is focused on the design and the optimization 

of innovative and scalable methods to produce a wide range of metal oxide and 

hydroxide nanoparticles, with low environmental impacts, high production yields 

and low synthesis times. After the synthesis, a deep characterization study of the 

nanoparticles both by means of ordinary as well as by cutting edge-methods is 

carried out. In addition, a special attention to some applications of the produced 

nanoparticles were considered. In particular, this research has been aimed to: 

- Realization and optimization of a scale-up procedure for the production of 

calcium hydroxide nanoparticles, in order to analyze the potentiality of the 

procedures towards the design of a pilot plant, and making possible the great 

potential of such innovative product to satisfy the wide demand and extensive 

applications in Cultural Heritage; 

- Development of innovative scalable methods for the synthesis of other alkaline 

earth metal nanoparticles, overcoming the disadvantages of the existing 

methods, in order to extend their use in the field of Cultural Heritage; 

- Development of a procedure to obtain innovative nanoparticles of calcium/iron 

oxides, which may be a new material for applications both in the field of Cultural 

Heritage and in the environmental remediation field; 

- Preliminary application of magnesium oxide nanoparticles as anticancer agents; 

- Development of an original and scalable procedure to synthesize iron oxide 

nanoparticles, overcoming the disadvantages of the methods reported in 

literature concerning production yields and environmental impact; 

- Application as contrast agents in magnetic resonance imaging (MRI) of 

superparamagnetic iron nanoparticles synthesized by means of the innovative 

procedure. 
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ACHIEVED RESULTS 

 

The main achievements earned during this PhD program have been: 

• Design of a controllable and cyclic scale-up procedure to obtain calcium 

hydroxide nanoparticles, concerning the increase of the volume reaction by two 

orders of magnitude guaranteeing high quality, in terms of purity, crystallinity, 

nanosized dimension and reactivity; 

• First extensive application of calcium hydroxide nanoparticles, in relation to the 

consolidation of the original mortar of a historic building of L’Aquila (Palazzo Pica 

Alfieri, 14th-16th century). The effectiveness of the treatment is analysed in terms 

of depth of penetration, surface cohesion and resistance to perforation; 

• Complete study of the carbonation process for calcium hydroxide nanoparticles, 

using synchrotron light at the Elettra laboratories (Trieste) inside capillaries, on 

laboratory slides and on carbonate matrix surfaces, which show a complete 

transformation into pure calcite depending on the presence of water and CO2, but 

also on the exposure surface; 

• Production of innovative calcium/iron oxide hydrate nanoparticles and complete 

characterization using several instrumental techniques, such as XRD, FTIR, 

TEM, SEM, BET and XAS with synchrotron light, carried out at the European 

Synchrotron Radiation Facility of Grenoble. These nanoparticles are able to 

completely convert into coloured calcite as the only crystalline phase, with iron 

remaining in amorphous form to cover homogeneously the calcite crystals; 

• Application of the synthesized calcium hydroxide nanoparticles and calcium/iron 

oxide nanoparticles in Cultural Heritage for consolidation treatments on the 

biocalcarenites of Agrigento, by using formulations aimed at guaranteeing the 

compatibility with the original substrate also in terms of chemical compatibility 

with the stone, together with a reinforcement of the substrate, proved by a 

considerable improvement of the superficial cohesion and of the average 

resistance to drilling; 

• Production of alkaline earth metal nanoparticles with an innovative method, in 

particular magnesium, strontium and barium, and characterization using several 
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instrumental techniques, such as XRD, FTIR, TEM, AFM and BET, obtaining pure 

and crystalline particles with sizes lower than 50 nm; 

• Application of magnesium hydroxide nanoparticles in restorative treatments on 

ancient wood samples of an historical vessel (Gallo-Roman wreck, 2nd century 

b.C.), obtaining always neutral pH values with treatments durable over time by 

penetrating inside the wood fibers; 

• Preliminary cytotoxicological tests on cancer cells using magnesium oxide 

nanoparticles, in collaboration with the research group of Pharmacology (MESVA 

Department of University of L'Aquila), resulting in a toxicity towards cancer cells 

attributed to the generation of reactive oxygen species (ROS); 

• Production of iron oxides nanoparticles by means of an innovative method and 

characterization by several instrumental techniques, such as XRD, XPS, FTIR, 

TEM, SEM, AFM, TG-DTA, BET and magnetic measurements. Several 

nanometric compounds were obtained, such as ferrihydrite, hematite, magnetite 

and maghemite, characterized by sizes ranging from 2 to 40 nm and specific 

surface areas ranging from 20 to 420 m2/g; 

• Magnetic resonance imaging (MRI) tests using superparamagnetic iron 

nanoparticles as contrast agents, in collaboration with the high-field MRI 

Laboratory (MESVA Department of University of L'Aquila), resulting in good 

relaxivity values using magnetite nanoparticles coated with different polymers, in 

order to improve the suspension stability and biocompatibility. 
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INTRODUCTION 
 

Nanotechnologies represent today an innovative approach based on the 

understanding and in-depth knowledge of the properties of matter at the 

nanoscale. Norio Taniguchi of Tokyo Science University coined the term in 1974 

to describe the manufacture of materials and artefacts with nanometric 

tolerances. Currently, the term nanotechnology refers to a branch of science that 

deals with the design, characterization, production and application of structures, 

devices and systems that provide for the control of shape and size at the 

nanometric scale, known also as nanomaterials. 

Nanomaterials have much larger and more active surface areas than bulk 

materials. This peculiarity is at the basis of the significant properties that make 

nanomaterials attractive both for their fundamental scientific interest and for their 

wide usage possibilities in many technological applications. According to the ISO 

(International Standards Organization), nanomaterials are defined as materials 

whose structural elements - clusters, crystals or molecules - have at least one 

external dimension in the range 1-100 nm. If all three external dimensions are in 

the range 1-100 nm, we talk about nanoparticles, having therefore characteristics 

not evident in the bulk materials. 

Europe made investments in many nanoscience programs since 1990 and the 

current aim is to ensure that industry can take advantage of innovative products 

and processes derived from nanomaterials. In recent years, many research 

efforts have focused on the development of novel synthetic methods of 

nanomaterials, in order to make their production appealing for industrial 

applications. 

Nanomaterials are typically obtained through two main ways: one refers to the 

so-called "top-down" approach, the other is called "bottom-up". The first one 

consists in reducing the dimensions of the structures to nanometric levels with 

physical methods, while the second has as its starting molecules or molecular 

aggregates that have the ability to self-assembly or self-organize into higher order 

structures. However, several of these synthesis methods are characterized by 

multistep or complex procedures, working at high temperature and non-ambient 

pressure, and requiring organic synthesis media or sophisticated apparatus. 
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Such features lead to an unavoidable decrease of production yields and increase 

of times and costs to obtain the final pure product. Despite the fact that production 

processes can be characterized by considerable costs, the production of 

nanomaterials is currently a booming sector, and so the real challenge is today 

represented from the possibility to increase the production to an industrial scale 

at affordable costs. 

This thesis is aimed to define new scalable methods to produce a wide range of 

metal oxide and hydroxide nanoparticles with high yields and low costs. These 

methods are characterized also by a special attention towards the environmental 

impact, limiting the production of wastes and the energetic costs of the process 

itself. These bottom-up production methods are based on a single-step ion 

exchange process, which allows to obtain pure nanoparticles in extremely short 

times, working in water, at room temperature, atmospheric pressure and starting 

from cheap or renewable reagents, according to a cyclic procedure potentially 

scalable to an industrial level. The innovative synthesis techniques reported in 

this thesis, and developed at the Laboratory of Technology of Materials and 

Applied Chemistry of the DIIIE Department, are also object of a European patent 

(EP2880101) and of two Italian patents. 

Using this innovative method, the synthesis and the application of different kinds 

of nanoparticles were performed, form alkaline earth metal hydroxides/oxides to 

iron hydroxides/oxides. The structural and morphological features of the 

produced nanoparticles were investigated by several techniques, such as X-ray 

diffraction (XRD), X-ray absorption spectroscopy (XAS), X-ray photoelectron 

spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR), thermal 

analysis (TG-DTA), alternating gradient magnetometry (AGM), atomic-force 

microscopy (AFM), transmission and scanning electron microscopy (TEM, SEM), 

surface area analysis (BET). Then these nanoparticles were applied in different 

fields. In particular calcium hydroxide nanoparticles and calcium/iron oxide 

nanoparticles were successfully applied in the conservation of Cultural Heritage, 

and for the first time a large scale consolidation using nanomaterials was realized 

on the facade of a historic building. Magnesium hydroxide nanoparticles were 

applied both in the deacidification of ancient wood samples of a historic vessel 
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and in a preliminary study as anticancer agents. Finally, superparamagnetic iron 

oxide nanoparticles (SPIONs) were tested as contrast agents for magnetic 

resonance imaging (MRI). 
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CHAPTER 1: NANOPARTICLES SYNTHESIS AND APPLICATIONS 

 

Starting a new project is always a challenge and one of the first difficulty is to 

understand the state of art of the topic, using literature to know how to handle research 

in the optimum conditions. This is the way to save money and time, to avoid useless 

experiments and to focus on variations and developments of tests already done and 

reported in the scientific literature. 

To understand what are the properties characterizing nanoparticles (NPs), we need to 

know their purpose and usage. So, it is important to study the opportunities offered by 

the field of nanotechnology and its applications in several fields, from diagnosis and 

therapy for medicine to Cultural Heritage, in particular those obtainable with 

nanoparticles. 

 

 

1.1 Nanotechnology and nanoscience 

 

In the beginning, the terms “nanotechnology” and “nanoscience” had quite similar 

meaning. Actually, nanotechnology refers to production, characterization, design and 

application of devices and structures to control size and form of nanoscale 

components. On the other hand, nanoscience is the study of phenomena and the 

manipulation of materials at molecular or atomic scales, where properties are 

significantly different from major scales. 

A nanometer (nm) is equal to one billionth of a meter (10−9m). A human hair is wide 

about 80000 nm, while a red globule is about 3000 nm (Figure 1.1). Atoms are smaller 

than a nanometer, while some molecules, such as antibodies or proteins, are in the 

size range 1-100 nm. 

The principal effects that mark the properties of nanomaterials, compared to the same 

materials at a greater scale, are the increase of the ratio between surface and volume 

and the quantum effects. Nanosciences study how they influence the properties of 

materials, while nanotechnologies try to use these effects to build systems and 

structures with new properties and functions. 
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Figure 1.1: Nanoscale dimensions referred to the diameter of different forms of matter: from 

a hydrogen atom to planet Earth. [1] 

 

The use of nanocomposites is very ancient; for example, in the tenth century, 

nanometric pigments were used as dyes in glass and ceramics. But only in recent 

years, the need to investigate and manipulate nanoscale systems has improved the 

interest in these materials and the design of instruments that can exploit these 

opportunities. 

Nanosciences and nanotechnologies comprehend a great number of fields: physical, 

chemical, medical, biological, electronics and engineering. The main subdivisions of 

nanosciences are: nanomaterials, nanometrology, bio-nanotechnology and 

optoelectronics. The production of nanomaterials, with dimensions less than 100 nm, 

is advantageous for the fabrication of components in industrial fields, such as 

automotive sector, information technology and aerospace industry. Probably in future 

years, nanomaterials will increase performance in a multiplicity of products, such as 

displays, paints, silicon electronics, sensors and catalysts. 

Actually nanomaterials are used to create thin coating films, for example, in electronics 

and in active surfaces, such as self-cleaning windows. In most cases nanomaterials 

are sited on some supports, but some types of nanoparticles are used free, as in 

sunscreens: the particles of these creams have a structure capable to absorb the UV 

rays of the sun and to protect the skin. Among nano compounds, carbon nanotubes 

result also very promising, consisting in hollow tubes with carbon molecules which 

have a great electrical conductivity, a great resistance and a good flexibility; they can 

change the field of electronics. New products that are likely to be popular are: lubricants 
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based on inorganic nano-spheres; medical nano-ceramics with better durability and 

better prosthetics applications; nano-membranes for a better water purification; 

magnetic nanomaterials for the storage of data. Quantum dots are semiconductor 

nanoparticles developed in recent years; they can be tuned to emit or absorb light of a 

specific colour to be used in solar cells or in the fluorescence labelling in biological 

experiments. Applications of nanotechnology in medicine are very promising, with 

different areas of interest, as the diagnosis of diseases, the molecular imaging and the 

drug delivery in specific parts of the body. In medical field, the goal would be to produce 

new materials and tools, such as scaffolds for cell engineering and sensors for direct 

monitoring of human parameters. Maybe in the coming years nanotechnology will help 

also to produce complex structures, as the cochlea and retina, and to understand how 

complex biological structures are composed. [2] 

 

 

1.2 Nanomaterials classification 

 

Materials, having well defined physical properties in the macroscopic scale, can 

express quite different properties in the nanometer scale. An example is the copper, 

usually malleable and ductile, which, if produced in size below 50 nm, loses its 

malleability and ductility becoming a very hard material. 

Fundamental characteristics of a material, as resistance, surface reactivity and 

electrical properties are size-dependent, in particular related to the number of atoms 

on the surface respect to total amount of atoms. For a microstructure this ratio between 

surface atoms and total atoms is very low, while for example a particle with size of 30 

nm has about 5% of atoms on its surface, a particle with size of 10 nm has about 20% 

on its surface. Therefore, a material will be more reactive in its nanometric form 

compared to the microscopic one. 

Quantum effects modify electrical, optical and magnetic properties, depending on the 

size of the object. In some metals very small sizes can also affect the mechanical 

properties, because the grain boundaries slow or completely stop the propagation of 

defects when the material is stressed, so if the grains become nanometric, the number 
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of interaction between boundaries increases exponentially. For instance, in some 

experimental tests nanocrystals of nickel resulted much more resistant than steel. [3] 

Nanomaterials are defined as those structures that have at least one dimension in the 

nanometric range (1-100 nm). Films or coatings are nano-sized only in one dimension, 

nanotubes or nanowires have two nano-sized dimensions, nanoparticles and quantum 

dots have all three nano-sized dimensions. In this definition it is possible to find also 

materials with macroscopic scale or materials made of nanometer-sized grains. A 

typical classification of nanomaterials is to indicate the number of macroscopic 

dimensions (Figure 1.2): 

- 3D nanomaterials: without dimensions at the nanoscale, because they are composed 

from the aggregation of clusters having nanometric dimensions (nano-porous 

materials); 

- 2D nanomaterials: having one dimension at the nanoscale and two dimensions at the 

macroscale (thin films and layered surfaces); 

- 1D nanomaterials: having two dimensions at the nanoscale and one dimension at the 

macroscale (nanotubes, nanofibers and nanowires); 

- 0D nanomaterials: having all dimensions at the nanoscale (quantum dots, fullerenes, 

dendrimers and nanoparticles). 

 

Figure 1.2. Classification of nanomaterials 

 

3D nanomaterials have recently gained research interests because these kind of 

nanostructures have high surface areas and supply many absorption sites in small 

spaces. Such materials with high porosity in three dimensions can also lead to a better 
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transport of molecules. For these reasons, 3D nanostructures find applications in the 

area of catalysis, magnetic material and electrode material for batteries. In Figure 1.3 

a typical 3D nanomaterial is reported. The behaviour of these materials depends on 

the sizes, shapes and morphologies of their sites, which are the key factors for their 

performances and applications. [3] 

 

 

Figure 1.3. SEM image of a typical 3D nanomaterial: nanostructure is related to pore dimension 

 

Materials having one nanometric dimension, or 2D nanomaterials, such as active 

surfaces and thin films, have been used for decades in chemistry, electronics and 

engineering; probably the greatest use occurred in the production of silicon integrated 

circuits. The use of monolayer thickness of a molecule is widespread in chemistry, 

lubricants and hydrophobic coatings. The large surface area can be employed in many 

applications, mainly in chemical and energetic sectors, as catalysts or cells with fuel, 

where great selectivity and reactivity are exploited to reduce the use of resources. 

The investigation of nanostructures having two nanoscale dimensions, or 1D 

nanomaterials, covers about the last 20 years. The interest in this kind of structure is 

to have enhanced mechanical and electrical properties. The most common of these 

materials are carbon nanotubes, which are rolled graphene sheets single wall or multi-

wall, as reported in Figure 1.5. Typically, the diameter is of few nanometres and the 

length can be from some micrometres to few centimetres. Carbon nanotubes are 

mechanically strong, the Young’s modulus value is greater than 1 terapascal, which is 

similar to diamond; but they are also flexible and good electrical conductors. Their 

applications concern the reinforcement of composite materials, sensors, nano-
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electronics and displays. There are also nanotubes of inorganic compounds, such as 

molybdenum disulphide or titanium dioxide, having very good properties as lubricants, 

catalysts and energy storage (high capability to stock oxygen and lithium). 

The main structures having all three nanometric dimensions, or 0D nanomaterials, are 

quantum dots, fullerenes, dendrimers and nanoparticles especially. 

Quantum dots are semiconductor particles lower than 100 nm, which were created in 

the 80’s. When the particles of semiconductors are in the nanometric range quantum 

effects become relevant, because the semiconductors surface becomes no more 

homogeneous and presents electrons or no charge zones. The energy of these 

particles mainly depends on the wavelength of the quantum state characterizing the 

surface and the colour gives information on their size. In fact, semiconducting materials 

are able to absorb light and when they release that energy they transform it into 

different colour of light; the specific colour that is produced depends on the size of the 

material, as shown in Figure 1.4. So, the quantum dots can be created to absorb and 

emit a required wavelength, just changing the size. Semiconductor particles have 

established applications in the field of solar cells, composites and tools for 

fluorescence analysis of biological molecules. In these fields quantum dots can be 

used to emit at different energy levels. These applications led to the production of high 

quality particles, monodisperse, crystalline and coated, which can have dimensions 

lower than 2 nm in diameter, and can also be used as markers in processes or in 

treatments of reagents. [4] 

 

 

Figure 1.4. Quantum dots effects on light emission depending on the size of the material [4] 

 

In the last decades of the XX century was discovered also a new class of materials 

based on carbon named fullerenes: C60 is the most famous, which is a spherical 
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molecule (1 nm in diameter) composed by 60 carbon atoms forming 20 hexagons and 

12 pentagons (Figure 1.5). A method to produce huge quantities of fullerene involves 

heating treatments of small bars of graphite in inert atmosphere (helium). The principal 

applications employing fullerene are: carrier for drug delivery, electronic circuits and 

lubricant for surfaces. [5] 

 

Figure 1.5. Several forms of carbon nanostructures, from 0D fullerene, to 1D nanotubes, 2D 
graphene layers and 3D diamond like amorphous materials [5] 

 

Others compounds having all dimensions in the nanometric range are the dendrimers. 

Dendrimers consist in extremely branched molecules, characterized by perfectly 

symmetrical structures, which are divided into two categories, low and high, based on 

the molecular weight. Dendrimers can be formed through processes of hierarchical 

self-assembly operating at the nanoscale. Small dendrimers, having dimensions of 

several nanometres, are used in various applications, like inks and coatings, but they 

can also be used as filters to remove metal ions for water decontamination or as 

carriers for drug delivery. [4] 

Finally, nanoparticles are metallic (or metal oxides) particles having all dimensions < 

100 nm, which are the most synthesized 0D structures, but sometimes they are also 

present in the natural world, for instance produced by algae or plants in photochemical 

reactions or as a result of volcanic activity. They are also created accidentally by 
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human activity, for example as residues of combustion. In comparison to the amount 

of nanoparticles produced naturally or accidentally, the quantity of nanoparticles 

synthesized for research or industrial purposes represents still a small portion. This 

portion is continuously growing in recent years and will increase even more in the next 

years, thanks to discoveries of special size-dependent properties useful in various 

fields. For example, zinc oxide or titanium dioxide become transparent in form of nano-

sized structures and reflect UV rays. In fact, nanoparticles possess a large range of 

applications: from cosmetics industry to textile, from medical diagnosis and drug 

delivery to paint industries, from lithium batteries to Cultural Heritage. 

 

 

1.3 Nanomaterials synthesis 

 

Nanomaterials can be obtained with top down or bottom up approaches, as shown in 

Figure 1.6. In the top down approach, nanoscale structures are produced starting from 

macro-materials, usually through mechanical processes of mass removal, such as 

grinding or exfoliation.  On the contrary, in the bottom up approach, nanoscale 

materials are produced starting from atoms or molecules with smaller dimensions, 

usually through self-assembling techniques, in which the atoms or molecules are able 

to form structures based on their natural properties. Another way of the bottom up 

approach is the use of apparatuses that can move individual atoms or molecules. [1] 
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Figure 1.6. Production techniques “top-down” and “bottom-up” [1] 

 

The main challenge of top-down techniques is the creation of nano structures with 

good precision, while for bottom-up techniques is the construction of large structures 

with quality and good resistance. These two approaches have developed separately 

to create nanoscale structures. The principal bottom-up methods are: aerosol-based 

processes, atomic or molecular condensation, arc discharge ionization, laser ablation 

processes, plasma processes, chemical vapour deposition, sol-gel methods, 

solvothermal methods and ultrasonic methods. Typical top-down methods are: 

mechanical friction processes (precision machining), nano-lithography and laser 

ablation. Actually top-down techniques are the most consolidated ones for larger 

productions, despite their limitations such as considerable costs, multiple steps and 

low specific production yields [6]. 

In addition to the top-down / bottom-up classification, the synthesis methods can also 

be classified according to the type of synthesis, chemical, physical or biological, as 

reported in Table 1.1. 
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Table 1.1. Main synthesis methods of nanoparticles classified into physical, chemical and biological 

 

Different methods can be used to produce 3D, 2D, 1D and 0D nanomaterials. In 

particular, the most known processes to obtain thin films can be separated into two 

categories as well: physical methods and chemical methods. In the physical methods 

a material is physically transferred from a medium to a substrate to form the film, while 

in the chemical methods suitable chemical precursors are carried on a substrate to 

form the film through a chemical reaction [7]. Figure 1.7 reports the main preparation 

routes of 2D nanomaterials. 

 

 

Figure 1.7. Typical 2D nanomaterials preparation processes [7] 

 

In the synthesis of 1D nanostructures, the composition, the size and the crystallinity 

are the most important factors to control. The formation of a solid phase involves two 

main steps: nucleation and growth, in particular when the concentration of the 

Physical methods

•Mechanical methods

•Physical vapor 
deposition (PVD)

•Molecular beam 
epitaxy (MBE)

•Laser ablation

Chemical methods

•Co-precipitation

•Sol-gel

•Microemulsion

•Sonochemical synthesis

•Hydrothermal / 
solvothermal synthesis

Biological methods

•Synthesis by enzymes

•Synthesis from plants

•Synthesis from 
biomembranes

•Synthesis from 
microorganisms
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constitutive elements becomes sufficiently high, they aggregate into small clusters (or 

nuclei). Then, bonding to the other constitutive elements, these nuclei become the 

centres of growth in order to form larger structures. Typical strategies to obtain 1D 

nanomaterials involve different levels of control of the growth parameters, including: 

the use of anisotropic crystals to facilitate the growth of single-dimensional structures; 

the use of different 1D morphologies to orient the formation of single-dimensional 

structures; the use of appropriate reagents to kinetically control the growth rate of the 

various precursors; the self-assembly of 0D nano materials; or the size reduction 1D 

microstructures [8, 9]. 

For the production of nanoparticles both top-down or bottom up techniques can be 

used, in particular sol-gel method is a bottom up technique widely used for synthesizing 

metal oxides or ceramic materials. Sol-gel methods typically start from metal alkoxides 

or organometallic inorganic salts, then the precursors go through a series of hydrolysis 

and polycondensation reactions in order to form a colloidal suspension (called sol). 

This suspension undergoes a transition into a solid “gel” phase, then the drying of this 

gel through calcination treatments lead to a nano-powder. Another common bottom up 

technique to produce nanoparticles is the hydrothermal method, which is carried out in 

pressurized vessels (autoclave) with a reaction in aqueous solution, in this way the 

temperature in the autoclave can be raised above the typical boiling point of water, 

reaching the pressure of vapour saturation. Hydrothermal synthesis is generally used 

to synthesize metal oxide nanoparticles. This method can be useful to control grain 

size, morphology, phase and surface chemistry regulating different parameters: 

solvent properties, solution composition, temperature, pressure, additives and aging 

time. Other synthesis methods of nanoparticles will be described in the following 

chapters. 

 

1.4 Properties, characteristics and applications of nanoparticles 
 

Nanoparticles have acquired great scientific interest because of their particular 

behaviours, which sometimes are intermediate between the macroscopic scale and 

the atomic or molecular scale. Their mechanisms of interaction with other materials 

are also different, for example nanoparticles can remain in form of stable suspensions 
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because of the interactions that form between their surface and the solvent, which can 

be strong enough to overcome the density difference, avoiding the precipitation of the 

particles. In particular, nanoparticles coated with hydrophobic molecules can be 

suspended in non-polar solvents, while nanoparticles having specific surface charge 

can be suspended in solvents with specific amounts of ions. 

The effect of dimensions represents a fascinating and decisive aspect to describe the 

behaviour of nanomaterials: reducing the dimensions of the materials, variations in the 

structural, thermodynamic, electronic, spectroscopic, chemical and electromagnetic 

characteristics can be appreciated (Figure 1.8). 

 

Figure 1.8. Principal effects of the nanoscale on material properties [4] 

 

In particular, the main properties that can change on nanoscale respect to massive 

materials are [10]: 

• Electronic properties: the electronic structure of nanocrystals depends on their size. 

For small particles, the energy of the electronic levels is not continuous as for bulk 

materials, but discrete, in fact the physical dimensions of the particles involve a 

confinement of the electronic wave functions. 

• Mechanical properties: compared to massive materials, nanomaterials have higher 

Young's modulus and tensile strength, less plastic deformation and more brittle 

behaviour. Decreasing the size of the grains therefore causes an increase in strength 
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and ductility, and is therefore one of the most effective mechanisms for strengthening 

materials. 

• Electrical properties: in magnetic and ceramic nanocomposites there is an increase 

in electrical conductivity, while in metallic nanomaterials there is an increase in 

electrical resistance. 

• Magnetic properties: the large surface/volume ratio results in a substantial portion of 

atoms having different magnetic couplings with neighbouring atoms, leading to 

different magnetic properties. Non-ferromagnetic bulk materials can exhibit similar 

behaviour to ferromagnetic materials when prepared in the nano range. 

Ferromagnetism bulk materials can exhibit a different type magnetism, called 

supermagnetism in the nano range. 

• Thermal properties: properties such as thermal conductivity, thermal expansion and 

heat capacity provide valuable information on the important physical characteristics of 

nanomaterials. Nanomaterials can have a much lower melting temperature than that 

of the corresponding bulk materials: through the fusion, the total surface energy of 

materials decreases, and how observed, the decrease in size anticipates the melting 

process, because the contribution of surface energy increases. 

• Optical properties: visible light has wavelengths of the order of hundreds of 

nanometres and interacts in a different way with structures of similar size. In particular, 

with the nanometric dimensions there is a spectral shift in the properties of optical 

absorption and fluorescence and an increase in the quantum efficiency of 

semiconductor crystals. 

• Chemical reactivity: is greatly amplified with decreasing size, in fact a 1 nm crystal 

has about 100% of the atoms on the surface, while a 10 nm crystal has about 15% of 

the atoms on the surface, and these atoms are the ones from which reactions are 

triggered. 

So, the main properties of nanoparticles respect to bulk materials are: higher specific 

surface area, improved reactivity, increased mechanical strength, better conductivity, 

faster electrical and magnetic responses. Nanoparticles can have also properties in 

the visible field, because their dimensions are small enough to restrain their electrons, 

resulting in the production of quantum effects. Many other properties of nanoparticles 

depend on their composition and also on their production process, for example some 
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iron oxides become superparamagnetic under certain dimensions [11], gold 

nanoparticles possess optical and electronic properties that are tunable by changing 

the size, excellent biocompatibility and low toxicity [12], copper oxide nanoparticles 

possess antiviral and antibacterial properties [13]. 

The fields of research and applications of nanoparticles are numerous, ranging from 

biology to informatics, from engineering to quantum physics of materials, from medical 

purpose to commercial use for ordinary objects (cosmetics, sunscreens, textiles, 

paints, coatings, batteries, composites, fuel cells and optoelectronics). [4] 

Nanoparticles can be organised in layers placed on top of other structures, to increase 

the surface area and to improve the reactivity, and this way is suitable for applications 

in the field of catalysis or coatings. Generally, nanoparticles are not synthesized for 

direct uses, but they are employed as additives in other products, in order to improve 

or develop some properties. The diffusion of nanoparticles is still very low compared 

to other materials, both because there is a lack of an economic method able to realize 

productions on large scale, and more studies are needed to get in-depth information 

of their toxicity. Their potential toxicity, derived from the very small dimensions, can be 

reduced attaching them on the surface of other materials or binding them inside 

composite materials. [14-16] 

 

 

1.4 Nanoparticles for medical applications 

 

One of the most interesting field for nanoparticles application is the medical sector, 

where the research is greatly focused, especially in the last 10 years. 

Living organisms are composed by cells, having dimensions of about 10 µm, which are 

constitute of other organic structures reaching sub-micrometre sizes. For dimensional 

reasons, nanoparticles could be used as probes to analyse the mechanisms and the 

interactions that happen inside the cell, perhaps without causing damage. The precise 

knowledge of biological processes from a nanometric level is one of the goals of bio-

nanotechnology. Nanoparticles properties of interest in medical uses are strongly 

related to the size, such as magnetic and optical effects. 

Their principal applications investigated for medicine are: MRI contrast agents [21-23], 

gene therapy [24], controlled drug release [25], fluorescence bio-markers [26, 27], 
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photogenic bio-sensors [28, 29], tissue engineering and probes for genetic structure 

[30, 31], magnetic hyperthermia [15], and cells purification [32]. Medical sector has 

different possibilities for nanomaterials, including building blocks of nucleic acids as 

nanoparticles binding agents comparable to antibodies, rather than characteristic 

genetic maps, or implantable patient monitoring using nanostructured biosensors, but 

also improved imaging contrast using nanoparticles as agents. Nanoparticles and 

proteins have similar dimensions, which means that nanomaterials may be used as 

markers for biomolecules. For example, labelling different cells it is possible to bind 

nanoparticles on their surface, which interact with them modifying the structure, so that 

they can be viewed with fluorescence or ultraviolet probes. 

The approach used to design a nano-biomaterial is represented in Figure 1.9. The 

dimensions and the size distribution especially are extremely important when the 

particles are realized to penetrate inside the cell membrane, because an incompatible 

size of NP can cause a complete lack of penetration inside the cell. These two 

parameters are fundamental also when quantum effects (size dependent) are used to 

control some properties. Very precise average dimensions and narrow size 

distributions are fundamental also to make efficient fluorescence probes. 

 

 

Figure 1.9. Configuration scheme for medical or biological problems in 
biomaterials approach [33] 

 



 

35 

 

Nanoparticles can also be functionalized in the external layer, using polymers, small 

molecules or proteins, to make them more bio-compatible. It is possible to realize one 

or more layers, but the nanoparticles core provides the main properties, such as 

superparamagnetic behaviours for iron oxides. This core can be protected by some 

monolayers of inert materials, in particular silicon, then organic molecules can be 

absorbed or chemisorbed on the surface, and the same layer act also as a 

biocompatible material. Often an extra layer of ligands is needed to proceed with 

additional functionalization. Ligands are molecules having reactive groups on both 

ends: one to bind with the nanoparticles, the other for binding to some biocompatible 

molecules, usually poly-ethylene glycol (PEG) or dextran, other molecules depend on 

the function needed for the application. [33] 

One of principal applications of nanoparticles in the medical field is diagnosis, to 

improve the diagnostic of some diseases in time and precision. Using nanotechnology 

tools or probes can be a way to perform more accurate diagnosis. Existing diagnostic 

techniques include medical imaging, immune-assays, cell-based assays, genetic-

based tests, tissue and histological tests. Nanotechnology is improving diagnostic 

methods, such as magnetic, electrical, optical and electrochemical techniques. 

Particular nanostructures, such as nanotubes, dendrimers and nanoparticles, can be 

designed for diagnosis and therapy. [34-40] 

Medical imaging for diagnostics include magnetic resonance imaging (MRI), X-ray 

imaging, positron emission tomography (PET) scans, computed tomography (CT) 

scans, ultrasounds and other optical techniques, such as optical coherence 

tomography (OCT). The advantage of imaging, respect to assays and biosensors, for 

diagnosis is the possibility to carry out the analysis without samples of blood or tissues 

taken from the patient. Therefore, they are not invasive and sometimes they require 

the injection of contrast agents. However, most medical imaging instruments are 

expensive and the resolution has limits, which depend both on the sensitivity of the 

instrument and on the contrast agent used. Nanoparticles as contrast agents can be 

useful to increase the resolution, which may allow better diagnosis of diseases or may 

guarantee the same sensitivity also reducing dimensions and costs of diagnostic 

instruments. [41] Furthermore, functionalized magnetic nanoparticles can be targeted 
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to chosen analytes and then detected with small magnetic sensors, building portable 

diagnostic tools. 

Fluorescent tags, such as rhodamine and fluorescein isothiocyanate (FITC), have 

been used as optical markers for a large range of biological assays. Traditional 

fluorophores are available in various forms, such as membrane-specific chemistries, 

voltage-sensitivity dyes and pH-sensitive structures. But traditional fluorophores have 

some disadvantages, in particular broad emission spectra, photo-bleaching and short 

emission lifetimes. Nanomaterials can improve the use of fluorophores and develop 

new markers to convert optical detection methods with higher sensitivity, single-

molecule detection, multiplexed assays and in vivo diagnostics. Fluorescence 

emission can be controlled by adjusting the size of nanoparticles, so various 

dimensions of nanoparticles can be employed together for multiplexed assays, having 

each size emitting a different colour. [33, 42] However not all materials have 

fluorescence properties even in nanometric dimensions, so it is possible to bind 

fluorescent molecules on their surface to realize a fluorescent probe. This is a 

possibility for iron oxide nanoparticles, using specific molecules. 

Also in ultrasound analysis, the use of fluorine-carbon nanoparticles and liposomes as 

contrast agents contrast agents can affect the propagation of sound waves, by altering 

the acoustic properties. An advantage of particles in the nanometric size is that they 

can survive more time inside the body, because their dimensions delay the activation 

of inflammatory responses causing their elimination. 

Gold nanoparticles are very promising, because they can be used in optoacoustic 

imaging as contrast agents, in fact by controlling size and shape they can be realized 

to optimally absorb at specific wavelengths. They can produce luminescence at lower 

excitation intensities and are also more stable respect to typical fluorophores. Gold 

nanoparticles can be readily adjusted for biological specificity and possess very low 

toxicity respect to quantum dots. These characteristics represent a potential for gold 

nanoparticles as the technology to reach in vivo imaging of single-molecules for 

diagnostics [43, 44]. 

Iron oxide nanoparticles have been largely synthetized during the last years because 

of their potential applications in medical field. One of the most investigated application 

is magnetic separation: magnetic nanoparticles functionalized with ligands, which can 
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bind particular molecules, can be used to separate these molecules in solution using 

a magnet. Magnetic nanoparticles conjugated with antibodies can be employed to tag 

proteins in magnetic immunoassays. Functionalized magnetic nanoparticles can also 

be moved inside cells through external magnetic forces. Also sensors may use 

magnetic nanoparticles for portable diagnostics, comparable to chip-based electrical 

methods used in biological analysis, for example in tests concerning DNA. Medical 

imaging diagnostic is one of the most interesting field for magnetic nanoparticles 

application: as contrast agents they can enhance the sensitivity of these imaging 

techniques, in particular of MRI using superparamagnetic iron oxide nanoparticles 

(SPIONs), where typical contrast agents include gadolinium. Non-invasive detection 

methods at a cellular level can be realized using nano-carriers functionalized with 

specific biological receptors and loaded with contrast agents. For instance, magnetic 

nanoparticles for MRI can be altered to target a precise cell type and they can be also 

monitored optically functionalizing them with optical tags. [45, 46] 

A future perspective for magnetic nanoparticles is the drug delivery, moving them to a 

cancer, in order to release the drug only after reaching the diseased area. Another 

perspective is magnetic hyperthermia, in order to locally heat and destroy only 

diseased tissues. 

 

 

1.5 Nanoparticles effects on the health 

 

The dimensions of nanostructures make them suitable to evade the natural defences 

of the body and reach the inside of the cells, resulting cytotoxic. But all living animals 

have to deal with particles having nanometre dimensions, such as those resulting by 

air pollution, by forest fires or by pollen. 

The common approach in the estimation and control of risks derives from hazards 

identification, so is also important to evaluate a probability of exposure to the hazard 

with the related consequences. In this way the risk is typically controlled by decreasing 

this probability of exposure. Regarding nanoparticles, the main characteristics 

determining their risks are their chemical composition, their dimensions, which can 
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allow them to penetrate inside organs or cells, their specific surface area and their 

reactivity, in particular their ability to generate free radicals or to cause toxic reactions. 

Then the two main ways in which nanoparticles can enter the human body are contact 

with the skin and inhalation. The size of the nanoparticles affects both the penetration 

into cells and the penetration into in the lungs by inhalation. In the lungs, there are 

specific phagocytes, such as leukocytes or macrophages, which can destroy large 

particles, such as unicellular organisms or bacteria. However, for a possible toxicity, 

also the total of surface and the inhaled amount have great importance. For the 

inhalation of small amounts of nanoparticles, the risks for health can be considered 

minimal; instead with high amounts the risks become high, such as breathing 

problems, depending on the size, type and reactivity of the particles. Supposedly only 

people working with their production processes risk to inhale so large quantities of 

nanomaterials, but they can be protected using appropriate protection devices, or 

storing the nanoparticles in liquid suspensions instead of powder form, and also by 

monitoring with specific sensors the concentration of particles in air. [4, 33] 
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CHAPTER 2: ALKALINE-EARTH METALS NANOPARTICLES 

 

The Group 2 alkaline-earth metals include beryllium (Be), magnesium (Mg), calcium 

(Ca), strontium (Sr), barium (Ba) and radium (Ra). All the elements in Group 2 have 

two electrons in their valence shells, giving them an oxidation state of +2. They are all 

fairly reactive metals, which easily lose the two electrons in the external electronic level 

forming M2+ cations. 

Using the innovative synthesis techniques reported in this thesis, it is possible to 

produce nanometric compounds based on these elements; in particular magnesium, 

calcium, strontium and barium nanoparticles have been produced. Therefore, 

characteristics, synthesis routes and applications of these nanoparticles reported in 

the literature will be here described. 

 

 

2.1 Calcium hydroxide nanoparticles (nanolime) 

 

In the field of nanoparticles, calcium hydroxide nanoparticles will be here introduced, 

as they represent the starting point of this work. Calcium hydroxide, having chemical 

formula Ca(OH)2, is also called hydrated lime or slaked lime. Calcium hydroxide, 

known by the mineral name of Portlandite, is a member of the "layered" family of 

hydroxides, characterized, from a crystallographic point of view, by a Trigonal - 

Hexagonal crystalline system [1]. It is typically produced in form of powder by dry 

hydration of calcium oxide, CaO (also called quicklime). Due to its strong base 

property, calcium hydroxide has many uses, including: construction, painting, water 

treatment, chemical industry, acid neutralization, food industry, refinery, metallurgy, 

pesticides, fertilizers, dentistry. In particular, calcium hydroxide was one of the oldest 

building materials used by man, thanks to its ability to transform into calcium carbonate 

in the presence of carbon dioxide, according to the well-known carbonation process: 

Ca(OH)2 + CO2  CaCO3 + H2O (2.1) 

In relation to this process, lime has been considered a very promising material in the 

field of Cultural Heritage, suitable for conservative and protective treatments on all 

carbonatic substrates (frescoes, stuccos, plasters, stone materials as well as historical 
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mortars), as it fully satisfies the compatibility requirements on such materials. However, 

the use of commercial lime may have some limitations, linked to the micrometric size 

of the particles: reduced penetration capacity, whitening effect on the surface, low 

specific surface area, low reactivity and incomplete carbonation process. To overcome 

the limits of traditional lime-based treatments, alcoholic or hydro-alcoholic dispersions 

of calcium hydroxide nanoparticles (also called nanolime) have been introduced (figure 

2.1a. In fact, these nanoparticles possess a greater ability to penetrate into carbonatic 

surfaces, thanks to their smaller size, ensuring a greater reactivity and a lower 

whitening effect after their application. Calcium hydroxide nanoparticles are crystalline 

particles, having the form of hexagonal lamellae with dimensions less than 200 nm 

(figure 2.1b). 

 

a)  b)  

Figure 2.1. a) Alcoholic dispersion of nanolime; b) Transmission electron microscopy (TEM) image of 

the nanolime hexagonal particles with marker 200 nm 

 

Therefore, thanks to its properties, nanolime is able to restore the surface cohesion of 

deteriorated materials, as it ensures a complete carbonation process when exposed 

to air, recreating a thin web of new calcium carbonate, which adheres to the grains of 

the original substrate. [2] In this sense, nanolime represents the best consolidant, in 

terms of compatibility, to be used on frescoes and on substrates with a carbonatic 

matrix. [3] 
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2.1.1 Synthesis methods of nanolime 

 

As already described in the first chapter, there are two main ways leading to the 

synthesis of nanomaterials: one refers to the top-down approach, the other is called 

bottom-up approach. Calcium hydroxide nanoparticles have been synthesized by 

different processes, generally belonging to the bottom-up category, such as chemical 

precipitation, synthesis in diols, synthesis in water-oil microemulsions or by 

solvothermal reactions. 

Nanolime suspensions are typically obtained by precipitation, in supersaturation 

conditions, by mixing slowly (drop by drop) an aqueous solution of a strong base 

(NaOH) with an aqueous solution of calcium salt (CaCl2), at a temperature of 90°C. 

The reaction that occurs is: 

CaCl2 + 2Na(OH) → Ca(OH)2 + 2NaCl   (2.2) 

Thanks to the low solubility of Ca(OH)2 in water (1.7 g/L at 25°C), which decreases 

with increasing temperature, supersaturation conditions can be easily established, 

generating a nucleation rate greater than the growth rate, thus leading to the formation 

of very small particles. Despite the simplicity of the reaction from a stoichiometric point 

of view, it is necessary to consider different parameters to obtain nanoparticles, such 

as the temperature, the molar ratio of the solutions and the speed of synthesis. 

Moreover, at the end of the synthesis it is necessary to carry out several washes to 

remove the sodium chloride (NaCl) formed. Hexagonal nanoparticles with a size of 

about 300 nm can be obtained with this method. [4] 

To further reduce the size of the formed particles, it is possible to carry out the same 

synthesis by replacing the aqueous medium with diols. Diols are organic compounds, 

which have boiling points higher than water (for example for ethylene glycol Teb = 

197.6°C), so it is possible to reach higher temperatures during the reaction, reducing 

the Ca(OH)2 solubility and favouring the nucleation step. The synthesis is followed by 

several washes to remove the sodium chloride (NaCl) formed as well, and by 

peptization stages of the obtained suspension to remove the diols. Peptization occurs 

when the ionic concentration of the solution in contact with the precipitate reaches 

certain limit, called flocculation value, and is carried out with 2-propanol in an ultrasonic 

bath. From this method a low specific yield of Ca(OH)2 nanoparticles is inevitably 
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obtained, characterized by a lamellar shape with hexagonal morphology and a final 

size of 150-200 nm. [5] 

Another way is to introduce in the same synthesis a non-ionic surfactant (such as Triton 

X-100) and rapidly mixing the obtained solutions together. The formation of a white 

precipitate is instantly observed, however, as in the previous precipitation syntheses, 

it is necessary to work at relatively high temperatures (90°C) and carry out the several 

washes to remove both NaCl and surfactant from the final suspension. Following this 

procedure, the production of nanolime is achieved, which is morphologically and 

dimensionally comparable with the nanolime obtained through the synthesis in diols, 

but in reduced time. The surfactant is able both to limit the growth process of the 

particles and to avoid their agglomeration. Therefore, Ca(OH)2 nanoparticles in form 

of hexagonal lamellae and with sizes always lower than 200 nm are obtained, as can 

be seen in figure 2.2. [6] 

 

 

Figure 2.2. TEM images of calcium hydroxide particles obtained by surfactant synthesis: overview and 
detail of a single perfectly hexagonal particle [6] 

 
 

Solvothermal reaction is also a way to obtain nanolime. Working at high pressure and 

high temperature, calcium alkoxide is formed from metallic calcium and short-chain 

alcohol (ethanol or n-propanol). With a subsequent hydrolysis of this compound, 

calcium hydroxide nanoparticles are obtained, already dispersed in a solvent suitable 

for their stability, the addition of water is carried out at 70°C for one hour. Before 

starting the reaction, vacuum-nitrogen cycles are carried out to ensure an inert 

atmosphere inside the container. The average size of the final particles is about 200 

nm. [7] 
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The calcium hydroxide nanoparticles can be synthesized by the reaction of calcium 

acetate with sodium hydroxide using a sonochemical method as well. Sonochemistry 

is the research area where molecules are subjected to a chemical reaction due to the 

application of powerful ultrasonic radiation (20 KHz – 10 MHz). In recent years, many 

types of nanomaterials have been prepared using this method. Compared to other 

chemical methods, such as hydrothermal and solvothermal, this method does not 

require pressure and temperature controls. [8, 9] Experimentally to prepare the 

nanolime a NaOH solution was added to a solution of calcium acetate in ethanol. Then 

the suspension was irradiated with ultrasound using a high density ultrasonic probe, 

immersed directly into the solution. The ultrasonic wave generator (Sonicator_3000, 

Misonix) operates at 20kHz with a maximum power of 600W. The effects of ultrasound 

on chemical reactions derive from the development of elevated conditions of pressure 

and temperature locally, during the collapse of the bubbles due to acoustic cavitation. 

There are two regions: the inside of the collapsing bubble and the interface between 

the bubble and the liquid; the temperature of the inside can reach very high 

temperatures (based on the vapour pressure of the solvent), while at the interface it 

reaches lower temperatures. If the solute is ionic, as in this reaction, the quantity of the 

ionic species will be very small inside the bubbles, therefore calcium hydroxide 

nanoparticles are formed at the interface that, thanks to high cooling rates. The 

samples obtained with this method are characterized by primary nanometric structures, 

but the structures visible at TEM are aggregates reaching sizes of 500nm or more. [10] 

Calcium hydroxide nanoparticles can be obtained also with insolubilisation-

precipitation method, thanks to the solubility of calcium hydroxide, which is soluble in 

water and insoluble in propanol and ethanol. Starting from a saturated solution of 

Ca(OH)2, kept at 90°C in nitrogen to avoid carbonation, and adding 2-propanol (20%, 

50% or 90% in volume), the precipitation of nanolime is immediate. Hexagonal and 

monodispersed nanoparticles having sizes of about 200 nm are obtained with this 

method. [11] 

Table 2.1 shows the features of the main synthesis methods of nanolime reported in 

literature, together with the characteristics of the obtained nanoparticles in terms of 

size. 
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Table 2.1. Features of the main synthesis methods of nanolime reported in literature. HPS = 

heterogeneous phase synthesis; CP = chemical precipitation; S = solvothermal method; I = 

insolubilisation/precipitation 

Synthesis 

route 

Precursors  Synthesis medium/ 

atmosphere 

T (°C) Brief processing 

conditions 

Particle 

dimensions 

(nm) 

Ref 

HPS Carbonate 

stones  

CaO pebbles 

Air 

Deionized water 

850 – 900 

25 

5 years aging time 

under controlled 

atmosphere prior to 

its use 

30 - 400 12 

HPS Carbide lime Oxygenated water   Addition of barium 

hydroxide; filtration; 

addition of 

lignosulfonates 

30 - 200 13 

HPS Slaked lime    Thermomechanical 

treatment at high 

temperature and 

pressure 

300 14 

CP CaCl2ᐧH2O 

and NaOH 

Organic: 1,2-etanediol, 

1,2-propanediol and 2-

propanol 

195 Several washings, 

peptization; filtration 

at high temperature 

60 - 150 15 

CP CaCl2 and 

NaOH 

Deionized water; 

Triton X-100 

90 Several washings to 

remove NaCl and 

surfactant 

20 - 200 16 

S Metallic Ca Water or Aliphatic 

alcohols 

90 Release of H2 gas 30 - 300 17 

S Metallic Ca Aliphatic alcohols, 

Vacuum/nitrogen 

> 70 High pressure reactor 

(p=350bar), release of 

H2 gas 

80 - 300 18 

HPS/ CP Waste 

clampshell 

Air 

Organic: Ethylene 

glycol and Diethyl 

Ether 

800 

 

400 

Calcination of raw 

materials. Used 

surfactants: N-Cetyl-

N, N,N-

trimethylammonium 

bromide 

32 - 53 19 

I/P limewater Under nitrogen 40 - 76  Reduced production, 

limited to the low 

Ca(OH)2 solubility 

10 - 200 20 

 

From this summary table, it this possible to notice that the existing methods to 

synthesize nanolime have some limitations, such as procedures with complex 

equipment or requiring organic compounds; high synthesis temperature or pressure; 

multistep processes with intermediate steps (filtration, washing, peptization of the 

suspension); long synthesis times and limited produced amounts. So, the development 

of a cost-effective and scalable method to synthesize nanolime is still essential to 

extend the use of this compound to widespread applications. 

An innovative synthesis method of calcium hydroxide nanoparticles has been 

developed at the Laboratory of Materials Technology and Applied Chemistry of the 
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University of L’Aquila, and recently patented at European level (EP2880101). It is a 

bottom-up method based on a single-step ion exchange process, which allows to 

obtain pure nanoparticles in extremely short times, working in water, at room 

temperature, atmospheric pressure and starting from cheap or renewable reagents, 

according to a cyclic procedure potentially scalable to an industrial level. The nanolime 

produced can be dispersed in water-alcohol mixtures, varying the solid concentration 

if necessary, in order to improve the colloidal stability or the amount of consolidant. 

This patented method is the starting point of the experimental development of this 

Thesis, so it will be better discussed in the following chapters. 

 

 

2.1.2 Nanolime applications in Cultural Heritage 

 

In the field of conservative treatments in Cultural Heritage, commercial lime finds 

application as lime water or lime milk. Lime water is a saturated aqueous solution of 

Ca(OH)2, which is obtained by dissolving an excess of lime in water and taking the 

supernatant. In such solution there are Ca++ and OH- ions, so the calcium cations react 

with the CO2 in the air to form calcite crystals, CaCO3, directly on the treated surface. 

Calcite, which is poorly soluble in water (0,014 g/l at T = 20°C), has a fixing and 

insulating effect against some aggressive compounds present in the atmosphere; 

moreover, by adhering to the grains of the substrate, it can increase the structural 

cohesion of the treated area. However, lime water has some limitations related to its 

low concentration (the solubility of Ca(OH)2 in water is 1,7 g/l at T = 20°C), so too many 

treatments and too much water intake are needed to have visible results on the 

substrate. The lime milk is an aqueous suspension of Ca(OH)2 and it is used on the 

same principle as lime water, because, compared to the treatment with lime water, the 

lime milk involves a greater intake of Ca(OH)2 for the same volume of water. [21] But 

also the lime milk has limitations due to the micrometric size of the particles, which 

have a limited penetration on the substrate and a low reactivity, thus determining an 

incomplete carbonation and a whitening effect on the surface. To increase the efficacy 

of these kind of treatments, calcium hydroxide nanoparticles in hydro-alcoholic 

dispersions have been introduced, since thanks to the reduced size, a greater 
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penetration depth on the substrates together with a greater reactivity and a less 

whitening effect on the surfaces are obtained. 

The nanolime suspensions can be applied by nebulization, by brush, by spray or by 

imbibition on different substrates. Furthermore, the suspension can be diluted or 

applied using Japanese paper for application on frescoes or mural paints, to 

completely avoid the formation of unwanted white veils on the surface. After 

application, the solvent evaporates in short times, depending on the environmental 

conditions (relative humidity), on the type of solvent and on the amount of product 

applied. However, the carbonation process can require from a few minutes to a few 

days to be completed, depending also on the suspension concentration, on the type of 

solvent and on the environmental conditions. [22] 

 

Nanolime applications in the conservation of frescoes 

All the artistic artefacts represent systems whose materials are subject to natural 

degradation. The typical degradation phenomena in plasters and paints involve the 

loss of cohesion of the various constituents, due to a loss of the binding function of 

calcium carbonate, with consequent detachments of pigment particles, chalking of the 

plasters and small mechanical collapses of the structure. 

For stone materials the deterioration can be triggered by the action of water, acting 

through physical-mechanical phenomena (such as freezing/thawing), but also by 

chemical attacks from aggressive substances present in the atmosphere (carbon 

dioxide, nitrogen oxides and sulphur dioxide). This leads in time to manifestations of 

corrosion, detachment and exfoliation of the surfaces. 

The restoration operation is developed in three main phases, which can be defined in 

chronological order as cleaning, consolidation and protection. [23] 

Cleaning is the operation aimed at removing everything that is inadequate for the 

conservation of the material. In fact, the substances deposited on a work of art can 

have different origins: natural aging (dirt and dust), bacteria and fungi (biological 

patinas), black crusts, extraordinary events (mud and earth from floods or other 

catastrophic events) or also incorrect restoration interventions. 

The consolidation operation aims to restore adhesion, cohesion and compactness, 

thus improving the mechanical strength of the structure. This operation is typically 
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carried out by impregnating the substrate with a product, which, penetrating deeply, 

improves the cohesion of the deteriorated areas and the adhesion between them and 

the intact substrate. So, in the case of stone materials, a good consolidating product 

must be absorbed uniformly, reach all the deteriorated areas, consolidating them and 

connecting them to the whole substrate, without producing discontinuities. It must also 

preserve the appearance and the chromatic values of the original material, without 

causing significant changes in thermal expansion, elastic modulus and vapour 

permeability, or the formation of harmful secondary by-products. 

The last step to conclude a restoration intervention is the protection, usually carried 

out by spreading transparent and water-repellent chemicals or covering layers of 

plaster on the surfaces, to create a barrier surface against the aggression of chemical 

agents and atmospheric pollutants. 

However, the concept of compatibility between the original material and the applied 

material has been ignored for several years in many restoration interventions, resulting 

often in dramatic effects on works of art. In the consolidation of wall paintings, for 

example, synthetic organic fixatives, polymers and vinyl or acrylic copolymers have 

been used for a long time, having a considerable chemical and structural diversity 

compared to the original substrates on which they are applied. These products, usually 

high molecular weight polymers, form molecules with dimensions equal to or greater 

to the pores present in the substrates, causing a closure of these pores and triggering 

corrosion phenomena in previously intact areas of the material. 

The frescoes are wall paintings made on fresh plaster based on lime and sand; they 

are made by painting with pigments of mineral origin diluted in water: in this way, once 

the carbonation process is completed in the plaster, the colour remains completely 

incorporated, thus acquiring particular resistance to water and time. [24] The 

consolidating action of synthetic organic fixatives or polymers in these substrates is 

due to their strong adhesive power: penetrating through the macro-pores and micro-

cracks, they more or less continuously cover the walls, binding together the mineral 

elements, reducing the vapour permeability of the treated surfaces and giving them a 

more or less strong water repellence. For example, when the surface of a painting on 

a wall is covered with a polymeric film, the crystallization of the salts takes place under 

the film, leading to a strong mechanical stress for the pictorial layer, bringing the work 
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of art to degradation in few years depending on the environmental conditions. In 

addition to the degradation of the support, the aging of the polymer can produce drastic 

changes in the physico-chemical properties of the inorganic constituents of the painting 

and of the polymer itself (colour changes over time, loss of permeability to water 

vapour, loss of mechanical properties), making it necessary to remove it immediately. 

Moreover, by presenting a basic incompatibility with the inorganic substrate of the art 

works, they can also trigger a series of degradation mechanisms that are extremely 

dangerous for the conservation of the original material, such as the loss of cohesion 

between the various layers of the painting, with consequent exfoliation or detachment 

of the pictorial layer, phenomena which cause a strong alteration both from a 

mechanical and aesthetic point of view. 

In many cases of deteriorated pictorial pigments, the consolidation with nanolime 

restored a cohesion of the wall painting, thanks to the small size of the particles 

allowing them to pass through the pigment layer. In fact, these nanoparticles allow the 

re-adhesion of the original pigments to the wall support and, following the carbonation 

process, the consolidation of the pictorial pigment on the surface is also obtained, 

without introducing materials incompatible with the original work. 

In this regard, one of the first examples of the use of nanolime for the consolidation of 

a work of art is for the frescoes in the crypt of San Zeno in Verona. The medieval wall 

paintings (13th and 14th centuries) in the crypt of the Basilica of San Zeno in Verona 

(Figure 2.3) showed a strong deterioration, in particular a loss of cohesion of the 

pigments and some whitish layers on the surface.  

 

 

Figure 2.3. Paintings in the crypt of San Zeno, before and after the treatment with nanolime [24] 
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After the application of nanolime dispersions for the consolidation phase, the cohesion 

of the pictorial pigment on the surface is obtained, without any chromatic alteration of 

the surface, as shown in figure 2.3 after the treatment. 

 

Nanolime applications in the consolidation of stones 

In the case of stone materials, the nanoparticles of calcium hydroxide can be applied 

by immersion, spray or injection. A stone material exposed to the atmosphere 

degrades through a process that proceeds progressively from the outside to the inside. 

In most cases, deterioration is accompanied by the formation of hard and not porous 

superficial black crusts, below which the material is non-cohesive and more porous. 

The inland areas, on the other hand, are generally better preserved and present a 

limited porosity compared to the degraded layers above. Water can be of the factors 

that induce alterations within the material, penetrating inside the pores of the stone in 

the liquid state, by capillarity, but also in the gaseous state and condensing inside the 

pores. In general, the effects of water in the degradation process can be summarized 

as follows: 

• mechanical action due to the tensions that are generated due to the freeze-thaw 

cycles of the water; 

• erosive phenomena caused by rainfalls; 

• chemical action in the porous structure of the material, connected to the transport 

and storage of pollutants (dispersed acids) in the surrounding environment. 

There are also thermal factors that cause contractions and dilations of the material and 

therefore stress and decohesion of the same. [25] 

Consolidation is an action that is necessary when the damage caused by degradation 

is high enough to require the restoration of the structural characteristics of the material, 

or to recreate a sufficient degree of adhesion between the grains. A consolidation 

treatment must meet three main requirements: 

• effectiveness, or improvement of mechanical resistance; 

• compatibility (with the treated support); 

• durability (resistance in time to various degradation mechanisms). 



 

50 

 

Therefore, the products used to solve conservation problems on natural stones must 

be chemically, mechanically, physically and aesthetically compatible with the substrate 

on which they are applied. The term compatibility means the similarity between the 

chemical and physical characteristics of the product and those of the substrate, which 

is to avoid discontinuities in the properties of the consolidated stone. At a chemical 

level, the product must not trigger any type of reaction with the treated support and 

must not generate by-products, which can cause degradation phenomena in the 

substrate. Furthermore, the consolidant should penetrate as deeply as possible and 

be uniformly absorbed by the stone. Finally, the product should not completely occlude 

the pores of the stone, but rather restore the porosity of the material to the 

characteristic levels of intact substrates. These products, both organic and inorganic 

in nature, are generally liquid substances capable, once penetrated into the porosity 

of the stone (generally by impregnation), to pass to the solid state, generating 

reticulated structures adhering to the surface of the pores, having the ability to restore 

some mechanical properties of the substrate. 

 

Nanolime applications in the deacidification of ancient woods 

Finally, another application of calcium hydroxide nanoparticles in Cultural Heritage is 

in the deacidification of historical documents and ancient woods. In fact, the 

combination of sulphur and iron ions inside their fibers can lead, in favourable 

environmental conditions (low pH), to the formation of acidic compounds which quickly 

degrade the cellulose matrix. A controlled treatment of ancient woods under vacuum 

using nanolime suspensions can represent a solution to protect objects made of 

degraded wood, such as sculptures, works of art or archaeological finds. The efficiency 

of the deacidification treatment of some wood samples using nanoparticles was 

confirmed from the restoration of pH to neutral conditions (Figure 2.4). [26] 
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Figure 2.4. Nanoparticles for the deacidification of ancient wood [26] 

 

 

2.1.3 Other applications of nanolime 

 

In addition to the Cultural Heritage field, thanks to its binder properties combined with 

its non-toxicity and highly alkaline characteristics, nanometric calcium hydroxide is 

being studied in other fields of application, for example in dental treatments [27, 28]. 

In fact, some bacteria, such as the Enterococcus faecalis, which is a gram positive 

bacterium that habitually populates the stomach and intestines of humans, can invade 

the dental tubules causing acute or chronic infections and resist up to high pH levels. 

The traditional lime results not very effective on the Enterococcus faecalis, but the 

nano structured calcium hydroxide seems to guarantee a penetration into the deeper 

layers of the tooth and greater effectiveness on this bacterium. A study in this regard 

was conducted to compare the antimicrobial activity of nanolime compared to 

traditional lime, using independent tests. From the results, the nanolime showed a 

higher antimicrobial activity at a depth of 200 and 400 μm [27]. 

Another possible use of nanolime, found in recent literature, is in photocatalytic 

degradation. Samples of Ca(OH)2 nanoparticles were immobilized in Alginate beads 

and showed excellent photocatalytic degradation activity in the presence of UV 

radiation. The dependence of this activity from different experimental conditions was 

also studied, showing promising results for the use of nano Ca(OH)2 as photocatalysts. 

Studies on the recyclability of immobilized catalysts were also conducted and the 

results showed that they maintain a high efficiency for several cycles. [29] 
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Calcium hydroxide can also be used as a precursor to obtain nanometric calcium oxide 

(CaO), which has interesting applications from an industrial point of view: it can be 

used as a catalyst in the production of biodiesel by transesterification of waste oils [30, 

31], in gasification [32] or in decarboxylation reactions [33]; it can also be used in the 

production of optical fibers [34] and of technologically advanced sensors [35]. In 

particular, the production of biodiesel was investigated through the transesterification 

method, using a combination of nano CaO and nano MgO. Indeed, nano magnesium 

oxide alone is not able to catalyse transesterification, because it has a much weaker 

base affinity, but when it is used together with nano CaO, due to its surface structure, 

the contact surface of the CaO and the base affinity increase, with consequent 

improvement of the transesterification reaction. [36] 

 

 

2.1.4 Commercial nanolime products: CaLoSiL and Nanorestore 

 

The principal nanolime products on the market are actually CaLoSiL and Nanorestore. 

CaLoSiL products, developed by IBZ – Salzchemie GmbH & Co. Kg, are stable 

colloidal alcoholic suspensions of calcium hydroxide nanoparticles. There are different 

types of CaLoSiL products on the market: 

 CaLoSiL® E-5, E-25 and E-50 

 CaLoSiL® IP-5, IP-15 and IP-25 

 CaLoSiL® NP-5, NP15 and NP-50 

The letters indicate the type of solvent while the numbers give the total calcium 

hydroxide concentration in g/l. 

These suspensions are obtained by solvothermal reaction of metallic calcium with 

water, in an alcoholic medium: 

Ca + 2H₂O → Ca(OH)₂ + H₂   (2.2) 

The solvothermal synthesis is a method used for a variety of materials, such as metals, 

semiconductors, ceramics, and polymers. This process involves the use of a solvent 

at moderate temperature (typically between 100°C and 1000°C) and high pressure, to 

facilitate the interaction of the precursors during the synthesis. Depending on the 

experimental conditions, the solvothermal reaction can be heterogeneous or 

homogeneous, taking place under subcritical or supercritical conditions. If water is 
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used as a solvent, the method is called "hydrothermal synthesis" and the synthesis is 

usually performed below the supercritical temperature of the water (374°C). 

According to the product data sheet, the nanoparticles present in the suspension of 

CaLoSiL have a hexagonal shape with a size between 50-150nm. The suspensions 

are also characterized by great stability, resulting from the physical adsorption of 

alcohol above the surface of the particles. In fact, particle agglomeration is known to 

occur in water through a connection mechanism guided by the hydrogen bond. [37] 

Nanorestore products, produced by CSGI, are stable hydro-alcoholic suspensions of 

calcium hydroxide nanoparticles. There are different types of CaLoSiL products on the 

market: 

 Nanorestore® Propanol or Ethanol, 5 or 10 g/l 

 Nanorestore Plus® Propanol or Ethanol, 5 or 10 g/l 

 Nanorestore Paper® Propanol or Ethanol, 3 or 5 g/l 

Nanorestore suspensions are sold in bottles of HPDE (high density polyethylene), 

which must be kept tightly closed in order to avoid carbonation in air and the possible 

formation of aggregates. The suspensions of the Nanorestore Plus line are formulated 

to prevent sedimentation for long storage periods. The Nanorestore products are 

obtained in small quantities from a precipitation method and formulated with lower 

concentrations respect to Calosil products. Moreover, Nanorestore suspensions have 

much higher market prices compared to Calosil suspensions. [38] 

The consolidating effect of these nanolime products is obtained after some applications 

on the surface of the substrates, which can be done by brush, by spray or by 

immersion. The suspensions must be applied until the porous matrix is saturated; after 

the solvent evaporation, it is possible to proceed to further applications. Considering 

that various factors affect the consumption of the products (in particular the solvent 

evaporation and the application losses), it is difficult to predict the exact amount of 

suspensions required for a standard intervention. Approximately 1 litre of alcoholic 

nanolime at 5 g/l can be used to consolidate 10 m2 of painted surface, corresponding 

to 0.5 g/m2 of calcium hydroxide nanoparticles. Generally, it is recommended to repeat 

the application several times (up to 12 times) of less concentrated suspensions, rather 

than perform fewer applications with more concentrated dispersions, in order to allow 

the penetration of smaller particles and to reduce the probability of white glazes 
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formation. Following the various applications, the calcium hydroxide nanoparticles 

react with atmospheric carbon dioxide to form calcium carbonate (CaCO₃), to which 

the consolidating effect is attributed. However, it is usually recommended to wait at 

least one month before checking the effectiveness of the consolidating treatment, 

because the complete nanolime carbonation can take 4 weeks or more, depending on 

the environmental conditions. [38] 

 

2.2 Magnesium hydroxide and oxide nanoparticles 
 

Magnesium hydroxide, Mg(OH)2, is an inorganic compound existing in nature as a 

mineral called Brucite. Most magnesium hydroxide is produced from seawater or 

brines. Mg(OH)2 is poorly soluble in water, where it acts as a weak base, but it is often 

use in the form of an aqueous suspension, called milk of magnesia or magnesia. It is 

a compound of considerable industrial importance, in particular in the paper industry. 

Magnesium hydroxide can greatly increase the strength, stiffness, dimensional stability 

and high temperature deformation of some polymers. It is used as non-toxic, non-

corrosive and thermally stable flame retardant in composite materials [39-42]. 

Moreover, it is also used as a desulfurizing and bleaching agent [43, 44], as an anti-

acid excipient in drugs [45], as a neutralizing agent for acidic water pollutants [46, 47], 

as an additive in fertilizers and as main precursor in the production of magnesium 

oxide. 

 

2.2.1 Synthesis and applications of magnesium oxide nanoparticles 
 

The development of magnesium hydroxide on the nanometric level has received 

considerable interest, due to the potential peculiar properties related to the small size 

and high specific surface area. Mg(OH)2 nanoparticles were found to be effective in 

treatments of deacidification and protection of cellulose and as antibacterial agents 

[48, 49]. Magnesium hydroxide in the nanoscale used as flame retardant allows to 

reduce the load level, both increasing efficiency as a flame retardant and improving 

compatibility in polymer matrices. Furthermore, improvements in specific mechanical 
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and physical properties of the polymer can be achieved by using the filler particles in 

the form of lamellae or needles [50-54]. 

Magnesium hydroxide nanoparticles can be prepared by different methods: 

solvothermal method [55], hydrothermal method [56-58], laser ablation technique [59], 

sonochemical process [60], microwave irradiation [61] or precipitation of magnesium 

salts using precipitant agents or other additives, polymers and copolymers [62-69]. 

However, these methods are generally characterized by some drawbacks, such as the 

use of organic solvents, high synthesis temperatures, long times of synthesis or many 

steps of purification or washing. For this reason, there are ongoing studies to develop 

versatile, cost-effective and scalable methods to produce magnesium hydroxide 

nanoparticles, in order to successfully introduce these materials for widespread use. 

From nanometric magnesium hydroxide, the nanometric magnesium oxide can be 

directly obtained by thermal decomposition: this nanomaterial can be used in a wide 

range of applications thanks to its electrical and thermal properties. Table 2.2 shows 

the main methods in literature to obtain MgO nanoparticles, indicating the process 

conditions, the precursors and the solvents used. [70-78] 
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Table 2.2. main methods in literature to obtain MgO nanoparticles, indicating the process conditions, 

the precursors and the solvents used, together with the dimensions of the obtained NPs 

 

Synthesis 

route 
Reagents Solvents 

Surfactants 

or 

polymers 

T(°C) Time Conditions 

Size 

NPs 

(nm) 

Sol-gel 

Mg(NO3)

2, oxalic 

acid 

Water No 25 

Some 

minutes 

+ 

washin

gs 

Formation of gel, 

dehydration of MgO and 

decomposition of 

magnesium oxalate (500-

1000°C) 

6,5-

73,5 

Micro-

emulsion 

Mg5(CO3

)4 

paraffine 

PEG, 

water 
CTAB 25 

Some 

hours 

Precursor precipitation 

from the paraffin system in 

water. Calcination at 823-

1123 K. 

25-70 

Sono-

chemical 

NaOH, 

Mg(CH3

COO)2 

 

Ethanol, 

water 
No 25 

Some 

hours 

Ultrasonication suspension 

of precursors (20kHz, 

600W); calcination at 

400°C 

72,4 

Hydro-

thermal 

MgCl2 

·6H2O, 

EDTA, 

KCl, 

NaOH 

 

Water No 160 
3-72 

hours 

Sol in autoclave (160°C, 3-

72h). Filtered, washed and 

dried precursors (100°C, 

24h) Calcination (400°C, 

60 min). 

80-100 

Spray 

pyrolysis 

C4H10Mg

O2 
Methanol No 320 

Some 

minutes 

Solution of the precursor 

on flame of CH4/O, 

dispersed as a spray by O 

50 

CVD 

MgB2, 

ZnO, 

graphite 

- No 850 
30 

minutes 

Synthesis in a quartz 

horizontal tube. Protection 

with Ar gas 

80-200 

Flame 

metal 

combusti

on 

Mg 

powder 
O2, H2 No 

200-

700 

Some 

minutes 

Transport of O2 and Ar 

powders on flame 
60-120 

Coprecip

itation 

Mg(NO3)

2, NaOH 
Water No 25-30 

Alcune 

ore 

+lavag

gio 

Coprecipitation followed 

by washing, centrifugation, 

drying (100°C) and 

calcination (400°C) 

20 

Surfactan

ts 

method 

Mg(NO3)

2 
Water 

Brij 56, 

Triton X-

100 

 

80 
Some 

hours 

Solution of the precursor 

added to the surfactant 

with stirring. Calcination 

of the gel (4h at 550°C) 

6-18 
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Magnesium oxide insulating properties make it a suitable additive material for the 

production of electrodes, insulated conduits and other electronic devices. Its refractory 

properties make it ideal for the production of various refractory materials, for use as a 

lining material and for the production of various high temperature optical and electrical 

devices. Several magnetic devices use magnesium oxide in their manufacture as a 

filler, insulator or component of material (widely used within the radio industry). 

Magnesium oxide is also a common additive in a lot of materials due to its unique anti-

rust properties. In addition to uses in the manufacture of various advanced materials, 

it can be used as a dehydrating additive for some raw chemical materials. Moreover, 

magnesium oxide nano powder added to fuel is useful to inhibit static exhaust, to 

prevent corrosion and to keep the fuel system clean. [79] 

 

2.2.2 Magnesium hydroxide nanoparticles in Cultural Heritage 
 

The dolomitic stones are among the most used materials in the history of buildings in 

the world. These stone materials during time are damaged by different factors, causing 

losses in internal cohesion, which makes necessary the use of consolidant products. 

As mentioned, calcium hydroxide nanoparticles are, among nanomaterials, the most 

used product in stone consolidation. However, it is important to consider that dolomite 

crystals are composed by layers of magnesium and calcium ions alternate with layers 

of carbonate ions [80]. Therefore, the application of pure nanolime in dolomitic stones 

could form nano-calcite recrystallized, leading to the stone dissolution due to an 

enrichment in calcium ions [81]. The de-dolomitization is another problem of using 

nanolime for this kind of stone: in alkaline conditions, the dolomite can react with 

hydroxides generating an intergrowth of brucite, calcite and other alkali carbonates. 

When these reactions happen, the expansion and the cracking of dolomitic substrates 

occur [82-84]. In this kind of stone is suitable the development of new consolidant 

products based on magnesium hydroxide nanoparticles, with morphologies and 

crystalline structures appropriate for applications in the dolomitic stone used in 

buildings [85]. Also for this kind of nanoparticles, the consolidant effect is based on 

their carbonation process with atmospheric CO2 in high humidity conditions, resulting 

is the precipitation of magnesium carbonate, MgCO3. The consolidation of dolomitic 
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stones can be obtained using mixed suspensions of calcium and magnesium 

hydroxides nanoparticles. Therefore, to reach a durable consolidation, mixed Ca(OH)2 

and Mg(OH)2 suspensions have been applied in a high porosity dolomitic stone [86]. 

Another application of magnesium hydroxide nanoparticles in Cultural Heritage is in 

the deacidification of historical documents and ancient woods. In fact, the combination 

of sulphur and iron ions inside their fibers can lead, in favourable environmental 

conditions (low pH), to the formation of acidic compounds which quickly degrade the 

cellulose matrix. Small alkaline particles, such as Mg(OH)2 in lamellar form, can 

penetrate inside the fibers of ancient woods to restore neutral pH values and can 

remain inside the substrate to protect it from further acid degradations. Therefore, the 

use of these nanoparticles can represent a solution to protect objects made of 

degraded wood, such as works of art, sculptures or archaeological finds. 

 

2.3 Strontium hydroxide and carbonate nanoparticles 
 

Strontium hydroxide, Sr(OH)2, is a caustic alkali compound, existing in anhydrous, 

monohydrate or octahydrate form. Since Sr(OH)2 is slightly soluble in cold water and it 

is usually obtained by adding a strong base (NaOH or KOH) drop by drop to a solution 

of a strontium salt, commonly strontium nitrate, Sr(NO3)2. Strontium hydroxide can 

react with CO2 to form strontium carbonate, SrCO3, having properties similar to those 

of calcium carbonate: it is poorly soluble in water, but it dissolves in acids. Strontium 

carbonate is present in nature as the mineral strontianite, which is one of the main 

sources of strontium. Strontium is in fact named after the discovery of the mineral 

strontianite which, in turn, is named after the location of Strontian (Scotland), where 

the first strontium mineral was discovered. 

 

2.3.1 Synthesis and applications of strontium hydroxide nanoparticles 
 

Strontium hydroxide nanoparticles are obtained mainly by precipitation routes from 

strontium salts with organic additives [87, 88]. However, these synthesis methods have 

typically some drawbacks, such as long times, limited amounts of production, high 
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number of steps or organic additives, which do not make this product economically 

sustainable for large scale productions. Strontium carbonate nanoparticles can be 

obtained directly from the reaction between Sr(OH)2 nanoparticles and CO2 (controlling 

the growth of the new phase), or by precipitation routes as well. 

Strontium carbonate with high purity is widely used by the electronics industry, in the 

production of strontium titanates for MLCC and PTC devices. It is also widely used as 

a raw material for the production of strontium aluminates, of phosphorescent pigments 

and of transparent ceramic glazes. Its main application is in the production of glass for 

cathode ray tubes, LCD and plasma screens. For what concern the risks of such 

compounds, strontium hydroxide and strontium carbonate are non-flammable in the 

form of a nano-sized dust, even when mixed with air under an ignition source, so there 

is no possibility of dust explosion. 

 

2.3.2 Strontium hydroxide nanoparticles in Cultural Heritage 
 

Cultural Heritage is an incalculable patrimony and integral legacy to our future, for this 

reason we need to preserve it and provide access to it for the next generations. 

Nowadays, this rich and fragile heritage has reached a situation of strong degradation 

and conservation of stone heritage is always a complex challenge. Several variables 

have to be considered to identify the problems, define the conservation actions and to 

select the materials to be used. Compatibility, durability, depth of penetration, water 

permeability, biological resistance and also health matters are important factors to take 

into account. 

Conservation of Cultural Heritage is mainly based on the traditional restoration 

treatments, such as the use of synthetic polymers. Only recently nanomaterials are 

being applied in the maintenance of the architectural heritage, in order to improve the 

consolidation and protection of damaged building materials. Moreover, atmospheric 

pollution is dramatically increasing the external degradation of numerous monuments, 

due to the deposition of contaminants and organic matter. In this context, one of the 

main advantages on the use of nanomaterials can be their photocatalytic capacity, 

which prevents the growth of microorganisms on the surfaces, allowing an easier 

removal of biofouling, biological stains and soiling from surfaces [89, 90]. In this way, 
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innovative applications use nanoparticles in building materials for self-cleaning, 

environmental pollution remediation and anti-microbial effects. 

Among these innovative applications, strontium hydroxide nanoparticles were tested 

as consolidant products and also as de-sulphating agents for mortars, stones and wall 

paintings. These nanoparticles where tested in the consolidation of porous stone 

substrates, namely the stone of Lecce (Italy), and of some wall paintings, the frescoes 

of the “Grotta del Crociffiso” of Sicily (Italy). The strengthening effect of the 

nanoparticle-based treatments was compared with that shown by the well-known 

consolidant ethyl silicate (or tetraethoxysilane). All the results suggested that Sr(OH)2 

nanoparticles, applied in 2-propanol dispersions, exhibit some good properties as 

consolidating agents, thanks to the carbonation reaction. In particular, the treatment 

with nanometric Sr(OH)2 was able to increase the resistance of stone to aging. 

Moreover, Sr(OH)2 in nanometric form is able to react with gypsum, forming a strontium 

sulphate, which can replace the more soluble gypsum, reducing the mechanical stress. 

[91] 

 

2.4 Barium hydroxide and carbonate nanoparticles 
 

Barium hydroxide, Ba(OH)2, is a caustic alkali compound, existing in anhydrous or 

octahydrate form. Due to its solubility in water (from 1.7 g/l at 0°C, up to 101.4 g/l at 

100°C), it is a very strong base. Its 5% aqueous solution is known as "barite water", 

and it is used to search carbonates and sulphates in the analytical field. However, its 

main application is in the ceramic industry. 

Barium hydroxide can be transformed in a compound of greater interest, namely 

barium carbonate, BaCO3, having properties similar to those of calcium carbonate, 

which can be found in nature as the mineral Whiterite (Figure, but it is a rather rare 

mineral (Figure 2.5).  
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Figure 2.5. Whiterite mineral (barium carbonate) 

 

Whiterite crystallizes in the orthorhombic system similar to aragonite. The crystals are 

constantly linked in groups of three, giving rise to pseudo-hexagonal shapes 

resembling bipyramidal quartz crystals, with faces that are generally rough and 

horizontally streaked [92, 93]. 

 

2.4.1 Synthesis and applications of barium nanoparticles 
 

Barium hydroxide nanoparticles are obtained mainly by precipitation routes from 

barium salts, using organic additives or microwave irradiation. [94] However, these 

methods are characterized by some drawbacks (long times, limited quantities, high 

number of steps, high temperatures, organic additives), which do not make this product 

economically sustainable for large productions. The development of barium hydroxide 

on the nanoscale has received interest due to its peculiar properties related to the small 

size and high specific surface area. In particular, thanks to the carbonation reaction, 

these nanoparticles can be applied for the conservation of cultural heritage. 

Barium carbonate nanoparticles are obtained by precipitation routes as well or using 

sol-gel combustion methods. [95] Barium carbonate is an important material in industry 

to produce barium salts, pigments, optical glasses, ceramics and electric capacitors. 
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2.4.2 Barium hydroxide nanoparticles in Cultural Heritage 
 

Barium hydroxide has already been used as a consolidant product for carbonatic 

stones, representing a potential alternative to the use of lime given its greater solubility 

in water. Moreover, when barium ions are in contact with calcite crystals, a relevant 

exchange of barium ions with calcium ions can be reached. In this way, the precipitated 

barium carbonate is bonded to the calcite crystals, increasing its adherence to the 

stone material [96, 97]. The consolidant action of Ba(OH)2 is based on its carbonation 

reaction as well, but a disadvantage in the use of this product in the consolidation of 

stones is its low penetration ability [98]. For this reason, numerous techniques have 

been proposed to introduce this hydroxide into the matrix of the stone, such as the 

addition of urea to the solution to obtain a slow and controlled precipitation of BaCO3, 

but to increase the penetration depth, the use of controlled nano-sized Ba(OH)2 

particles is essential [99]. Moreover, Ba(OH)2 solutions have been applied to 

consolidate gypsum materials and wall-paintings using the Ferroni-Dini method [100]. 

As for the strontium, the gypsum can be converted into barium sulphate as well, then 

the application of Ba(OH)2 solutions allow the stone consolidation. Also mixed 

formulations of nanolime and barium hydroxide nanoparticle were tested for the pre-

consolidation of surfaces particularly affected by sulphates. 

Ba(OH)2 has also been used as an additive material in the conservation of mortars. 

Barium hydroxide made a homogeneous binding material, composed by Whiterite 

(BaCO3), calcite (CaCO3) and a mixed barium-calcium carbonate (BaCa(CO3)2), 

without generating any defect [97]. Moreover, Ba(OH)2 was found to have a positive 

impact for the sulphate-resistance of lime mortars, by avoiding calcium dissolution 

when used as an additive to the lime binder [101]. So, the presence of barium phases 

inside lime binders can increase the durability of conservation mortars. And the 

addition of barium hydroxide can lead to the development of alkali-activated mortars 

as well, having a greater strength due to the formation of hydrated calcium silicates 

and aluminates with higher molar ratios of Si/Al and Ca/Al. 

A further application of barium hydroxide in Cultural Heritage is in the deacidification 

of historical documents and ancient woods. Barium hydroxide nanoparticles 

suspended in aqueous or alcoholic solvents were applied to various ancient paper 

samples to verify their effectiveness. The treatment effect was measured by the pH 
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value and the reserve alkalinity test. The results of the reserve alkalinity tests indicate 

an improvement in the alkaline index, with a significant reduction in the acidity of the 

paper and an improvement in the pH value. For this kind of application, ethanol was 

the best solvent based on pH value, nanoparticle dispersion and spray use. Moreover, 

these nanoparticles possess a reinforcing effect on paper, and the accelerated aging 

test revealed that this effect remains also during aging. All the obtained results 

converge in the identification of these nanometric particles as an innovative, fully 

compatible and effective material for the consolidation and deacidification of old or also 

new paper surfaces. [94] 
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CHAPTER 3: IRON OXIDE NANOPARTICLES 

 

Iron oxide nanoparticles are the most popular magnetic nanoparticles in biomedical 

applications due to low cost, low toxicity and superparamagnetic properties. Oxides 

are chemical compounds containing iron and oxygen, overall there are 16 pure phases 

between oxides, hydroxides and oxy-hydroxides. Among these are 6 iron compounds 

exclusively with oxygen: wüstite (FeO), magnetite (Fe3O4), hematite (α-Fe2O3), beta 

phase (β-Fe2O3), maghemite (γ-Fe2O3) and epsilon phase (ε-Fe2O3). As shown in the 

figure, compounds of iron with oxygen find applications in various sectors: from 

catalysis to semiconductors, from magnetic resonance to waste water treatment, from 

pigments to gas sensing, as shown in Figure 3.1. 

 

 

Figure 3.1. Example of iron oxides and hydroxides with possible applications [1] 

 

Iron oxides nanoparticles are principally investigated as tools for medical imaging with 

a lot of applications, in particular in the diagnostic of a vast number of diseases (from 

atheromatous plaques to multiple sclerosis). It is possible to find applications of iron 

oxides nanoparticles also in the stem cell field, which has gained a lot of attention in 

both cardiologic and neurological research over recent years. 
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3.1 Magnetic properties of iron oxides 
 

The magnetic properties of a material depend on how it behaves when subjected to an 

external magnetic field 𝐵⃗ 0 [T]. To evaluate this behaviour, the following 3 vector 

quantities are used: the magnetic induction field 𝐵⃗  [T], the magnetic field 𝐻⃗  [A/m] and 

the magnetization vector 𝑀⃗ [A/m], which represents the magnetic moment of the 

material for volume unit. There is a relationship between these 3 vectors: 

𝐵⃗  = 𝜇(𝐻⃗  + 𝑀⃗ ) 

where 𝜇 = 𝜇𝑟 𝜇0 [H/m] is the absolute magnetic permeability of the material, given by 

the product between the relative magnetic permeability 𝜇𝑟 and the magnetic 

permeability of vacuum 𝜇0 = 4𝜋 ⋅ 10−7 H/m. 

Therefore, the magnetic induction field 𝐵⃗  is the sum of a component 𝜇 𝑀⃗  that takes into 

account how the intrinsic magnetic moments of the electrons (spin) are oriented, and 

of a component 𝜇 𝐻⃗  which depends mainly on the presence of free charges in the 

medium. 

For materials in massive form, 5 different types of magnetism are distinguished, and 

this classification can be expressed in terms of magnetic susceptibility (𝜒m = 𝑀⃗  / 𝐻⃗ ), a 

dimensionless number. Materials can therefore be classified into: 

 Diamagnetic (−10−1 < 𝜒m < −10−6): materials without a magnetic dipole moment. 

Under the action of an external magnetic field, the intrinsic magnetic moments 

are oriented in the opposite way respect to the applied field, and therefore a 

diamagnetic material is weakly rejected by it (e.g. water, gold, copper, silver). 

 Paramagnetic (10−6 < 𝜒m <10−1): materials having randomly oriented intrinsic 

magnetic moments that tend to align themselves in a not very rigid way in the 

direction of the external magnetic field when it is applied, therefore the 

paramagnetic substances are weakly attracted to it (e.g. hematite, ferrihydrite, 

aluminium). 

 Ferromagnetic (103 < 𝜒m <105): materials show a long-range ordering at the 

atomic level in regions called Weiss domains, in which the magnetic moments 

are oriented in the same direction. In the presence of an external magnetic field, 

ferromagnetic substances are capable of magnetizing themselves in a 
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particularly intense way, thus becoming permanent magnets (e.g. iron, nickel, 

cobalt, gadolinium). 

 Antiferromagnetic (0 < 𝜒m < 10−2): materials which in the presence of an external 

magnetic field tend to orient the intrinsic magnetic moments which are all 

parallel, but, unlike ferromagnetic materials, this occurs with two-by-two 

opposite directions, resulting in therefore the overall magnetization of the 

material is null (e.g. goethite, lepidocrocite, manganese). 

 Ferrimagnetic: as for antiferromagnetic materials, the dipole moments are 

oriented with opposite directions, but in this case the magnetization is of 

different amplitude in the two orientations with consequent total magnetic 

moment non-zero, thus becoming permanent magnets (e.g. magnetite and 

maghemite). 

Other than these types of magnetism, in ferromagnetic or ferrimagnetic nanomaterials 

it possible to observe also superparamagnetism, which is a particular type of 

magnetism. To have this behaviour, materials must be composed of only one magnetic 

domain and this implicates particle dimensions generally less than 100 nm. This type 

of nanoparticles often has a magnetic anisotropy (the total magnetic moment tends to 

align itself along a preferential direction in the absence of an external magnetic field). 

If the thermal energy is high enough, they continuously change the direction of their 

magnetization and the average time that passes between two inversions of the 

direction is called Neel’s relaxation time. For this reason, in the absence of an external 

magnetic field, it appears null on average. When a magnetic field is applied, these 

materials become magnetized in a similar way to a paramagnetic material, but with 

much higher magnetic susceptibility, which leads to higher magnetization values, 

similar to those of a ferromagnetic material. However, to observe the 

superparamagnetic behaviour, the temperature of the material must be below its Curie 

temperature as well. [2] 

There is a critical radius, different for each ferromagnetic material and dependent on 

the crystalline structure, below which the material acquires a superparamagnetic 

behaviour. For instance, magnetite has a critical radius of 12.8 nm and maghemite has 

a critical radius of 16.6 nm, so under these dimensions they become 

superparamagnetic that makes them usable in different types of applications. [3] 
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3.2 Superparamagnetic iron oxide nanoparticles (SPIONs) 
 

Superparamagnetic nanoparticles formed by iron oxides have great importance. Their 

main applications are: catalysts, biomaterials, fluids for heat transfer, transparent 

conductive coatings, nanocomposites, optical devices capacitors, materials for optical 

fibers and lasers, semiconductor transistor, additives for different types of material and 

dyes to glass. 

One important research field is the realization of contrast agents for magnetic 

resonance imaging (MRI). For this application the most suitable iron oxides 

nanoparticles are magnetite (Fe3O4), maghemite (γ-Fe2O3) or other insoluble ferrites, 

such as hematite or ferrihydrite. These compounds have ferromagnetic properties 

when they are micrometric in size, but below certain dimensions of the magnetic 

domains, in the nanometric range, they acquire superparamagnetic properties. 

Superparamagnetic agents possess no magnetic properties outside an external 

magnetic field, but they are highly effective in MRI as enhancers of proton relaxation. 

In fact, the interaction between the magnetic moment of superparamagnetic particles 

and the protons of water molecules results in a decrease of relaxation time (T1 and 

T2). [4] 

The maghemite (γ-Fe2O3) is an oxide of iron Fe3+ and it is possible to find it in nature 

from the oxidation of magnetite at low temperature; its name originates from the 

compounds MAGnetite and HEMatite, having the same magnetic properties as the first 

and the same composition as the second. Its typical appearance and molecular 

structure are reported in Figure 3.2a. The magnetite (Fe3O4) instead is the oxide with 

the higher content of iron (about 72.5%) and it is widely used in industries dealing with 

metals. It represents one of the minerals with the strongest magnetic properties 

existing in nature, in particular it can be found in igneous and metamorphic rocks. It is 

a combination of both oxidation of iron (Fe3+ and Fe2+) in a 2:1 ratio and it can also be 

produced biologically by some organisms. Its typical appearance and molecular 

structure are reported in Figure 3.2b. 
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Figure 3.2. a) mineral morphology and molecular structure of maghemite; b) mineral morphology and 

molecular structure of maghemite magnetite [5, 6] 

 

The maghemite nanoparticles are principally employed as: catalysts, gas sensors, anti-

corrosion agents, nonlinear optics, semiconductors, pigments and biomedicine. While, 

the magnetite nanoparticles find applications especially in: magnetic contrast agents 

in MRI, detoxification of biological fluids, ferrofluids, absorption of electromagnetic 

waves, magnetic coatings, magnetic separation of cells, magneto-optical devices, 

magnetic detectors, semiconductors and biomedicine [5, 6]. A specific application of 

iron oxide nanoparticles is as ferrofluids, which are liquids that become intensely 

magnetized exposed to a magnetic field. Ferrofluids are colloidal liquids having 

nanostructured magnetic particles suspended in a carrier fluid, typically water or 

organic solvents. The particles are coated with surfactants or polymers to inhibit the 

aggregation. Large ferromagnetic particles can be separated from the homogeneous 

colloidal suspension, creating magnetic dust when exposed to high magnetic fields. 

Ferrofluids are usually composed of superparamagnetic nanoparticles, so they do not 

retain magnetization without an external magnetic field and their magnetic attraction is 

weak enough to prevent magnetic agglomeration, due to the presence of the Van der 

Waals force of the surfactant. Their main application is the reduction of friction in the 

surface of strong magnets. [7] 
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There are two main categories of superparamagnetic iron agents: 

- superparamagnetic iron oxides nanoparticles (SPIONs), ≥ 50 nm in hydrodynamic 

size; 

- ultra-small superparamagnetic iron oxides nanoparticles (USPIONs), < 50 nm in 

hydrodynamic size. 

This difference has relevant effects on the relaxivity constants and in bio-distribution 

and plasma half-life as well. 

The iron core size is generally between 4 and 10 nm. [4] The hydrodynamic size of 

SPIONs includes the whole size of the particle, comprising the magnetic crystal 

surrounded by coating molecules and coordinated water molecules as well (Figure 

3.3). This size is typically measured by dynamic light scattering (DLS) and photon 

correlation spectroscopy (PCS), in which the intensity of the diffused light is modulated 

using the Brownian motion of particles in solution. [8] 

 

 

Figure 3.3. Typical structure of superparamagnetic iron oxide nanoparticles 
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3.3 Synthesis of SPIONs and other iron oxide nanoparticles 
 

Iron oxide nanoparticles usually require surface modifications to achieve the 

biocompatibility and stability required for biological applications. In the absence of an 

external coating, they would tend to agglomerate under the action of the magnetic 

forces existing between them, causing various disadvantages such as the loss of 

superparamagnetic properties or the rapid removal from the human body by the 

reticulum endothelial system. To stabilize the particles in this sense, it is possible to 

modify the electrostatic repulsion force, which depends on the ionic strength and the 

pH of the solution in which the synthesis takes place, or on the steric hindrance which, 

in the case of polymeric coatings, is a function of the molecular weight of the polymer. 

For this reason, the techniques used in this context are numerous, and may include 

the addition during the synthesis of surfactants or different types of substances or the 

post-synthesis dispersion of nanoparticles. The surface coatings also protect the 

particles from oxidation and corrosion and allow the surface to be functionalized 

according to the application for which they are projected. They can be of different 

nature, as shown in Figure 3.4 and in Table 3.1. 

 

 

Figure 3.4. Different coatings for iron oxide NPs, the iron core is in grey [9] 
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Table 3.1. Coating agents typically used for iron oxides NPs, with principal features in terms of size, 

distribution, applications and advantages [9] 
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One of the problems of the synthesis of superparamagnetic iron nanoparticles 

(SPIONs) is the aggregation of magnetic nanoparticles, so various methods are 

required to characterize their purity, their efficacy (in terms of magnetization and 

relaxivity) and the reproducibility of the synthesis. Moreover, both the biological and 

the physicochemical behaviour of the particles can be influenced by the size, the 

morphology and the composition of the particles and also by the nature and the charge 

of the coating. For this reason, synthesis methods are manifold and can be very 

complex. For all of them it is possible to outline advantages and disadvantages: 

1) Bulk solution: allows to synthesize spherical nanoparticles, in the range size 

10-50 nm with a very wide distribution, having a magnetization value in the 

range 20- 50 emu/g and a superparamagnetic behaviour. This method can 

be used to produce a large amount of nanoparticles in a single synthesis, 

but the oxidation that may occur to nanoparticles is uncontrolled, causing 

the presence of a diamagnetic contribution.  

2) Pyrolysis/aerosols: allows to obtain spherical nanoparticles, in the range 

size 5-60 nm with a very wide distribution, having a magnetization value in 

the range 10-50 emu/g and good magnetic properties. This method can be 

used to produce a large amount of nanoparticles in a single experiment, but 

the produced particles agglomerates too easily.  

3) Sol-gel: allows to synthesize spherical nanoparticles, with high porosity 

values, in the range size 20-200 nm with a very wide distribution, having a 

magnetization value in the range 10-40 emu/g and a paramagnetic 

behaviour. With this method it is possible to mix different components to 

obtain a type of nanoparticles, but the matrix can remain attached to the 

nanoparticles surface. 

4) Gas deposition: allows to obtain spherical nanoparticles in the range size 5-

50 nm with a narrow distribution, having a magnetization value of about 20 

emu/g and a superparamagnetic behaviour. This method is very effective for 

the production of thin films, but it requires high temperatures for the gas 

production. 

5) Microemulsion: allows to synthesize cubic or spherical nanoparticles in the 
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range size 4-20 nm with a very narrow distribution, having a magnetization 

value of about 30 emu/g and a superparamagnetic behaviour. This method 

allow to produce nanoparticles having a great uniformity of the properties, 

but only a small amount of nanoparticles can be produced at the same time. 

[10-16] 

Table 3.2 shows some of the principal syntheses of SPIONs, reporting the initial 

reagents together with the experimental procedure. For each synthesis, the main 

characteristics of the produced nanoparticles in terms of hydrodynamic size and 

efficiency as contrast agents are also reported, evaluated through the relaxivity, which 

represents the angular coefficient of the regression line obtained by reporting the 

values of the reciprocal of the T2 times as a function of the concentration of iron. The 

greater the relaxation, the lower the T2 with the same concentration, and this leads to 

a better contrast. 

 

Table 3.2. Principal syntheses of SPIONs, with initial reagents, experimental procedure, hydrodynamic 

particle size and MRI results as r2 of the obtained nanoparticles 

Nanoparticles 

phase 

Initial 

reagents 

Experimental 

procedure 

Particle 

size (nm) 

MRI 

results as 

r2 (s-1mM-

1) 

Ref 

Magnetite 

Polylactic acid 

(PLA), acetone, 

Pluronic F68, 

magnetite 

nanoparticles in 

water 

PLA and acetone added drop by 

drop in to magnetite in water, 

mixed vigorously for several hours 

in order to allow the acetone to 

evaporate at RT 

120-200 
171-339 

at 4.7 T 
17 

Magnetite 

Fe(SO4)2•7H2O,  

FeCl3•6H2O, NH3, 

deionized water, 

PAA, PAH, PVA 

polymer added in the synthesis in 

N2 atmosphere at 90°C under 

vigorous mixing, then ultrafiltration 

and several washings 

56-230 
62-232 at 

1T 
18 

Magnetite 

FeCl2•4H2O, FeCl3, 

NaOH, HCl, 

deionized water, 

sodium citrate (TSC) 

After coprecipitation of Fe3O4 and 

washings, dispersion in TSC for 

6h at 80°C, washing the excess 

30 
102 at 1.5 

T 
19 
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Magnetite 

FeCl2•4H2O, FeCl3, 

NaOH, deionized 

water, dextran 

After coprecipitation of Fe3O4, 

magnetic separation and 

washings, the pH is adjusted and 

the nanoparticles are dispersed in 

a dextran solution, mixing for 6 

hours at 80°C, washing the 

excess 

50 
102 at 1.5 

T 
20 

Magnetite 

Fe(acac)3, DEG, 

ethanol, ether, 

PEG600, deionized 

water 

Synthesis in DEG at 140°C under 

N2 flow for 1h, then 200°C for 8h, 

then a ethanol/ether solution is 

added, several washings, finally 

PEG600 diacid is added, mixing 

for 24h and washing the excess 

30 

67 a 7 T 

on 

laboratory 

mice 

21 

Ferrihydrite 

FeCl3·6H2O, NH₄OH, 

deionized water, 

HNO3, carbossi-metil 

dextran (CMD), 

glucuronic acid 

After coprecipitation at 90°C and 

washings, the ferrihydrite 

nanoparticles are dispersed for 2h 

at 80°C in a concentrated CMD 

solution (200 g/l), washing the 

excess 

100 

Tests on 

laboratory 

mice 

22 

Magnetite 

C13H26O2, Fe(CO)5, 

C7H5O2Cl, C6H34O, 

ethanol, toluene, 

poly(maleic 

anhydride alt-1- 

tetradecene), bis(6-

aminohexyl) amine, 

chloroform 

A solution of C13H26O2 in C6H34O 

is heated to 293°C under flow of 

Ar. Then a solution of Fe(CO)5 in 

ether and a solution of C7H5O2Cl 

in ether are quickly added. The 

precipitated nanoparticles are 

washed and put in toluene, then 

poly(maleic anhydride alt-1-

tetradecene) in chloroform and 

bis(6-aminohexyl) amine are 

added 

9 a 44 
15-120 at 

various T 
23 

Magnetite 

FeCl3•6H2O, 

FeSO4•7H2O, 

bromoacetic acid, 

PEI-25, PEI-500, 

NH4OH, deionized 

water 

The coprecipitation reaction takes 

place in a solution of bromoacetic 

acid and PEI-25 or PEI-500, then 

the mixture is heated at 80°C for 

1h, finally dialysis and 

ultrafiltration are executed 

146-242 
53 at 4.7 

T 
24 
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Iron oxide nanoparticles can be coated and dispersed in organic solvents also after the 

synthesis process, therefore in the following tables the main synthesis methods of the 

principal iron-based nanoparticles are reported, in particular ferrihydrite (Table 3.3), 

hematite (Table 3.4) and magnetite (Table 3.5). For each synthesis, the main features 

of the produced nanoparticles in terms of size and specific surface are also reported, 

which are relevant for their applications. [25-36] 

 

Table 3.3. Principal syntheses of pure ferrihydrite nanoparticles, with initial reagents, synthesis 

environment, conditions and steps, particle size and specific surface of the obtained nanoparticles 

Synthesis 

method 

Initial 

reagents 

Synthesis 

environment 

Temperature 

and time 

Further 

steps 

Particle 

size 

Specific 

surface 

Chemical 

precipitation 

Fe(NO3)3·9H2O 

KOH 

Deionized 

water 

Air 

20°C 

1h 

Several 

washings 
15-20 nm 

347 

m2/g 

Chemical 

precipitation 

Fe(NO3)3·9H2O 

NaOH 

Deionized 

water 

Air 

20°C 

1h 

Five 

washings 
2-3 nm 

277 

m2/g 

Chemical 

precipitation 

FeC6H5O 

NH3 

A Deionized 

water 

Air 

90°C 

24h 

Five 

washings 
15-20 nm 

176 

m2/g 

Chemical 

precipitation 

Fe(NO3)3-9H2O 

NaOH 

Deionized 

water 

Air 

25°C 

1h 

Several 

washings 
3-4 nm 

133 

m2/g 

 

Table 3.4. Principal syntheses of pure hematite nanoparticles, with initial reagents, synthesis 

environment, conditions and steps, and particle size of the obtained nanoparticles 

Synthesis 

method 

Initial 

reagents 

Synthesis 

environment 

Temperature 

and time 

Further 

steps 

Particle 

size 

Chemical 

precipitation 

FeCl2-4H2O, 

NaOH 

Deionized 

water 

Air 

80°C 1h, 

700°C 3h 

Several filtrations 

and washings; 

drying and 

calcination 

200 nm 

Hydrothermal 

with 

microwave 

FeCl3-6H2O, 

NaOH 

Deionized 

water 

Air 

180°C 3h 

Several 

centrifugations and 

washings; drying 

and calcination 

600 nm 
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Micro-

emulsions 

Fe(NO3)3-9H2O, 

NH3, n-

heptane, DDAB, 

TBAH 

Deionized 

water 

Air 

100°C 24h, 

800°C 2h 

Several 

centrifugations and 

washings; drying 

and calcination 

50 nm 

Hydrothermal 
Fe(NO3)3-9H2O, 

HMTA 

Water/Ethanol, 

Air 

100°C 2h, 

500°C 3h 

Several filtrations 

and washings; 

drying and 

calcination 

70 nm 

 

Table 3.5. Principal syntheses of pure magnetite nanoparticles, with initial reagents, synthesis 

environment, conditions and steps, particle size and specific surface of the obtained nanoparticles 

Synthesis 

method 

Initial 

reagents 

Synthesis 

environment 

Temperature 

and time 

Further 

steps 

Particle 

size 

Specific 

Surface 

Chemical 

precipitation  

FeCl2-4H2O 

FeCl3-6H2O 

NaOH, HCl 

Deionized 

water 

Argon 

20°C 

1h 

Several 

washings 

12-14 

nm 
100 m2/g 

Chemical 

precipitation 

FeCl2-4H2O 

FeCl3-6H2O 

NH3, C3H6O, 

HCl 

Deionized 

water 

Air 

40°C 

0.5h 

Several 

washings 

with various 

solvents 

10-15 

nm 
87 m2/g 

Chemical 

precipitation 

FeCl3-6H2O 

FeSO4-

7H2O NH3-

H2O 

 

Deionized 

water 

Air 

30°C 

0.5h 
Six washings 23 nm 56 m2/g 

Chemical 

precipitation 

FeSO4-

7H2O KOH, 

KNO3 

Deionized 

water 

Nitrogen 

80°C 

18h 
Dialysis 

29-41 

nm 

12-14 

m2/g 

 

 

3.4 Iron oxide nanoparticles in biomedical applications 

 

Biomedical applications have certainly attracted the most interest for iron 

nanoparticles, in particular: contrast agents for MRI, hyperthermia and drug delivery. 

In particular, as contrast agents, superparamagnetic nanoparticles decrease the 

relaxation times of the magnetization vector in the tissues containing them, in this way 

these tissues can be mapped better on the magnetic resonance images. Therefore, if 
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the nanoparticles could selectively bind cancer cells, tumour regions would be more 

visible than other anatomical zones, facilitating both their identification and their 

therapeutic practice, such as radiation therapy or surgical excision. 

The drug delivery is a process to administer pharmaceutical components for 

therapeutic effects, in this way the administered drugs can be conveyed together with 

other molecules. These molecules can locate the tissues or areas requiring the cure 

or can enable the absorption of the drug by these areas. Nanoparticles alone are not 

the cure for cancer or other diseases, but possess some advantages: their large 

surface reactivity gives the possibility to form bonds with different types of molecules. 

These molecules can be specialized drug for a type of cancer, different biocompatible 

coatings, various types of ligands, antibodies and some other structures. [4] So for 

each type of application are possible a lot of combinations between core materials, 

coatings, drugs and activators. The ligands, which are bound to the external coat, have 

the role of intermediaries between the drug carrier and tissue cells, leading to three 

main benefits. The first one is the regulation of immune response: interacting with the 

immune cells, ligands must make sure that the immune response does not interfere 

with the nanoparticles, limiting their strength and action range. The second one is the 

direct interaction with the cell membrane in order to modify membrane permeability. In 

this way nanoparticles are able to leave the bloodstream and penetrate into tissues, 

so that the released drug can reach easier the cytoplasm of cells. And the third one is 

the cancer targeting: through oncology analysis it is possible to determine the proteins 

on the surface of cancer cells. So producing a type of nanoparticle having this specific 

ligand, it will accumulate mostly on cancer cells, limiting the dose to healthy cells, also 

reducing the required quantity of a drug. Independently from the specific nanoparticle 

and coating, the solution will be injected intravenously to the patient: the first interaction 

will be with the blood and then with the immune system. Thanks to the coatings, it is 

possible to increase the half-lives and the stability of the carriers inside the bloodstream 

and the duration of entrapment of the drug. The scheme in Figure 3.5 describes the 

nanoparticles pathway from injection in bloodstream to drug release inside the cancer 

cells. The surface reactivity and the size of the nanoparticles have a great influence 

for both the drug delivery and the magnetic resonance imaging or hyperthermia. [37] 
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Figure 3.5. Scheme of the magnetic nanoparticles (MNPs) pathway from injection to drug 

release [38] 

 

Human body has two organs acting as filters: the liver removes large particles from the 

bloodstream and the venous sinuses of the spleen remove particles larger than 200 

nm. Therefore, since the half-life of coated particles decreases with increasing their 

size, the choice of the size depends on several parameters. Increasing the complexity 

of the coatings, the longevity of the nanoparticles with the immune system can be in 

contrast with the presence of functionalities for targeted action on the surface. A 

possible solution is based on the EPR effect (Enhanced Permeation and Retention), 

which is an effect caused by cancer cells altering the porosity of the capillaries and 

destroying their filtering mechanisms. Therefore, the number of selected ligands must 

be limited to enable nanoparticles to exit the bloodstream and penetrate cancer 

tissues. Another possible solution can be the synthesis of biological membranes 

containing nanoparticles. Some examples of these biological cages are the liposomes, 

the polymeric micelles, the cages protein and the cages of hydrogel. 

The hyperthermia is a therapy performed using heat, which is based on some studies 

reporting that cancer cells mortality is greater than normal cells with increasing the 

temperature. Moreover, drugs and radiation, at the base of chemotherapy and 

radiotherapy, have demonstrated to be more effective increasing the temperature. So 
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the effects of hyperthermia are both the destruction of cancer cells and facilitation of 

the action of drugs and radiation, and collateral effects are limited and with low 

intensity. The magnetic hyperthermia uses fluids containing magnetic nanoparticles 

dispersed in an organic matrix, because of their superparamagnetic behaviour. In this 

way it is possible to heat the cancer tissue in an effective, uniform and targeted manner 

applying external magnetic fields (100-500 kHz) with an amplitude in the order of kA/m. 

The heating of these particles is related to relaxation processes: Brown and Neel. The 

relaxation of Brown is due to the rotation of a particle in the immersion fluid and the 

heat is produced by friction. The relaxation of Neel is due to a rotation of the magnetic 

moment, generating eddy currents heating the tissue. The effectiveness of the 

treatment can be evaluated in terms of heat transferred to the cancer tissue, which is 

related to the size and concentration of nanoparticles. [39] 

In general, superparamagnetic nanoparticles have a higher absorption rate than 

ferromagnetic/ferrimagnetic nanoparticles, and the maximum value is obtained for a 

dimension close to that of the critical diameter, as reported in Figure 3.6 [40]. 

 

 

Figure 3.6. Ideal dimensions of the nanoparticles for magneto-fluid hyperthermia [40] 

 

Furthermore, the effectiveness of the treatment also depends on the viscosity of the 

fluid in which the nanoparticles are dispersed and increases as the frequency of the 

alternating magnetic field increases. In addition, iron nano-oxides have a higher 

heating rate than other compounds used in fluid magneto hyperthermia obtained from 

the combination of iron with elements such as Barium, Nickel and Cobalt [41]. 
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3.5 Existing products containing iron oxide nanoparticles 

 

Some patented products based on iron oxide nanoparticles are already on the market, 

the most interesting nanoparticles among them are: 

 Feridex: known also as Ferumoxide and Endorem, is an aqueous colloidal suspension 

of superparamagnetic iron oxide coated with dextran. It is used for intravenous 

administrations as contrast agent for MRI, for the diagnosis of liver lesions, typically 

associated with an alteration in the reticuloendothelial system (RES). Feridex is 

absorbed by macrophages only in healthy liver cells and not in cancers cells, 

increasing in this way the contrast between normal and abnormal tissue. 

 Sinerem: known also as Combidex, contains ultrasmall superparamagnetic iron oxide 

nanoparticles for the diagnosis of metastatic disease in lymph nodes in MRI. As for 

Feridex, metastatic nodes have less uptake of this contrast agent, allows the 

differentiation of normal lymph nodes from metastatic nodes. Lymph node imaging with 

Sinerem is performed after 24 hours of slow infusion.  

 Resovist: is another MRI contrast agent containing organic coatings, used to 

detect small focal liver lesions. It contasins superparamagnetic iron oxide 

nanoparticles coated with carboxydextran, which are accumulated by the 

phagocytosis in reticuloendothelial system (RES) cells of the liver. The uptake 

of Resovist from injection in the RES cells results in a decrease of both T2 and 

T1 weighted images. Most liver cancers do not contain RES cells, so they do 

not absorb the nanoparticles, resulting in an improved contrast of the cancer 

areas. Resovist can be injected also as intravenous bolus, allowing immediate 

imaging of the liver. 

 Lumirem: is a negative oral contrast agent, used to discriminate the intestinal 

loops from other abdominal structures. After the ingestion, Lumirem flows 

through the stomach and the intestine in 30 to 45 minutes. Lumirem improves 

also the visualization of adjacent abdominal tissues, like the pancreas. 



 

81 

 

 Clariscan: is another iron-based contrast agent, but with large molecular size to 

prevent diffusion into body tissues, developed only for MRI of the liver (uptake 

by macrophages), cancer microvasculature and micro-vessel permeability. 

 VSOP-C184: contains ultra-small superparamagnetic iron oxide particles in 

aqueous solution, coated with a citrate and the overall particle size of 4-8 nm. 

There are numerous methods to administrate iron nanoparticles: slow intravenous 

injection (Endorem/Feridex), subcutaneous injections (Sinerem) and injected as a 

bolus (Resovist). Advantages and disadvantages depends on the particles type and 

on the application. After the injection in the bloodstream, iron oxide nanoparticles are 

internalized into macrophages (Figure 3.7) or other phagocytic cells. Their interactions 

depend particularly on their size. Nanoparticles having a hydrodynamic size of 15-30 

nm show a long residence time inside blood, allowing them to access macrophages 

deeply localized in pathologic tissues (such as lymph nodes, osteoarticular tissues, 

brain etc.). [42-44] 

 

 

Figure 3.7. Iron nanoparticles intracellular localization after 24h incubation in human monocytes (iron 

staining with Prussian) [45] 

 

Not only is the size important for tissue interaction, but also the chemistry of the 

surface. For example, superparamagnetic nanoparticles coated with an amino-

functionalized PVA can interact with melanoma cells without any cytotoxicity. [46] The 

macrophages are specialized defensive cells with endocytic properties, which are 

involved in many diseases, so they are among the most used pharmaceutical target. 



 

82 

 

The value of charge of the coating gives to the particles specific properties: the 

negative coating results more biocompatible, while the positive one has an improved 

interaction with cell membranes. [47] To better produce tailored nanoparticles it is 

fundamental the knowledge of the typical velocity of their in vivo processes. 

Considering that the nanoparticles diffusion in tissues depends on blood residence 

time, animal imaging experiments are usually performed with high doses (200-1000 

mmol/kg) and human experiments are performed with about 45 mmol/kg. The iron 

derived from the uptake of these nanoparticles is bioavailable, so it is incorporated into 

the body iron pools, in particular haemoglobin. This phenomenon is showed by the 

increment of ferritin levels, which is an intracellular protein that stores and releases 

iron. [48-50] 
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CHAPTER 4: NANOMATERIALS CHARACTERIZATION 

 

Dealing with nanomaterials synthesis means to characterize the obtained product 

from chemical, microstructural and practical points of view. It has been emphasized 

that nanoparticles possess special properties which make them useful for some 

different applications. In order to analyse these properties, it is necessary to use 

different kinds of techniques. This chapter is dedicated to the description of the main 

characterization techniques used during this thesis, with the related sample 

preparation procedure: 

 X-ray diffraction (XRD), 

 X-ray fluorescence (XRF), 

 X-ray photoelectron spectroscopy (XPS), 

 X-ray absorption spectroscopy (XAS) with Synchrotron light, 

 Fourier transform infrared spectroscopy (FTIR), 

 Thermogravimetric and differential thermal analysis (TG-DTA), 

 Alternating gradient magnetometry (AGM), 

 Transmission electron microscopy (TEM) 

 Scanning electron microscopy (SEM), 

 Atomic-force microscopy (AFM), 

 Surface area analysis (BET), 

 Magnetic resonance imaging (MRI). 

 

 

4.1 X-ray diffraction (XRD) 

 

Electromagnetic radiation is able to interact with matter through two main processes: 

• Absorption: the radiation transfers all or part of its energy to the material system, 

increasing its temperature or causing its transition to an excited state. In the case of 

X-rays, the incident radiation has enough energy to cause electronic transitions, and 

to expel electrons from atoms (photoelectric effect). 

• Scattering: during which the radiation is diffused by the matter and the 

electromagnetic waves associated with it change direction of propagation. This 

change can be accompanied by energy exchange between photons and matter 

(inelastic scattering; diffuse thermal scattering) or not (elastic scattering). 
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The X-ray diffraction technique is based on coherent elastic scattering: the 

macroscopic phenomenon of diffraction arises in fact from the coherent sum of all 

the electromagnetic waves diffused by the atoms that are located along the same 

family of lattice planes. To have this phenomenon, the presence of a lattice order is 

required, as is found in crystals, although this phenomenon can also be successfully 

observed in liquids using an energy dispersion X-ray diffraction (EDXD) instrument. 

However, X-ray diffraction is typically used measure substances in the solid state, 

depending on the nature of the sample, it is divided into single crystal X-ray 

diffraction (SC-XRD) and powder diffraction (XRPD, X-ray powder diffraction). The 

first technique is able to give three-dimensional information on the electronic density 

and on the thermal motions of each atom making up the crystal: however, the 

difficulty of obtaining single crystals and the complexity of data analysis make it a 

non-routine technique. Instead, the X-ray diffraction of powders is more used, which 

is much faster and cheaper, and allows to quantify the various components of a solid 

sample, and also to obtain information on the crystalline structure and on the size of 

the crystallites. 

An XRD measurement is based on measuring the distances between lattice planes 

using a radiation source with a wavelength of about 1Å, typically copper having 

λ=1.54Å. Based on Bragg's law, the detector will collect, in the direction of the angle, 

a peak with a certain intensity depending on the radiation reflected by the sample 

(Figure 4.1). 

 

Figure 4.1. Schematic representation of the photoelectric effect in XRD 

 

The Bragg’s law it is a geometric law based on the optical path difference between 

two incident waves, as represented in Figure 4.2, where the points constitute the 

atomic rows and the blue lines the incident beams then diffracted at a certain angle 

θ. The mathematical expression of the Bragg’s law is: n λ = 2 d sen(θ), where θ is 
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the angle that the diffracted beam forms with the crystalline plane, λ is the 

wavelength of the incident radiation, n is a positive integer and d is the distance 

between two adjacent parallel planes. 

 

 

Figure 4.2. Bragg's law schematization 

Parallel planes of atoms intersecting the unit cell, which is the basic repeating unit 

that defines a crystal, are used to define directions and distances in the crystal, 

these crystallographic planes are identified by Miller indices (hkl), as reported in 

Figure 4.3. 

 

Figure 4.3. Miller indices of a) the (200) planes of atoms and b) the (220) planes of atoms in NaCl 

 

In fact, atoms in a crystal form a periodic array of coherent scatterers and the 

wavelength of X-rays are similar to the distance between atoms. Diffraction from 

different planes of atoms produces a diffraction pattern, which contains information 

about the atomic arrangement within the crystal. A single crystal specimen in a 

diffraction pattern would produce only one family of peaks, therefore not all planes 

could be detected on a diffractometer. While a polycrystalline sample should contain 

thousands of crystallites, so all possible diffraction peaks should be observed. Basic 

assumptions of powder diffraction are that for every set of planes there is an equal 
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number of crystallites, which will diffract, and that there is a statistically relevant 

number of crystallites, as shown in Figure 4.4. 

 

Figure 4.4. Crystallites of a polycrystalline sample that are properly oriented to diffract 

 

Powder diffraction data consists of a record of photon intensity versus detector angle 

2, so diffraction data can be reduced to a list of peak positions and intensities, 

where each d corresponds to a family of atomic planes (hkl). For instance, in figure 

4.5 is reported the diffraction pattern of a polycrystalline TiO2 sample: structural 

information is obtained from the position, intensity, width and shape of diffraction 

peaks. 

 

Figure 4.5. Diffraction pattern of a polycrystalline TiO2 sample, with different colors for the different 

phases: Anatase, Brookite and Rutile 

 

With powder XRD technique it is possible to determine:  
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 Phase composition and quantitative phase analysis of a sample, identifying 

the relative amounts of phases in a mixture by referencing the relative peak 

intensities; 

 Unit cell lattice parameters and Bravais lattice symmetry through index peak 

positions, lattice parameters can vary as a function of alloying, doping, solid 

solutions, strains, etc.; 

 Crystallite size and microstrain, indicated by peak broadening analysis; 

 Crystal structure through Rietveld refinement of the entire diffraction pattern; 

 Presence of preferred orientation of crystallites, indicated by a systematic 

variation in diffraction peak intensities; 

 Residual stress and other defects (stacking faults, etc.), measured by 

analysis of peak shapes and peak width. 

An ideal powder sample should have many crystallites in random orientations, 

because the distribution of orientations should be smooth and equally distributed 

amongst all orientations. If the crystallites in a sample are very large, there will not 

be a smooth distribution of crystal orientations, therefore the samples must first be 

ground and deposited randomly. 

In this thesis, the data obtained from the XRD analysis were processed using the 

PANalytical Highscore Plus software. Then the search for the main peaks is carried 

out by the program using a method based on the second derivative. From the search 

for the peaks, all the information about the angular position of the peak, the 

interplanar distance, the relative intensity, the width and the crystalline size are 

derived. Then the identification of the phases is obtained by comparison with data 

sheets present on international databases, such as ICDD (International Centre for 

Diffraction Data) and ICSD (Inorganic Crystal Structure Database). The analysis can 

then be extended quantitatively to evaluate the relative % weight of the phases 

present in the spectrum, using the Rietveld refinement method. This procedure 

minimizes, by means of the least squares method, the difference between observed 

and calculated points using, as variables, the structural and instrumental 

parameters. The calculated spectrum contains two contributions, one for the 

background and one for each single Bragg reflection that are in a certain range 

around the step considered.  

X’Pert Pro diffractometer PANalytical equipped by PIXcel1D detector, operating at 

40 kV and 30 mA using CuKa1 monochromatic radiation, is used during this thesis. 
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The XRD data were recorded generally with a step size of 0.026°, in a range 5-70° 

2θ. The structural as well as crystallite size and average lattice strain of the samples 

are estimated from the XRD line profile analysis using Rietveld analysis, by X’Pert 

High Score Plus software (PANalytical). ICSD and ICDD reference databases are 

used for the phase identification. X-ray data are fitted using the pseudo-Voigt profile 

function. Specimen displacement, polynomial coefficients for the background 

function, lattice parameters, profile parameters, and Gaussian and Lorentzian profile 

coefficients are refined. [1] 

 

 

4.2 X-ray fluorescence (XRF) 

 

XRF is an X-ray emission spectroscopy technique that allows the identification of 

the chemical composition of the sample examined, therefore it is often used as a 

complementary technique to XRD. This technique allows to establish the presence 

of elements with an atomic number greater than sodium, and by using an 

appropriate method of measurement and data analysis, this type of analysis can 

also be quantitative. The qualitative analysis is carried out by identifying the 

presence at least of the Kα and Kβ emission of an element; the quantitative analysis 

is generally carried out by comparison with standards. The instrument employs an 

X radiation in order to create, due to the photoelectric effect, an electronic vacation 

in an inner shell of the atom of an element. This position is subsequently reoccupied 

by an electron that decays from one of the outermost shells, which in this way 

produces a photon that has an energy equal to the difference between the energies 

of the electron in the initial and final positions, as represented in Figure 4.6. In 

particular, from the vacation of an electron in the innermost shell (called K), photons 

of two different energies (lines Kα and Kβ) are produced by decay from the 

successive orbitals. If the vacation occurs in the successive shell (the L one) the 

number of possible photons produced increases (L lines). The energy of the various 

decays Kα1, Lα1 and Mα1 increases as a function of the atomic number Z of the 

elements. 
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Figure 4.6. Main transitions in the internal atomic shells that produce the characteristic X-rays 

emission of the various elements in XRF 

 

As a consequence of the penetration of an X-ray beam into a material, several 

photons are produced that form a pattern, which is made up of the peaks relating to 

the characteristic emissions of the elements making up the sample, but also by the 

elastic and non-elastic diffusion effects of the photons in the material itself. The 

number of photons present in a given peak is proportional to the weight fraction of 

the corresponding element in the volume of observed material. In practice, by 

measuring the area of the peak it is possible to identify the presence of the element 

to which it corresponds and its concentration, by preparing the sample according to 

a standard. The X-ray fluorescence method is extremely accurate; however, it is 

difficult to detect the presence of an element < 10-8g in the sample. The size of the 

particles and their shape are also important and determine the degree to which the 

incident beam is absorbed or scattered by the material, hence the samples are 

usually observed in tablet form. Elements with an atomic number lower than sodium 

are not detectable, as their emission energies are too low and are often reabsorbed 

by the atom itself or by other atoms. 

 

 

4.3 X-ray photoelectron spectroscopy (XPS) 

 

XPS is a qualitative spectroscopic technique to measure different parameters of 

solid materials, such as their elemental composition, together with the chemical 

state and the electronic state of the present elements. This technique is very useful 
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to analyse material surfaces. It is on the photoelectric effect: when a solid material 

is exposed to monochromatic R-X photons under vacuum conditions, the material 

emits electrons with a certain kinetic energy, as reported in Figure 4.7. 

 

 

Figure 4.7. Schematic representation of the photoelectric effect in XPS 

 

The resulting emitted electrons possess a kinetic energy given by the equation: 

BE= hν - KE – ф     (4.1) 

Where KE is the kinetic energy of the emitted electrons, hν is the energy of the 

irradiated photons, BE is the binding energy of the initial atomic orbital of the emitted 

electrons and ф is a function of the spectrometer work. Since each element has an 

exclusive group of energies, this value can be isolated from the equation (KE is 

measured, ф and hν are fixed) in order to identify the different elements and also to 

know their chemical environment. There is also an AUGER emission, which is given 

by an X -Ray fluorescence process, in which an excited electron (L) occupies a 

vacancy in a less energetic orbital (K). The difference of energy is given to another 

electron in an L orbital, which is finally emitted out with 10-15 seconds of delay in 

comparison with the photoelectric emission. All the obtained spectra show the 

number of electrons for energy interval (CPS) respect to their corresponding binding 

energy. When there are different elements, the resulting signal is the sum of the 

different contributions, so, by analysing mathematically the obtained signal, it is 

possible to detect the different contributions, as reported in Figure 4.8. 
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Figure 4.8. Representation of a typical XPS spectrum with mathematic operations to show two 

different contributions to obtain the original signal 

 

From the analysis of XPS spectra, it is possible to obtain: 

 quantitative data from the peaks height and width; 

 chemical state from the peaks positions and space with neighbour peaks. 

So this technique is useful to measure: 

 elemental composition of a surface (top 1-10 nm of the material usually); 

 elements that contaminate a surface; 

 empirical formula of pure materials (except for H and He) with chemical or 

electronic state of each element; 

 homogeneity of the surface elemental composition. 

XPS measurements are here recorded at room temperature using a PHI 1257 

system equipped with an Mg X-ray source (hν = 1253.6 eV) with a hemispherical 

analyzer. [2] 

 

 

4.4 X-ray absorption spectroscopy (XAS) with Synchrotron light 

 

XAS is a technique for measuring the linear absorption coefficient µ(E) of a material 

as a function of the incident photon energy (E) in the X-ray regime. This technique 

is element and orbital-specific because determines the local electronic and atomic 

structure of matter. Indeed, the XAS spectrum is conventionally divided into the 

XANES region (X-ray absorption near edge structure), from before the threshold to 

60-100 eV after the threshold, and into the EXAFS (extended X-ray absorption fine 

structure) region, which extends until the end of the spectrum. In particular, XANES 
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is an element specific and local bond sensitive spectroscopic analysis that 

determines the partial density of the empty states of a molecule. 

XAS has been extensively used since about 1950 to obtain information about 

molecular structure, bond type, coordination stoichiometry, ionic charges, etc. 

However, experimental X-ray absorption spectroscopic data from X-ray tube 

sources is affected by noise and systematic errors. So, since 1970 high brilliance 

synchrotron radiation started to be used to gain better absorption spectra. 

Experimental techniques have continued to develop and thanks to the exponential 

increase in brilliance over time, high quality XAS data is now routinely collected at a 

multiplicity of second and third generation synchrotron sources. These sources have 

a typical beamline set-up, made of a double crystal monochromator (DCM), which 

selects a particular energy from the incident synchrotron beam. 

As discussed in the XRF section, an internal electronic vacation in an atom can be 

created when a core electron absorbs an X-ray photon and is ejected from its core 

shell. The successive process is the decay of an electron from another orbital, 

accompanied by an emission: Auger electron emission or X-ray fluorescence. For 

higher-energy excitation (K edges of elements with atomic numbers > 40), X-ray 

fluorescence is the primary relaxation process. Different core electrons have distinct 

binding energies, therefore, plotting the X-ray absorbance of a specific element as 

a function of energy, it is possible to obtain a spectrum similar to Figure 4.9. 

Obviously the energy will progressively decrease from the inner to the outer orbital, 

and the name of the absorption edges (K, L, M) are given, as for XRF technique, 

according to the principle quantum number n of the excited electrons (s, p, d). 
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Figure 4.9. Main transitions in the internal atomic shells that produce the characteristic absorption 

edges of the various elements in XAS 

 

Generally, as the energy of X-ray radiation is scanning through the binding energy 

regime of a central shell, a sudden increase in absorption appears, and this 

phenomenon corresponds to the absorption of the X-ray photon by a specific type 

of electrons of the nucleus (for example 1s electrons of Fe). This gives rise to a so-

called absorption edge in the XAS spectrum due to its vertical aspect, as shown in 

a typical spectrum (Figure 4.10). 

 

 

Figure 4.10. Typical X-ray absorption pattern, divided into XANES region (near edge) and EXAFS 

region (after the edge) 
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The absorption K edge is represented from the sharp rise in absorption, which 

occurs for each element at a characteristic incident energy expressed in eV. There 

are weak transitions below the absorption edge, called pre-edge structures, as well 

as significant absorption features in the immediate nearby area of the absorption 

edge and well above the edge. The structure that is located in the immediate nearby 

area of the absorption edge, conventionally within 50 eV of the absorption edge, is 

called XANES region. Beyond XANES, the oscillatory structure caused by 

interference between the outgoing and backscattered photoelectronic waves is 

referred to as EXAFS region, which can extend up to 1000 eV or more above the 

edge absorption. XANES directly probes the angular momentum of unoccupied 

electronic states: these states can be unbound (continuous) or bound (exitonic), 

broad or discrete, molecular or atomic states. 

The commonly observed allowed transitions are indicated in the Figure 4.10. Weak 

pre-edge structures usually arise from constrained state transitions. The pre-edge 

structures before the K edges of the first row transition metals result from the 1s 

transition to the 3d transition. These pre-edge structures are observed for each 

transition metal of the first row until its 3d orbital is fully occupied. Although the 

transition from 1s to 3d is prohibited by the dipole selection rules, it is still observed 

due to the 3d to 4p orbital mixing and direct quadrupole coupling. As the mixing from 

3d to 4f improves, the transition from 1s to 3d increases, which means that this trend 

can be used as a tool to probe the molecular geometric properties of the absorption 

sites. As the transition from 1s to 3d increases, the geometry of the absorption site 

distorts from a centrosymmetric geometry. The so-called L1 edge corresponds to 

the excitation of a 2s electron which requires more energy than a 2p electron. The 

2p electron excitation is divided into two edges, i.e. L2 and L3, when a 2p electron 

is excited, an open-shell 2p5 electron configuration is formed, so spin-orbit coupling 

of such a system occurs. 

Moreover, as the oxidation state of the absorption site increases, the energy of the 

absorption edge increases correspondingly. This observation is explained using an 

electrostatic model: atoms with a higher oxidation state require higher energetic X-

rays to excite its central electron, because the nucleus is less shielded and has a 

higher effective charge. 

Edge energies can be treated also as continuum resonances. A continuum 

resonance refers to a short-lived excitation process in which a central electron is 
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excited into a higher energy state that is usually above the continuum. An example 

is the potential well created by the absorbing and scattering between closest 

neighbouring atoms. When the distance between the absorber and the scatter is 

shortened, the energy of the continuous state increases as 1/R2. Since higher 

oxidation states imply shorter bond lengths in molecules, the edge energies increase 

as oxidation states increase. [3-5] 

EXAFS region, typically starting at ~ 50 eV above the absorption edge, can be 

interpreted as due to the dispersion of the photoelectron expelled from the absorbing 

atom by the photoelectric effect. The photoelectron will disperse from the 

surrounding atoms and some of it will coherently return to the absorbing atom still in 

its excited state (before the hole in the electron level of the nucleus has been filled). 

The amplitude of the scattered photoelectron in the absorbing atom will change the 

probability of creating a photoelectron, and therefore the probability of X-ray 

absorption. EXAFS general equation is: 

  (4.2) 

with  

where k is the wavenumber of the photoelectron, E is the energy of the X-rays, E0 

is the energy of the absorption edge and me is the electron mass. The normalized 

value of χ(k) is dimensionless, because the (standard) expression has F in units of 

1/k. Other definitions for a dimensionless F have (kR)2 in the denominator to 

maintain consistency of units. The sum in the EXAFS equation is over shells of 

atoms of a particular type j and similar distances from the origin of the initial 

photoelectron. Therefore, Rj is the interatomic distance, Nj is the coordination 

number and σj
2 represents the mean-square disorder in the distance for the shell 

j. Fj is the photoelectron back scattering amplitude having Φj(k) as corresponding 

back scattering phase for the shell j. S0
2 is an amplitude reduction factor for 

relaxation of the absorbing atom, because of the presence of the empty core level 

and multi-electron excitations. λj(k) is the photoelectron inelastic mean free path, having 

a strong dependence upon k and a values range of 1-100 Å. For many systems 

works the approximation of Φj(k)≈−2a0k (a0 is the Bohr radius), generating peaks 

shift ~0.5 Å below the actual interatomic distance for a particular shell in the Fourier 

transform of χ(k). Both Fj(k) and Φj(k) depend upon the atomic number Z of the 
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scattering atom, having non-linear dependence on k. The exp(−2k2σj
2) is typically 

called effective Debye–Waller factor, including thermal vibration and static disorder.  

The sum in the EXAFS equation can be considered over photo-electron scattering 

paths instead of atomic shells. In this way it is possible to include multiple scattering 

paths for the photo-electron, which can give important contributions in various 

systems. The interpretation of some components of the EXAFS equation becomes 

slightly modified: Rj is the half the path length, Fj(k) and Φj(k) are the multiple 

scattering amplitude and phase-shift for the entire path. The EXAFS equation allows 

the numerical determination of the structural parameters Nj and Rj, then σj
2 knowing 

the amplitude Fj(k) and Φj(k) for a small number (< 10) of paths (or shells). It does 

not work at low k, which is in the XANES region, because the 1/k term 

increases, λj(k) increases, so the disorder terms do not strongly dampen the 

EXAFS, for this reason the EXAFS model of single particle scattering becomes no 

longer a good approximation. [6-9] 

The data acquired from EXAFS beamline can be analysed using available computer 

software packages, such as Athena and Artemis. These programs contain AUTOBK 

for the background removal, FEFF6L for the generation of the theoretical EXAFS 

models and FEFFIT for the parameter optimization. Firstly, data has to be 

normalized in µ(E): a linear function is regressed to the pre-edge region and a 

quadratic function is regressed to the post-edge region. Normalized µ(E) spectra are 

obtained by subtracting the pre-edge line from the entire spectrum. At this point µ(E) 

data is converted to χ(k) data, which is then Fourier transformed in Artemis. The 

distances found in Fourier transform are shorter (0.2-0.5 Å) than real distances due 

to the energy dependence of the phase factors of the EXAFS equation, therefore 

the data has to be matched to theoretical models. This can be done using Artemis 

software, which an interface called “Atoms” that can convert crystal structure 

information into a cluster of atoms, providing in this way a list of atom positions in 

spatial coordinates to be used in FEFF computations. This generated structure is 

given as input to the FEFF code, which generates a theoretical EXAFS model 

(Figure 4.11). 
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Figure 4.11. Example of the effect of the possible contributions of various scattering paths on a 

spectrum elaborated in radial distance (Å). 

 

The theoretical model, according to the EXAFS equation, is written as a sum of 

paths of the contribution from all scattering paths of various photoelectrons, which 

originate from the absorbing atoms and are scattered from the neighbouring atoms, 

then finally return to the absorbing atoms. Each path owns several adjustable 

parameters optimized by the FEFFIT computer code to fit the data. These 

parameters include the electron reduction factor (S0
2), the number of equal paths 

(Ni), the relative mean-square dislocation of the atoms included in the path (σi
2), the 

energy shift for each path (∆E0) and a variation in the path length (∆Ri). The 

theoretical model is modified as needed, for example including different atom types, 

until the best fit is obtained between experimental and theoretical spectra, as 

reported in Figure 4.12. 

 

Figure 4.12. Computer software analysis scheme for EXAFS data 

 

The parameters that are typically determined from this fit are the amplitude of the 

EXAFS oscillations (N, S0
2, σ2) or the phase of the EXAFS oscillations (∆E0 and ∆R). 

[10] 
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4.5 Fourier transform infrared spectroscopy (FTIR) 

 

Infrared (IR) spectroscopy is an absorption spectroscopic technique normally used 

in the field of material characterization for the analysis of chemical bonds. The basic 

principle of this technique is the absorption of infrared photons by molecules, which 

pass from their fundamental vibrational state to an excited vibrational state. In a 

typical infrared spectrum, it is possible to find on the abscissa the wave number of 

the incident photons and on the ordinate the transmittance. The vibrations can be of 

two types: stretching of the chemical bond (stretching) and deformation of the bond 

angle (bending). Fourier transform IR spectroscopy or FTIR is performed using an 

interferometer, which allows the scanning of all the frequencies present in the IR 

radiation generated by the source. Scanning is possible thanks to a moving mirror 

which, by moving, introduces a difference in the optical path, causing constructive 

or destructive interference with the ray reflected from a fixed mirror. In this way an 

interferogram is obtained, with the representation of intensity in the time domain. By 

applying the Fourier transform, the infrared spectrum is obtained, consisting in the 

representation of intensity in the frequency domain. Among the main advantages of 

FTIR, which guarantees great reliability in the analysis of many organic and 

inorganic compounds, is the high availability of the used energy, resulting in a much 

better signal/noise ratio respect to traditional infrared spectroscopy. Furthermore, 

the analysis times are significantly reduced. [11] 

FTIR measurements are performed by means of a spectrophotometer Thermo 

Nicolet Nexus; data are collected in the range 400-4000 cm-1, typically on samples 

in form of powder. 
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4.6 Thermogravimetric and differential thermal analysis (TG-DTA) 
 

The analysis of the change in the mass of a sample during heating is known as 

Thermogravimetric analysis (TG). TG measures weight changes in a material as a 

function of temperature (or time) under a controlled atmosphere (generally nitrogen). 

Its principal uses include measurement of thermal stability or phase transitions of 

materials. TG is most useful for oxidation, dehydration, decomposition and 

desorption processes. The most used thermal method of analysis is the differential 

thermal analysis (DTA), in which the temperature of a sample is compared with the 

temperature of an inert material as reference during a programmed change of 

temperature (the temperature should be the same until thermal event occurs). If an 

endothermic event occurs inside the sample, its temperature will be lower than that 

of the reference material and a minimum will be observed on the curve. In contrast, 

if an exothermal event occurs, the temperature of the sample will exceed that of the 

reference material and a maximum will be observed on the curve. The area under 

the endothermic or exothermic event is related to the specific enthalpy, ΔH. 

Thermogravimetric analysis is based on heating a mixture and some of the 

components can decompose into a gas during the whole process. An example of 

thermogram is reported in Figure 4.13, showing how the sample weight decreases 

with increasing temperature, in particular each slope corresponds to a weight loss 

produced by the evaporation of one or more components in the analysed mixture. 

 

 

Figure 4.13. Example of thermograph of a mixture 

 

Thermogravimetric analyses are useful also to determine the composition and purity 

of a sample, using stoichiometry ratios to determine the percent by mass of different 
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compounds (having different boiling points) in a mixture. Another technique usually 

combined with TG is the differential scanning calorimetry (DSC), based on 

comparing the difference between the amount of heat necessary to increase the 

temperature of the sample respect to the amount needed from a reference material 

to have the same temperature rise. Since the amounts of heat needed from the 

reference and the sample will be different to maintain both nearly at the same 

temperature, the resulting diagram will show the heat flow differences between them 

(Figure 4.14). [12] 

 

 

Figure 4.14. Example of DSC diagram of a hypothetical mixture 

 

Thermal analyses are here carried out in air at a general heating rate of 10°C/min, 

using a LINSEIS L81 apparatus. 

 

 

4.7 Alternating gradient magnetometry (AGM) 

 

Magnetometers are used to characterize magnetic material properties. 

Magnetometry techniques can be typically classified into two categories: inductive 

and force-based. The inductive methods comprise extraction magnetometry, 

vibrating sample magnetometry, susceptometry and superconducting quantum 

interference device magnetometry. Alternating gradient magnetometry (AGM) is the 

most used force-based technique, which is commonly performed to characterize 

magnetic hysteresis loop. AGMs can achieve sensitivities up to 10–9 emu and the 
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measurements are very fast: a typical hysteresis loop requires seconds to minutes. 

Commercial AGM systems can be used for ambient temperature measurements 

using fields of 2-3 T fields achievable with electromagnets. Using AGM, through 

alternating cycles of magnetization in opposite directions, is possible to determine 

for a material the saturation magnetization MS (its maximum magnetization), the 

residual magnetization MR (magnetization at zero applied field after applying a 

saturating field) and the coercivity HC (the magnetic field required to demagnetize 

the material). Magnetic hysteresis (Figure 4.15) is a phenomenon that characterizes 

ferromagnetic and ferrimagnetic substances, which can be detected by placing a 

bar of the material inside a solenoid connected to a generator. 

 

 

Figure 4.15. Example of magnetic hysteresis cycle: on the abscissa the magnetic field H, on the 

ordinate the magnetization of the material 

 

The curves in the graph for a ferromagnetic medium are obtained by measuring the 

magnetic induction B in the material at different values of H, proportional to the 

current flowing in the device, and then calculating the magnetization. Starting from 

a non-magnetized material, by alternating cycles of magnetization, from the origin 

of the axes the curve “a” is obtained, called the first magnetization curve. The value 

of M increases until the saturation magnetization MS is reached (the material 

reaches saturation). Then removing the magnetic field, the material has residual 

magnetization, so the descendent curve changes slope and intersects the ordinate 

axis for a magnetization value other than zero, called residual magnetization MR. 

The material therefore remains magnetized even in the absence of current 

becoming a permanent magnet. To annul its magnetization, it is necessary to go in 
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the opposite direction of H, making the current flow in the opposite direction. The 

value of H to be applied to remove the residual magnetization is called coercive field 

HC, which is dependent on the particle size. By continuing to increase the value of 

H, the material reaches the saturation magnetization with the opposite direction to 

the previous one, then removing the magnetic field the curve intersects again the 

ordinate axis for a value of M other than zero, which is again the residual 

magnetization MR, but in the opposite direction. The magnetic permeability is not 

constant but is a function of H. 

Magnetic characterizations are here performed using a PMC Micromag 2900 

alternated gradient magnetometer (AGM) (Lake Shore Cryotronics) 

 

 

4.8 Transmission electron microscopy (TEM) 

 

The electron microscope is a type of microscope that does not use light as a source 

of radiation, but a beam of electrons. It was invented by the Germans Ernst Ruska 

and Max Knoll in 1931. The electron microscope uses a beam of electrons, rather 

than photons like an optical microscope, to have a lower wavelength. Since the 

resolving power of a microscope is inversely proportional to the wavelength of the 

radiation it uses, a resolution several orders of magnitude higher can be achieved 

using an electron beam. However, to use an electron beam it is necessary to operate 

in vacuum conditions, to avoid interference with the air molecules. In a "TEM" 

(Transmission Electron Microscope) the electrons of the beam cross completely the 

sample, then they hit a sensitive fluorescent screen, projecting on it a real and highly 

magnified image of the portion of the sample previously crossed. This technique can 

provide information about the structure, crystallization, morphology and strain of a 

sample. The schematic representation of a TEM is reported in figure 4.16: an 

electron gun produces a beam of electrons and accelerates them to high speeds 

using electromagnetic spirals with voltages of up to several volts. Then the electron 

beam is focused in a thin and small beam by an optical capacitor, which has a high 

aperture to eliminate high angle electrons. By reaching their highest brightness, the 

electrons zoom through the ultra-thin specimen and parts of the beam are 

transmitted according to how transparent the specimen is to the electrons. 
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Figure 4.16. Schematic representation of a TEM 

 

The lens focuses on the part of the beam that is emitted by the specimen in an 

image. Another component of the TEM is the vacuum system, which is essential to 

make sure that the electrons do not collide with the atoms of the air. A low vacuum 

is first achieved by using either a rotor pump or diaphragm pumps, which decrease 

enough pressure for a diffusion pump to operate, which then reaches a high vacuum 

level. The image produced by the TEM, called a micrograph, is seen through 

projection onto a fluorescent screen, which emits photons once irradiated by the 

electron beam. A camera positioned below this screen can be used to capture the 

image. This microscope provides black and white images, but many times images 

can be digitally processed to be improved. The limit of TEM resolution is 0.3 nm, 

because it depends on the electrons wavelength. 

Depending on the kind of sample, some different preparatory techniques can be 

used for TEM. The optimal sample must be thin enough to allow electrons to get 

through it (a bulk material has to be reduced to a disc < 3 mm). However, all the 

samples prepared during this thesis are composed of nanoparticles, which can be 

dispersed in aqueous or alcoholic media. So, the samples have been prepared just 

by placing diluted nanoparticle dispersion drops on a suitable TEM grid and 

evaporating all the solvent. Typical grids are formed by copper covered by a thin 
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carbon monolayer, on which the nanoparticles remain fixed after evaporating the 

solvent. Grids are realized with a continuous carbon monolayer surface or with some 

hollows on the carbon monolayer (Figure 4.17). Grids with hollows are useful to 

study bigger particles, because they improve the contrast in the regions without 

carbon. 

 

4.17. Representation of two different TEM grids: A) continuous carbon surface, B) carbon with 

hollows surface 

 

Once the specimen has been properly prepared, it has to be inserted into its 

corresponding place inside the TEM column with its holder (a rod that keeps the 

sample attached, allowing also tilting or rotating the specimen). [13] 

TEM microscope Philips CM100 is used in this thesis, the samples are prepared by 

immersion of the grids into diluted suspensions, working, if necessary, under a 

nitrogen atmosphere in order to avoid any reaction with the atmospheric O2. 

 

 

4.9 Scanning electron microscopy (SEM) 

 

In a scanning electron microscope, the beam is generated by an electronic source 

as well, typically a Tungsten filament, which emits a flow of primary electrons 

concentrated by a series of electromagnetic lenses and deflected by an objective 

lens. The objective lens, in addition to further focusing the beam, imposes a 

controlled deflection on it, to allow the scanning of areas of the sample. SEM 

microscopes produce images bathing the sample with a focused electron beam 

which is scanned across an area of the specimen. Once the electrons hit the sample, 

some of them lose energy with various mechanisms. This energy lost turns into heat, 

light or X-ray emission, or other kinds of emissions. All the emissions have 

information about the properties of the sample surface, such as its composition and 
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form. The interaction between the electron and matter is revealed through detectors 

and converted into an electrical signal which, treated and amplified, is modulated 

into a television signal: one pixel of a monochrome monitor is associated with one 

point of the sample. The magnification is given by the ratio between the size of the 

image and the size of the scanned region. The result is a black and white image with 

high resolution and large depth of field, which has characteristics similar to those of 

a normal photographic image. For this reason, the SEM images are immediately 

intelligible and intuitive to understand. The scanning electron microscope can obtain 

nearly three-dimensional images of even relatively large objects (such as an insect). 

A Schematic representation of a SEM is reported in Figure 4.18, it must operate in 

high vacuum as TEM and the sample must be conductive and grounded, to be able 

to remove from the analysis area any possible accumulation of charge that would 

make observation impossible. Non-conductive samples can be observed by SEM 

operating metal coatings or performing the scansion quickly, to prevent the 

accumulation of charges from overheating the sample. 

 

Figure 4.18. Schematic representation of a SEM 

 

In conventional SEM, the observation of the sample can mainly take place in two 

ways: by detecting the secondary electrons or by detecting the backscatters. The 

limiting resolution of this instrument depends on the size of the incident beam 

focused on the sample, but generally it is of about 5 nm. [14] 
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SEM microscope Gemini 500 is used in this thesis, the samples are prepared on 

suitable stabs as solids or powders, working, if necessary, under a nitrogen 

atmosphere in order to avoid any reaction with the atmospheric CO2. 

 

 

4.10 Atomic-force microscopy (AFM) 

 

The atomic-force microscope is a scanning probe microscope, consisnting of a 

cantilever at the end of which a sharp tip (tip) is mounted, typically composed of 

silicon or silicon nitride, which has a radius of curvature of the order of nanometers. 

This investigator tip is placed in close proximity to the surface of the sample to be 

scanned. The van der Waals force acting between the tip and the sample causes a 

deflection of the microlift (whose elastic constant is known), in accordance with 

Hooke's law. Then the deflection of the lever is measured using a laser dot reflected 

from the top of the micro lever towards a photodiode array. However, a laser 

detection system can be expensive; an alternative method to determine the 

deflection of the microlift is to use piezoresistive AFM probes. These probes are 

manufactured with piezoresistive elements which act as resistance strain gauges. 

Deformations of the atomic force microscope probe due to deflection can be 

measured using a Wheatstone bridge, but this method is not as accurate as the 

laser deflection method. 

If the tip were explored at a constant height, there would be a risk that it could collide 

with the surface, damaging it. As a result, a feedback mechanism is used in most 

cases to adjust the distance between the tip and the sample in order to keep the 

force acting between them constant. Generally, the sample is placed on a 

piezoelectric tube, which can move it in the perpendicular direction (z direction) to 

maintain a constant force and in the plane (x and y directions) to analyze its surface. 

The resulting map s (x, y) represents the topography of the sample surface. 

The atomic force microscope has three main modes of operation: force 

measurement, imaging, and manipulation. The force measurements allow to 

evaluate the forces present between the tip and the sample as a function of their 

distance. This method of operation can be applied during force spectroscopy 

measurements to measure certain properties of the sample, such as the modulus of 

elasticity (Young's modulus). In particular, force spectroscopy measures the 
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interaction and bonding forces between individual molecules, using mechanical 

stretching or torsional forces. Imaging is based on the fact that the force of 

interaction between tip and sample can be used to form a three-dimensional image 

(topography) of the sample surface at high resolution. The topographic image is 

constructed by recording the position of the sample relative to the tip and recording 

the height of the probe while maintaining constant interaction between the tip and 

the sample. Surface topography is commonly displayed using a false color chart. In 

manipulation methods, it is possible to change the properties of the sample in a 

controlled manner by exploiting the forces between the tip and the sample. 

Manipulation can take place at the atomic level and is used in applications such as 

probe scan lithography or for cell stimulation. 

In addition to the acquisition of the sample topography, several local properties can 

be simultaneously measured at high resolution. Interesting examples are both 

mechanical properties such as sample stiffness or adhesion forces, and electrical 

properties, such as conductivity or surface potential. 

The three main operating modes are distinguished according to the type of motion 

of the tip, that is the static mode, or contact mode, and two dynamic modes, the 

tapping mode and the non-contact mode. Tapping mode is defined as an intermittent 

contact (or AC) or AFM amplitude modulation method of acquisition by the 

acquisition mechanism. Similarly, non-contact mode is also referred to as frequency 

modulation AFM, by the image acquisition mechanism. The choice of tip is a 

fundamental element for all types of AFM scanning, whether it is scans in air or in 

liquid. In addition to the geometry of the tip and the type of sample, particular 

attention must be paid to the material the tip is made of, as well as to the coating, 

especially in the presence of liquid and in an acid environment. 

AFM is very suited for characterizing nanomaterials, because it offers both 

qualitative and quantitative information on many physical properties including size, 

morphology, surface texture and roughness. A wide range of particle sizes can be 

characterized in the same scan, from 1 nm to 8 μm. AFM microscope Cypher 

Asylum Research available at the AFM platform of the PSCM in tapping mode is 

used for analysing some samples, which are prepared in by spin coating on suitable 

AFM grids from diluted suspensions. 
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4.11 Surface area analysis (BET) 

 

In the characterization of nanomaterials, it is useful to measure the specific surface 

of the materials obtained as well, because this parameter has great interest for many 

applicative fields, such as catalysis, gas sensing, batteries, absorbents, 

pharmaceuticals, ceramic products or additives. The surface area is measured 

through gas porosimetry (generally nitrogen), which is an analytical technique that 

uses physical adsorption carried out at low temperatures (generally liquid nitrogen 

temperature), to obtain information about the pores and the specific surface area of 

a material, a characteristic dependent on the particle size. Following nitrogen 

absorption test, different types of isotherms are obtained, depending on the nature 

of the material. According to the IUPAC classification, it is possible to have six 

different types of adsorption isotherm, as shown in Figure 4.19a. 

 

a)  b)  

Figure 4.19. IUPAC classifications of a) adsorption isotherms and b) hysteresis loops [15] 

 

Type I isotherms are given by microporous solids having relatively small external 

surfaces, this graph represents monolayer adsorption. Type II and III isotherms are 

given by non-porous or macroporous materials, representing unrestricted multilayer 

adsorption, in particular in type III adsorbent-adsorbate interactions are relatively 

weak. Adsorption on mesoporous solids proceeds through multilayer adsorption 

followed by capillary condensation, resulting in type IV and V isotherms; the 

distinction between these two types analogous to that between types II and III. 

Finally type VI isotherms represent stepwise multilayer adsorption on uniform non-
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porous materials. Characteristic features of the Type IV and V isotherm are the 

hysteresis loops, reported in Figure 4.19b, which are associated with capillary 

condensation taking place in mesopores and can be divided in four kinds from H1 

to H4. The hysteresis is usually attributed to thermodynamic or network effects or to 

the combination of both effects. H1 is associated to agglomerates or spherical 

particles arranged in a fairly uniform way, with a cylindrical pore geometry, indicating 

pore size uniformity. H2 is attributed to pores with narrow mouths (ink-bottle pores). 

H3 is associated to aggregates plate-like particles forming slit like pores. Finally, H4 

is attributed to narrow slit-like pores, hollow spheres or particles with internal voids 

of irregular shape and broad size distribution. [15] 

The analysis of the specific surface area is typically performed with the BET method, 

which allows to calculate the size distribution and volume of the pores of solids and 

powders. Surface area and porosity are physical properties that affect the quality 

and behaviour of porous materials, generally as the particle size decreases there 

will be an increase in the surface area and porosity. Materials with identical weight 

and volume may differ in terms of surface activity and adsorption volume based on 

their specific surface. Samples are commonly measured after a degassing process 

(heating in vacuum conditions) in order to remove impurities before the analysis, 

then they are analysed by measuring the volume of adsorbed gas at specific 

pressures and at low temperatures (77K for liquid nitrogen). The BET theory is the 

most used model to determine the area, the application concept is an extension of 

Langmuir's theory on single-layer molecular adsorption to multi-layer adsorption, 

with the following assumptions: 

• the gas molecules are physically adsorbed on a solid in monolayers; 

• the gas molecules interact only with adjacent molecules; 

• Langmuir's theory can be applied at any level, because the adsorbed molecules 

become new adsorption surfaces and the process becomes continuous; 

• the heat of absorption of all monolayers is equal to the heat of condensation, except 

for the first monolayer where it is higher. 

From the BET theory we obtain the following equation, which allows to determine 

the volume of the monolayer: 

𝑝

𝑉(𝑝0−𝑝)
=  

1

𝑉𝑚𝑐
+ 

𝑐−1

𝑉𝑚𝑐
 

𝑝

𝑝0
    (4.3) 

where p is the pressure of the adsorbed gas at dynamic equilibrium; p0 is the 

gas saturation pressure at the operating temperature; V is the volume of adsorbed 
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gas, proportional to the mass; Vm is the volume of the monolayer, proportional to the 

mass corresponding to the monolayer; c is the BET constant, linked to the 

adsorption enthalpy. Once Vm is known, it is possible to calculate the specific surface 

area, expressed in m2/g, through the following equation: 

𝑆 =  
𝑎𝑚𝑛𝑎𝑉𝑚

𝑉𝐿𝑚
      (4.4) 

where na is the Avogadro constant (6.02×1023 mol-1); am is the area covered by a 

nitrogen molecule (0.162 nm2); VL is the molar volume of nitrogen (22.414 dm3). 

To measure pore size by gas adsorption, the isotherms are recorded from low 

pressures to saturation pressure. The pressure range is determined by the range of 

pore sizes to be measured: microporous materials (< 2 nm) are measured with 

isotherms in a pressure range of approximately 0.00001 torr to 0.1 torr, while 

mesoporous materials (2-50 nm) are typically measured in a pressure range of 1 

torr to about 760 torr. Generally, size of the pores that can be analysed with nitrogen 

adsorption measurements has a large range: from 0.2 nm up to about 400 nm. 

Available methods for measuring micropores distribution include: Density Functional 

Theory (DFT), MP-Method, Dubinin Plots (Dubinin-Radushkevich D-R, Dubinin-

Astakov D-A) and Horvath-Kawazoe (H-K). Mesopore methods available include: 

Barrett, Joyner and Halenda method (BJH) and Density Functional Theory (DFT). 

In this thesis, the distribution and size of the pores, is determined by the numerical 

integration method BJH, which is an iterative mathematical procedure based on the 

hypothesis of open cylindrical pores and the absence of intercommunicating pores. 

It starts from the Kelvin equation, which relates the radius of pores rk with the relative 

pressure p/p0, at which the capillary condensation of N2 occurs within the pores 

having that specific size: [16, 17] 

ln
𝑝

𝑝0
=  − 

2𝛾𝑉𝐿 

𝑅𝑇𝑟𝑘
     (4.5) 

The nitrogen adsorption measurements are here carried out at 77K, using a 

Micromeritics ASAP2000 system, utilizing Brunauer Emmett-Teller (BET) method 

for the surface area estimation. For each sample, about 0.2 g of dry powder are 

outgassed for about 15 h at 150°C (5·10-3Torr) before performing the measure. The 

pore-size distribution is determined as well, generally considering the desorption 

branch of the isotherms with the BJH (Barett–Joyner–Halenda) method. 
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4.12 Magnetic resonance imaging (MRI) 

 

Nuclear magnetic resonance, or simply magnetic resonance (MRI), is a diagnostic 

imaging technique that exploits the magnetic properties of the nuclei of certain 

chemical elements present in the human body, mainly used for soft tissue 

investigations. An important advantage of this type of diagnostic test, unlike, for 

example, CT (computed axial tomography), is that it does not use ionizing radiation. 

At the base of the phenomenon of nuclear magnetic resonance there is the quantum 

property of spin. This phenomenon is in fact possible only for nuclei with non-zero 

spin, and this occurs for nuclei with an odd number of protons and neutrons [18]. 

For this reason, hydrogen having only one proton is used in the creation of 

biomedical images, due to its abundant presence in the human body. For the 

formation of the magnetic resonance signal, a static magnetic field B0 with an 

intensity between 0.5 T and 1.5 T is generally applied, due to which a precession 

motion is generated, called Larmor's (Figure 4.20), of the particle axis, and therefore 

of the intrinsic magnetic moments, around the direction of B0, with a frequency called 

Larmor. 

 

Figure 4.20. Larmor precession: precession motion of magnetic moments around the direction of 

the applied magnetic field 

 

These moments can orientate parallel or antiparallel to the field. In the first case it 

is said that the protons assume a down state (minimum energy state), since they 

have a lower energy content than the second, indicated with up state (maximum 

energy state). Due to the Larmor precession, the magnetization vector M, that is the 

sum of all the intrinsic magnetic moments of each individual proton, forms a certain 

angle with respect to the z axis, and therefore has a longitudinal component 𝑀𝑧 

parallel to z, and therefore to B0, and a transversal component 𝑀𝑥𝑦 lying on the xy 

plane (Figure 4.21). 
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Figure 4.21. The two components of the magnetization vector 𝑀⃗ 

 

In equilibrium conditions, the 𝑀𝑧 component is different from zero since there is a 

greater number of protons in the down state, while the 𝑀𝑥𝑦 component is zero since 

the precession motion of the nuclei occurs with different phases and therefore the 

transverse contributions of the individual protons they cancel each other out. The 

component Mz in module is several orders of magnitude lower than B0 and 

consequently is not measurable. Hence the need to overturn it on the xy plane by 

phasing the precession movements of the protons. This can be done by sending a 

polarized electromagnetic wave (called a 90̊ RF pulse) on the xy plane with a 

frequency equal to that of Larmor. The system thus enters into resonance and 

therefore there is a passage of energy from the electromagnetic wave to the proton 

system, which causes both the cancellation of the 𝑀𝑧 component due to the fact that 

some protons receive the energy necessary to pass from the down state to the up 

state, both the synchronization of the precession of the nuclei. 

With the passage of energy from the RF impulse to the proton system there is an 

increase in the potential energy of the latter which causes a situation of instability 

and therefore a tendency for the protons to return to the initial equilibrium conditions. 

Because of this, proton relaxation occurs, which consists of the recovery of the 𝑀𝑧 

component and the cancellation of the 𝑀𝑥𝑦, two phenomena that begin 

simultaneously with the cessation of the RF pulse. 

The relaxation process brings the system back to the equilibrium situation in which 

M = Mz goes back to being parallel to the axis of the external magnetic field. In it two 

phenomena occur simultaneously and independently: 

1. The longitudinal component of the magnetization, Mz, grows exponentially 

towards the initial equilibrium condition. The mechanism is associated with the loss 
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of energy of the spin system and occurs with a time constant T1. The lost energy is 

supplied to the sample (for example in the form of thermal energy) and for this we 

speak of longitudinal relaxation or spin-lattice; 

2. The transverse component of the magnetization, Mxy, decreases exponentially 

towards the initial null condition. The mechanism is associated with the loss of phase 

coherence of spins and occurs with a time constant T2. This phenomenon is not 

associated with a loss of energy but with local fluctuations in the magnetic field that 

generate the loss of phase coherence of the precessing spins. It is called transverse 

relaxation or spin-spin. 

After a 90° pulse the longitudinal relaxation of Mz is described by the function: 

𝑀𝑧 = 𝑀0 (1 − 𝑒
−

𝑡

𝑇1)    (4.6) 

where M0 is the value of the magnetization in the equilibrium condition. T1 is the time 

needed to recover 63% of the longitudinal magnetization (Figure 4.22). 

 

 

Figure 4.22. Longitudinal relaxation curve (T1); the time is shown on the horizontal axis and the % 

of longitudinal magnetization on the vertical axis [19] 

 

The relaxation time T1 depends on the specific tissue. The lower T1, the higher the 

% of 𝑀𝑧 recovered in a given time. This is important because in a magnetic 

resonance sequence the proton system is excited several times and to obtain an 

image of the tissue it is essential that between two RF pulses it recovers a good part 

of the 𝑀𝑧, so that with each RF stimulus the amount of magnetization to be 

overturned on the xy plane and therefore the intensity of the signal is greater. 

The cancellation of the transverse magnetization 𝑀𝑥𝑦 occurs due to a loss of phase 

coherence between the various nuclei. This process is called spin-spin and, unlike 
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the spin-lattice, it is not accompanied by a release of energy. It is due to the fact that 

the spins are a source of small magnetic fields capable of influencing the local 

magnetic field. Consequently, each spin is subjected (in addition to B0) to a local 

magnetic field which is a function of the molecular structure and relative movement 

and which will therefore be different for each spin. According to the Larmor equation, 

therefore, there is a non-uniform precession frequency that causes the loss of phase 

coherence. The decay of 𝑀𝑥𝑦 also occurs with an exponential law: 

𝑀𝑥𝑦 = 𝑀0𝑒
−

𝑡

𝑇2     (4.7) 

where the relaxation time T2 is defined as the time needed to reduce the transverse 

magnetization by 37% (Figure 4.23). T2 is always less than or equal to T1. 

 

 

Figure 4.23. Transverse relaxation curve (T2); the time is shown on the horizontal axis and the % of 

transverse magnetization on the vertical axis [19] 

 

Tissues with a higher T2 lose less transverse magnetization and therefore produce 

a higher signal. The overall signal of a tissue or organ can be obtained by arranging 

a radio frequency antenna, consisting of a closed circuit, perpendicular to B0 (and 

therefore to 𝑀𝑧). According to Faraday's law, the variation of the magnetic field flux 

through the circuit, due to the precession of the nuclei, and therefore of the 𝑀𝑥𝑦, 

generates an electromotive force induced in the circuit. The latter constitutes the 

magnetic resonance signal and has a sinusoidal trend due to the continuous moving 

away and approaching of the 𝑀𝑥𝑦 from the circuit. The maximum amplitude of the 

signal depends on the value of 𝑀𝑥𝑦, in fact the higher it is, the greater the f.e.m. 

induced, while the exponential decay of intensity is due to the phenomenon of proton 

relaxation. 
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For the acquisition of images in MRI, sequences of RF pulses combined with free 

evolution intervals of the analyzed system are used (Fig. 1.9). The entire sequence 

is therefore made up of different time periods, determined through two parameters: 

1. The repetition time (TR): is the time that elapses between the application of two 

RF excitation pulses, typically measured in milliseconds for biological samples. It 

determines the amount of longitudinal magnetization recovered between the 

excitation pulses; 

2. The echo time (TE): is the time that elapses between the application of the RF 

pulse and the peak of the signal induced in the receiving coil, typically measured in 

milliseconds for biological samples. It determines the amount of transverse 

magnetization lost. 

A typically used sequence is the Spin-Echo sequence, which uses a 90° RF pulse, 

followed by a 180° pulse to compensate for the spin phase shift due to external field 

inhomogeneities. In this sequence, after the 180° pulse, there is a time in which all 

the spins are back in phase and therefore the transverse magnetization and the 

signal on the receiving coil are maximum. This sequence of pulses is called spin-

echo (Fig. 1.10). [19] 

In the Spin-Echo sequence the TR indicates the time elapsed between two 

excitation pulses at 90°, τ indicates the time between the start of the 90° pulse and 

the beginning of the 180° pulse and TE = 2τ indicates the time elapsed between the 

90° excitation pulse and the peak of the spin-echo signal (Figure 4.24). 

 

 

Figure 4.24. Spin-Echo sequence with associated parameters [19] 

 

In obtaining the image in an MRI examination, it can be weighed in T1 or T2. What 

varies is the type of tissue or substance (e.g. blood, water or CSF) that will appear 

hyperintense (white) or hypointense (black) depending on the T1 or T2 value. 
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Referring to formula of MZ, it is noted that in a T1-weighted image the tissues with a 

lower T1 will appear hyper-intense, and this is due to the fact that there is a greater 

recovery of the longitudinal magnetization. Considering instead MXY, for T2-weighted 

images, tissues with a higher T2 will be hyperintense. To improve the contrast, 

appropriate contrast agents are used which vary according to how the image is 

weighed. In particular, it is possible to use: 

• positive contrast media, which aim to reduce T1, such as gadolinium ion Gd3+, 

which however has a certain toxicity and therefore coordination with chelating 

agents is required in order to produce a non-toxic complex; 

• negative contrast agents, among which the most used are the SPIONs, whose 

presence is able to reduce T2. In fact, their high magnetic susceptibility leads to a 

greater local magnetic field and consequently there will be protons experiencing a 

greater local field with a slightly higher precession frequency and protons 

experiencing a smaller local field with a slightly lower frequency. This different 

precession speed therefore causes a loss of phase coherence between the protons, 

with consequent decay of the transverse magnetization and of the signal generated 

by it. The decay of the 𝑀𝑥𝑦 is much faster the greater the difference of the local 

magnetic field between spin and spin [18, 20]. 
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CHAPTER 5: SCALE UP SYNHTESIS OF NANOLIME 

 

An innovative synthesis method of nanolime was developed and patented 

(EP2880101) at the laboratory of materials science and technology of the University 

of L’Aquila (DIIIE department), where the present thesis work was carried out. 

Therefore, the experimental work of this thesis starts from the realization of a scale-

up procedure for the production of calcium hydroxide nanoparticles through this 

innovative method, in order to realize extensive applications in the field of Cultural 

Heritage. Moreover, during this phase, some synthesis parameters have been 

optimized, such as concentration, time and regeneration of the resin. 

 

 

5.1 Nanolime synthesis with an innovative method 

 

This method, patented in the main European countries (EP2880101) in 2016, is 

based on an ion exchange process and overcomes the limitations of current 

production techniques, allowing to obtain pure Ca(OH)2 nanoparticles in aqueous 

suspension, in a single step, without the need for further purification or washing 

steps. The process operates at room temperature and ambient pressure, using 

cheap and regenerable reagents, and is characterized by a high yield of production 

in very short times. [1] The reagents used in the patent are calcium chloride (CaCl2) 

and anion exchange resin in OH- form (Dowex Monosphere 550A), using deionized 

water (specific conductivity 2 μS/cm) as solvent. The production of Ca(OH)2 

nanoparticles is represented by the following reaction: 

CaCl2
+ 2ROH  Ca(OH)2 RCl    (5.1) 

This reaction is carried out, at room temperature, by pouring a 100 ml aqueous 

solution of calcium chloride (concentration 0.1 M) into an appropriate amount of wet 

resin (22 ml, considering a small excess of resin to have a complete exchange) and 

keeping the mixture under moderate stirring for 60 minutes. After this time, the resin 

is separated from the white precipitate phase of Ca(OH)2 that has formed in the 

synthesis through a simple sieving procedure. Following the separation, the resin 

could be regenerated to be reused in a new reaction, making the process 

sustainable. The scheme of the whole process is shown in the figure 5.1. 
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Figure 5.1. Scheme of the innovative synthesis method of Ca(OH)2 NPs 

 

The nanoparticles produced in this way are pure, crystalline and with a hexagonal 

lamellar morphology, having thickness of about 10 nm and medium size < 200nm. 

In fact, the substitution of the -OH groups on the resin substrate with Cl- ions in 

solution leads, in supersaturation conditions, to the formation of crystalline nanolime, 

without any secondary phase. [1] 

According to the reaction (5.1), about 0.7 g of Ca(OH)2 nanoparticles are obtained 

from this synthesis, because the stoichiometric moles of Ca(OH)2 are 0.01, having 

a molar weight of 74 g/mol. These obtained NPs are characterized by structural, 

spectroscopic and morphological techniques, such as XRD, FTIR and TEM, 

reported in Figure 5.2. 

 

a) b)  
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c)  

Figure 5.2. a) Characterization of the synthetized calcium hydroxide NPs using: a) XRD pattern 

(Bragg peaks indexed according to ICSD #98-020-2221), b) FTIR spectrum, c) TEM image with 

200 nm marker [1] 

 

The XRD pattern of Figure 5.2a revealed that the suspension consists of pure and 

crystalline Ca(OH)2 (portlandite, ICSD #98-020-2221). It is possible to observe that 

with the solvent evaporation, the particles of Ca(OH)2 tend to line up in a preferential 

direction along the basal plane (001). 

FTIR investigation of Figure 5.2b showed a strong and sharp O-H absorption band 

at 3640cm-1 and an H-O-H bond vibration at 1655cm-1 due to the presence of 

Ca(OH)2. The wide band centred at 3450cm-1 is related to the O-H elongation 

modalities of free water molecules [2-4], but could also be attributed to the presence 

of structural water within an amorphous calcium carbonate [5]. The well-defined 

band at 850cm-1 (v2 asymmetric deformation of CO3), together with the broad band 

at 1460cm-1 (ν3 asymmetric elongation of CO3), highlighted the presence of CaCO3 

[6], which probably formed in a superficial layer during oven drying procedure or 

during the analysis itself. Further sharp streaks were observed at 713cm-1 and 

1082cm-1 related to the ν4 and ν1 modes of CO3 in calcite [7]. The doublet at 

approximately 2800cm-1 corresponds to the elongation of the C-H for adsorbed 

alcohol (during dry procedure) [7]. 

Finally, the TEM image in Figure 5.2c show a hexagonal lamella, with lateral 

dimensions up to 200nm, probably composed of smaller primary nanoparticles (< 

10 nm). [1] 

The formation of solid Ca(OH)2 particles from this innovative method proceeds 

through different stages: after the reagents are mixed, the nucleation step rapidly 

occurs in supersaturation conditions, leading to the formation of nuclei, which grow 

through diffusion mechanisms up to nanometric size units (singlets). These singlets 

or primary nanoparticles, having a high surface energy, aggregate with self-
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assembling mechanisms to form much larger secondary aggregates, through a 

process based on the irreversible capture of the nano-units, regulated by diffusion. 

[8] So the resulting particle growth is achieved by eliminating water molecules at the 

interface and forming iron-oxygen bonds. The self-assembly takes place on several 

sites leading to the obtainment of a polycrystalline material. Point defects (from 

surface impurities) and dislocations are formed as a consequence of this growth 

mechanism and can considerably influence the subsequent reactivity. [9] Therefore, 

the irreversible colloidal behaviour of calcium hydroxide suspensions can be the 

result of an oriented aggregation mechanism. The primary nano-crystals assemble 

themselves in an oriented way, both along the direction (100) and along the basal 

planes (001), forming secondary oriented structures separated from others 

structures with different orientations in space. In fact, hexagonal plate particles of 

50-200 nm have been observed by TEM, inside which there appear to be smaller 

particles (< 10 nm) aggregated in an oriented way. 

 

 

5.2 Scale-up procedure of the innovative method 

 

To realize a scale-up procedure for the production of calcium hydroxide NPs through 

the presented innovative method, the influence of various factors on the 

characteristics of the final particles was first analysed. Firstly, the effect of the use 

of tap water rather than deionized was evaluated, to minimize solvent costs. Then, 

to increase the production of NPs, the concentration of the reagents is raised by an 

order of magnitude. After that, the procedure was also extended to large reaction 

volumes. 

The patented procedure to synthesize nanolime at laboratory level consists of few 

steps. First of all, the reagents are prepared dissolving CaCl2 in 100ml of deionized 

water with a concentration 0.1 M and taking a proportional amount of anion 

exchange resin (Dowex 550A), which must be wetted up to the free surface (total 

wet resin 22 ml). Then for the reaction step, the resin is placed in magnetic stirrer 

under and the chloride solution is poured into it, maintaining them in contact under 

moderate stirring for a chosen time (60 minutes). When the solution comes into 

contact with the resin, a white precipitate instantly forms (Figure 5.3a), 

corresponding to the calcium hydroxide NPs. 
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Figure 5.3. a) Resin under stirring with a white precipitate of Ca(OH)2 visible on the top. b) 

Suspension of pure Ca(OH)2 NPs with a precipitated layer in the bottom 

 

Once the established reaction time has elapsed, a simple sieving step is carried out 

(mesh size 180 µm) to retain only the resin. In this way a suspension containing 

about 0.7g of Ca(OH)2 NPs is obtained, which precipitate over time (usually a few 

hours) and the formation a precipitated layer in the bottom of the suspension is 

observed, as shown in Figure 5.3b. This makes it possible to easily remove the 

solvent, but it is also possible for the nanoparticles to return in suspension by 

moderate stirring. However, is better to store the nanolime suspension in a sealed 

bottle, in order to limit the exposure to air, because in time CO2 triggers the 

carbonation process. 

This synthesis procedure is carried out in the parameter investigation. The influence 

of tap water rather than deionized was evaluated using the available tap water, 

having a specific conductivity of 250 mS/cm, with a composition reported in Table 

5.1, measured using high performance liquid chromatography (HPLC - 

DionexDx120). 

 

Table 5.1. Analysis of the tap water used for the production of nanolime 
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The operating steps at laboratory level are the same, but with tap water. During the 

synthesis the kinetics of the ion exchange process, in terms of chloride 

concentration (CC) versus time, is monitored. Samples are homogeneously taken 

during the reaction at different times until 60 minutes, from the beginning to the end 

of the process, and the CC values are measured by ion-selective electrodes 

(Chloride Ion-Selective Electrode - Vernier). Through these tests it has been 

observed that the kinetics of the exchange between the OH- groups on the resin and 

the Cl- ions in solution is particularly fast, leading to a reduction > 93% of the initial 

reagent in 1 minute, corresponding to a very fast Ca(OH)2 production. As can be 

seen in Table 5.2, the initial chlorides in solution are almost completely removed in 

the first 15 minutes and almost all hydroxide NPs are produced, but it is convenient 

to reach 60 minutes of synthesis time to have a better purity of the final nanolime. 

 

Table 5.2. Measurements of the chloride concentration (CC) in time as % of the initial quantity, for 

the synthesis 0.1 M with tap water 

Time (min) Chloride concentration (CC) 

0 100% 

0.5 7.2% 

1 6.1% 

5 5.2% 

15 3.5% 

30 2.9% 

45 2.2% 

60 1.8% 

 

The formation of the nanolime is almost instantaneous when the resin and the 

chloride solution come into contact. Then when the ion exchange is complete, the 

particles maintain the same characteristics even if they remain in contact with the 

resin for longer times. This occurs because, despite the ion exchange being a 

chemical equilibrium, the selectivity of the resin used towards chlorine ions 

compared to hydroxyls is much higher (22:1). The obtained particles are therefore 

nanometric due to the high nucleation rate caused by ion exchange and the low 

growth rate due to the poor solubility of calcium hydroxide in water (about 1.7 g/l a 

293K). A slight excess in the amount of resin used in this system is used to make 

sure that the equilibrium is almost completely shifted towards the capture of chlorine 

ions. Moreover, at the end of the synthesis the production yield (Y) is also evaluated. 
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The yield is defined as % of the dry residue measured by the final suspension 

(CHmeas) with respect to the stoichiometric Ca(OH)2 value (CHstoic) evaluated by the 

reaction (5.1): 

    (5.2) 

In particular, CHmeas is measured by taking 10 samples of 1 ml from the suspension, 

immersed in 2-propanol and dried in an oven at 100°C to avoid the carbonation 

process, then estimating the average value. From the synthesis 0.1 M with tap water 

0.69 g of Ca(OH)2 NPs are obtained, corresponding to a yield Y = 93%. 

These obtained NPs are characterized by structural and morphological techniques, 

such as XRD and TEM, reported in Figure 5.4. From these analysis, tap water does 

not seem to have a particular influence on the nanoparticles obtained. In fact, the 

XRD pattern of Figure 5.4a shows that the suspension consists of pure and 

crystalline Ca(OH)2 (portlandite, ICSD #98-020-2221), always with a preferential 

orientation on the basal plane (001). TEM image shows the presence of a hexagonal 

lamella with lateral dimensions up to 200nm, as observed for the synthesis in 

deionized water of Figure 5.3b. So to minimize solvent costs, it is better to use tap 

water in the synthesis. 

a)  b)  

Figure 5.4. a) Characterization of the synthetized calcium hydroxide NPs with tap water using: a) 

XRD pattern (Bragg peaks indexed according to ICSD 98-020-2221), b) TEM image with 200 nm 

marker 

 

Now, to increase the production of NPs, an increase of the CaCl2 concentration from 

the initial value of 0.1 M (corresponding to 11 g/l) to 1 M (corresponding to 111 g/l) 

is performed, having a solubility of 740 g/l a 293 K. The operating steps at laboratory 

level are the same, but with the quantities of both the reagents increased by 10 

times, increasing the production by 10 times for the same synthesis time. During the 
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synthesis the kinetics of the ion exchange process, in terms of chloride 

concentration (CC) versus time, is monitored as before. Through these tests it has 

been observed that the kinetics of the exchange between the OH- groups on the 

resin and the Cl- ions in solution is enhanced for higher chloride concentrations, 

leading to a reduction > 98% of the initial reagent in 1 minute, corresponding to an 

increased Ca(OH)2 production. As can be seen in Table 5.3, the initial chlorides in 

solution are almost completely removed in the first 15 minutes and almost all 

hydroxide NPs are produced, but it is convenient to reach 60 minutes of synthesis 

time to have a better purity of the final nanolime. 

 

Table 5.3. Measurements of the chloride concentration (CC) in time as % of the initial quantity, for 

the synthesis 1 M with tap water 

Time (min) Chloride concentration (CC) 

0 100% 

0.5 2.5% 

1 1.6% 

5 0.9% 

15 0.6% 

30 0.4% 

45 0.2% 

60 0.1% 

 

The formation of the nanolime is almost instantaneous when the resin and the 

chloride solution come into contact and the kinetics is regulated from a chemical 

equilibrium of the resin, having a selectivity shifted towards chlorine ions compared 

to hydroxyls (22:1). Therefore, using an initial concentration of the reagents 10 times 

higher, the capture of chlorides by the resin is faster in order to restore the 

equilibrium, causing an enhanced nucleation rate with a low growth rate due to the 

poor solubility of calcium hydroxide in water (about 1.7 g/l a 293K). A slight excess 

in the amount of resin used in this system is always maintained to make sure that 

the equilibrium is almost completely shifted towards the capture of chlorine ions. 

Moreover, at the end of the synthesis the production yield (Y) is evaluated as well. 

From the synthesis 1 M with tap water 7.19 g of Ca(OH)2 NPs are obtained, 

corresponding to a yield Y = 97%. 

These obtained NPs are characterized by structural and morphological techniques, 

such as XRD and TEM, reported in Figure 5.5. These analyses confirm the kinetics 
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behaviour because increasing the reagent concentrations the particles seem to be 

smaller, and this can be attributed to higher supersaturation conditions, which 

accelerate the nucleation step, resulting in smaller primary nanoparticles. In fact, the 

XRD pattern of Figure 5.5a reveals that the suspension consists of pure and 

crystalline Ca(OH)2 (portlandite, ICSD #98-020-2221), always with a preferential 

orientation on the basal plane (001). TEM image shows the presence of a hexagonal 

lamella with lateral dimensions lower than 100nm, smaller than that observed for the 

synthesis 0.1 M of Figures 5.3b and 5.4b. So, taking into account both the size of 

the NPs and the synthesis time, it is better to carry out the synthesis at 1 M 

concentration. 

a) b)  

Figure 5.5. a) Characterization of the synthetized calcium hydroxide NPs with 1 M concentration 

using: a) XRD pattern (Bragg peaks indexed according to ICSD 98-020-2221), b) TEM image with 

50 nm marker 

 

However, with 100 ml of CaCl2 solution 1 M as initial reagent, also the volume of the 

wet resin is greatly increased, changing from 22 ml to 220 ml. It would also be 

possible to reach a CaCl2 concentration of 2 M or more, but higher concentrations 

are not easy from an operational point of view, since the amount of the solution 

would be too low compared to the amount of resin, with problems related to mixing 

that prevent having homogeneous reaction conditions. Therefore, a maximum 

concentration of 1 M for the CaCl2 solution is chosen to study the influence of this 

parameter on the properties of the obtained NPs. 

Actually, with the procedure carried out at the laboratory level, using a beaker, a 

stirrer and a sieve, it is not easy to obtain greater amounts of nanolime (7.19 g with 

100 ml solution of calcium chloride 1 M) in a single step, because there are 

operational problems regarding the separation of the resin (220 ml). To solve these 

problems, an appropriate prototype system is designed by my tutor (Prof. Giuliana 
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Taglieri), allowing the production to be easily scaled up. Using this system, it is 

possible to obtain a total production volume increased by 2 orders of magnitude 

compared to the beginning, which allows to obtain daily productions up to 200 g of 

pure nanolime, that are considerably greater than the syntheses reported in 

literature (in the order of few grams for day). The system implemented could be 

scaled in the future by a further order of magnitude or more. For reasons of industrial 

secrecy, the prototype of this system is not described in this thesis work. However, 

the peoperties of the obtained nanoparticles are reported. 

To definitely increase the amount of nanolime production, an increase of the volume 

reaction from the initial value of 0.12 l to 10 l is performed (considering the volume 

of solution plus wet resin), maintaining the concentration 1 M and the use of tap 

water as solvent. In this volume about 2/3 are occupied by the wet resin, having the 

density of water (dry density of 0.68 g/l, wet density of 1.01 g/l). The operating steps 

with this system are conceptually the same, but without using beakers or sieves. 

From TEM image of Figure 5.6, using this new system and increasing the volume 

by 2 orders of magnitude, the particles seems to be smaller than the initial synthesis, 

this can be attributed both to higher supersaturation conditions and to better mixing 

conditions, which accelerate the nucleation step, resulting in smaller primary 

nanoparticles. The XRD pattern of Figure 5.6a shows that the suspension consists 

of pure and crystalline Ca(OH)2 (portlandite, ICSD #98-020-2221), always with a 

preferential orientation on the basal plane (001). TEM image shows the presence of 

hexagonal lamellae with lateral dimensions of about 70 nm, smaller than that 

observed for the synthesis 0.1 M of Figures 5.3b and 5.4b. The production of about 

100 g of Ca(OH)2 NPs is obtained (Y = 95%), respect to about 0.7 g of the 0.1 M 

initial synthesis, without getting worse the final product, but improving it in terms of 

size. Therefore, it is better to carry out the synthesis of nanolime with this prototype 

system. 
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a)  b)  

Figure 5.6. a) Characterization of the synthetized calcium hydroxide NPs in 10 litres volume: a) 

XRD pattern (Bragg peaks indexed according to ICSD 98-020-2221), b) TEM image with 200 nm 

marker 

 

Finally, using the scaled system, also the optimization of synthesis time is evaluated, 

so the kinetics of the ion exchange process, in terms of chloride concentration (CC) 

versus time, is monitored as before. The kinetics of the exchange in the prototype 

system remains particularly fast, leading to a reduction of the initial reagent > 97% 

in 1 minute, corresponding to a very fast Ca(OH)2 production considering the total 

amount of initial CaCl2. These tests are in agreement with the type of reaction, which 

is very fast also in great volumes (10 litres), because it is based on an ion exchange, 

so the formation of the nanolime is almost instantaneous when the resin and the 

chloride solution come into contact. 

 

Table 5.4. Measurements of the chloride concentration (CC) in time as % of the initial quantity, for 

the synthesis 1 M with tap water in the prototype system 

Time (min) Chloride concentration (CC) 

0 100% 

0.5 4.5% 

1 2.9% 

5 1.8% 

15 1.2% 

30 0.5% 

45 0.3% 

60 0.2% 

 

As reported in Table 5.4, the chlorides in solution are almost completely removed in 

the first 15 minutes, but it is still necessary to reach at least 45 minutes of synthesis 

time to have a better purity of the final nanolime. Further studies and production 
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systems could be designed to reduce the synthesis time, for example by providing 

more than one step of contact with different resins. In this way a residual chloride 

value < 0.2% could be reached even in 10-15 minutes. However, for now the 

prototype system reported has proved to be an optimal solution taking into account 

other steps, since the subsequent regeneration of the resin is the kinetically 

controlling stage to obtain a continuous nanolime production. 

 

5.3 Optimization of resin regeneration 
 

The innovative method to produce calcium hydroxide NPs involves the contact of a 

calcium chloride solution with an anion exchange resin in OH- form, to allow the 

replacement of the hydroxyl groups on the resin substrate with the chlorine ions in 

solution. At the end of the exchange phase, the solution obtained is separated and 

the resin can be regenerated. Resin regeneration in such a designed system is the 

critical point to make the process cyclical and scalable. In fact, the regeneration of 

the resin is the operation that makes the process sustainable both from an economic 

and environmental point of view, but usually the resins are regenerated in fixed bed 

columns. Again for reasons of secrecy, this section does not describe in detail how 

the system regeneration is carried out, but only the results of this operation are 

reported. 

During the regeneration phase, a suitable solution of a strong base (such as NaOH) 

is sent into contact with the resin, in order to condition it by shifting the equilibrium 

towards the presence of OH- ions. This operation is evaluated by measuring the 

quantity of chlorine released by the resin, which must be similar to that absorbed in 

the synthesis phase. There are several parameters to control in order to optimize 

this operation, in particular the size of the exchange bed, the stirring, the inlet and 

outlet flow rate, the amount and the concentration of the basic solution. Preliminary 

tests on the regeneration of small quantities of resin are carried out in a fixed glass 

column, which has a height of about 27 cm and a diameter of 2 cm, as shown in 

Figure 5.7. The basic solution is pumped inside the column by means of a peristaltic 

pump, in order to have a constant flow rate. The column is equipped with an outlet 

T valve, to regulate the outlet flow in order to have a stationary system. 
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Figure 5.7. Experimental regeneration apparatus for small amounts of resin 

 

In order to have exactly repeatable values, tests are carried out on a resin almost 

fully conditioned in Cl- form. In this way the scope of the work is extended to a more 

general situation. The conditions of the regeneration tests are: 

h = 27 cm (height of the resin column) 

d = 2 cm (column diameter) 

S = 3.1 cm2 (section of the column) 

Vres = 83.2 ml (resin volume) 

Cres = 1.1 eq/l (resin exchange capacity) 

ρres = 0.68 g/l (resin density) 

SelCl/OH = 22 (selectivity of the resin towards chlorine) 

The considered height of the resin is referred to the Cl- form, because in the 

transition from the Cl- form to the OH- form there is a swelling of about 20% in 

volume. 

During the regeneration tests, samples are collected from the flow out of the column 

and a graph is obtained measuring the concentration of chlorides over time (Figure 

5.8). 
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Figure 5.8. Typical trend in the resin regeneration phase 

 

The growing trend observed in the first 10 minutes of the regeneration phase can 

be attributed to the initial dead time, during which the deionized water (in which the 

resin was suspended) is first expelled, as well as to gradual diffusion phenomena 

between substrate and solution. In fact, the chlorine ions leave the resin when the 

equilibrium is very shifted towards the OH-, since the selectivity value equal to 22 

expresses a balance between the concentrations of the ions on the substrate and 

those in solution. Therefore, there is an initial transient that explains the climb. 

In investigating the optimal regeneration conditions with this column, a factorial 

experimentation evaluates the significance of two main parameters: the inlet and 

outlet surface velocity (flow/section) and the concentration of the basic solution 

(considering the same volume of solution), compatibly with the technical data sheet 

of the resin (Dowex Monosphere 550A), reported in the Table 5.5. 

 

Table 5.5. Data sheet for the regeneration of Dowex 550A resin
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In particular, a 2-level factorial experimentation is performed: A is the inlet and outlet 

surface velocity, B is the mass concentration of NaOH in the basic solution, as 

shown in table 5.6. 

 

Table 5.6. Plan of 2-level factorial experimentation with 2 factors 

 

 

The response variable is the quantity of Cl- equivalents exchanged during the resin 

regeneration phase. This is a 2n factorial experimentation, with n = 2 factors at two 

levels, for which the plan of 22 = 4 experimental tests are defined. Then, to evaluate 

the effect of the factors and their interactions and verify their significance, the 

analysis of variance (ANOVA) can be used. On an experimental level, the variance 

analysis is performed by implementing the Yates algorithm, consisting in designating 

each treatment with lowercase letters corresponding to the factors which in this test 

assume the highest level. The test plan is represented in Table 5.7 where the values 

of Cl- equivalents exchanged at each of the investigated condition are reported as 

well. 

 

Table 5.7. Factorial plan with Yates notation 

 

 

Determining the effects, using the Yates algorithm, it is obtained that both increases 

in the surface velocity and in the concentration of the basic solution increase the 

value of Cl- equivalents exchanged. In particular, this value is slightly influenced by 

the factor A, while it is significantly influenced by the factor B. The interaction AB is 

positive, it therefore appears that a simultaneous increase of factors A and B 

determines the higher increase in chloride exchange. 
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At this point even higher concentrations in the basic solution are evaluated (until 

10%), in order to reduce regeneration times, but allowing to reach high levels of 

regeneration. From the various tests it is obtained that the shortest time to reach a 

regeneration higher than 95% is obtained with a concentration in the basic solution 

of 8% by weight, with a surface speed of 3 m/h. 

However, in this way a huge amount of base is needed in order to reduce 

regeneration times, because there is a low effective % of base utilization (about 

10%), and on a greater scale this corresponds to an increase in the cost of the 

regenerating solution, as well as a waste of solution. The effective % of base 

utilization is evaluated by calculating the amount of base that the resin takes by 

releasing chlorine (1.1 eq/l), compared to the total amount sent in the regeneration 

phase (this value is never greater than 20% with this procedure because it is 

influenced from the resin selectivity). So, the theoretical-speculative aspect linked 

to the quality of the regeneration is followed by one linked to the effective % of NaOH 

utilization: the aim is to increase this percentage without increasing the regeneration 

times. A solution to solve this problem can be the implementation of a multi-step 

regeneration recycling the soda already used. Several steps have been attempted 

to optimize this process, which are here omitted always for reasons of industrial 

secrecy. However, these steps allowed to reach an effective % of base utilization of 

about 40%. 

The considerations obtained in the preliminary tests are useful for performing 

regeneration tests also on the prototype of the scaled system, with a capacity of 10 

litres. These tests confirmed a low dependence on the surface velocity and a high 

dependence on the concentration of the basic solution. Therefore, it is convenient, 

from an industrial point of view, to work at the maximum effective concentration (8%) 

with the maximum permissible surface velocity, in order to have a high level of 

regeneration in the shortest possible time. Again there is an initial low effective % of 

base utilization, which is partially solved with a multi-step regeneration, but with 

prototypes of this size or more purification systems for the regenerating solution can 

be also considered, with plant costs that can be easily amortized over time. 

However, given the size of a 10-liter prototypal system and the characteristics of the 

available instrumentation, such as peristaltic pumps, the regeneration phase 

remains the kinetically controlling stage (average regeneration time of 120 minutes) 

of a hypothetical continuous nanolime production. 
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5.4 Initial tests for a continuous nanolime production 
 

The ion exchange process scaled on a volume of 10 litres can be divided into 2 main 

steps, which are the synthesis phase and the regeneration phase. As seen in the 

previous sections, an optimized synthesis phase lasts 60 minutes allowing to obtain 

100 g of Ca(OH)2 NPs, while an optimized regeneration phase lasts 120 minutes. 

Now with the realized prototype it is possible to define a cyclic procedure for a 

continuous production of nanolime always using the same exchange resin, 

obviously adding dead times for other operations, such as preparation of the 

reagents and filling of the systems. 

Using this prototype, 10 complete cycles of production and regeneration are 

performed, maintaining the same operating conditions to evaluate the trend of the 

production yield over time and the feasibility of a pilot production already with this 

system, including the evaluation of total cycling time. The results of the 10 

production cycles with the relative production and regeneration yields are shown in 

the Table 5.8, where the yield of production refers to the amount of dry nanoparticles 

obtained respect to the theoretical amount estimated from the reaction (5.1), and 

the yield of regeneration refers to the amount of chlorides removed from the 

regeneration respect to the chlorides absorbed by the resin in the production phase. 

 

Table 5.8. Production and regeneration yields with total cycling times of the first 10 production 

cycles with a 10 litres prototype system 

N production cycles Yield of production Yield of regeneration Total cycling time 

1 92.2 % 95.7 % 4.5 h 

2 93.8 % 92.4 % 4.3 h 

3 91.8 % 91.7 % 4.2 h 

4 91.3 % 93.8 % 4.4 h 

5 90.8 % 96.5 % 4.1 h 

6 94.8 % 96.9 % 4.3 h 

7 95.8 % 91.6 % 4 h 

8 90.3 % 96.7 % 3.9 h 

9 95.0 % 96.2 % 4.1 h 

10 95.4 % 96.4 & 4 h 
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These first 10 tests of continuous production with the 10 litres prototype system 

show that the production and regeneration yields remain approximately constant 

during 10 production cycles, with values always higher than 90%. Some steps need 

further optimization to further increase the yields, also the total cycling time (about 

4 h) could be further reduced, but the important result is the effectiveness of the 

system, together with the fact that the resin works in the same way for at least 10 

cycles. However, other cycles on the same resin are necessary to evaluate how 

many production cycles it can guarantee before being disposed of, as the greater 

the number of cycles allowed, the lower the production costs, since the resin is the 

most expensive reagent. 

 

5.5 Analysis of the nanolime reactivity 
 

The reactivity in relation to the carbonation process of the nanolime synthetized on 

large scale (10 l reaction volume) is evaluated, considering both aqueous and 

hydroalcoholic dispersions, as the nanolime is typically applied in alcohol. Through 

the carbonation process, calcium hydroxide turns into calcium carbonate plus water, 

in the presence of CO2 and water. Suspension at 5 g/l and 10 g/l (typical 

concentration of commercial nanolime) and different alcohol/water (A/W) ratios 

(25%, 50% and 90% respectively) are considered. The carbonation is monitored by 

exposing each suspension in air and evaporating it under different relative humidity 

(RH): 45 ± 5%, 75 ± 5% and 95 ± 5%, in environmental conditions (T = 20 ± 2°C; 

pCO2≈10-3.5 atm, i.e. the standard concentration of CO2 in the air). Three samples 

of 0.12 ml are taken from each suspension, placed on a zero background XRD 

sample holder and dried at the established conditions, as showed in Figure 5.9. 

Then XRD analysis are carried out on each sample, to evaluate the amount of 

CaCO3 formed after the evaporation of the solvent. 
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a)  b)  

Figure 5.9. Preparation of different nanolime samples at different RH conditions: a) 45±5%, b) 

75±5% 

 

At least six different phases of CaCO3 are possible in the carbonation process: three 

anhydrous crystalline polymorphs (calcite, aragonite and vaterite), two hydrated 

crystalline forms called mono hydro-calcite (CaCO3·H2O, CaCO3·6H2O) and 

amorphous CaCO3 (ACC). [1] Intermediate stages of CaCO3 hydrates are also 

recognizable, such as calcium carbonate hydroxide hydrate 

(Ca3(CO3)2(OH)2·1.5H2O, called CCH). [10] The carbonation process of nanolime 

can be influenced by the physical properties of the Portlandite crystals (particle size 

and surface area) [11], as well as by the type of solvent and concentration [12, 13], 

or by the environmental conditions. [5] In this sense, the carbonation process can 

be considered an important means of investigation, not only to provide useful 

information for the nanolime application, but also because it can offer indirect 

indications both on the size of particles and aggregates, the whose presence could 

be related to the solvent and the concentration of the suspension. 

Both aqueous and A/W = 25% samples at 5 g/l and 10 g/l are completely converted 

into CaCO3, in the form of pure calcite at every RH conditions. This result shows 

how the produced nanoparticles are extremely reactive in the presence of water. 

When the alcohol content increases, the carbonation process is slowed down, also 

due to a faster evaporation rate of the solvent, indicating the harmful role of alcohol 

in this respect. However, for application needs (some commercial products are sold 

in alcoholic solvents), tests are carried out at higher alcohol % and table 5.9 

summarizes the results obtained from the samples A/W = 50% and A/W = 90%, at 

different RH conditions, in concentrations of 5 g/l and 10 g/l.  
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Table 5.9. XRD results of the crystalline phases of CaCO3 formed in the nanolime samples, in 

relation to A/W ratios, suspension concentrations and RH conditions, as an average of 3 measures, 

where C = calcite ICSD #98-002-0179, CCH = calcium carbonate hydroxide hydrate ICDD #00-

023-0107 

A/W ratio A/W 50% A/W 90% 

Concentration 5 g/l 10 g/l 5 g/l 10 g/l 

RH 45 ± 5% 
81 ± 2% C 

17 ± 2% CCH 

40 ± 5% C 

20 ± 5% CCH 

20 ± 10% C 

20 ± 10% CCH 

10 ± 5% C 

10 ± 5% CCH 

RH 75 ± 5% 100% C 
80 ± 5% C 

12 ± 3% CCH 

50 ± 20% C 

10 ± 5% CCH 

30 ± 10% C 

20 ± 10% CCH 

RH 95 ± 5% 100% C 100% C 100% C 
70 ± 10% C 

20 ± 10% CCH 

 

The fundamental role of water is evident, both in the dispersion medium and in the 

content of moisture in the air. In particular, at RH = 45±5% the samples having A/W 

= 50% show higher conversions into calcium carbonate forms in comparison to the 

samples having A/W = 90%. Furthermore, samples with A/W = 90% presented the 

greatest variability of results (resulting in greater uncertainty) than all samples with 

A/W = 50%, probably related to the faster evaporation rate of the solvent. Increasing 

the RH to 75±5% the previous values of calcite and CCH becomes approximately 

double. Reaching RH = 95±5% almost all the sample reach a complete conversion 

into calcite. Therefore, the formation of carbonates is strictly connected to the 

presence of water, and it is preferable to have more water already in the suspension 

(A/W < 50%) to avoid applying the nanolime as a consolidant at too high RH values. 

When compared with the results of the literature [5, 14-16], all the investigated 

suspensions present a greater reactivity. In the considered works, at RH ≤ 54%, the 

nanolime remained substantially untransformed for 7 days [15] and the carbonation 

process was completed after 28 days. At higher RH conditions (75% and 90%), the 

carbonation process was completed after 7 days. [16] Furthermore, in these works, 

calcite was never the only final phase, but vaterite, aragonite and mono hydro-calcite 

were also observed, depending on the RH conditions. The transformation of calcium 

hydroxide into calcite in low time (few hours), as a single and pure phase, is of 

fundamental importance in the application fields, since calcite guarantees perfect 

compatibility with all substrates with a carbonate matrix, as well as better mechanical 

properties. 
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5.6 Aging tests for the storage of the produced nanolime 

 

Considering the greater reactivity of the nanolime synthesized with the ion exchange 

method compared to the commercial nanolime supplied in alcohol, it is useful to 

carry out tests to evaluate the preservation of this product over time. In order to 

evaluate a possible "aging" of the nanolime suspensions, the following tests were 

considered: 

- investigations by transmission electron microscopy (TEM), to evaluate any 

variation in the size or morphology of the nanoparticles; 

- analysis of the carbonation process in environmental conditions (T = 20±2°C, RH 

= 45±5%), to estimate possible variations in the reactivity (related to the possible 

presence of aggregates within the suspension). 

This aging was observed in various solvents, 100% water, 50% alcohol/water and 

100% alcohol, three months after synthesis, these samples are named nCH_3mW, 

nCH_3mA/W and nCH_3mA, respectively. Moreover, other two nanolime samples 

were compared with them, one just synthesized and one aged two years in water, 

called nCH_new and nCH_2yW respectively. Any sample is stored in PET bottles 

at ambient conditions to avoid carbonation over time. Firstly, the TEM investigations 

are shown in Figure 5.10. The nCH_new sample of Figure 5.10a consists of very 

thin hexagonal-shaped lamellae with lateral dimensions of about 70 nm, which in 

turn seem to be composed of primary nanoparticles ≤ 10nm. In the nCH_2yW 

sample of Figure 5.10b, hexagonal-shaped lamellae are still observed and some 

seem even smaller than the original ones, but they tend to form a great quantity of 

aggregates. 
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a)  b)  

c)  d)  

e)  

Figure 5.10. TEM images with 200 nm marker of various nanolime samples at different aging times: 

a) nCH_new just synthesized, b) nCH_2yW aged two years in water, c) nCH_3mW aged three 

months in water, d) nCH_3mA/W aged three months in alcohol/water, e) nCH_3mA aged three 

months in alcohol 

 

The nCH_3mW sample of Figure 5.10c consists of thin hexagonal-shaped lamellae 

very similar to the just synthetized sample. While the nCH_3mA/W sample of Figure 

5.10d is composed by very thin hexagonal-shaped lamellae but having lateral 

dimensions greater than the other samples, reaching dimensions of about 300 nm. 

Finally, the nCH_3mA sample of Figure 5.10e appears to have thin hexagons similar 

in size to those of the sample just synthesized, but with a more flattened shape, 

which are more agglomerated and in turn seem to be composed of primary 

nanoparticles ≤ 10nm. 

From TEM observations, it seems that all the particles keep their original features, 

remaining with the typical hexagonal shape of calcium hydroxides, but depending 

on the solvents there are influences on agglomerations or dimensions. In particular, 

pure water is more advantageous as a solvent for short aging (three months), while 
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over long periods (two years) it could favour the formation of aggregates, to be 

dispersed for example with ultrasounds. Alcohol tends to change the size of the 

particles, making them larger or more flattened in shape (50% alcohol/water). 

Therefore, the synthetized nanolime can be aged for at least 2 years and water is 

the most suitable solvent. 

For what concerns the analysis of the carbonation process of the aged nanolime, it 

is evaluated considering suspension at 5 g/l (typical concentration of commercial 

nanolime). Then the carbonation is monitored by exposing each suspension in air 

and evaporating it under different relative humidity (RH): 45 ± 5%, 75 ± 5% and 95 

± 5%, in environmental conditions (T = 20 ± 2°C; pCO2≈10-3.5 atm, i.e. the standard 

concentration of CO2 in the air). Three samples of 0.12 ml are taken from each 

suspension, placed on a zero background XRD sample holder and dried at the 

established conditions. XRD analysis are carried out on each sample, to evaluate 

the amount of CaCO3 formed after the evaporation of the solvent, and reported in 

Table 5.10. 

 

Table 5.10. XRD results of the crystalline phases of CaCO3 formed in the samples of aged 

nanolime: nCH_new, nCH_2yW, nCH_3mW, nCH_3mA/W and nCH_3mA, as an average of 3 

measures, where C = calcite ICSD #98-002-0179, CCH = calcium carbonate hydroxide hydrate 

ICDD #00-023-0107 

sample 5 g/l nCH_new nCH_2yW nCH_3mW nCH_3mA/W nCH_3mA 

RH 45 ± 5% 100% C 100% C 100% C 
75 ± 4% C 3 ± 2% C 

18 ± 4% CCH 2 ± 1% CCH 

RH 75 ± 5% 100% C 100% C 100% C 100% C 
20 ± 5% C 

4 ± 2% CCH 

RH 95 ± 5% 100% C 100% C 100% C 100% C 
40 ± 10% C 

10 ± 5% CCH 

 

The fundamental role of water is again evident, both in the dispersion medium and 

in the content of moisture in the air. The samples with water or A/W 50% have the 

expected reactivity towards the carbonation process, despite of the aging (until two 

years). Furthermore, the reactivity of the completely alcoholic sample (nCH_3mA) 

is strongly related to the presence of water, therefore it reaches about 50% only at 

95 ± 5% RH conditions. 

At this point, to have a better comparison on reactivity, only the sample aged two 

years in water is considered, dispersing it in alcohol as done for the reactivity tests 
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in table 5.9. Suspension at 5 g/l and 10 g/l (typical concentration of commercial 

nanolime) and different alcohol/water (A/W) ratios (25%, 50% and 90% respectively) 

are considered. The carbonation is monitored by exposing each suspension in air 

and evaporating it under different relative humidity (RH): 45 ± 5%, 75 ± 5% and 95 

± 5%, in environmental conditions. Three samples of 0.12 ml are taken from each 

suspension, placed on a zero background XRD sample holder and dried at the 

established conditions. XRD analysis are reported in Table 5.11. 

 

Table 5.11. XRD results of the crystalline phases of CaCO3 formed in the samples of two years 

aged nanolime, in relation to A/W ratios, suspension concentrations and RH conditions, as an 

average of 3 measures, where C = calcite ICSD #98-002-0179, CCH = calcium carbonate 

hydroxide hydrate ICDD #00-023-0107 

A/W ratio A/W 50% A/W 90% 

Concentration 5 g/l 10 g/l 5 g/l 10 g/l 

RH 45 ± 5% 
70 ± 5% C 

22 ± 4% CCH 

35 ± 5% C 

30 ± 5% CCH 

9 ± 4% C 

20 ± 5% CCH 

5 ± 3% C 

15 ± 5% CCH 

RH 75 ± 5% 100% C 
70 ± 4% C 

25 ± 3% CCH 

40 ± 10% C 

30 ± 10% CCH 

20 ± 10% C 

30 ± 10% CCH 

RH 95 ± 5% 100% C 100% C 100% C 
40 ± 20% C 

30 ± 10% CCH 

 

These tests show that if the two years aged nanolime is dispersed in a hydro-

alcoholic mixture with 50% alcohol, the reactivity remains similar to that of the just 

synthetized nanolime (see Table 5.9). While if this aged nanolime is dispersed in a 

more alcoholic mixture (A/W = 90%), the formation of calcite results almost halved, 

with a slight increase in the formation of CCH. From this result it can be hypothesized 

that over time weak bonds are established between the sedimented particles, 

leading to the formation of agglomerates that are not well dispersed in alcohol by 

simple mixing procedures, as happens for just synthetized nanolime. Therefore, the 

nanolime aged for long periods (two years) requires more water or longer dispersion 

times (or ultrasounds), but still remains a nanomaterial that maintains its initial 

characteristics, remaining however useful for application purposes. 
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CHAPTER 6: SYNTHESIZED NANOLIME APPLICATIONS 
 
The main applications of nanolime concern its use for the conservation and 

consolidation of cultural heritage. Therefore, in the present chapter conservative 

treatments on different kinds of carbonatic stones are considered, such as 

biocalcarenites and historical mortars. Thanks to the scalability of the process and 

the production of huge amounts of nanolime in water, the first extensive application 

using these nanoparticles is realized to consolidate the original mortar of a historic 

building of L’Aquila (Palazzo Pica Alfieri, 14th-16th century). The used non-

commercial aqueous nanolime, suitable for compatible and eco-friendly extensive 

applications, can be considered a green product for the safety both of environment 

and human health (of the restorer). Moreover, the effectiveness of the treatments is 

analysed in terms of depth of penetration, surface cohesion and resistance to 

perforation. In particular, this new nanolime yielded very promising consolidation 

effectiveness for all the treated biocalcarenites and historical mortars, increasing the 

superficial cohesion and the drilling resistance without significantly altering the stone 

porosity and the esthetical features.  

 

 

6.1 The biocalcarenites of Agrigento 

 

Historical monuments in Mediterranean regions (from Sicily, Italy, to Malta, Cyprus, 

and Israel) are mainly composed of sedimentary soft porous rocks, commonly called 

calcarenites, which are characterized by a highly porous carbonate structure. Due 

to the high porosity, they are vulnerable to progressive deterioration phenomena, 

which are induced by the combined action of sea spray, sea-waves, and water 

infiltration. The damage processes are mainly relevant when these rocks were 

employed as building stones for historical monuments, since those stones 

underwent degradation phenomena due to environmental exposure for centuries. 

The main consequence of these deterioration processes is the progressive 

dissolution of the mineral matrix, that in the case of calcarenite stone, corresponds 

to the leaching of calcite. In particular, some publications underline that in the long-

term, in continuously water-saturated environments, the calcite of calcarenites is 

continuously being dissolved and washed away thus weakening both bonds and 

grains [1-3]. The long-term chemical dissolution of calcite is the fundamental 
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mechanism affecting the mechanical behavior of these soft calcareous rocks. The 

degradation phenomena cause an increase in porosity over time, powdering, and a 

decrease of the mechanical features [3-5].  Many studies have focused on finding 

suitable treatments for the reinforcement of weathered calcareous stones. To date, 

the most common consolidation treatments reported in literature are based on 

synthetic polymers and other organic materials (i.e. alkoxysilanes, acrylic, epoxy or 

vinyl resins) which are mainly used as pore fillers [6-8]. Nevertheless, although often 

effective, these treatments are characterized by some drawbacks; the main 

disadvantages being related to their irreversible behaviour that can accelerate 

deterioration processes of the monument and health hazard to humans during 

application from the employed solvents. These polymer-based treatments often lack 

the physicochemical compatibility with the original substrate, so that in several cases 

their performance decreases significantly over time, and often alters, in a drastic 

way the colour of the treated stone [9]. 

Currently, the application of nanotechnology offers the possibility of designing 

inorganic consolidant products highly compatible with the original stone substrate. 

Due to their features, nanolime particles can be considered the best binder to be 

used in a fully compatible way for the consolidation of all carbonatic substrates in 

Cultural Heritage. This can be attributed to their total chemical compatibility with the 

carbonatic substrates related to their ability in reacting with atmospheric CO2 to 

produce calcium carbonate, combined with the deep penetration of the 

nanoparticles into the treated substrates. 

For this reason, a complete investigation on the effectiveness of the synthetized 

nanolime for conservation treatments on the Agrigento’s biocalcarenites is carried 

out, according to standard procedures. For the first time, the nanolime particles are 

applied also fully dispersed in water. The use of water could be considered a direct 

improvement of the traditional limewater treatments, allowing working in safety both 

for the restorer as well as for the environment. The increased regulations on Health 

and Safety have established that volatile organic compounds emissions (VOCs) 

produced by alcohol are harmful to the environment, harmful to human health as 

well as posing a fire hazard in the early stages [10, 11]. In this context, the alcoholic 

nanolime dispersions could be an important drawback of nanolime treatments when 

required in extensive stone consolidation projects. 
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First, petrographic, mineralogical and chemico-physical investigations on the 

different kinds of biocalcarenite stones are also performed. Then the nanolime 

efficacy is evaluated in terms of protection against water, of increase in superficial 

consolidation and in increase in drilling resistance on different kinds of Agrigento’s 

biocalcarenites. This is studied by varying both the application procedures and the 

dispersion medium for the suspensions. For each kind of stone, several cubic 

standard samples are tested, in order to examine average results and to guarantee 

a reproducible application. 

Taking into account the visual differences of the available samples in terms of 

porosity, composition and degree of powdering, five kinds of biocalcarenite samples, 

named as A, B, C, D and E respectively, are considered. These samples were 

collected from the local quarry of Villaseta (Agrigento, Italy), which present similar 

characteristics to the ones used for the construction of the Temples [12]. All the 

samples are cut to obtain regular cubic specimens (about 3*3*3 cm). A general 

examination of the structure and texture of the biocalcarenite samples was 

performed on thin-sections, using polarization-fluorescence microscopy (PFM, 

AXIO Scope A1-Zeiss). The porosity and the pore size distribution of these samples 

are measured by Mercury Intrusion Porosimetry (MIP) using a PASCAL 140/240 

instrument. Aditionally, to determine the stone density and its open porosity, a 

pycnometer (Micromeritics AccuPyc 1330 and GeoPyc 1360) is also used. The 

samples were characterized in terms of chemical and mineralogical composition by 

means of XRF and XRD. 

Observation of thin sections, as shown in Figure 6.1, confirmed that the stone 

samples belong to the Agrigento Formation of Early Pleistocene age. The formation 

was composed of medium to coarse-grained bioclastic packstone and 

grainstone/rudstone, locally lumachella beds, interbedded with a heterogeneous 

sequence of clay, sandy clays and sands [13]. The calcarenites showed parallel or 

cross lamination internal structures; they were hybrid, having variable content of 

terrigenous clasts (1-50% in volume) mixed with bioclasts. The terrigenous elements 

were well-rounded quartz and quartzites of igneous and metamorphic origin. The 

bioclasts were mainly of pelecypods (Ostrea), bryozoan, red algae (Rhodophyta), 

fragments of echinoderms, as well as of gastropods. Benthic micro-foraminifera as 

Globigerinidae, were also frequent, whereas macro foraminifera, as nummulites, 

were rare. Generally, the clasts were cemented by sparry or drusy calcite. 
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a)  b)  

c)  d)  

e)  

Figure 6.1. a) thin section image of A stone: calcite cemented rudstone with dominant bioclasts of 

ostrea; b)  thin section image of B stone with red algae rodoficeae (ro); c) thin section image of C 

stone: hybrid calcarenite with a few rounded quartz clast (qz), bioclasts of Rhodoficeae (ro), 

Globigerinidae micro-foraminifers (gl), echinoderms (e) and Ostrea (o); d) thin section image of D 

stone: hybrid calcarenite with rounded quartz clasts (qz) mixed with bioclasts; e) thin section image 

of E stone: rounded quartz crystals (qz) fragments of echinoderms (e) and Globigerinidae micro-

foraminifers (gl) 

 

The A stone is a grainstone/rudstone composed of ostrea fragments (Figure 6.1a) 

and calcareous red algae as well as Globigerinidae foraminifera. The terrigenous 

grains represented by rounded quartz crystals were very rare. 

The B stone is a packstone containing fragments of Ostrea, bryozoans, red algae 

and echinoderms (coquina, Figure 6.2b). Drusy calcite cements the larger cavities 

within and between the bioclasts. The matrix does contain little terrigenous 

fragments, mainly rounded quartz. Few fragments of Globigerinidae micro-

foraminifera were observed. 
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The C stone is a hybrid calcarenite with medium to coarse clast size. The terrigenous 

clasts, mainly quartz of igneous origin, were rounded and their volume does not 

exceed the 10%, while the bioclasts were mainly of Ostrea, bryozoans, red algae, 

echinoderms, macro foraminifera and only rarely Globigerinidae (Figure 6.1c). 

The D stone is a hybrid calcarenite with variable content of terrigenous clasts, mainly 

rounded quartz of igneous, and more rarely, metamorphic origin (Figure 6.1d). Few 

fragments of fine-grained polycrystalline quartzite, mixed with bioclastic fragments 

were observed. 

The E stone is a hybrid calcarenite with variable content bioclastic fragments, 

composed of abundant bivalve Ostrea, frequent benthic micro-foraminifera 

Globigerinidae, rare macro foraminifera Amphistegina, fragments of bryozoans and 

of echinoderms (Figure 6.1e). The rock forming clasts were cemented by sparry or 

drusy calcite.  

From the pore size distributions carried out by MIP, the stones are characterized by 

an average porosity, evaluated in the range 0.01-100µm, from 18% to 39%, as 

showed in Table 6.1, in agreement with literature results [12]. 

From the porosity measurements carried out with a pycnometer, also reported in 

Table 6.1, porosity average values from 30% to 41% are obtained. These values 

were higher than MIP results related to the presence of pores with dimensions > 

100µm, not detected by the MIP technique. These results confirmed that the 

calcarenite rocks have an important fraction of open pores, which were easily 

accessible to water and so directly involved in the stone durability, as previously 

reported [14, 15]. 

Also the chemical compositions from XRF measurements of the different stones are 

reported in Table 6.1, while XRD results are reported in Table 6.2. In particular, 

these XRD analysis show that, in all biocalcarenite samples, the main phase is 

calcite (from 63% to 97%), with a low quartz content (from 1.6% to 8.3%) apart from 

E stone (32.7% of quartz), in agreement with XRF analysis. In addition, different 

amounts of aragonite are observed, ranging from 2.1% for the A sample to 31.4% 

for the C one, but it is not detectable in either the D or E samples. Traces of 

andradite, gypsum or enstatite can be also identified. 
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Table 6.1. Results of chemical analysis (XRF) and of porosity measurements (MIP and GeoPyc 

pycnometer) referred to the different kinds of biocalcarenite samples. 

Stone 

XRF 
MIP 

(%) 

GeoPyc 

(%) 
Ca 

(%) 

Si 

(%) 

Fe 

(%) 

Mg 

(%) 

K 

(%) 

P 

(%) 

S 

(%) 

A 38.96 4.76 2.28 0.68 - 0.18 - 26±3 38±2 

B 41.97 1.53 2.85 0.90 - 0.14 0.43 19±1 36±1 

C 39.11 2.30 3.81 1.98 0.18 0.25 0.19 38±1 40±1 

D 43.04 2.06 2.45 0.73 - 0.16 - 25±5 34±2 

E 35.49 15.5 1.38 0.59 0.27 0.19 - 18±1 30±1 

 

Table 6.2. XRD quantitative analyses, by means of Rietveld refinement, carried out on the different 

kinds of biocalcarenite samples. 

Stone 

Calcite 

(CaCO3) 

(ICSD 

#98-004-

0107) 

Aragonite 

(CaCO3) 

(ICSD 

#98-016-

9891) 

Quartz 

(SiO2) 

(ICSD 

#98-004-

2498) 

Andradite 

(Ca3Fe2(SiO4)3) 

(ICSD #98-

005-2393) 

Gypsum 

Ca(SO4) 

(H2O)2 

(ICSD 

#98-000-

2057) 

Enstatite 

(Mg2 

(Si2O6)) 

(ICSD 

#98-008-

1130) 

A 89.3% 2.1% 8.3% 0.4% -- -- 

B 88.6% 8.7% 1.6% 0.2% 0.8% 
-- 

 

C 63.0% 31.4% 5.7% -- -- -- 

D 97.0% -- 1.9% 1.1% -- -- 

E 65.5% -- 32.7% -- -- 1.8% 

 

6.2 Nanolime treatments on biocalcarenites samples of Agrigrnto 
 

The nanolime particles, synthesized with the ion exchange method in the prototype 

system, as described in chapter 5, are dispersed in 3 different solvent mixtures, at 

a concentration of 5 g/l (typical of commercial nanolime): 

1) an alcoholic dispersion in pure ethanol (CHA sample), 

2) a water/ethanol mixture W/A = 50% (CH50 sample), 

3) an aqueous dispersion in pure water, referred to as CHW. 

The carbonation process of the obtained dispersions is followed by means XRD at 

20±2°C and RH 75±5%, until complete evaporation of the solvent, in order to 

maintain the same conditions to store the biocalcarenite stones after the treatments. 



 

148 

 

These analyses reveal that at RH 75±5%, all the nanolime dispersions show 

complete carbonation resulting in pure calcite, as reported in Figure 6.3. The 

complete conversion of Ca(OH)2 into pure calcite in low time (solvent evaporation) 

is of fundamental importance because it guarantees perfect compatibility with the 

substrate from a structural and morphological point of view [16]. 

 

 

Figure 6.3. XRD spectra related to the analysis of the carbonation process at RH 75%±5% of the 

different nanolime dispersions used for the treatments (Calcite, ICSD #98-015-8258) 

 

The kinetic stability of the obtained nanolime dispersions was determined by 

turbidity measurements, analysing their absorbance at  = 600 nm by using UV/VIS 

Spectrophotometer (Lambda 2 Perkin-Elmer) for 20 minutes. Before the test, the 

nanolime formulations were put into an ultrasonic bath (Ultra Sonik 300) in order to 

reduce the nanoparticles agglomeration. The KS % is measured in function of time 

and it is calculated using the following formula: 

KS % = 1− [(A0−At)/A0] × 100    (6.1) 

where A0 is the starting absorbance and At the absorbance at time t. The relative 

kinetic stability (KS %) decreases as result of the nanoparticle settling; values range 

from 0 (unstable dispersion) to 100 (not settling of the nanoparticles). From these 

stability measurements (Figure 6.4), all the dispersions remain stable during the first 

5 minutes, then CHA continues to be stable for 20 minutes and both CHW and CH50 

show a slow settling process, with a KS reduction up to 45% in 20 minutes, however 

there is enough time to guarantee an appropriate application of the treatments. The 

application of dispersions with lower stability is considered more effective on 

substrates with very fast moisture transport properties. In fact, the lower stability of 
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the dispersions can limit back-migration of the particles to the drying surface, thus 

favouring their precipitation in depth and improving the consolidation effect [17]. 

 

 

Figure 6.4. Kinetic stability measurements (KS) versus time, at  = 600 nm, for the different 

nanolime dispersions 

 

After these tests, the treatments on biocalcarenite stones are carried out by varying 

the application procedure, using both spray and brushing, other than the solvent, in 

order to achieve an effective treatment in terms of consolidation, with the lower 

chromatic alteration. To investigate the application procedure, only the A stone is 

considered, because of the higher number of available samples. These treatments 

are performed by using the nanolime suspension dispersed in pure water (CHW), 

since this can cause more problems in chromatic alteration of the treated surface, 

due to the higher agglomeration ability of water [18]. The CHW suspension was 

applied until stone saturation, thus providing about 100 mg of calcium hydroxide to 

each stone. Moreover, during the treatment, the specimens were wiped with a wet 

cloth to remove the consolidant excess and to reduce surface whitening. 

Subsequently, the samples were stored for one day at RH 75±5%. As shown in 

Figure 6.5, from a visual inspection of stereomicroscope images (SM, Leica 

Stereozoom S8 APO), the treatment performed by spray gives no variation in the 

chromatic surface respect to the untreated material. On the contrary, the samples 

treated by brush give a whitening effect, which is visible also by naked eye, 

particularly inside the superficial porosity of the sample. 
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Figure 6.5. Photos and stereomicroscope images (magnification 10x) of the A stone sample 

untreated (UT) and the samples treated by the CHW nanolime applied by spray (TS) and by brush 

(TB)  

 

In addition, in Table 6.3 on these A samples are reported the standard water 

absorption by capillarity (WAC) measurements. For each sample, we measured the 

values of the average absorption coefficient at 30 minutes (CA), the amount of 

absorbed water at the end of the test (Qf) and the variation of CA values related to 

untreated and treated stones (CA). The effective protective efficacy (Ep), defined 

as the variation % of Qf before and after treatment, was also evaluated. [19] The 

nanolime treatments by spray or brush do not particularly affect their behaviour 

towards water (the Ep values varied from about 9 to 15%), but the absorption kinetics 

are affected. There is a CA variation up to 55%, between the treated samples (TB 

and TS) and the untreated ones (UT), suggesting a reduction of the pore sizes.  

Surface cohesion is also estimated and reported in Table 6.3, by the “Scotch Tape 

Test” (STT), according to ASTM D3359, and the mean of three tests for each sample 

was used to evaluate the different treatments. [20] From the STT results, it can be 

observed that the nanolime treatment carried out by spray yielded the highest 

increase in surface cohesion, with a reduction of the removed material (M) of 82%. 

 

Table 6.3. WAC and STT results performed on cubic samples of A, before and after the nanolime 

treatment with CHW suspension. The treatment was performed by varying the application 

procedures, by spray (TS) and by brush (TB) respectively. 
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 WAC *  STT * 

 Qf  

(mg cm-2) 
ΔCA (%) Ep (%) 

M 

(mg cm-2) 
ΔM (%) 

UT 655 
53±1 9±1 

6.83 
30±10 

TB 595 5.06 

UT 715 
55±1 15±1 

9.13 
80±10 

TS 605 1.44 

             * The results are taken as the average of three measurements for each application procedure 

 

The consolidation improvement is evaluated using a Drilling Resistance 

Measurement System (DRMS) from SINT-Technology and considering the 

difference between the resistance of the untreated and treated samples. The DRMS 

measures the force required to drill a hole at constant rotation (600 rpm) and lateral 

feed rate (10 mm/min), using drill bits typically of 5 mm diameter (the mean value is 

calculated from 10 measurements). As reported in literature, DRMS is generally 

considered the most suitable methodology for quantifying consolidation 

effectiveness and penetration depth of the consolidant, particularly in soft stones 

[21]. The drilling resistance profiles of these A samples are reported in Figure 6.6: 

the untreated A sample has an average resistance value of about 7±2 N, the A 

sample treated by spray has a clear improvement of the resistance, with an average 

value of 13±5 N, while the A sample treated by brush reveals no significant changes 

of the average resistance. 

 

 

Figure 6.6. Drilling resistance profiles of biocalcarenite A samples: untreated (dot line), treated by 

brush (continuous lines), treated by spray (marked continuous line) 

 

Considering all the obtained results, it is clear that a higher consolidation efficacy, 

both in terms of reduction of water absorbed by capillarity and of adhesion and 
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drilling resistance, is obtained by spray application of the nanolime. Probably the 

differences in the various observed results are due to the fact that the nanolime 

applied by brush remained more on the surface (as seen visually), without therefore 

internally reinforcing the material. 

Therefore, the spray application procedure is established and other samples of A 

stone are treated in this way, by using the three nanolime dispersions (CHW, CH50, 

CHA), to investigate the optimal solvent to be used for the considered stones. The 

stereomicroscope examinations of the untreated A sample compared to the treated 

samples reveal that all the spray treatments produce no relevant chromatic 

alterations, independently from the solvent (Figure 6.7). Only the CH50 dispersion 

gives a very slight whitening effect at magnification 10x. 

 

 

Figure 6.7. Stereomicroscope images (magnification 10x) of the A stone samples, from top to 

bottom: untreated UT; treated by CHW dispersion; treated by CH50 dispersion; treated by CHA 

dispersion 

 

 

Subsequently, WAC and STT tests are performed and the obtained results, taken 

as the average of three measurements for each nanolime treatment, are 

summarized in Table 6.4. CHW and CHA have a similar behaviour toward water, with 
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a CA of about 60%, except for a slight higher Ep (17±2%) value for the CHW 

suspension. However, in terms of superficial cohesion only the aqueous dispersion 

CHW revealed a drastic reduction in the material removed from the surface after the 

treatment, with a M of 90±10. 

 

Table 6.4. WAC and STT results referred to cubic samples of A stone, before (UT) and after the 

nanolime treatment by spray (TS). The samples are treated by varying the dispersing medium of the 

nanolime dispersions 

Nanolime 

dispersions 

 WAC * STT * 

 Qf  

(mg cm-2) 
CA (%) Ep (%) 

M 

(mg cm-2) 
M (%) 

CHW 
UT 695 

58±4 17±2 
19.19 

90±10 
TS 575 2.75 

CH50 
UT 725 

20±10 6±2 
19.19 

50±20 
TS 685 10.18 

CHA 
UT 680 

60±3 13±2 
19.19 

40±10 
TS 590 11.41 

*The results are taken as the average of three measurements for each nanolime treatment 

 

The ability of the aqueous dispersion to consolidate the surface of the calcarenite 

stone was confirmed by the DRMS measures as well, reported in Figure 6.8. When 

compared to the alcoholic and to the hydro-alcoholic treatment, the aqueous 

treatment exhibited a good increase of the superficial resistance up to 10 mm, with 

a reinforcement particularly marked in the first 2 mm. This fact can be mainly 

ascribed to the crucial role of water to promote high efficiency in accelerating the 

carbonation process [16, 22, 23], so guaranteeing the formation of the new calcite 

network between the original grains of the stone. In addition, the presence of alcohol 

can play a detrimental role because of the formation of CaCO3 polymorphs different 

from calcite, as discussed in several recent literature papers [24, 25], or because of 

the described back-migration phenomena [17]. 
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a)   b) c)

 

Figure 6.8. Drilling resistance profiles of untreated (dot line) and treated (continuous lines) A 

stones: a) treated by CHW suspension; b) treated by CH50 suspension; c) treated by CHA 

suspension 

 

Taking into account these results, the other biocalcarenite stones (B, C, D and E), 

are treated directly with the CHW nanolime suspension applied by spray, because it 

possesses the greatest effectiveness on this kind of stone for every considered test. 

The WAC and STT results, before and after the treatment, are reported in Table 6.5. 

Analysing WAC results, it is confirmed that for all stones, independently of their pore 

size distribution, the nanolime treatment does not significantly change the amount 

of water absorbed by capillarity (Ep average values ranging from 12 to 17%), but it 

affected the absorption rate (CA values up to 70±10%). Regarding the STT, for all 

the stones, the results confirm the nanolime treatment efficacy in surface 

consolidation, restoring the cohesion between the superficial grains, with M values 

up to 87±3% on the sample E (the most degraded). 
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Table 6.5. WAC and STT results referred to cubic samples of B, C, D and E stones, before (UT) 

and after the nanolime treatment by spray (TS) with the CHW suspension 

Type of 

biocalcarenit

estone 

 WAC * STT * 

 Qf  

(mg cm-2) 
ΔCA (%) Ep (%) 

M 

(mg cm-2) 
ΔM (%) 

B 
UT 286 

50±10 13±5 
13.87 

60±10 
TS 247 5.00 

C 
UT 881 

60±20 15±2 
60.94 

50±10 
TS 743 30.21 

D 
UT 418 

70±10  12±5   
9.27 

40±20 
TS 367 5.46 

E 
UT 405 

40±10 17±1 
42.75 

87±3 
TS 335 5.41 

*The results are taken as the average of three measurements for each nanolime treatment 

 

DRMS tests performed on these 4 types of stones, before treatment, reveal a very 

different behaviour in terms of mechanical resistance. While B and D samples 

present an average mechanical resistance from 10 to 20 N (Figures 6.9 a-c), a weak 

resistance is measured in C and E samples, so that most samples are broken during 

the drilling operation itself. In the sporadic cases where the C and E samples did not 

break, they presented a very low resistance values (Figures 6.9 b-d). After the 

nanolime treatments, if B and D appear only slightly reinforced, C and E samples do 

not break anymore during the drilling test, reaching average values of resistance 

from 2 N to 5 N, respectively. The obtained results show a general increment of 

resistance in depth, underlining the ability of the nanolime particles, dispersed in 

pure water, to penetrate at least until 10 mm from the surface. 
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c)    d)  

Figure 6.9. Drilling resistance profiles of untreated (UT, dot line) and treated by spray (TS) with the 

CHW suspension (continuous lines) biocalcarenite stones: B, C, D and E 

 

Also the pore size distributions, previously showed in Table 6.1, are carried out by 

MIP before and after these nanolime treatments. In particular, except for B samples, 

the populations of pores are mainly found in the range 10-100 µm; moreover, in the 

graphs relative to A, B, D and E samples the pore population tend to continue also 

for diameters > 100µm. However, after the CHW treatment, all the stones show a 

general reduction of pores between 10 and 100 µm, together with the development 

of a pore population with sizes lower than 0.05 µm, as reported in Figure 6.10. 

 

    

 

 Figure 6.10. Differential volume of intruded mercury versus pore diameter of untreated (continuous 

lines) and treated (dotted lines) biocalcarenite stones: A, B, C, D and E 

 

The aqueous nanolime suspension at 5 g/l can be considered a compatible and 

green consolidative treatment on biocalcarenite stones, because in all the samples 
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it produced only a slight decrease of the water adsorption by capillarity, with a kinetic 

rise variation up to 67%, in accordance to the observed reduction of the pores 

population between 10 and 100 µm. Moreover, this aqueous nanolime treatment 

increased both the superficial cohesion, with a reduction of material removed from 

the surface up to 90%, and the mechanical resistance up to 10 mm from the surface. 

The usage of nanolime dispersions in pure water, together with the versatile, cost 

effective and up-scalable production method, seem to be very promising for 

widespread use, such as in the protection and superficial consolidation of carbonatic 

architectural substrates. The use of water as solvent possess some advantages, 

such as: a reduced time required for a complete carbonation process; the 

transformation of Ca(OH)2 nanoparticles into pure calcite; the absence of back-

migration phenomena towards the surface together with the solvent; the 

employment of a green product, avoiding the use of organic and volatile compounds, 

with all the problems connected to the transportation as well as the direct use. For 

this reason, this type of nanolime is used for the first time on the entire facade of a 

historic building in L’Aquila. 

 

 

6.3 Comparative treatments of nanolime on biocalcarenites with commercial 

products 

 

In this paragraph comparative treatments are realized using the two main 

commercial products of nanolime (Calosil and Nanorestore plus) and the nanolime 

synthesized with the ion exchange method, called Nano-LAQ. For the comparative 

tests, the nanolime synthesized by ion exchange is dispersed in water or 

isopropanol and the characterization of all the products is carried out using various 

techniques, such as XRD, TEM and UV spectrophotometry, also analyzing the 

carbonation process at different relative humidity (RH) conditions. In addition to 

nanolime-based products, it is considered a further consolidant widely used in the 

Cultural Heritage, which is the ethyl silicate or TEOS. It is an organic compound with 

chemical formula SiC8H20O4 and tetrahedral structure [26]. These products were 

compared in relation to their effectiveness in the consolidation of other 

biocalcarenite specimens from Agrigento. 
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The products chosen are therefore: Nanorestore plus, Calosil, Nano-LAQ water, 

Nano-LAQ isopropanol and ethyl silicate, all at a concentration of 5 g/l, except for 

the ethyl silicate that is typically used at 70% in weight. 

First of all, XRD measurements are carried out to evaluate the composition and the 

reactivity of the various nanolime suspensions. The suspensions are observed after 

drying in an inert atmosphere (N2), while the reactivity is evaluated at RH of 45±5% 

and 75±5% up to 5 days. Three replicates are performed for each test and the 

average results are shown in Table 6.6. 

 

Table 6.6. Average results obtained from XRD tests of 4 different nanolime suspensions exposed 

to different environments 

Nanolime products 5 g/l Inert atmosphere RH 45±5% RH 75±5% RH 75±5% - 5 days 

Calosil 
100% calcium 

hydroxide 

100% calcium 

hydroxide 

100% calcium 

hydroxide 

80±5%vaterite 

21±3% calcite 

Nanorestore plus 
100% calcium 

hydroxide 

100% calcium 

hydroxide 

100% calcium 

hydroxide 

85±4% vaterite 

15±2% calcite 

Nano-LAQ water 
100% calcium 

hydroxide 
100% calcite 100% calcite 100% calcite 

Nano-LAQ isopropanol 
100% calcium 

hydroxide 

100% calcium 

hydroxide 

100% calcium 

hydroxide 

66±4% calcite 

34±3% calcium 

hydroxide 

 

From the obtained diffraction data, it is evident that under normal environmental 

conditions (RH 45±5%) only the Nano-LAQ in aqueous solvent turns into calcite, 

highlighting the fundamental role of water in the carbonation process. Furthermore, 

this Nano-LAQ is more reactive than Calosil and Nanorestore plus (both dispersed 

in isopropanol) towards the formation of calcite even with the same alcoholic solvent, 

considering high RH conditions (75±5%) for 5 days. However, Calosil and 

Nanorestore plus after this period lose the presence of hydroxide, forming for about 

80% a metastable calcium carbonate, called vaterite, which slowly turns into calcite 

(at least 28 days at RH 80% from literature). Instead the Nano-LAQ isopropanol 

within 10 days at RH 75±5% is completely converted into calcite, without going 

through the formation of metastable forms of calcium carbonate. 

To evaluate the stability of the various nanolime suspensions at 5 g/l, tests are 

carried out with UV spectrophotometry, evaluating the change in absorbance over 

time (as described in paragraph 6.2), which can be correlated with the concentration 

of suspended nanoparticles. All the dispersions, before being analyzed, are placed 

in an ultrasonic bath for 15 minutes. For each sample, the absorbance is here 



 

159 

 

measured at 610 nm for 20 minutes, considered as the maximum application time, 

and the results are reported in the graph of Figure 6.11. 

 

 

Figure 6.11. Stability curves for different nanolime suspensions, from top to bottom: Nanorestore 

plus (gray), calosil (red), Nano-LAQ isopropanol (green), Nano-LAQ water (blue) 

 

From the stability curves, the Nanorestore plus has the most stable suspension, 

while the Nano-LAQ water is the less stable, since in aqueous solution the 

nanoparticles tend to aggregate and precipitate. In fact, the Nano-LAQ isopropanol 

has a good stability, comparable to that of Calosil. However, the instability of the 

suspension over time is not a negative aspect, as it has been observed in the 

literature that alcoholic suspensions of nanoparticles may exhibit the already 

described back migration phenomena: the evaporation of the solvent drags to the 

surface the penetrated nanoparticles (paragraph 6.2). 

From TEM micrographs, shown in Figure 6.12, the presence of hexagonal lamellae 

with side dimensions <100 nm is observed in all the suspensions considered. In 

particular, in Calosil generally regular and small hexagonal lamellae are noted, with 

side dimensions in the range 30-50 nm (Figure 6.12a). Both regular and non-regular 

hexagonal lamellae can be seen in the Nanorestore plus suspension, with a wide 

dimensional range, 30-100 nm in side (Figure 6.12b). In the suspension of Nano-

LAQ water there are more regular hexagonal lamellae with lateral dimensions of 

about 40-70 nm, but with thicknesses that seem reduced compared to the other 

samples (≤ 5 nm), so that some appear almost transparent to the electron beam 

(Figure 6.12c). Finally, in the suspension of Nano-LAQ isopropanol more elongated 



 

160 

 

hexagonal lamellae are noted, again with side dimensions of about 40-70 nm and 

very reduced thicknesses, which appear to be ≤ 10 nm (Figure 6.12d). 

 

a)  b)  

c)  d)  

Figure 6.12. TEM micrographs with 200 nm marker nanolime particles from different suspensions: 

a) Calosil, b) Nanorestore plus, c) Nano-LAQ water, d) Nano-LAQ isopropanol 

 

At this point, the real applicative comparison between the 5 selected products is 

carried out, always using carbonatic substrates of historical and architectural value 

(the biocalcarenites of Agrigento). A total of 15 cubic specimens with a 3 cm side 

are realized from the same original stone, to have similar basic characteristics on 

each specimen (identified as D stone and characterized in paragraph 6.1). Each 

treatment is then applied to three specimens at a commercial concentration (5 g/l), 

using a treatment method suitable for all suspensions (spray), because the airbrush 

would nebulize and evaporate the alcohol too rapidly. The treatment is repeated 5 

times on each specimen until saturation (intended as complete wetting, 

corresponding to about 10 ml of suspension for each application). As for the ethyl 

silicate, it is applied by brush for problems related to spray method with this 

compound, until the stone saturation (corresponding to 10 applications for each 

stone). [58] Between the treatment repetitions, the specimens are kept 24 hours at 

RH 75±5%, in order to promote carbonation as much as possible even in alcoholic 

suspensions. The effective amount of consolidant product absorbed by the various 
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specimens is reported in Table 6.7, revealing that the nanolime quantities ar very 

low compared to the weight of the specimens (about 40 g), while the ethyl silicate is 

brought in quantities 10 times higher respect to nanolime, because of its high 

suspension concentration. 

 

Table 6.7. Chromatic alteration and effective quantity of consolidant absorbed by stone specimens 

Treatment Calosil 
Nanorestore 

plus 

Nano-LAQ 

water 

Nano-LAQ 

isopropanol 

Ethyl 

silicate 

Average g 

absorbed 
0.23±0.02 0.23±0.01 0.20±0.01 0.19±0.01 2.40±0.05 

Chromatic 

alteration 

Slight 

whitenhing 

Slight 

whitenhing 
Not detectable 

Not 

detectable 

Slight 

browning 

 

Also visual observations are carried out on these speciments in a preliminar way, to 

evaluate their effect in the chromatic alteration, and reported in Table 6.7 as well. 

All the chromatic alterations can be exceptable on this kind of samples, but only the 

Nano-LAQ suspensions leave the treated specimens almonst identical to the 

untreated ones. Following the treatments, the comparative tests carried out on the 

biocalcarenite specimens to evaluate their effectiveness are: capillary rise, scotch 

tape test and drilling resistance measure. 

The capillary rise allows to obtain water absorption curves over time following the 

UNI EN 15801 standard (as described in paragraph 6.2), evaluating how the ability 

of the material to absorb water changes before and after treatments. Before the 

tests, the specimens are immersed in deionized water for 30 minutes to eliminate 

impurities and placed in an oven at 50°C to reach a constant mass. The results 

obtained for the same specimens, before and after the respective treatment, are 

shown in Table 6.8, in terms of Qs (quantity of water at saturation), ΔCA (variation 

of the capillary rising speed) and Ep (protective efficacy, that is the variation of the 

amount of water to saturation). 
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Table 6.8. Capillary rise parameters for different treated specimens 

Treatment Ep (%) ΔCA (%) Qs (mg/cm2) 

Calosil 3±1 30±10 430±20 

Nanorestore plus 9±4 35±3 390±20 

Nano-LAQ Water 7±4 33±4 400±20 

Nano-LAQ Isopropanol 3±2 25±5 420±20 

Ethyl silicate 89±1 98±1 60±2 

 

From the capillary rise data, it appears that in all cases the treatments with nanolime 

do not greatly alter the amount of water absorbed by the stone specimens (Ep < 

10%). However, they act on the capillary rising kinetics, reducing the water rising 

rate by about 30%, probably due to a restriction of the stone pores. On the contrary, 

the specimens treated with ethyl silicate reveal a high alteration in the amount of 

absorbed water (Ep = 89±1%), corresponding to considerable reduction of the 

porosity of the specimens. This effect is not considered an advantage, because the 

almost total clogging of the pores prevents the stone from regular transpiration, 

leading to faster degradation due to the accumulation of water and salts internally. 

The scotch test tape or STT, according to ASTM D3359, is mainly used to evaluate 

the cohesion of the surface layer of the specimens before and after treatment. Table 

6.9 shows the reduction % of material removed related to the tear surface (mg/cm2). 

The specimens result consolidated for all nanolime treatments, with a reduction % 

generally > 90%. However, the consolidant effect is lower in the specimens treated 

with Nano-LAQ isopropanol respect to other nanolime treatments, probably due to 

a greater presence of hydroxide after 5 days at RH 75±5%. Moreover, ethyl silicate 

does not consolidate the surface of the specimens as much as the nanolime, 

although it is brought in about 10 times greater amount on the substrates. 

Table 6.9. Reduction % in the scotch tape test calculated for all treated specimens 

Treatment Calosil 
Nanorestore 

plus 
Nano-LAQ 

water 
Nano-LAQ 
isopropanol 

Ethyl silicate 

Reduction % 93±1 89±2 95±2 74±3 75±3 

 

 

The measurement of drilling resistance is essential to measure the consolidating 

effect based on the penetration depth of each treatment. The DRMS (Drilling 
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Resistance Measurement System) is a device designed to perform such 

measurements, as described in paragraph 6.2. Both the rotation speed (600 rpm) 

and the advancement speed (10 mm/min) of the drill bit (diameter 5 mm) are 

maintained constant during all the tests, making 5 holes on each specimen. The 

average graphs related to the tests on each specimen are shown in Figure 6.13, in 

which the y axis is the force (N) that the specimen impresses on the dectector as 

resistance to penetration, while the x axis is the depth of penetration (mm). 

a)  b)  

c)  d)  

e)  

Figure 6.13. Drilling resistance profiles of untreated (UT, dot line) and treated specimens with 

different suspensions (continuous lines): a) Calosil, b) Nanorestore plus, c) Nano-LAQ water, d) 

Nano-LAQ isopropanol, e) Ethyl silicate 
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Table 6.10. Average force values obtained from drilling resistance measurements repeated 15 

times on untreated and treated specimens with different suspensions 

Treatment 
Untreated 

(UT) 
Calosil 

Nanorestore 
plus 

Nano-LAQ 
water 

Nano-LAQ 
isopropanol 

Ethyl 
silicate 

Force (N) 4±1 9±2 6±3 9±1 6±2 6±2 

 

The resistance to opposite perforation by a stone material is a function of its 

compositional, mechanical and microstructural characteristics and has been 

statistically correlated with the uniaxial compressive strength. By analyzing the 

average strength values obtained for all the stones treated with the various 

consolidant products (Table 6.10), it can be observed that Calosil and Nano-LAQ 

water significantly consolidated the specimens, doubling the average resistance to 

perforation. Among the nanolime suspensions, the worst consolidation is found in 

stones treated with Nanorestore Plus, with the specimens remaining almost 

unchanged as average force, while a modest consolidation is obtained in stones 

treated with Nano-LAQ isopropanol (about 50% increase on average strength). Ethyl 

silicate also gives a modest consolidation with an increase of about 50% in the 

average force of the specimens, in line with the values obtained in the STT, but it 

must be considered that the amount of ethyl silicate on the stones is about 10 times 

greater than that of the nanolime. 

Therefore, from all the comparative tests, it appears that the most promising 

nanolime-based treatment is obtained using the nanolime produced by ion 

exchange method (Nano_LAQ) in water, as it gives the best consolidation results 

on STT and DRMS tests (similar to Calosil), without chromatically altering the stone 

and without occluding porosity. Furthermore, this suspension is also a consolidant 

product with a very low environmental impact and reduced risk for the human health 

of the operators, being completely in water, as well as perfectly eco-compatible with 

all carbonate matrix substrates (unlike ethyl silicate). 

 

 

 

 

6.4 Synchrotron investigations of nanolime carbonation process 
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As part of a proposal at the MCX beamline of the Elettra-Synchrotron (Trieste, Italy), 

the reactivity of the nanolime synthetized with ion exchange method is better 

investigated. As already described, the carbonation process of the Ca(OH)2 

nanoparticles can be affected by several parameters, such as the suspension 

concentration, the environmental conditions as well as the employed solvent. Both 

the time needed to complete the carbonation process and the stability of the CaCO3 

polymorphs that form strongly depend on the solvent and on the relative humidity 

(RH). For alcoholic nanolimes, the carbonation process can require long time to 

complete even for diluted samples (up to 28 days), also with the formation of CaCO3 

polymorphs, such as vaterite and aragonite [27-31]. 

It is well known that the carbonation process of lime takes place in the presence of 

carbon dioxide (CO2) in aqueous conditions [32]. Specifically, in order to have 

carbonation, CO2 must first diffuse in water. The CO2 diffusion is a phenomenon that 

can be divided into three parts: diffusion in the gas phase (CO2(g)), adsorption in 

the gas-liquid interface and diffusion in the liquid phase (CO2(aq)), as schematized 

in Figure 6.14a. The concentration of CO2(aq) depends, according to the Henry’s 

law, on the partial pressure of CO2. Since CO2 makes up 0.0355% of the 

atmosphere and KCO2 = 2·10-3, at equilibrium CO2(aq) is about 1.2·10-5 mol/l. In 

water, an equilibrium between CO2(aq) and carbonic acid (H2CO3) is established, 

and the concentration of CO2(aq) is about 103 times greater than that of dissolved 

H2CO3. Carbonic acid loses protons to form bicarbonate ions (HCO3
-) and carbonate 

ions (CO3
2-), decreasing the pH of water [33]. 
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Figure 6.14. a) Diffusion of CO2 from a bulk gas to a bulk liquid, the concentration of CO2(g) is 

expressed as partial pressure of CO2 (PCO2) [34]; b) the main mechanisms at the basis of the 

carbonation process 

 

In parallel, calcium hydroxide partially dissolves in water in Ca2+ and OH- ions, 

(about 1,7 g/l at T = 25°C [35]), reacting with carbonate ions (CO3
2-) to form CaCO3 

that precipitates. Therefore, during the carbonation process, H2CO3 is continuously 

consumed and, for this reason, it is more important to consider the diffusion rate of 

CO2(aq), which depends on the liquid surface exposed to air as well as on the liquid 

volume. The carbonation process proceeds until the solvent is completely 

evaporated, underlining the crucial role of water. The evaporation rate of water is 

affected by the external conditions, such as temperature, pressure, relative humidity 

and air-water surface, which in turn depends on the instantaneous shape of the 

drop, defined by drop volume and contact angle [36]. In Figure 6.14b, the main 

mechanisms that regulate the whole process involving carbonation of nanolime into 

calcium carbonate in water are shown. 

Therefore, the parameters affecting the carbonation process can strongly influence 

the efficacy of consolidating nanolime treatments. The kinetic of the carbonation 

reaction and the phase evolution of the synthetized nanolime suspensions are 

investigated by means of time-resolved synchrotron radiation X-Ray diffraction (SR-

XRD). Measures are performed in capillary sample holders, on laboratory glass 

slides and on artistic relevant stones (the biocalcarenite of Agrigento), considering 

different solvents. In this way, a carbonation rate (CR) for the nanolime was 

estimated, depending on the solvent, the CO2 conditions, the RH conditions and the 

substrate. Two kinds of experiments were performed, as described in the following 

paragraphs. 

In the first experiment, nanolime suspensions, from 10 to 100 g/l, both in completely 

aqueous and completely alcoholic medium, were placed in boron capillaries (0.5 mm 

in diameter) and measured without air or under a CO2 controlled flux at 1 bar, using 

a monochromatic X-ray beam with a wavelength of 1.033 Å. 

From SR-XRD investigations, the nanolime, observed in suspension inside 

capillaries, did not show much difference when varying both the solvent and the 

concentration. On the contrary, in case of a constant CO2 flux inside the capillaries, 

a clear difference in the reactivity of the aqueous or the alcoholic suspension was 

observed. Actually, we observed that, also at very high concentration (100 g/l), in 
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presence of a flux of CO2 at 1 bar, the aqueous suspension (0.2 ml of volume) 

showed a complete transformation from pure calcium hydroxide to calcium 

carbonate in form of pure calcite (no other polymorphs were observed) in less than 

15 seconds (the minimum time between two subsequent acquisitions). On the 

contrary, the alcoholic suspension, also at the lowest concentration (10 g/l), did not 

show the calcium carbonate transformation, also considering a constant flux of CO2 

at 1 bar for 10 minutes. As an example of these results, in Figure 6.x the SR-XRD 

patterns both of the aqueous nanolime suspension at 100 g/l (Figure 6.15a) and of 

the alcoholic one at 10 g/l (Figure 6.15b), before and after the application of the CO2 

flux, are reported. The large background is due to the solvents and the capillary. 

 

a)   b)   

Figure 6.15. SR-XRD patterns measured inside a capillary sample holder on: a) aqueous nanolime 

suspension at 100g/l, b) alcoholic nanolime suspension at 10 g/l, before and after exposition to CO2 

flux. Legend: * = portlandite (Ca(OH)2), ■ = calcite (CaCO3)  

 

These measurements show that only water is useful to convey the carbonation 

reaction and that this reaction in water, in presence of a CO2 flux, is very fast (0.2 

ml at 100 g/l of nanolime converted in < 15 seconds). For this reason, the diffusion 

of CO2 inside water can be assumed as the rate-limiting step of the carbonation in 

air itself. 

 

 

6.5 Synchrotron investigations of nanolime reactivity on biocalcarenites 

 

In the second experiment, 0.5 ml of nanolime suspensions, from 10 to 100 g/L, were 

placed both on laboratory glass slides and on biocalcarenite stones (composed of 

about 98% calcite with traces of quartz and andradite, having a porosity of about 

35%). The SR-XRD data were collected in grazing angle geometry (GIXRD) with the 

MARCCD detector using a monochromatic beam of λ = 0.827 Å, at laboratory 
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conditions (pCO2 ≈ 10-3.5 atm, T = 20±2 °C and RH = 20±5%). The incident-grazing 

angle was fixed at 5.0° to investigate changes at the air-substrate interface, the 

patterns were integrated using Fit2D program [37, 38]. On the patterns obtained 

from glass laboratory slides, a quantitative phase analysis (QPA) of the observed 

crystalline phases was carried out using the Rietveld method using the GSAS 

software [46]. The surface of the biocalcarenite samples showed a great 

heterogeneity in the particle size. Therefore, the integrated patterns were not of 

enough quality to allow a detailed QPA. However, semi quantitative information can 

be retrieved observing the changes in intensity of the most intense peaks of the 

Ca(OH)2.  

Laboratory glass slides (non-porous substrate) and biocalcarenite stones (porous 

substrate) were chosen to evaluate the influence of the substrate porosity on the 

carbonation. In fact, the distribution of the applied suspension can affect the CO2 

diffusion rate as well as the water evaporation rate, so Figure 6.16 represents the 

distribution of the nanolime suspensions on this type of substrates. 

 

 

  

Figure 6.16. Distribution of the same volume of the nanolime suspension on the two different 

substrates: a) the non-porous glass slide, b) the porous biocalcarenite stone 

 

The carbonation reaction has been investigated in air for this experiment, but 

considering the negligible reactivity of the completely alcoholic samples from the 

first experiment, only the aqueous suspensions of nanolime were considered. The 

SR-XRD patterns obtained on glass laboratory slides are reported in Figure 6.17, 

varying suspension concentration and time intervals during solvent evaporation. The 

pattern of the laboratory slide alone is reported as well, showing the typical pattern 

of amorphous silica. On the substrate where the nanolime suspension has been 

applied at 20 g/l, 0.5 ml of water was added after the initial suspension had dried, in 

order to check whether the carbonation proceeds and to evaluate the reaction rate. 



 

169 

 

a)  b)  

c)  

Figure 6.17. SR-XRD patterns of the laboratory slide without and with the aqueous nanolime 

suspension exposed to air, at suspension concentrations of: a) 10 g/l; b) 20 g/l; c) 100 g/l. The 

addition of water carried out on the sample at 20 g/l, together with the profile of the slide alone were 

represented too. Legend: * = portlandite (Ca(OH)2), ■ = calcite (CaCO3) 

 

The quantitative phase analyses (QPA), which provides the time evolution of each 

crystalline phase, are reported in Table 6.11. Firstly, we observed that the solvent 

(0.5 ml of water) was completely evaporated after 1 hour of air exposition in the 

experimental conditions and, over this period, Ca(OH)2 represented the main 

crystalline phase, with a percentage of 76%, 88% and 98% for suspension 

concentration of 10, 20 and 100 g/l respectively. In addition, the formed CaCO3 was 

always characterized by the typical structure of calcite. However, working in 

laboratory conditions (RH = 20±5%), once the solvent was completely evaporated, 

the carbonation did not continue at least up to 2 hours or more. Adding water after 

the solvent evaporation caused the carbonation process gradually to improve. In 

particular, from QPA, the nanolime suspension at 20 g/l showed that, after two 

successive additions of water, 33 % of CaCO3 was formed. The nanolime 

carbonation rate (CR) is here defined as the amounts of calcium carbonate that forms 

versus time (t): 

𝐶𝑅 =
M(𝐶𝑎𝐶𝑂3)

𝑡 
      (6.2) 
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In these conditions with this substrate, the CR values resulted practically constant 

and equal to about 1 mg/h, both considering different nanolime concentrations and 

adding water when the surface was dried; these results revealed a very slight 

influence of these two parameters on the carbonation rate. 

 

Table 6.11. QPA analysis and carbonation rate (CR) of the aqueous nanolime suspension (0.5 ml in 

volume) on laboratory slides, at different concentrations and at different times. The results obtained 

when the suspension was completely evaporated are shown in bold. 

Nanolime on glass slides 

t (h) 

Nanolime 10 g/l Nanolime 20 g/l Nanolime 100 g/l 

Crystalline phases CR 

(mg/h) 

Crystalline phases CR 

(mg/h) 

Crystalline phases CR 

(mg/h) Ca(OH)2 CaCO3 Ca(OH)2 CaCO3 Ca(OH)2 CaCO3 

0 100 % - - 100 % - - 100 % - - 

0.5 89 % 11 % 1.1 94 % 6 % 1.2 99 % 1 % 1.1 

1 76 % 24 % 1.2 88 % 12 % 1.2 98 % 2 % 1.1 

2 *    79 % 21 % 1.1    

3 *    67 % 33 % 1.1    

* 0.5 ml addition of water, after the complete evaporation of the solvent 

 

The SR-XRD patterns obtained on biocalcarenite stones are reported in Figure 6.18, 

varying the nanolime suspension concentrations and time intervals during solvent 

evaporation. The pattern of the biocalcarenite alone is reported too, showing the 

typical pattern of calcium carbonate in the form of calcite. Again on the substrate 

where the nanolime suspension has been applied at 20 g/l, 0.5 ml of water was 

added after the initial suspension had dried. 

a)  b)   
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c)  

Figure 6.18. SR-XRD patterns of the biocalcarenite stone without and with the aqueous nanolime 

suspension exposed to air, varying the suspension concentration: a) at 10 g/l; b) at 20 g/l; c) at 100 

g/l. Addition of water was performed two times on the sample b) to continue the carbonation. 

Legend: * = portlandite (Ca(OH)2), ■ = calcite (CaCO3) 

 

The estimation of the quantity of Ca(OH)2 and CaCO3 phases at different times, is 

shown in Table 6.12. Differently from what observed on the laboratory slides, when 

applied to the stone surface, the solvent tended to evaporate after only 0.6 hours of 

air exposition. Over this period, for a suspension concentration of 10 g/l, the amount 

of Ca(OH)2 converted into CaCO3 reached a value of 62%. Increasing the 

suspension concentration up to 20 g/l, as also observed for the laboratory slides, 

the quantity of carbonate almost halved in value. At higher suspension concentration 

(100 g/l), only 8% of CaCO3 was observed after the complete solvent evaporation. 

However, as seen before, working in the laboratory conditions, once the solvent was 

completely evaporated, the carbonation did not continue. Adding water helped the 

carbonation to improve. Differently from what observed on the laboratory slides, the 

nanolime carbonation process was fully completed on the biocalcarenite after two 

successive additions of water, using a nanolime suspension at 20 g/l. 

 

Table 6.12. Semi quantitative analysis and carbonation rate CR of the aqueous nanolime 

suspension (0.5 ml in volume) on biocalcarenite stones, at different concentrations and at different 

times. The results obtained when the suspension was completely evaporated were shown in bold. 

Nanolime on biocalcarenite stones 

t 

(h) 

Nanolime at 10 g/l Nanolime at 20 g/l Nanolime at 100 g/l 

Crystalline 

phases 
CR 

(mg/h) 

Crystalline 

phases 
CR 

(mg/h) 

Crystalline 

phases 
CR 

(mg/h) 
Ca(OH)2 CaCO3 Ca(OH)2 CaCO3 Ca(OH)2 CaCO3 

0 100 % - - 100 % - - 100 % - - 

0.3 66 % 34 % 5.7 83 % 17 % 5.7 97 % 3 % 5.4 
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0.6 33 % 67 % 5.6 65 % 35 % 5.8 93 % 7 % 5.8 

1.2 

* 
   23 % 67 % 5.6    

1.8 

* 
   - 100 % 5.6    

       * 0.5 ml addition of water, after the complete evaporation of the solvent 

 

These results clearly highlight a substrate-effect, related to the water evaporation 

rate. Actually, in the same experimental conditions, despite the same amount of 

applied suspension (0.5 ml), the water evaporation rate (WER) on the laboratory 

slides was almost half respect to the stone surface, with WER values of 0.50 ml/h 

and 0.83 ml/h, respectively. Moreover, the calculated CR value was about 6 mg/h for 

the porous stones, which was about six times greater than the value for the 

laboratory slides. Finally, an interesting result is related to the fact that the CR value 

seemed to remain constant for both the substrates, regardless of the nanolime 

suspension concentrations and of the water additions, underlining that, in presence 

of water, the CR was not affected from the initial conditions of nanolime. Actually, 

the CR parameter seemed to be influenced only by the porosity and by the water 

absorption ability of the considered substrate. Therefore, it is evident that the air-

water interface constitutes a fundamental parameter both for water evaporation and 

for CO2 diffusion. Increasing the surface exposed to air (the air-water interface), the 

CO2 diffusion increased more significantly than the water evaporation, leading to a 

higher carbonation rate. 

A last test was performed, directly on a wet stone (about 7 ml of water content) to 

simulate a possible application condition of wet substrate, as occurred in the 

consolidation of the mortar in paragraph 6.4, using the 100 g/l nanolime aqueous 

suspension. The results are reported in Figure 6.19, while the percentage of the 

formed phases at different times is shown in Table 6.13. 
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Figure 6.19. SR-XRD patterns of the aqueous nanolime suspension at 100 g/l exposed to air on the 

biocalcarenite wet sample at different times. Legend: * = portlandite (Ca(OH)2), ■ = calcite (CaCO3) 

 

In this experiment, we observed that the solvent was completely evaporated after 

about 9 hours of air exposition and, over this period, all the Ca(OH)2 reacted leading 

to a complete carbonation process, without adding water. Moreover, a CR value of 

about 6 mg/h was obtained, congruently with what observed for all the experiments 

on stone surface. 

 

Table 6.13. Semi quantitative analysis and carbonation rate CR of the aqueous nanolime 

suspension (0.5 ml in volume) at 100 g/l applied on a wet biocalcarenite stone (about 7 ml water 

content). The results obtained when the suspension was completely evaporated were in bold 

t (h) 
Crystalline phases 

CR (mg/h) 
Ca(OH)2 CaCO3 

0 100 % - - 

2 75 % 25 % 6.2 

4 51 % 49 % 6.1 

6 26 % 74 % 6.1 

8 - 100 % 6.2 

 

Comparing the results obtained from the previous tests on biocalcarenite stones 

with those referred to wet biocalcarenite stone, it is possible to observe that the 

carbonation rate, CR, is slightly higher in the latter case because of the more 

presence of water, so the carbonation reaction is facilitated in wet conditions. 

However, on the biocalcarenites the CR value remained around 6 mg/h, 

independently from nanolime concentration and time, while on the laboratory slides 

the CR value remained around 1 mg/h. So, these experimental results suggest that 
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the influence on the carbonation process had to be ascribed to the presence of water 

and to the air-water interface, where the CO2(aq) concentration is higher and the 

surface for the CO2 diffusion is larger too. Actually, under the same external 

conditions, the presence of a porous substrate clearly favored the carbonation rate. 

Now the concentration of the nanolime suspension (NC) assuring a complete 

carbonation on a particular kind of substrate, at normal CO2 conditions, depends 

only from the water evaporation rate WER (expressed in ml/h) and from the 

carbonation rate CR (expressed in mg/h). Therefore, it is possible to define a formula 

to evaluate NC (g/l): 

𝑁𝐶 =
𝐶𝑅 

𝑊𝐸𝑅 
      (6.3) 

Substituting in this formula the lowest value of CR obtained from the synchrotron 

experiments (1 mg/h), it is possible to define the lowest nanolime concentration, NC
*, 

able to guarantee a complete carbonation on every substrate simply measuring the 

water evaporation rate WER of the suspension in ml/h: 

𝑁𝐶
∗ =

1 mg/h

𝑊𝐸𝑅 
      (6.4) 

where NC
* values are obtained in mg/ml or g/l. 

In the considered experimental conditions (T = 20±2°C; RH = 20±5%), still 

considering the relation (6.3), the nanolime concentrations to have a complete 

carbonation are about 2 g/l and 7 g/l, for the laboratory slides and for the 

biocalcarenite stones respectively. From these results, we can expect that at lower 

temperatures or at higher RH values, the water evaporation rate decreases, 

increasing the NC
 value. Moreover, in case of replacement of water with alcohol, the 

NC should decrease linearly with the replacement percentage, as confirmed from 

the carbonation results of the previous chapter. For example, considering normal 

conditions ((T = 20±2°C; RH = 45±5%), where the water evaporation rate WER is 

about 0.12 ml/h, the nanolime concentrations to have a complete carbonation in 

water become about 8 g/l and about 30 g/l, for a planar substrate and a very porous 

substrate (biocalcarenite) respectively, consistently with the observations of the 

carbonation tests in chapter 5. 

The possibility to evaluate the lowest nanolime concentration to ensure a complete 

carbonation can be extremely important for consolidation applications. Although the 

adding of water can assure the advancement of carbonation, it would better if 

nanolime reacts before the complete evaporation of water. Actually, as it was 
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reported in literature, the drying process of Ca(OH)2 dispersions will cause an 

irreversible oriented attachment of the Ca(OH)2 nanoparticles: the strong coherent 

bonding among the oriented nanoparticles will prevent disaggregation upon re-

dispersion in water [39]. For these reasons, the relation between carbonation rate 

and water evaporation time, at normal CO2 conditions, results very useful to predict 

the carbonation process in any real situation. 

 

 

6.6 Nanolime treatments of the original mortar of a medieval building in 

L’Aquila 

 

Thanks to the scalability of the process and to the obtained results using nanolime 

in water, the first extensive application using these synthetized nanoparticles is 

realized, in relation to the consolidation of the façade of a historic building of L’Aquila 

(Palazzo Pica Alfieri, 14th-16th century), with a green and compatible treatment. 

Lime-based mortars have been extensively used as constructive elements, from 

plasters to bedding for brick masonry or civil components [40]. Despite of their low 

strength respect to modern cement-based mortars [41], historic lime mortars have 

demonstrated a good durability [42], revealing that the recovery of the original 

components can constitute a crucial factor for the Historical Heritage. For this 

reason, the conservation and the repair interventions on historic mortars are 

becoming important issues, not only for their widespread use and the unavoidable 

decay phenomena (related to climatic agents, biological attack, and air pollution), 

but also due to numerous prior improper interventions, including the use of 

inappropriate repair materials (Portland cement, alcoxysilanes and synthetic 

polymers). In fact, the apparent advantages of Portland cement and alcoxysilanes 

consolidants, in terms of strength and quick hardening, can reveal detrimental 

effects over time, because of the great differences with the pre-existing mortars, in 

the mechanical and thermal performances, but also in the impermeable behaviour 

towards water [43, 44]. To achieve a proper treatment, several requirements have 

to be considered, such as: a low mechanical improvement, no chromatic alterations 

and no alterations of the water vapour permeability of the original mortar [45-47]. 

The façade of the considered palace of L’Aquila (about 200 m2 of mortar surface), 

reported in Figure 6.20, characterized by an original pointing lime plastering (or 
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Pietra rasa lime mortar), presented an evident decay due to several factors, from 

atmospheric pollution and climatic effects to biological attacks, but also to prior 

inadequate restoration interventions. These factors can have contributed to a decay 

of the binder fraction in the course of time, leading to severe detachments and 

pulverization phenomena of the mortar itself (Figure 6.20b). 

 

a)  b)  

Figure 6.20. a) Façade of a historic building of L’Aquila (Palazzo Pica Alfieri, 14th-16th century), b) 

detail of the deterioration of the original pointing lime plastering 

 

For the compatibility and sustainability reasons discussed before, an aqueous 

dispersion of pure calcium hydroxide nanoparticles is applied to consolidate this 

mortar. The use of alcoholic dispersions was not considered also because of the 

large surface to be treated (huge release of volatile organic compounds) [48, 49]. 

The optimal conditions for the treatment were preliminarily tested in laboratory on 

original mortar samples, taken from the most degraded areas (previously detached 

from the façade). Both the application procedure and the suspension concentration 

were varied, giving a special attention to limit chromatic alteration effects on the 

treated surfaces. Chemico-physical, mineralogical and mechanical 

characterizations were performed on untreated and treated specimens, in order to 

evaluate the efficacy of the treatments. Only the best treatment, in terms of 

application procedure and suspension concentration, was considered for the final 

application on the façade, in order to consolidate the weathered original mortar. 

Once in laboratory, the untreated mortar samples were characterized on the binder 

and the aggregate fractions separately, in order to obtain information on single 

components, aggregate size distribution and binder/aggregate ratio [50–53]. The 

aggregate size distribution was calculated after sieving the sample by means of a 

standard series and reported in Figure 6.21, considering as fine fraction that passing 

150 µm and the remaining one as the aggregate fraction. It was obtained a 
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binder/aggregate ratio equal to about 1:6, denoting the lack of the binding 

component probably related to the degradation state of the considered historic 

building. Moreover, as defined from the standard procedure [50], the aggregate 

fraction was composed of about 19% of coarse sub-angular conglomerate (>4 mm), 

mildly selected, 33% of fine-grained conglomerate (ranging from 2 to 4 mm), and 

48% of arenaceous sandstone (<2 mm). 

 

 

Figure 6.21. Aggregate size distribution of the historical mortar 

 

The mineralogical analysis, performed by means of XRD, revealed that the binder 

was mainly composed of calcite (CaCO3, ICSD pattern #98-016-6365). As concerns 

the aggregate fraction, it was mainly constituted of about 91.3% calcite (CaCO3, 

ICSD pattern #98-016-6365) and 8.7% quartz (SiO2, ICSD pattern #98-002-7834). 

To consolidate this kind of substrate, four different suspensions of nanolime in water, 

characterized by different Ca(OH)2 concentrations, were prepared: 5 g/l (nCH5), 20 

g/l (nCH20), 40 g/l (nCH40) and 60 g/l (nCH60). The reactivity of all the nanolime 

suspensions was analyzed by means of XRD in relative humidity conditions of 75± 

5%, to simulate the real in-situ conditions. From the analyses of the carbonation 

process, reported in Table 6.14, it can be observed that nCH5, nCH20 and nCH40 

samples are characterized by a complete transformation into pure calcite during the 

solvent evaporation time (about 3h) at T = 20±2°C and RH = 75±5%. As concerns 

the nCH60 sample, it revealed the presence of 42±3% after 3h, reaching the 

completeness of the carbonation process only after 7 days. 

 

Table 6.14. XRD results of the carbonation process in the suspensions of nanolime in water, in 

relation to concentration and RH conditions, as an average of 3 measures (calcite ICSD #98-002-

0179, CCH ICDD #00-023-0107, Portlandite ICSD #98-020-2221) 

RH conditions nCH5 nCH20 nCH40 nCH60 
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75 ± 5% 

3 hours 
100% Calcite 100% Calcite 100% Calcite 

42±3% Calcite 

51±5% CCH 

7±2% Portlandite 

75 ± 5% 

7 days 
100% Calcite 100% Calcite 100% Calcite 100% Calcite 

 

Concentrations up to 60 g/l were tested because of high moisture content inside the 

walls, which limits the possibility to perform repeated treatments, and a restricted 

time needed to complete the restoration interventions as well. For this aim, a 

whitening threshold was first evaluated, defining the highest suspension 

concentration that caused a visible chromatic surface alteration to the treated 

surface with different application procedures: by brush, spray and airbrush. The 

nanolime was applied until mortar saturation, by wiping, if necessary, the sample 

surface with a wet cloth in order to remove the excess of product, so reducing the 

surface whitening. The samples, having similar surfaces (23±3 cm2), absorbed 

before dripping about 10 ml for each treatment, corresponding to about 20-240 g/m2 

depending on the concentration of the applied suspension. 

Actually, both the brush and the spray procedures revealed a moderate whitening 

at 20 g/l, so only the airbrush technique can guarantee no chromatic alterations up 

to 40 g/l. For this reason, in Figure 6.22 the photos and the images from 

stereomicroscope of the mortar samples treated by airbrush are reported, 

revealing that only the suspension at 60 g/l showed a whitening effect with airbrush 

treatment, due to an accumulation of the nanolime particles on the surface. 
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Figure 6.22. a) Photos of the historical mortar samples before (UT) and after (T) the 

nanolime treatments with airbrush at concentrations: 5, 20, 40 and 60 g/l (the red line 

indicated the whitening threshold); b) stereomicroscope images referred to UT, 40 and 

60 g/l samples treated by airbrush 

 

In addition, SEM micrographs of the UT mortar compared to 40 and 60 g/l samples 

treated by airbrush were shown in Figure 6.10, underlining that the treatment at 40 

g/l did not cause great alteration of the mortar surface, while the treatment at 60 g/l 

created a more com- pact superficial layer (Figure 6.23a). At higher magnifications 

(2 µm marker), it is evident that the nanolime treatments tend to cover the surface 

of the pores of the mortar, but without filling them, maintaining unchanged the 

superficial structure of the mortar (Figure 6.23b). At 1 µm marker, in the treated 

samples the presence of nanocrystals of calcite is observed, agglomerated into 

compact and poly-disperse clusters: the dimension of these agglomerates increased 

by increasing the nanolime suspension concentration (Figure 6.23c). 
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Figure 6.23. SEM micrographs, at different magnifications (scale bars: a) 10 µm, b) 2 

µm, c) 1 µm), of the mortar samples before (UT) and after nanolime treatments at 

concentrations of 40 g/l (T40) and 60 g/l (T60) 

 

The results coming from visual inspections, stereomicroscope and SEM images 

allow to fix the whitening threshold of the airbrush technique at a concentration of 

40 g/l. For this reason, the other mortar samples were treated by airbrush at 5, 20 

and 40 g/l, then the treatment effectiveness was evaluated as well. 

Firstly, phenolphthalein tests (a hydroxyl ion complexing substance for pH > 8.2) are 

performed by sectioning the samples soon after the nanolime treatments, in order 

to find the depth of penetration of the Ca(OH)2 particles (the color variation in the 

section of the sample is observed, measuring its depth). 

Phenolphthalein tests are reported in Figure 6.24 and the sample treated at 40 g/l 

revealed the highest penetration depth (more than 10 mm from the treated 

surface), underlining that the penetration of the nanolime particles was related 

not to the suspension concentration so much as to the amount of materials 

applied to the surface. The obtained results were very promising if compared to 

those referred to the penetration depth of most of alcoholic nanolime 

treatments (about 3 mm) [54, 55]. 
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Figure 6.24. Phenolphthalein tests on the section of mortar samples soon after the nanolime 

treatments at 5, 20 and 40 g/l. The fuchsia color reveals the presence of nanolime at least up to 10 

mm from the treated surfaces 

  

Surface cohesion of the treated mortar samples is estimated and summarized in 

Table 6.15, by the “Scotch Tape Test” (STT), according to ASTM D3359, from the 

mean of three tests for each sample. [20] The STT results revealed as the nanolime 

treatment increased the superficial cohesion of the treated mortars, particularly 

when higher suspension concentrations were applied (20 and 40 g/l). In fact, the 

reduction of the removed material (ΔM), measured after treatment, varied from 

about 18% to 63% by increasing the suspension concentration from 5 to 20 g/l, 

reaching the 80% with the 40 g/l suspension. As concerns the porosity 

measurements performed by means of AccuPyc/GeoPyc instruments on smaller 

stone samples (about 0.5 mm in diameter), also reported in Table 6.15, both the 

untreated and the treated samples showed an average porosity value of about 38%. 

The porosity remained practically unghanced probably because the nanolime does 

not completely fill the pores of the stone. Hovewer, the unchanged porosity can be 

considered a positive result in terms of compatibility of the treatment, corresponding 

to an unchanged behaviour in the water absorption and water vapour permeability 

characteristics of the original mortar. 
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Table 6.15. Porosity, STT and drilling resistance values (10 mm depth) of the historical 

mortar, before and after the nanolime treatments by airbrush at 5, 20 and 40 g/l  

 

 

The STT results are confirmed by the Drilling Resistance Measurement System 

(DRMS) values, reported in Table 6.15 as well, where a significant rise in the 

average drilling resistance value is measured with the 40 g/l suspension (from 

0.1±0.3 N to 3.4±1.1 N). In Figure 6.25 the drilling resistance profiles of the 

untreated and treated samples are shown. The increase of the average drilling 

resistance with 20 and 40 g/l treatments is directly observed, comparing the 

resistance profiles before and after nanolime treatments along 10 mm depth. 

These results confirm that the nanolime treatments were able to penetrate inside 

the mortar at least until 10 mm, performing their consolidating action also on the 

surface but without altering its esthetical features and its porosity. 

 

ampl 
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Figure 6.25. Drilling resistance profiles of untreated UT (dark line) and treated T (red 

line) mortar samples at: a) 5 g/l, b) 20 g/l and c) 40 g/l. The average value was 

calculated from 5 measurements for each treatment 

 

Once established that the best efficacy in terms of mortar consolidation, without 

chromatic alterations, is achieved with the aqueous suspension at 40 g/l applied 

by airbrush, the 40 g/l treatment is finally applied on the whole façade of the 

building (200 m2). During the in-situ application, the high level of moisture inside 

the wall allowed to apply only 20 g/m2 of nanolime until mortar saturation. After 

the treatment, the efficacy was evaluated by DRMS performed in situ, before 

and after three days from the application of the suspension. From the Figure 

6.26, it can be observed that, before the treatment, the original mortar presented 

practically null values, not measurable by the sensitivity of the instrument 

(average force of -0.2±0.4 N). After the nanolime treatment, despite of the low 

amounts of product applied to the surface, a significant increment of the drilling 

resistance was measured, with an average value of 2±1 N up to 10 mm from the 

treaded surface. 



 

184 

 

 

Figure 6.26. Drilling resistance profiles registered on the mortar directly in situ, before 

(black line) and after (red line) three days from the nanolime treatment at 40 g/l 

 

The application of nanolime directly in situ confirmed the consolidating effect of 

nanolime applied by airbrush observed in laboratory, allowing to restore the 

physico-chemical characteristics of the precious plaster of the medieval building, 

without modifying its porosity. Therefore, the aqueous nanolime based 

treatments guarantee compatibility and mechanical resistance increase on the 

treated surfaces, without altering esthetical features and porosity, potentially 

ensuring over time a more effective and durable consolidating action respect to 

other materials (Portland cement, alcoxysilanes and synthetic polymers). 
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CHAPTER 7: SYNTHESIS AND APPLICATION OF TETRACALCIUM FERRITE 

HYDRATE NANOPARTICLES 

 

This chapter presents a process for the synthesis of an innovative compound in the 

form of nanoparticles, namely tetracalcium ferrite hydrate, Ca4Fe2(OH)14·6H2O, 

using ion exchange resins. This compound is characterized by very small lamellae 

(20-50 nm), which have the ability to carbonate forming particular calcites with iron. 

Therefore, the use of these nanoparticles can be related again to the consolidation 

of carbonate matrix substrates, allowing to restore the surface cohesion of 

deteriorated substrates, thanks to their ability to recreate a thin network of calcite 

with iron that adheres perfectly to the grains of the original substrate. However, one 

of the peculiarities of this tetracalcium ferrite hydrate, which appears as white 

aqueous suspension or white powder, is that following carbonation its color changes 

to almost brown. For this reason, this compound could be used exclusively as a non-

toxic carbonation indicator in various situation sas well. A further application could 

be related to the removal of heavy elements and contaminants in water, such as 

arsenic, lead and fluorine, thanks to the presence of iron and calcium that can 

adsorb and separate these ions. Finally, the calcium nano-carbonates that can be 

obtained from this compound could be used as a filler for increasing the mechanical 

properties of thermoplastic polymers. 

 

 

7.1 Synthesis of tetracalcium ferrite hydrate in nanometric form 

 

Using the innovative ion exchange route described in this thesis, it is possible to 

synthesize nanoparticles of tetracalcium ferrite hydrate in pure form, having 

chemical formula Ca4Fe2(OH)14·6H2O. Actually, these nanoparticles are not 

obtained by other methods in literature and could be used in various sectors, from 

Cultural Heritage to polymeric fillers. In fact, one of the characteristics of these 

nanoparticles is the ability, in the presence of CO2, to transform into calcite as only 

crystalline phase. The synthesis process involves the reaction between an aqueous 

solution containing a calcium salt (CaCl2) and an iron salt (FeCl3-6H2O) in a molar 

ratio 2:1 with a strong anionic resin in OH- form (Dowex Monosphere 550A), 

maintained under stirring for at least 5 minutes. Once the established time has 
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elapsed, a suspension of nanoparticles is obtained that can be separated from the 

resin mechanically, for example using a 180 µm sieve. It is observed that the resin 

leaves no residues and can later be quickly regenerated and reused. An illustrative 

scheme of the synthesis process is shown in Figure 7.1. 

 

 

Figure 7.1. Illustrative scheme of the synthesis process of tetracalcium ferrite hydrate NPs 

 

In particular, to obtain 100 ml of suspension at a concentration of about 10 g/l of 

pure tetracalcium ferrite hydrate, 30 g of Dowex 550A wet anion resin in the OH- 

form are added to 100 ml of aqueous solution containing 1.10 g of CaCl2 and 1.35 

g of FeCl3-6H2O, at room temperature under moderate stirring. The quantity of resin 

used in the synthesis is calculated on the basis of its exchange capacity (1.1 eq/l of 

Cl) and of its density (0.67 kg/l), considering a small excess of resin (about 15%) to 

minimize the residual chlorides in the final suspension. When the resin is added to 

the aqueous solution of calcium and iron chlorides, a color change from yellow to 

white is instantly observed, attributable to the formation of tetracalcium ferrite 

hydrate phase. The quantity of chlorides still present in solution, corresponding in 

fact to the quantity of untransformed reagents, is negligible (< 100 mg/l) within the 

first 10 minutes of reaction, but to be sure to always have the minimum quantity of 

residual chlorides in solution, a reaction time of 60 minutes is considered. The 

overall synthesis process is characterized by a high yield (> 95%) and very short 

production times in one step, therefore it is potentially scalable. 

The obtained nanoparticles are characterized by XRD, TEM and SEM, also 

analyzing their reactivity in relation to the carbonation process in air. From the XRD 

analyses, shown in Figure 7.2, it can be observed that these nanoparticles have 

phase variations depending on the drying conditions of the sample. In particular, in 

the pattern of Figure 7.2 c, which is the compound completely reacted with CO2 by 

drying the suspension in air at RH 45±5%, CaCO3 (ICDD #00-047-1743) is obtained 
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as the only identifiable crystalline phase, without the presence of contributions of 

any amorphous phase. In the pattern of Figure 7.2b, which is the compound partially 

reacted with CO2 by drying the suspension with a direct nitrogen flow, there is an 

intermediate phase between the final carbonate and the starting hydrated oxide, 

identifiable as Ca4Fe2O6CO3·12H2O (ICDD #00-043-0480), with a preferential 

orientation on the plane positioned at about 11°2θ. As regards the pattern of Figure 

7.2a, which is the compound dried in a pure nitrogen atmosphere (absence of CO2), 

a low-crystalline phase is observed, characterized by two broad diffraction peaks 

located at 11.2 °2θ and 22.5 °2θ respectively. The comparison with the reference 

databases revealed that these peaks did not match with any known iron oxide or 

iron calcium oxide pattern, except than with calcium iron oxide carbonate hydrate 

(Ca4Fe2O6CO3·12H2O, ICDD pattern #00-043-0480). However, the attribution of a 

carbonated phase led to a discrepancy since the suspension was obtained under 

nitrogen. For these reasons, it is hypothesized that a little carbonation can be 

occurred during the drying steps or during the measurement itself. These result 

allow to assume that the exchange process led to the formation of a mixed Fe/Ca 

hydroxide, having the same Fe/Ca ratio of the Ca4Fe2O6CO3·12H2O phase 

observed in Figure 2b. Between the known Fe/Ca hydroxides, only tetracalcium 

ferrite hydrate, Ca4Fe2(OH)14·6H2O, matched this Fe/Ca ratio, characterized by a 

hexagonal/trigonal crystal system, having cell parameters: a = 5.890 Å, c = 7.902 Å 

[1], and crystallizing in hexagonal plates. This phase has a preferential orientation 

on the plane positioned at about 11°2θ as well, with an average size of the 

crystallites, obtained following the evaluation of the peaks with Debye-Scherrer, of 

21±1 nm. 
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Figure 7.2. XRD patterns of the suspension of tetracalcium ferrite hydrate with drying under 

different conditions: a) absence of CO2 with obtained phase Ca4Fe2(OH)14·6H2O or poorly 

crystalline Ca4Fe2O6CO3·12H2O (ICDD #00-043-0480); b) limited presence of CO2 with obtained 

phase pure Ca4Fe2O6CO3·12H2O; c) presence of CO2 with obtained phase pure CaCO3 (ICDD #00-

047-1743) 

 

A particular aspect related to this compound is that the calcite that forms as a result 

of the reaction with atmospheric CO2 is almost brown in colour, while the 

tetracalcium ferrite hydrate dried under nitrogen is white (Figure 7.3). This indicates 

that, even if not revealed by the XRD spectrum of figure 7.2c, iron is certainly present 

in a different form than the initial compound, probably in a completely amorphous 

form. 
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Figure 7.3. Suspension of Ca4Fe2(OH)14·6H2O nanoparticles dried in absence or presence of CO2 

 

From the TEM micrographs in absence of CO2, shown in Figure 7.4, the synthesized 

tetracalcium ferrite hydrate phase appears in the form of lamellae with hexagonal 

morphology, having side dimensions in the range 10-30 nm and thicknesses in the 

range 5-10 nm, which are sometimes superimposed and semi-transparent to the 

incident electron beam. 

 

 

Figure 7.4. TEM micrographs of tetracalcium ferrite hydrate nanoparticles in absence of CO2: a) 

marker 0.5 µm, b) marker 50 nm 

 

The SEM image of Figure 7.5a confirms what observed at TEM in absence of CO2, 

which is the presence of lamellae having hexagonal morphology with side 

dimensions generally < 30 nm and thicknesses < 10 nm. Observing in this case the 

samples dried in presence of CO2 (Figure 7.5b), it transforms into cubes with side 

dimensions of about 50 nm, associated with the typical morphology of calcite, coated 

with thin filaments (diameter < 5 nm), almost forming a network, associated with the 

presence of iron in an amorphous form. 
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Figure 7.5. SEM images with 200 nm marker of tetracalcium ferrite nanoparticles: a) dried in 

absence of CO2, b) dried in presence of atmospheric CO2 

 

To evaluate the reactivity of the produced NPs towards the conversion to calcite, 

which could significantly influence the applications of the compound itself, further 

measurements are carried out using XRD on the suspension of tetracalcium ferrite 

hydrate, dried in air, varying the suspension concentration and the relative humidity 

conditions. The samples were prepared by depositing 0.12 ml of aqueous 

suspensions at three different concentrations (5, 10, 20 g/l) on zero-background 

sample holders at T = 20±2°C and RH equal to 30±5%, 45±5% or 75±5%, 

corresponding to average solvent evaporation times of approximately 30, 60 and 

180 minutes respectively. On each XRD pattern, the ratio between the area of calcite 

peaks and the total area of all the peaks of the pattern is defined as carbonation 

efficiency (Y) and is shown in Table 7.1. It is found that at RH 75±5% (long 

evaporation times) the maximum conversion into calcite (100% Y) is always 

obtained, while for shorter evaporation times the conversion into calcite increases 

as the concentration of the suspension decreases. From these values the complete 

reaction times with atmospheric CO2 based on the concentration is defined, which 

allow to indirectly calculate a carbonation rate for this compound: about 10 g/l for 

hour, slightly higher than the carbonation rate of the pure nanolime (about 7 g/l for 

hour). 
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Table 7.1. Reactivity of the aqueous suspension of tetracalcium ferrite hydrate NPs in terms of 

conversion to calcite (Y) 

Concentrazion 30 min (30±5% RH) 60 min (45±5% RH) 180 min (75±5% RH) 

5 g/l 100% Y 100% Y 100% Y 

10 g/l 53% Y 100% Y 100% Y 

20 g/l 26% Y 51% Y 100% Y 

 

 

7.2 Design of a nanolime with iron tailored for Cultural Heritage 

 

The innovative compound, with chemical formula Ca4Fe2(OH)14·6H2O, synthesized 

in form of NPs is characterized by the possibility of reacting quickly with CO2 (in 

presence of water), forming a calcite covered with iron filaments at a nanometric 

level, which generates a colour change on the macroscopic scale. 

As previously described, the use of compatible products is recommended in the 

consolidation and conservation of carbonate substrates of historical and 

architectural interest. The use of nano-sized particles of calcium hydroxide, as seen 

in the previous chapter, allows the consolidation of different stone substrates, 

reaching penetration depths with consolidant treatments of at least 1 cm from the 

surface. However, despite the described advantages of these treatments, some 

limitations remain to date, such as: the lower penetration capacity on low porous 

substrates (for example mortars or frescoes), together with the possible chromatic 

alteration of the treated surfaces, linked to the formation of white glazes (dependent 

on solvent, suspension concentration and method of application). In many natural 

carbonate substrates, as well as in historical mortars obtained from lime and 

pozzolan based formulations, the colour may depend on the presence of variable % 

of other chemical elements, such as iron, as for example found in the biocalcarenites 

treated in the previous chapter. In fact, calcarenites and other natural stone 

materials with a carbonate matrix, widely used in the Mediterranean area, often have 

a colour ranging from creamy yellow to brown. 

Therefore, having synthesized Ca(OH)2 NPs (nanolime) and Ca4Fe2(OH)14·6H2O 

NPs by ion exchange route, both able to carbonate and therefore to bring new calcite 

to a substrate, it is possible to design a tailored nanolime containing both these 

phases, which can be applied on natural stones having iron content. This innovative 

nanolime would make it possible to bring the same mineralogical composition to the 
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substrate, in order to have both a perfect chemico-physical compatibility and a total 

absence of chromatic alteration, since iron is one of the elements mainly responsible 

for the appearance of the minerals containing it. Furthermore, this tailored nanolime, 

thanks to the slightly smaller dimensions compared to the nanolime, having iron as 

a nucleating agent both in the synthesis phase and in the carbonation phase, can 

guarantee a better penetration even in less porous substrates compared to the pure 

nanolime. Another advantage of having a nanolime with iron in the structure is to 

obtain more stable aqueous suspensions (always characterized by a white color), 

and when the carbonation process takes place, the colour changes according to the 

% of iron added in the synthesis phase with considerable versatility. Therefore, the 

function of this tailored nanolime is to restore the surface cohesion of deteriorated 

substrates, thanks to its ability, once carbonated, to recreate a thin network of 

calcium carbonate with amorphous iron that adheres perfectly to the grains of the 

original substrate. 

Some syntheses are carried out following the procedure described in paragraph 7.1, 

but decreasing the quantity of iron chloride, in order to obtain variable Ca-Fe %, 

adjustable according to the composition of the substrates to be treated. To 

investigate the composition and morphology of the obtained phases, XRD and TEM 

analysis are performed, in order to evaluate more accurately the effect of adding 

iron to the nanolime. Figure 7.6 shows the XRD patterns of tailored nanolime as the 

% of iron added in synthesis varies (13%, 23%, 33%, these percentages refer to the 

mass composition of inorganic elements: Ca-Fe), and the identifiable phases are 

Ca(OH)2 and Ca4Fe2(OH)14·6H2O or poorly crystalline Ca4Fe2O6CO3·12H2O 

(particularly oriented on the first two diffraction planes). The relative quantities of 

these 2 crystalline phases are reported in Table 7.2 and are certainly dependent on 

the % of iron added in the synthesis phase, furthermore the average size of the 

crystallites is reported, which is always lower in the compound having iron. 
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Figure 7.6. XRD patterns of tailored nanolimes as the % of iron added in synthesis varies, 

* = Ca(OH)2 ICSD #98-020-2221, o = Ca4Fe2(OH)14·6H2O [1] or poorly crystalline 

Ca4Fe2O6CO3·12H2O ICDD #00-043-0480 

 

Table 7.2. Crystalline phases observed in the tailored nanolime as the % of iron varies, with mass 

composition of the samples, relative % of crystalline phases and crystallite size 

Tailored nanolime Crystalline phases (%) Crystallite size  (nm) 

Composition of 

inorganic elements 
Ca(OH)2 Ca4Fe2(OH)14·6H2O Ca(OH)2 Ca4Fe2(OH)14·6H2O 

Ca 87%, Fe 13% 61±4% 39±3% 114±2 7.2±0.1 

Ca 77%, Fe 23% 38±3% 62±4% 100±4 10.0±0.3 

Ca 67%, Fe 33% 16±2% 84±4% 100±10 13±1 

 

For these 3 different selected compositions of calcium and iron, the transformation 

into calcite by exposure to atmospheric CO2 is also investigated by XRD, at a 

concentration of 10 g/l at different RH conditions: 30±5% (Figure 7.7a) and 45±5% 

(Figure 7.7b). The relative quantities of the crystalline phases that are formed are 

reported in Table 7.3 and are certainly dependent on the % of iron added in the 

synthesis phase, moreover the average size of the crystallites is reported, which is 

always smaller in the compound with iron. 
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a)  

 

b)  

Figure 7.7. XRD patterns of tailored nanolimes as the % of iron added in synthesis varies, following 

exposure to different RH conditions: a) 30±5%, b) 45±5%. c = CaCO3 (ICDD #00-043-0480), x = 

Ca4Fe2O6CO3-12H2O (ICDD #00-043-0480) 
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Table 7.3. Crystalline phases observed in the tailored nanolime with the % variation of iron, 

exposed in different RH conditions, with mass composition of the samples, relative % of crystalline 

phases and crystallite size 

30±5% RH 45±5% RH 

Tailored nanolime Crystalline phases (%) Crystallite size  (nm) 
Crystalline 

phases(%) 

Crystallite 

size  (nm) 

Composition of 

inorganic 

elements 

CaCO3 Ca4Fe2O6CO3·12H2O CaCO3 Ca4Fe2O6CO3·12H2O CaCO3 CaCO3 

Ca 87%, Fe 13% 49±3% 51±3% 80±10 24±2 100% 83±2 

Ca 77%, Fe 23% 14±2% 86±2% 38±4 22.1±0.1 100% 79±1 

Ca 67%, Fe 33% 10±2% 90±2% 71±3 24±1 100% 96±2 

 

By comparing the XRD patterns of the 3 samples exposed to the carbonation 

process, it can be seen that calcite progressively forms until 100% transformation is 

always obtained. It is interesting that in all the samples pure calcium hydroxide 

reacts first to form CaCO3, selectively with respect to Ca4Fe2(OH)14·6H2O, 

evidenced by the fact that the peak at 18°2θ disappears always as first in the 

patterns at 30±5% RH. This phenomenon may be due to a different solubility of the 

2 compounds, so only after the removal of calcium hydroxide the compound 

containing iron reacts (with a slightly higher kinetic). Furthermore, the reaction of 

Ca4Fe2(OH)14·6H2O is observed to occur through the intermediate form 

Ca4Fe2O6CO3·12H2O capturing CO2. The presence of iron in the samples 

completely converted into calcite is perhaps found only in a homogeneous elevation 

of the background of the sample with 33% Fe, but without contributions that could 

allow the identification of some phases. 

Figure 7.8 shows TEM images of tailored nanolime samples at different iron 

concentrations dried in absence of CO2. The NPs appear always in the form of 

lamellae with hexagonal morphology, having thicknesses in the range 5-10 nm and 

side dimensions slightly variable based on the % of iron: with 13% Fe the dimensions 

are in the range 30-50 nm (Figure 7.8a), with 23% Fe the dimensions are in the 

range 20-40 nm (Figure 7.8b) and finally with 33% Fe the dimensions are in the 

range 10-30 nm (Figure 7.8c). 
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a)  b)  

c)  

Figure 7.8. TEM micrographs with 200 nm marker of nanoparticles of tailored nanolime with 

different % of iron: a) 13% Fe, b) 23% Fe, c) 33% Fe 

 

The possibility through this synthesis route to rapidly produce large quantities of 

these NPs could allow to easily reach the market of consolidating products and to 

broaden their application fields towards extensive uses, such as the treatment of 

large carbonatic surfaces of historical-architectural relevance, with or without the 

presence of iron inside. In particular, in this sector there are no perfectly compatible 

products having combined calcium and iron, able to carbonate recreating the same 

composition of the iron-containing carbonatic substrates, thus guaranteeing 

complete compatibility both aesthetic (no chromatic alteration) and chemico-

physical. These NPs, thanks to their small size (10-50 nm side, 5-10 nm in 

thickness), guarantee a high penetration into the substrates and a high reactivity 

with CO2. Therefore, they allow to restore the surface cohesion of deteriorated 

substrates, thanks to their ability, once carbonated, to recreate a thin network of 

calcium carbonate with iron that adheres perfectly to the grains of the original 

substrate. 
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7.3 EXAFS measurements on tetracalcium ferrite hydrate NPs and tailored 

nanolime 

 

During the carbonation process of the Ca4Fe2(OH)14·6H2O NPs, it was observed 

that from the XRD analysis only calcite is present with a variable background 

associable with the presence of iron, but not identifiable as an amorphous or 

crystalline phase. Therefore, to identify the iron structure after the carbonation 

process, but also to confirm the structure of the Ca4Fe2(OH)14·6H2O phase itself, 

EXAFS tests with synchrotron light (European Synchrotron Radiation Facility of 

Grenoble) are performed, studying the absorption thresholds for both calcium and 

iron, before and after carbonation. To perform these measurements, samples of 

tailored nanolime with different % of iron analyzed in the previous paragraph (Fe 

13%, Fe 23% and Fe 33%) are selected, together with the sample having 

Ca4Fe2(OH)14·6H2O as a pure compound (corresponding to Fe 41%). In addition, a 

tailored nanolime with low iron addition (Fe 5%) and a sample with excess iron (Fe 

50%) with respect to the compound Ca4Fe2(OH)14·6H2O are included in the study, 

in order to better evaluate the influence of iron in the structure. All 6 samples 

considered are shown in Table 7.4 according to the increasing iron concentration. 

 

Table 7.4. List of samples analyzed in EXAFS measurements with relative compositions and edge 

steps 

Tailored nanolime Crystalline phases (%) Calcium Iron 

Composition of 

inorganic elements 
Ca(OH)2 Ca4Fe2(OH)14·6H2O 

Amount 

(mg) 

Edge 

Ca 

Amount 

(mg) 

Edge 

Fe 

Ca 95%, Fe 5% 88±4% 12±2% 1.7 0.85 7 0.10 

Ca 87%, Fe 13% 61±4% 39±3% 1.8 0.82 6.6 0.23 

Ca 77%, Fe 23% 38±3% 62±4% 2.1 0.78 6 0.36 

Ca 67%, Fe 33% 16±2% 84±4% 2.3 0.74 5.6 0.47 

Ca 59%, Fe 41% - 100% 2.5 0.69 5.3 0.54 

Ca 50%, Fe 50% - 100% 2.8 0.65 5 0.61 

 

The samples are selected in form of suspension (10 g/l) and prepared under 4 

different conditions to better evaluate the effects of the carbonation process on 

phase transformations: 

1) as they are under an inert atmosphere of N2, 

2) forced carbonation following the flow of CO2 into the water, 
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3) partial carbonation in air for exposure at 30±5% RH, 

4) total carbonation in air for exposure at 45±5% RH. 

For each condition, the samples are prepared with respect to both the iron and 

calcium thresholds, by placing different quantities of sample depending on the 

considered element, as reported in Table 7.4. In order to have a homogeneous 

distribution of the samples, the starting suspensions are quickly filtered on 

polycarbonate filters with a small Venturi system and then sealed with capton as 

regards conditions 1) and 2). While as regards the exposures in air 3) and 4), the 

suspensions are deposited on capton and allowed to evaporate at the chosen RH 

conditions. 

To better analyze the data, the central sample with 33% Fe is first reported as a 

representative sample for the results on the iron edge. Figure 7.9 shows this sample 

in the 4 different preparation conditions, first in E in the XANES region (Figure 7.9a), 

then in R (Figure 7.9b) and finally in k (Figure 7.9c) in the EXAFS region. 

a)  

b)  c)  

Figure 7.9. Sample with 33% Fe on the iron edge in the 4 different preparation conditions, plotted 

in: a) E in the XANES region, b) R and c) k in the EXAFS region 
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From the sample with 33% Fe in the XANES region (Figure 7.9a), it can be seen 

that for iron there are 2 different trends: the N2 sample (0% carbonatate) shows a 

double signal with peaks at about 7130 and 7145 eV, while the CO2 sample (100% 

carbonated) shows a single peak at about 7135 eV. 

The 30% RH sample is similar to the N2 sample because only the small fraction of 

calcium hydroxide has reacted (Table 7.3). Actually, Ca(OH)2 reacts earlier 

compared to the calcium and iron compound which, in turn, tranforms into a 

intermediate carbonated phase. On the contrary, the 45% RH sample is similar to 

the CO2 sample, both being 100% carbonated. However, it is noted that the 45% 

RH sample, despite it shows a single signal, has a similar trend to the N2 sample in 

XANES, so it could have slightly different characteristics from the CO2 sample, due 

to the influence of the carbonation rate on the final equilibrium. That is, the reaction 

takes place in a slower way, so that it would allow the iron to reorient itself better 

when the calcite is formed, considering that calcite is formed starting from a mixed 

structure in calcium and iron passing through an intermediate carbonated. 

The graphs in k and R in the EXAFS region for the sample with 33% Fe (Figures 

7.9b-c), which are the most significant in this type of measurement, confirm the 

presence of the two different trends between the sample N2 (0% carbonated) and 

the sample CO2 (100% carbonated). The 30% RH sample is always similar to the 

N2 sample, while the 30% RH sample is similar to the CO2 sample, in this case 

without particular differences between these two completely carbonated samples. 

At this point all the other 5 samples are compared with respect to the sample with 

33% Fe, taken as a reference to investigate if there are further trends, under the 

same conditions: at first, when they are under N2 (Figures 7.10a-b-c) and then, 

carbonated with CO2 (Figures 7.10d-e-f). 
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a)  

b)  c)  

d)  

e)  f)

Figure 7.10. Samples with various % of Fe on the iron edge prepared under N2 atmosphere, plotted 

in: a) E in the XANES region, b) R and c) k in the EXAFS region. Same samples prepared with CO2 

flow, plotted in: d) E in the XANES region, e) R and f) k in the EXAFS region 
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For all the samples with iron and calcium, the signals in E in the XANES region 

shows that they all behave like the reference sample (33% Fe) under the same 

conditions (N2 or CO2), so there are always the same 2 different trends for iron: the 

N2 samples (0% carbonated) have a double signal with peaks at about 7130 and 

7145 eV, while the CO2 samples (100% carbonated) have a single peak at about 

7135 eV. Only the sample with 50% Fe shows a difference in the peak at about 7145 

eV under N2, which is less evident, since in this sample there is iron in excess 

respect to calcium, considering that the compound Ca4Fe2(OH)14·6H2O (observed 

from XRD) has a calcium-iron ratio 2:1 in moles, corresponding to 41% Fe in weight. 

This excess iron should have a different structure, maybe similar with that of the iron 

released following carbonation. In fact, this sample presents small differences 

compared to the other 5 samples in terms of R and k. The same trends are also 

found in the other 5 samples exposed to RH 30% and RH 45% conditions. 

At this point, the Fe 33% N2 and Fe 33% CO2 samples (corresponding to the two 

different trends identified) are considered as a reference, to make a first comparison 

with some noted iron phases acquired previously and with the published literature. 

From a first comparison in XANES respect to references phases (like hematite, 

goethite and ferrihydrite), shown in Figure 7.11a, it is observed that the Fe 33% N2 

sample presents a very different trend from all the reference phases, therefore it is 

not attributable to any of they. While, as regards the sample 33% Fe CO2, it shows 

a trend that can be associated to both ferrihydrite and goethite. 

 

a)  
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b)  c)  

Figure 7.11. Sample with 33% Fe on the iron edge prepared under N2 or with CO2 flow, compared 

with probable phases (hematite, goethtite and ferrihydrite), plotted in: a) E in the XANES region, b) 

R and c) k in the EXAFS region 

 

Finally, by comparing the Fe 33% CO2 sample with goethite and ferrihydrite in terms 

of R and k (Figure 7.11b-c), the carbonated phase appears to be very similar to 

ferrihydrite, precisely in the 2-line form (Figure 7.12) [2]. From the literature, 

ferrihydrite is an amorphous iron oxy-hydroxide, which can however have different 

short-range orders based on the size of the grains, the most ordered form in 

diffraction is called 6-line as it has 6 diffraction signals, while the most amorphous 

is the 2-line ferrihydrite, which has 2 wide diffraction signals (as it will be better 

described in the chapter on iron oxides). From Figure 7.12b it was observed that the 

EXAFS technique allows to distinguish the form of ferrihydrite based on the height 

of some signals in k, from which it is possible to note that the form of ferriydrite 

obtained from the 33% Fe CO2 sample corresponds to the less ordered form (2-line 

ferrihydrite), and really it seems even less ordered due to the absence of the satellite 

peak. 

 

 

Figure 7.12. Different forms of ferrihydrite, from the most ordered (6-line) to the least ordered (2-

line), with signals plotted in: a) E in the XANES region, b) k in the EXAFS region [2] 
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From the literature no EXAFS measurements have been found on mixed phases 

containing both calcium and iron. Therefore, on the samples considered significant 

for the iron edge, 33% Fe, and in addition the 50% Fe sample, which is slightly 

different, a fit is performed with ARTEMIS to calculate the distances in R. Since it 

was not possible to have the CIF files of the phase related to 2-line ferrhydrite 

(completely amorphous) in the carbonated phase, nor to the phase that should be 

Ca4Fe2(OH)14·6H2O in the initial samples, those of hematite and of a calcium and 

iron oxide 1:1 (CaFeO2) are used as CIF, in order to generate valid paths between 

Fe-O, Fe-Fe and Fe- Ca. First of all, from the fit of the metal iron (CIF of CCC 

structure) used as a reference (fit up to R = 5), it is found the value of S0
2 = 0.8 to 

be set in the fitting parameters. 

The sample with 33% Fe N2 (0% carbonated) is well fit respect to Fe with CIF of 

CaFeO2 (Figure 7.13a), finding as 1st shell Fe-O with R ≈ 2.02 Å, while the 2nd shell 

seems Fe-Ca with R ≈ 3.45 Å (Table 7.5). 

 

a)  b)  

Figure 7.13. Fit respect to Fe with ARTEMIS of the samples analyzed by EXAFS: a) Fe 33% N2, b) 

Fe 50% N2 

 

Table 7.5. Fit parameters respect to Fe with ARTEMIS of the samples analyzed by EXAFS (k 3-13) 

Sample CIF Element N s0
2 ss e0 ΔR Reff R 

33%Fe_N2 
CaFeO2 O 6.26 0.8 0.004 -0.66 0.041 1.978 2.019 

CaFeO2 Ca 9.72 0.8 0.011 -0.66 0.114 3.338 3.453 

50%Fe_N2 
CaFeO O 6.78 0.8 0.008 -3 0.038 1.978 2.016 

CaFeO Ca 9.68 0.8 0.012 -3 0.108 3.338 3.446 

 

The sample with 50% Fe N2 (0% carbonated) has always a good fit with the CIF of 

CaFeO2 (Figure 7.13b), finding the 1st shell Fe-O with R ≈ 2.02 Å, while the 2nd shell 

seems due to the Fe-Ca, with R ≈ 3.45 Å (Table 7.5). 
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Regarding the sample with 33% Fe at 45% RH (100% carbonated), it is well fitted 

respect to Fe with CIF of α-Fe2O3 (Figure 7.14a), finding the 1st shell Fe-O with R ≈ 

2.01 Å, while the 2nd shell appears to be due to Fe-Fe with R ≈ 3.06 Å (Table 7.6). 

a)  b)  

Figure 7.14. Fit respect to Fe with ARTEMIS of the samples analyzed by EXAFS: a) Fe 33% at RH 

45%, b) Fe 33% with CO2 flow 

 

Table 7.6. Fit parameters respect to Fe with ARTEMIS of samples analyzed by EXAFS (k 3-13) 

Sample CIF Element N s0
2 ss e0 ΔR Reff R 

33%Fe_RH45% 
a-Fe2O3 O 8.15 0.8 0.013 -2.84 0.059 1.946 2.005 

a-Fe2O3 Fe 3.1 0.8 0.007 -2.84 0.086 2.971 3.057 

33%Fe_CO2 
a-Fe2O3 O 5.35 0.8 0.01 -2.91 0.042 1.946 1.988 

a-Fe2O3 Fe 4.02 0.8 0.016 -2.91 0.064 2.971 3.035 

 

Even the sample with 33% Fe CO2 (100% carbonated), is well fitted respect to Fe 

with CIF of α-Fe2O3 (Figure 7.14b), having a 1st shell Fe-O with R ≈ 2.00 Å, while 

the 2nd shell correspond to Fe-Fe with R ≈ 3.04 Å (Table 7.6). These R values are 

slightly lower than those obtained for the same sample carbonated in air, but it could 

still be the same phase. 

Once the iron edge has been analyzed, the calcium edge is measured on the various 

samples, always first reporting the sample with 33% Fe as a representative central 

sample. Figure 7.15 shows this sample in the 4 different preparation conditions, first 

in E in the XANES region (Figure 7.15a), then in R (Figure 7.15b) and finally in k 

(Figure 7.15c) in the EXAFS region. 
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a)  

b)  c)  

Figure 7.15. Sample with 33% Fe on the calcium edge in the 4 different preparation conditions, 

plotted in: a) E in the XANES region, b) R and c) k in the EXAFS region 

 

From the sample with 33% Fe in E in the XANES region (Figure 7.15a), it can be 

seen that also for calcium there are 2 different trends: the sample under N2 (0% 

carbonatate) shows a very close double signal (about 4043 and 4048 eV), while the 

sample exposed to 45% RH (100% carbonated) has a more spaced double signal 

(about 4043 and 4053 eV). The sample exposed to RH 30% is again very similar to 

the sample below N2, as only the small fraction of calcium hydroxide has reacted, 

while the sample with CO2 is always similar to the sample exposed to 45% RH, both 

being 100% carbonated. The graphs in k and R in the EXAFS region for the sample 

with 33% Fe on the calcium edge (Figure 7.15b-c) confirm the presence of the 2 

different trends between the sample N2 (0% carbonated) and the sample CO2 (100% 

carbonated). The CO2 sample however presents a less defined signal, probably 

because, in this case, the CO2 exposure method seems to lead to a separation of 

the calcium from the iron which then does not remain on the policarbonate (noisy 

signal in R with an intermediate shell that could be partly fictitious). 

At this point, to investigate if there are further trends under the same conditions, all 

the other 5 samples are compared to the sample with 33% Fe, taken as a reference: 
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first, as they are under N2 (Figures 7.16a-b-c) and then, carbonated at 45% RH 

(Figures 7.16d-e-f). 

a)  

b)  c)  

d)  

e)  f)  
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Figure 7.16. Samples with various % of Fe on the calcium edge prepared under an N2 atmosphere, 

plotted in: a) E in the XANES region, b) R and c) k in the EXAFS region. Same samples prepared 

with 45% RH exposure, plotted in: d) E in the XANES region, e) R and f) k in the EXAFS region 

 

The signals in XANES for the other samples under N2 show that those with the 

highest concentration of iron (41% Fe and 50% Fe) are similar to the sample with 

33% Fe, while those with a lower concentration of iron (5% Fe, 13% Fe and 23% 

Fe) are slightly different, as they should have a contribution of Ca(OH)2 in the signal 

(phase more present in diffraction). In the carbonated samples at 45% RH, on the 

other hand, no particular differences are observed, and the signals are the same 

both in XANES and in EXAFS. Only the signal in R between the two main shells has 

changed little, but without a correlation between the % of iron. Probably, it could be 

a question of quality of data (less resolution on the calcium edge compared to the 

iron edge). 

As before, a comparison of the samples with 33% Fe N2 and with Fe 33% CO2 is 

made with reference standards for Ca(OH)2 and CaCO3 (Figure 7.17). 

 

a)  

b)  c)  
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d)  

e)  f)  

Figure 7.17. Sample with 33% Fe on the calcium edge prepared under N2 compared with Ca(OH)2, 

plotted in: a) E in the XANES region, b) R and c) k in the EXAFS region. Same sample with 33% Fe 

on the calcium edge prepared at 45% RH or with CO2 flux compared to CaCO3, plotted in: a) E in 

the XANES region, b) R and c) k in the EXAFS region 

 

From the comparison between the sample with 33% Fe under N2 and Ca(OH)2 

(Figures 7.17a-b-c), it is observed that the sample (0% carbonated) is different from 

Ca(OH)2 in EXAFS and in k, but the position of the first two shells in R is very similar. 

While from the comparison between the sample with 33% Fe at 45% RH and CaCO3 

(Figures 7.17d-e-f), it appears that the sample (100% carbonated) is almost equal 

to CaCO3 in k and in XANES, but it has a lower signal on the intermediate shell in 

R. In comparison to CaCO3 the sample with 33% Fe fluxed with CO2 is also reported, 

and it is similar to CaCO3 in all signals. 

Therefore, on the samples considered significant for the calcium edge (which are 

the ones having 33% Fe), and in addition the 41% Fe sample, which does not 

present Ca(OH)2 in the XRD pattern, a fit with ARTEMIS is performed to calculate 

the distances in R. To generate valid paths, since the CIF of the phase that could 

be Ca4Fe2(OH)14·6H2O is not available, a calcium and iron oxide 1:1 (CaFeO2) is 

used as CIF, together with the CIF of CaCO3 and Ca(OH)2. 
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First of all, pure Ca(OH)2 (Figure 7.18a) and pure CaCO3 (Figure 7.19b) are fitted, 

used as reference standards for the calcium phases to optimize some parameters. 

From to the fit, the 1st shell results in both cases Ca-O with R ≈ 2.04 A, while the 2nd 

shell results in both cases Ca-Ca, but with different R: for the carbonate R ≈ 4.10 A, 

for the hydroxide R ≈ 3.61 A (Table 7.7). 

 

a) b)  

Figure 7.18. Fit respect to Ca with ARTEMIS of the standards analyzed by EXAFS: a) Ca(OH)2, b) 

CaCO3 

 

Table 7.7. Fit parameters respect to Ca with ARTEMIS of samples analyzed by EXAFS (k 3-10) 

Sample CIF Element N s0
2 ss e0 ΔR Reff R 

CaCO3 std 
CaCO3 O 6 0.8 0.007 5.06 0.017 2.353 2.37 

CaCO3 Ca 6 0.8 0.016 5.06 0.065 4.032 4.097 

Ca(OH)2 std 
Ca(OH)2 O 6 0.8 0.007 -0.23 -0.013 2.363 2.35 

Ca(OH)2 Ca 6 0.8 0.007 -0.23 0.025 3.585 3.611 

 

The sample with 33% Fe N2 (0% carbonated) is well fitted respect to Ca with CIF of 

CaFeO2 (Figure 7.19a), finding as 1st shell Ca-O with R ≈ 2.39 Å, while the 2nd shell 

appears to be Ca-Fe with R ≈ 3.50 Å (Table 7.8).  

 

a) b)  

Figure 7.19. Fit respect to Ca with ARTEMIS of the samples analyzed by EXAFS: a) Fe 33% N2, b) 

Fe 41% N2 
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Table 7.8. Fit parameters respect to Ca with ARTEMIS of samples analyzed by EXAFS (k 3-10) 

Sample CIF Element N s0
2 ss e0 ΔR Reff R 

33%Fe_N2 
CaFeO2 O 6 0.8 0.007 -1.21 -0.003 2.390 2.387 

CaFeO2 Fe 6 0.8 0.01 -1.21 0.157 3.338 3.495 

41%Fe_N2 
CaFeO2 O 6 0.8 0.011 -9.3 -0.044 2.390 2.346 

CaFeO2 Fe 6 0.8 0.006 -9.3 0.101 3.338 3.439 

 

The sample with 41% Fe N2 (0% carbonated) is well fit respect to Ca (always 

considering the CIF of CaFeO2) (Figure 7.19b), finding as 1st shell Ca-O with R ≈ 

2.35 Å, while the 2nd shell seems Ca-Fe with R ≈ 3.44 Å (Table 7.8). 

Like the sample with 33% Fe, at 45% RH (100% carbonated), the sample is well 

fitted respect to Ca with CIF of CaCO3 (Figure 7.20a), finding as 1st shell Ca-O with 

R ≈ 2.38 Å, while the 2nd shell is Ca-Ca with R ≈ 4.07 Å (Table 7.9). 

 

a)  b)  

Figure 7.20. Fit respect to Ca with ARTEMIS of the samples analyzed by EXAFS: a) Fe 33% at RH 

45%, b) Fe 41% at RH 45% 

 

Table 7.9. Fit parameters respect to Ca with ARTEMIS of samples analyzed by EXAFS (k 3-10) 

Sample CIF Element N s0
2 ss e0 ΔR Reff R 

33%Fe_RH45% 
CaCO3 O 6 0.8 0.006 6.29 0.024 2.353 2.377 

CaCO3 Ca 6 0.8 0.01 6.29 0.038 4.032 4.070 

41%Fe_RH45% 
CaCO3 O 6 0.8 0.007 3.99 0.011 2.353 2.365 

CaCO3 Ca 6 0.8 0.014 3.99 0.018 4.032 4.050 

 

Also the sample with 41% Fe at 45% RH (100% carbonated), is well fitted respect 

to Ca with CIF of CaCO3 (Figure 7.20b), finding as 1st shell Ca-O with R ≈ 2.37 Å, 

while the 2nd shell results Ca-Ca with R ≈ 4.05 Å (Table 7.9). 

On all the samples, the edge steps were finally measured (after having optimized 

the background and the pre-edge and post-edge lines) in order to determine the 

average concentrations of the samples respect to the surface. In general, the 

samples present comparable values with the expected values of Table 7.4 (therefore 
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precise elemental concentrations), while the carbonated samples with CO2 always 

present higher values of Fe (as already noted in the EXAFS spectra, it is as if the 

calcium carbonated in solution is separed from iron). 

From this EXAFS study results that Fe is in coordination with calcium in the 

synthesized phase (Ca4Fe2(OH)14·6H2O), having a 1st shell Fe-O with R ≈ 2.02 Å 

and a 2nd shell probably Fe-Ca with R ≈ 3.45 Å. In the carbonated phase, this 

structure transforms in a very amorphous form of 2-line ferrhydrite, having a 1st shell 

Fe-O with R ≈ 2.00 Å and a 2nd shell Fe-Fe with R ≈ 3.06 Å. Similarly, in the 

synthesized phase (Ca4Fe2(OH)14·6H2O), Ca results in coordination with iron, 

having a 1st shell Ca-O with R ≈ 2.40 Å and a 2nd shell probably Ca-Fe with R ≈ 3.45 

Å (practically the same as observed from the iron edge). In the carbonated phase, 

on the other hand, no significant differences are observed respect to a pure calcite 

phase, therefore, reacting with CO2, the calcium-associated phase becomes pure 

CaCO3 having the 1st shell Ca-O with R ≈ 2.38 Å and the 2nd shell Ca-Ca with R ≈ 

4.07 Å. 

Considering all the XRD, EXAFS, TEM and SEM measures, it can be deduced that 

calcium separates from the Ca4Fe2(OH)14·6H2O phase to react with CO2, while iron 

remains as oxyhydroxide hydrate in amorphous form, which homogeneously covers 

the calcite crystals at a nanometric level. In fact, by following the carbonation 

process, occurring through the Ca4Fe2O6CO3-12H2O intermediate phase, from 

which the main difraction peak of calcite grows, the iron converts in a very 

amorphous 2-line ferrihydrite phase, having an atomic order so short to not be 

identified by XRD (but identifiable in EXAFS with Synchrotron light). 

 

 

7.4 Possible applications of tetracalcium ferrite hydrate NPs 

 

The innovative compound, with chemical formula Ca4Fe2(OH)14·6H2O, synthesized 

in form of NPs, is characterized by the possibility of reacting quickly with CO2 (in the 

presence of water), forming a calcite covered with 2-line ferrhydrite at the 

nanometric level, accompanied by a colour change of the calcite itself. Therefore, in 

addition to applications in the field of Cultural Heritage by formulating a tailored 

nanolime, this compound could also be used exclusively as an indicator of 

carbonation in various situations, such as in mortars or reinforced concrete 
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structures, where the depth of carbonation is generally determined by the 

phenolphthalein test (carcinogenic substance) carried out on cylindrical samples 

extracted from the substrate (UNI 9944:1992). 

In fact, from the carbonation tests carried out in paragraph 7.2, it was observed that 

this compound, together with Ca(OH)2, is selectively last transformed, as CO2 reacts 

first with calcium hydroxide. This phenomenon can be linked to a different solubility 

of the two compounds, or even to the fact that the compound with calcium and iron 

passes through a more stable carbonated intermediate, but what can be observed 

on a practical level is that the colour change occurs only as a result of carbonation 

of Ca4Fe2(OH)14·6H2O. Therefore, from an application point of view, this compound 

could be mixed in low quantities with Ca(OH)2, to observe a colour change only 

when the entire mixture is completely carbonated. In this way it could be monitored 

the carbonation inside the reinforced concrete, where it is important to maintain a 

basic pH (presence of lime) on the reinforcements to avoid corrosion, by observing 

the browning of the mixture over time. 

A further application could be related to a use in the water purification sector, or to 

the removal of polluting ions from water, such as arsenic, lead and fluorine, thanks 

to the iron that is released in the form of ferrhydrite, which has the ability to adsorb 

and separate these ions [3-7]. In fact, the presence of calcite together with 

ferrhydrite (which is formed directly in the water following the carbonation of the 

compound), improves the adsorbing capacity of the ferrhydrite itself, as well as the 

possibility of separating this phase by sedimentation. Fluorine pollution in water 

occurs from both natural sources and anthropogenic structures. Adsorption is one 

of the main methods for the defluoration of water, which is why several adsorbents 

have already been used, including iron oxides. This adsorption is favored at pH > 

10 and the ability of iron oxides to adsorb fluoride ions also depends on the presence 

of other metals: from literature the adsorption capacity is maximum together with 

lanthanum, followed by calcium hydroxide and aluminum [3]. Therefore by inserting 

calcium ions together with the iron oxides, the fluoride ions are incorporated on the 

surface as calcium binds with them, so the novelty of the tetracalcium ferrite hydrate 

nanoparticles produced lies in being able to form cationic complexes FeOOCa+, 

which constitute the active sites for the interaction with fluoride ions. [7] 

Arsenic is a toxic element and its presence in drinking water should be minimized. 

The co-precipitation of arsenic with aluminum and ferric hydroxide is a practical and 
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economical method for purifying drinking water. In this context, the presence of 

calcium ions increases the zeta potential of ferric oxyhydroxides, a phenomenon 

that is more significant as the pH increases. The presence of calcium also facilitates 

the flocculation and therefore the precipitation of ferric oxyhydroxides, thus providing 

more solid precipitates available for arsenic removal. This effect is the main reason 

why this element improves the removal of arsenic through coprecipitation of ferric 

oxyhydroxides in different conditions (in particular in the presence of silicates). [4] 

Finally, this particular tetracalcium ferrite hydrate can be used directly for the 

production of calcium nano-carbonate coated with ferrhydrite, which can be used as 

a filler for increasing the mechanical properties of thermoplastic polymers. The 

addition of calcium nano-carbonate in fact improves the mechanical properties, 

crystallinity and thermal stability of the microcellular polypropylene. The maximum 

mechanical properties are obtained when the content of nano-CaCO3 is 6% by 

weight. [8] The addition of calcium nano-carbonate as a filler also improves the 

characteristics of the polyurethane methacrylate, in particular it increases the 

resistance to traction, bending, abrasion, hardness and thermal stability of this 

polymer, with an excellent result that is obtained with 0.75% by weight of nano-

CaCO3. [9] Among the most commercial thermoplastic polymers is polyvinyl chloride 

(PVC), but despite its wide use, the workability and thermal stability are inferior to 

other commercial polymers, such as polyethylene and polystyrene. Therefore, the 

addition of inorganic fillers is often used to improve these properties. The use of 

calcium nano-carbonate in PVC increases the glass transition and thermal 

decomposition temperatures, as the nanoparticles limit long-range mobility [10]. 

Given that the mechanical properties of composite polymers are strongly related to 

the proportions of the filler, there is a growing interest in nanoscale fillers. In this 

context, calcium nano-carbonate coated with 2-line ferrihydrite (deriving from 

tetracalcium ferrite hydrate) could be used, both for its very small size (cubes of 50-

100 nm per side) and for the presence of a layer of iron of the order of a few nm 

above the calcite cubes, which could improve the dispersion of the nanoparticles in 

the polymer with a consequent increase in the mechanical properties of the polymer 

itself. 
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7.5 Application of tailored nanolime in Cultural Heritage 

 

The tailored nanolime (13% Fe) disperde in an aqueous solvent is applied, for the 

first time, as innovative solutions at the base of a compatible and eco-friendly 

conservative treatment of relevant stones characterized by a carbonatic matrix 

containing iron, like the biocalcarenite stones of Agrigento. The treatment 

effectiveness of the treatments carried out by means of the tailored nanlime is 

evaluated in terms of aesthetical features, superficial cohesion, and mechanical 

resistance (drilling test), and the results are compared with those obtained by using 

pure nanolime suspension. Moreover, both untreated and treated biocalcarenites 

are subjected to accelerated aging tests (salt crystallization) in order to verify the 

tretament durability.  

The iron % in the tailored nanolime is chosen in relation to the chemical composition 

of the stone, as measured by XRF, resulting in a Fe/Ca ratio equal to about 1/6 in 

weight. The tailored nanolime is called nCH_Fe, to distinguish it from the pure 

nanolime, called nCH. For both the suspensions, the following concentrations are 

considered: 5, 10 and 20 g/l. The considered suspensions were applied on the 

Agrigento’s biocalcarenites in form of cubic speciments (3 cm side), by airbrush, 

until stone saturation. In fact, this application procedure resulted the most suitable 

for aqueous nanolime treatments, thanks to its ability to combine feasibility in the 

on-situ application, no chromatic alteration, and a good penetration depth. During 

the treatments, all the samples absorbed about 10 ml of product and the total 

amount of nanoparticles apported to each stone, before dripping, is found of about 

240 mg (corresponding to about 27 mg/cm2). The tretments are carried out in 

laboratory (RH of about 40 %); for this reason, at the end of the treatments, the 

samples were stored for 3 days at a RH of 75±5%, in order to promote carbonation.  

The kinetic stability measurements of the nanolime suspensions are reported in 

Figure 7,21. We can observe that the nCH suspensions, independently from 

concentration, show a general and almost constant reduction in stability up to 1 hour 

(Figure 7.21a), revealing a reduction of about 50% after 20 minutes. Differently, the 

graph referred to the kinetic stability of nCH_Fe suspensions (Figure 7.21b) shows 

a very stable behaviour for all the concentrantions, revealing only a slight reduction 

in the kinetic stability (about 5%) after 60 minutes, probably due to a slight higher 

viscosity of the suspension. 
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a)   b)  

Figure 7.21. Kinetic stability measurements performed with 610 nm wavelength until 60 minutes for 

all the nanolime suspensions: a) nCH 5, 10, 20 g/L, b) nCH_Fe 5, 10, 20 g/l 

 

Regarding the analysis of the carbonatation process, performed at different relative 

humidity conditions (RH = 455% and 755), by depositing 0.2 ml of each 

suspension on a suitable sample holder, the XRD results referred to nCH 

suspensions are shown in Table 7.10. 

  

Table 7.10. Analysis of the carbonatation process of nCH samples, in relation to different 

suspension concentrations and relative humidity (RH) conditions 

Sample 

Suspension 

concentration 

(g/l) 

RH = 45  5% RH = 75  5% 

Ca(OH)2 

crystalline 

phases 

CaCO3 

crystalline 

phases 

 (%) 

Ca(OH)2 

crystalline 

phases 

CaCO3 

crystalline 

phases 

 (%) 

nCH 

5 -- 100% C 100 -- 100% C 100 

10 -- 
73% C 

27% CCH 
100 -- 100% C 100 

20 24% 
46% C 

30% CCH 
76 -- 100% C 100 

Exposure times: 1 hour for RH = 50% and 3 hours for RH = 75%; T=20°C  

C = Calcite (CaCO3) (ICSD #98-002-0179) 

CCH = calcium carbonate hydroxide hydrate (Ca3(CO3)2(OH)2·1.5H2O) (ICDD #00-023-0107) 

 

From these results, the carbonation process results always completed at RH = 

75±5%, independently from the suspension concentration; at RH = 45±5%, it results 

completed at 5 g/l, almost completed for the 10 g/l suspension (73% calcite with 

27% CCH) and, at 20 g/l a 24% of Ca(OH)2 remains unreacted. On the contrary, 

regarding the carbonatation process of nCH_Fe suspensions, reported in Table 

7.11, all the samples showed a complete carbonation process with the only 
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exception of the sampe at 20 g/l at low RH. Actually, the suspension of tailored 

nanolime at 20 g/l transforms into 51% of calcite and 49% of calcium iron oxide 

carbonate hydrate, Ca4Fe2O6CO3-12H2O (from here called CIOCH), an intermediate 

phase like that observed for CCH. Anyway, also in this case, the sample does not 

show an unreacted phase.  

 

Table 7.11. Analysis of the carbonatation process of nCH_Fe samples, in relation to different 

suspension concentrations and relative humidity (RH) conditions 

Sample 

Suspension 

concentration 

(g/l) 

RH = 50  5% RH = 75  5% 

Ca(OH)2 

crystalline 

phases 

CaCO3 

crystalline 

phases 

 (%) 

Ca(OH)2 

crystalline 

phases 

CaCO3 

crystalline 

phases 

 (%) 

nCH_Fe 

5 -- 100% C 100 -- 100% C 100 

10 -- 100% C 100 -- 100% C 100 

20 -- 

51% C 

49% 

CIOCH 

100 -- 100% C 100 

Exposure times: 1 hour for RH = 50% and 3 hours for RH = 75%; T=20°C  

C = Calcite (CaCO3) (ICSD #98-002-0179) 

CIOCH = calcium iron oxide carbonate hydrate (Ca4Fe2O6CO3·12H2O) (ICDD #00-043-0480) 

 

These results show a slightly higher reactivityof the CH_Fe suspension respect to 

the pure nanolime (as observed in the paragraph 7.2).  

The visual inspections of the nanolime based treatments, performed by varying the 

suspension concentration (5, 10 and 20 g/l), are reported in Figure 7.22, compared 

to untreated samples (MNT). These images show that up to 10 g/l, no particular 

chromatic alteration is observed for both the employed nanolime. 
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Figure 7.22. Visual inspections of the nanolime based treatments, performed by varying the 

suspension concentration (5, 10 and 20 g/l), compared to untreated samples (MNT) 

 

The images collected from the stereomicroscope confirm these observations, 

reported in Figure 7.23. In particular, the samples treated by means of nCH 

suspensions, showed a slight whithening effect, particularly evident by increasing 

the suspension concentration. On the contrary, all the samples treated with nCH_Fe 

did not show significant alterations of the original colour of the stones. 

 

 

 



 

218 

 

 

Figure 7.23. Stereomicroscope observations of the nanolime based treatments, performed by 

varying the suspension concentration (5, 10 and 20 g/l), compared to untreated sample (UT) 

  

Therefore, the suspension concentration which allow to limit or even avoid visible 

chromatic alterations of the surfaces, with the considered amount of nanolime of 

about 240 mg), can be fixed at 10 g/l. 

As concerns the surface adhesion, the results coming from the STT are reported in 

Table 7.12. The samples treated by using the suspension concentration at 10 g/l, 

yielded the highest cohesion increase of the treated surface with a reduction of the 

removed material (M) ranging from 73% to 83%, for nCH and nCH_Fe 10 g/l 

suspensions respectively. 

 

Table 7.12. Scotch Tape Test (STT) results on the biocalcarenite samples, before (UT) and after 

the treatments by using nCH and nCH_Fe suspensions 

Scotch Tape Test (STT) 

Samples  M (mg cm-2) M Samples M (mg cm-2) M 

UT 1.1  0.6 
27% 

UT 2  1 
45% 

nCH 5 0.8  0.3 nCH_Fe 5 1  0.6 

UT 2  1 
73% 

UT 1.2  0.5 
83% 

nCH 10 0.4  0.2 nCH_Fe 10 0.2  0.1 

UT 2  1 
64% 

UT 2.5  0.4 
56% 

nCH 20 0.5  0.2 nCH_Fe 20 1.1  0.4 

           * The results are taken as the average of three measurements for each application procedure 

 

The results obtained by the DRMS measurements are finally reported in Figure 7.24. 

They underline that the best values, in terms of drilling resistance improvement, are 

obtained by using 10 g/l suspensions. Specifically, all the samples treated with nCH, 
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if compared to the untreated stone (UT), reveal a general increase in strength up to 

almost 20 mm in depth (Figure 7.24a). In fact, while the UT stone presents an 

average resistance value of 2±1 N, the nCH treated samples show average 

resistance values of 3±1 N, 5±1 N and 6±1 N with increasing suspension 

concentration. As concerns the DRMS measurements referred to the samples 

treated with nCH_Fe, the best values are obtained with the suspensions 5 g/l and 

10 g/l, showing average resistance values of 4±1 N and 9±2 N respectively (Figure 

7.24b). On the contrary, the nCH_Fe 20 g/l gives an average resistance value 

comparable to the UT one, probably attributed to the higher viscosity characterizing 

this suspension respect to the others, so compromising the penetration of the 

treatment. 

 

a) b)  

Figure 7.24. DRMS results on the biocalcarenite samples, before (UT) and after the treatments by 

using nCH and nCH_Fe suspensions 

 

Considering that the best values, in terms of STT and DRMS, are reached by using 

both the treatments at 10 g/l, the porosity measurements as well as the SEM 

analyses are performed only on the samples treated by using this concentration.  

As concerns the porosimetric investigations, while the UT samples were 

characterized by average values of porosity of 364%, after the treatments a slight 

decrease in the porosity was observed, reaching values of 323% and 343% for 

nCH and nCH_Fe respectively. The slight changes in the porosity underline that the 

nanolime does not cause variations in the original pore system of the stone, allowing 

the natural breathability of the stone. 

The microscopic modification of the surface after the nanolime-based treatments is 

analysed by SEM, reported in Figure 7.25. In particular, if compared to the UT stone 

(Figures 7.25a-b), the surfaces of nCH and nCH_Fe treated samples appear 
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homogeneously covered by a fine layer, mainly composed of an aggregation of 

small nanoparticles attributable to the nanolime treatments (Figures 25c-e, 

respectively). It is evident that this layer tends to cover the superficial pores of the 

stone without occluding them, so guaranteeing the breathability of the treated 

materials. The presence of the new formed calcite grains seems to be at the vìbase 

of the improvement in the particle cohesion as well as in the mechanical strength of 

the treated surface [11]. 

 

a)  b)  

c)  d)  

e)   f)  

Figure 7.25. SEM images on the biocalcarenite samples: a-b) before treatment with 2 µm and 1 µm 

markers, c-d) nanolime 10 g/l treated with 2 µm and 1 µm markers, e-f) tailored nanolime 10 g/l 

treated with 2 µm and 1 µm markers 

 

EDX-SEM microanalysis are finally performed on the section of both untreated and 

treated samples. In particular, the images referred to the untreated stone highlight 

their calcareous composition together with the presence of Al, Si, Fe and traces of 

homogeneously diffused Mg (Figure 7.26a). Considering the nanolime 10 g/l treated 

sample, the presence of a thin layer less than 50 µm is observed both on the external 
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surface and inside the internal pores (arrows in Figure 7.26b). Specifically, this layer 

can be related to the nanolime treatment which covers the internal pores without 

occluding them. Similar results are obtained on nanolime tailored 10 g/l treated 

sample, revealing the formation of a fine layer consisting of Ca, Fe and O, up to 1 

cm from the treated surface, attributable to the nanolime treated treatment (Figure 

7.26c). Also in this case, the treatment appeared to be not occlusive, but able to re-

establish, in the same time, the cohesion between the grains of the original stone. 

 

a)  

b)   

c)   

Figure 7.26. EDX-SEM microanalysis on the section of the biocalcarenite samples: a) before 

treatment, b) nanolime 10 g/l treated, c) tailored nanolime 10 g/l treated 
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As concerns the accelerated aging tests, the salt crystallization test is carried out on 

7 untreated samples, 7 samples treated with nanolime 10 g/l and 7 samples treated 

with tailored nanolime 10 g/l. The test is performed in accordance to the standard 

procedure [12], by using a 14 wt% solution of sodium sulphate [13, 14]. Moreover, 

the test was performed by capillary rising considering that, in the on-situ conditions, 

the salt rich rising damp tends to penetrate inside the stones from behind the 

consolidated faces and leaving them through the consolidated surface [13, 15]. Ten 

cycles are performed, comprising 24 hours of immersion into the salt solution and 

22 hours of drying in oven (T = 50°C). After each cycle, the samples are properly 

weighed. At the end of all the cycles, the samples were gently washed with deionized 

water, and then left to dry at ambient temperature up to constant mass was reached. 

As observed from the visual inspections, reported in Figure 7.27, the salt 

crystallization tests cause an evident formation of saline efflorescence, already after 

5 cycles of immersion, both in the untreated and treated stones. In particular, the 

treatments performed by using nCH_Fe suspension compared to the nCH one, 

seem to improve the stone resistance towards the salt crystallization phenomena, 

delaying the formation of saline efflorescence after 5 cycles from the beginning of 

the test (Figure 7.27c). 

 

a)  

b)  

c)  
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Figure 7.27. Visual inspections of the salt crystallization tests ad different cycles for different 

samples: a) untreated, b) nanolime 10 g/l treated, c) tailored nanolime 10 g/l treated 

 

From a quantitative point of view, the resistance to salts crystallization can be 

expressed by evaluating the weight of the samples before and after each cycle: the 

mass variation (ΔM) as a function of the number of crystallization cycles is reported 

in Figure 7.28. Regarding the untreated samples, M values tend to increase for all 

the samples up to the 4th cycle. Them, each sample present a different behaviour 

one each other, showing both increases and decreaces of weight, due to the 

formation of salts or to the loss of the original material respectively (Figure 7.28a). 

On the contrary, the treated samples with both the nanolimes display a more 

homogeneous behaviour showing a similar wight increase of the curves up to almost 

the 9th or 10th cycle (Figures 7.28b-c). In addition, after the desalination process, 

while the untreated samples show a M decrease up to 13%, the treated stones 

reveal M losses of about 5–7%. The obtained results underline the protective 

effectiveness of both the nanolime-based treatments, revealing their ability to limit 

the loss of material following the salt crystallization. 

 

a) b) c)  

Figure 7.28. Salt crystallization tests mass variation for different samples: a) untreated, b) nanolime 

10 g/l treated, c) tailored nanolime 10 g/l treated. The measurements are performed on several 

samples (dot lines) and the medium value is reported as continuous line 

 

Considering all the results obtained with regard to the increase in the average 

surface resistance, the increase in resistance to drilling, the chromatic alteration and 

the durability of the various nanolimes suspension employed, it is possible to 

establish that the tailored nanolime on substrates containing iron (such as 

biocalcarenites) certainly guarantees better results than the traditional nanolime, 

under the same conditions. 
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CHAPTER 8: SYNTHESIS AND APPLICATIONS OF OTHER EARTH-

ALKALINE NANOPARTICLES 

 

In this chapter the development of innovative scalable methods for the synthesis of 

other alkaline earth metal nanoparticles, based on the ion exchange process, is 

investigated, in order to extend their use in the field of Cultural Heritage or in other 

fields. In particular, the synthesis of other alkaline-earth metal hydroxides, such us 

nano-sized Sr(OH)2 and Ba(OH)2, can be strongly disadvantaged due to their 

moderately high solubility in water. Following the ion exchange innovative method, 

according to a sustenaible and scalable procedure, all alkaline-earth metal 

hydroxides nanoparticles, from calcium and magnesium to strontium and barium, 

are synthetized, overcoming the problems arising from their solubility. 

After the synthesis, the application of magnesium hydroxide nanoparticles in 

restorative treatments on ancient wood samples of an historical vessel (Gallo-

Roman wreck, 2nd century b.C.) is perfomed, obtaining always neutral pH values 

with treatments durable over time by penetrating inside the wood fibers. 

Moreover, preliminary cytotoxicological tests on cancer cells using magnesium 

oxide nanoparticles, in collaboration with the research group of Pharmacology 

(MESVA Department of University of L'Aquila), are performed as well, resulting in a 

toxicity towards cancer cells attributed to the generation of reactive oxygen species 

(ROS). 

 

 

8.1 Synthesis of nanoparticles based on magnesium, strontium, and barium 

 

In accordance with the ion exchange synthesis procedure, magnesium, strontium, 

and barium hydroxide nanoparticles are synthetized by an innovative and one step 

procedure. Moreover, the synthesis of calcium hydroxide nanoparticles is here 

compared with the other alkaline-earth metals synthesis, to evaluate the influence 

of the considered metal on the features of the obtained particles. This innovative 

procedure is based on an ion exchange process that works in water, at room 

temperature and ambient pressure, operating with cheap or renewable reagents, 

without requiring further purification steps. 
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Calcium hydroxide (CH) NPs are here produced by mixing 1M calcium chloride 

(CaCl2) aqueous solution with a proper resin amount at room temperature and 

maintaining them under moderate stirring. When mixed together, the substitution of 

-OH groups on the resin substrate with chlorides ions (Cl-) in solution led, in 

conditions of supersaturation, to the formation of pure CH NPs without any 

secondary phase. The synthesis is carried out up to 60 minutes and then the white 

precipitate phase is separated from the resin particles by a simple sieving 

procedure. A Ca(OH)2 aqueous suspension is obtained, named CH sample.  

By following the same procedure, it is possible to synthesize the other alkaline-earth 

metal hydroxides by employing, as initial reagents, magnesium chloride, strontium 

chloride and barium chloride. Considering that the precipitation of each metal 

hydroxide is strongly affected by the supersaturation conditions, in relation to the 

solubility in water (Table 8.1), it is chosen a temperature near 0°C to synthesize 

strontium and barium. Actually, at this temperature, Sr(OH)2 and Ba(OH)2 present 

the lowest solubility values, about the half respect to room temperature. The 

produced aqueous suspensions of magnesium, strontium and barium hydroxides 

are named MH, SH, BH samples, respectively. 

 

Table 8.1. Solubility of alkaline earth hydroxide in water with temperature, at 1 atmosphere pressure. 

Units of solubility are given in grams per 100 milliliters of water (g/100 ml) 

 

For all the syntheses, the precipitation of the solid phase is regulated by the following 

reactions: 

2(R-OH) + MgCl2→ 2(R-Cl) + Mg(OH)2    (8.1) 

2(R-OH) + CaCl2→ 2(R-Cl) + Ca(OH)2    (8.2) 

2(R-OH) + SrCl2→ 2(R-Cl) + Sr(OH)2    (8.3) 

2(R-OH) + BaCl2→ 2(R-Cl) + Ba(OH)2    (8.4) 

The kinetics of each synthesis is monitored in terms of the chloride concentration, 

by taking samples at different times t, from the beginning until the end of the process. 

 T = 0°C T = 10°C T = 20°C 

Mg(OH)2 - - 0.0009 

Ca(OH)2 0.185 0.176 0.165 

Sr(OH)2 0.91 1.25 1.77 

Ba(OH)2 1.67 2.48 3.89 
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The results coming from the kinetics of the ion exchange process, in terms of 

chloride concentration measured at different times, (Ct), are reported in Table 8.2. 

The measures denoted a very fast rate of the ion exchange process for all the 

alkaline-earth metal compounds. In fact, after only 30 seconds, it is observed a 

reduction % in the chloride content ranging from 99.9% (MH sample) to 99.0% (BH 

sample), together with a saturation behavior in the remaining time of the synthesis. 

Moreover, considering that the reduction in the chlorides concentration is related to 

the magnesium, calcium, strontium and barium hydroxides production, according to 

the reactions (8.1-8.4), it is obtained a conversion higher than 99% respect to the 

maximum theoretical value in 30 seconds. Hovewer all the syntheses are continued 

until 60 minutes to reduce the residual chloride concentrantion. Finally, at the end 

of the synthesis, each suspension shows low residual chloride concentrations, 

particularly for the less water-soluble hydroxides. 

 

Table 8.2. Chlorides concentration (Ct), measured after different times from the beginning of the 

synthesis (t=0). XRD qualitative investigation and quantitative analysis (Rietveld refinement) are 

reported as well 

Sample 

Chlorides concentration Ct [mg/l] Composition Phase (XRD) 

t = 0 
t = 30 

seconds 

t = 15 

minutes 

t = 60 

minutes 
t = 60 minutes 

MH 

70000 

39 < 31* < 31 * Mg(OH)2 100% 

CH 160 81 45 Ca(OH) 2 100% 

SH 281 116 106 

Sr(OH)2 

Sr(OH)2·H2O 

SrCO3 

68.2% 

8.2% 

23.6% 

BH 700 570 483 

Ba(OH)2·H2O 

Ba(OH)2·8H2O 

Ba(OH)2 

BaCO3 

39.0% 

11.5% 

3.2% 

46.3% 

 

In Figure 8.1 the XRD patterns obtained from the suspensions dried under nitrogen 

atmosphere are reported. 
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Figure 8.1. XRD patterns of the four suspensions dried under nitrogen. Main Bragg peaks are 

indexed by the Miller notation 

 

For all the samples, the formation of hydroxide crystalline phases is observed 

(summarized in Table 8.1). In particular, all the Bragg peaks observed in MH and 

CH suspensions are well matched by the hexagonal structure of brucite (Mg(OH)2, 

ICSD pattern #98-008-9823) and by the hexagonal structure of portlandite 

(Ca(OH)2, ICSD pattern #98-020-2220), respectively. As concerned SH sample, 

from quantitative analyses is obtained a 68.2% of orthorhombic anhydrous strontium 

hydroxide (Sr(OH)2, ICSD pattern #98-001-5167), and 8.2% of orthorhombic 

monohydrate strontium hydroxide (Sr(OH)2·H2O, ICSD pattern #98-006-0661). 

Finally, in BH sample three different forms of barium hydroxide are obtained: 39.0% 

monoclinic monohydrate barium hydroxide (Ba(OH)2·H2O, ICDD pattern #01-077-

2334), 11.5% monoclinic octahydrate barium hydroxide (Ba(OH)2·8H2O, ICSD 

pattern #98-003-3741), and 3.2% orthorhombic anhydrous barium hydroxide 

(Ba(OH)2, ICSD pattern #98-005-6828). In addition, the SH and BH suspensions 

show the presence of carbonates too, probably related to the soluble fraction that 

reacts with the carbon dioxide dissolved in water. In fact, more soluble is the 
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hydroxide, more amount of carbonate is observed in the dried powders: 46.3% of 

orthorhombic barium carbonate (BaCO3, ICSD pattern #98-020-2793) in BH, and 

23.6% of orthorhombic strontium carbonate (SrCO3, ICSD pattern #98-020-2793) in 

SH, in agreement with the Ba(OH)2 solubility in water, which is double of the Sr(OH)2 

one. So dependending on the reaction conditions it is possible to have directly pure 

carbonates (rising the synthesis tempersture) or pure hydroxides (inert atmosphere 

of reaction). The evaluations in terms of lattice parameters and crystallite size 

values, from each Bragg reflections (Dhkl), are reported in Tables 8.3-8.5, all data 

are elaborated by Rietveld method. 

From such data, it is observed a good correspondence of the experimental lattice 

parameters with those of the standard reference patterns; besides MH and CH dried 

powders show a preferred orientation along the (001) basal plane. Moreover, all the 

crystallites exhibit a quite regular shape [1], and very small dimensions, with similar 

average Dhkl values of 22±5 nm, 24±2 nm and 25±1 nm in relation to the anhydrous 

form of Mg(OH)2, Sr(OH)2, and Ba(OH)2, respectively. Really, as concerned 

Ca(OH)2, it is evaluated a larger average Dhkl value of 115±5 nm, probably due to 

the typical oriented aggregation occurring during the drying process of the colloidal 

Ca(OH)2 suspension [2]. Regarding the hydrated forms of Sr and Ba hydroxides, the 

crystallite sizes are larger as well, reaching the following values: 60±20 nm for 

Sr(OH)2·H2O; 83±2 nm and 300±20 nm for monohydrate and octahydrate barium 

hydroxide, respectively. 

 
Table 8.3. Lattice constants (a, c), relative intensities and crystalline size values (Dhkl) of the main 

Bragg peaks (MH and CH samples) 

 ICSD 98-008-9823 MH ICSD #98-020-2220 CH 

a = 3.14 Å a = 3.14 Å a = 3.59 Å a = 3.59 

c = 4.77 Å c = 4.77 Å c = 4.91 Å c = 4.91 

hkl 
I  

[%] 

2Theta  

[°] 

I  

[%] 

Dhkl  

[nm] 
hkl 

I  

[%] 

2Theta  

[°] 

I  

[%] 

Dhkl  

[nm] 

001 96.3 18.598 100.0 16.8 001 63.6 18.067 100 109.9 

010 2.6 32.879 1.16 18. 0 010 9.3 28.674 6.28 109.6 

011 100.0 38.038 27.47 18.7 011 100 34.100 34.78 110.4 

012 37.8 50.881 11.75 21.2 012 24 47.145 6.7 115.8 

110 27.8 58.703 4.06 23.8 110 29.7 50.795 3.47 118.3 

111 15.7 62.144 2.30 25.4 111 16.2 54.353 1.76 121.2 
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Table 8.4. Lattice constants (a, c), relative intensities and Dhkl of main Bragg peaks (SH sample) 

ICSD 98-001-5167 SH ICSD 98-006-0661 SH-H2O 

a = 9.89 a = 9.89 a = 3.65 a = 3.65 

b = 3.92 b = 3.92 b = 6.20 b = 6.20 

c = 6.12 c = 6.12 c = 6.71 c = 6.72 

hkl 
I 

[%] 

2Theta 

[°] 

I 

[%] 

Dhkl  

[nm] 
hkl 

I 

[%] 

2Theta  

[°] 

I 

[%] 

Dhkl 

[nm] 

101 55 17.024 46.94 21.5 010 94.3 14.279 55.36 42.3 

200 19.3 17.925 23.29 21.5 011 92.5 19.477 54.18 46.5 

201 37.4 23.107 35.11 21.7 100 42.6 24.380 30.63 51.3 

011 37.1 27.000 36.53 22.0 002 60.7 26.55 42.57 50.0 

111 100 28.493 100 22.1 110 41 28.366 31.92 47.7 

210 20.4 29.055 20.42 22.1 111 46.4 31.395 33.51 46.3 

301 45.5 30.784 45.37 22.2 021 60.5 31.778 53.59 46.7 

400 21.6 36.309 20.64 22.8 102 49 36.342 49.92 52.6 

112 47.2 38.388 42.45 23.0 112 78.2 39.231 72.28 56.9 

212 11.1 41.633 10.09 23.4 121 100 40.454 100 58.9 

410 22 43.237 24.73 23.6 133 26.9 42.937 22.01 63.3 

312 55.7 46.627 54.80 24.1 031 19 45.922 23.61 69.3 

203 18.1 48.218 15.56 24.4 200 19.4 49.961 25.10 79.0 

013 13.9 50.392 12.69 24.8 113 18.9 49.989 22.33 79.0 

511 19.5 54.011 19.52 25.6 123 23.3 56.616 38.84 100.3 

321 14.6 56.642 15.50 26.2 221 15.6 60.436 30 117.9 

420 7.6 60.224 7.49 27.2      

 

Table 8.5. Lattice constants (a, c), relative intensities and Dhkl of main Bragg peaks (BH sample) 

ICSD 98-005-6828 BH ICDD 01-077-2334 BH-H2O ICSD 98-003-3741 BH-8H2O 

a = 11.03 a = 10.83 a = 7.05 a = 6.34 a = 9.27 a = 9.16 

b = 16.56 b = 17.02 b = 4.18 b = 4.18 b = 9.26 b = 9.19 

c = 7.11 c = 7.09 c = 6.33 c = 7.05 c = 13.84 c = 13.90 

hkl 
I 

(%) 

2Theta 

(°) 
I (%) 

Dhkl 

(nm) 
hkl 

I 

(%) 

2Theta 

(°) 
I (%) 

Dhkl 

(nm) 
hkl 

I 

(%) 

2Theta 

(°) 

I 

(%) 

Dhkl 

(nm) 

210 33 16.931 32.41 24.3 001 100 15.018 100 81.1 110 100 14.813 100 333.2 

002 29.9 25.028 42.86 24.6 -101 63.7 16.113 63.97 81 11-2 87.9 16.289 0.19 329.1 

141 100 26.164 39.27 24.6 101 33.2 23.676 27.36 81 20-2 49.1 19.363 0.14 318.9 

102 28.5 26.318 70.85 24.6 110 91.2 25.225 87.35 81.1 02-1 42.0 20.621 0.13 314.6 

240 68 26.907 37.83 24.6 -111 59.3 26.757 57.77 81.3 11-3 34.3 21.522 0.16 312.3 

301 96.2 27.285 100 24.7 -102 35.2 28.274 36.58 81.4 112 53.8 25.312 0.40 300.4 

151 26.9 30.842 14.4 24.8 -211 26.7 33.627 24.06 82.4 20-4 31.8 26.518 0.10 297.3 

142 28.4 34.197 14.56 25.1 012 51.4 37.290 45.11 83.3 023 22.4 29.973 0.19 287.6 

242 36.7 37.075 43.78 25.2 -212 38.9 39.188 32.58 83.9 31-1 43.8 32.352 0.22 281.7 

381 25.5 52.282 13.41 26.7 211 27.4 42.022 17.76 84.9 42-3 34.6 43.65 0.15 256.1 

 



 

230 

 

The molecular structure of the products, obtained from the four suspensions dried 

in oven, are analyzed by using FTIR spectroscopy. Figure 8.2 shows the FTIR 

spectra, which are attained in the range of 400-4000cm−1. In the MH and CH 

samples the characteristic sharp and strong peak at 3640 cm−1 is revealed, due to 

the O–H antisymmetric stretching vibrations [3]. Besides, in the CH sample the 

broad/sharp bands at 1500, 1080, 850 and 713 cm−1 are characteristic of the 

presence of CaCO3, occurred during the drying procedure in the oven [9, 11, 36]. In 

SH and BH samples, the observation of very narrow peak/doublet at about 3600 cm-

1 are due to the anhydrous Sr/Ba hydroxides, while the peak at 3500 cm-1 (related 

to Sr(OH)2) or 3570 cm-1 (related to Ba(OH)2) is referred to the higher hydration level 

of the hydroxide forms [37]. As observed in CH sample, the presence of carbonates, 

from the bands around 1500, 1034, 860, 700 cm−1, is revealed as well [18]. In 

particular, it is observed that, in BH sample, such bands showed a slight shift 

towards low wavenumbers respect to SH sample, confirming that the greater the 

masses of attached atoms, the lower the IR frequency at which the bond will absorb.   

In all the spectra, the following absorption bands, due to the physically adsorbed 

water molecule, are observed: a broad band around 3400 cm-1, due to the symmetric 

and asymmetric stretching modes, and the overlapped adsorption peaks between 

1440 and 1650 cm−1, attributed to the O–H bending modes. 
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Figure 8.2. FTIR spectra of the dried powders obtained from the four suspensions 

 

The morphological features and the dimensions of the synthesized nanoparticles 

are investigated by TEM, as shown in Figures 8.3-8.4. From Figures 8.3a-b it is 

possible to note that both MH and CH samples are composed by thin hexagonal 

lamellas, having a size distribution peaked at 40 nm and 90 nm respectively (insets). 

Moreover, the lamellas parallel to the electron beam show a thickness < 10 nm. 

Higher magnification images revealed that the lamellas are composed by a self-

assembly of monodispersed primary nanoparticles, of about 2 nm for MH (Figure 

8.3c) and of 5 nm for CH sample (Figure 8.3d). 
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c)  d)  

Figure 8.3. TEM images of the synthesized MH and CH nanoparticles: a-b) marker 1 µm; c-d) 

marker 50 nm 

 

TEM images of SH and BH samples show different morphologies (Figures 8.4 a-b): 

they are mainly constituted by a rod-like feature, with length of 30-250 nm (SH) and 

50-600 nm (BH), as reported in the length distribution (insets). Rod thicknesses of 

about 30 nm (SH) and 60 nm (BH) are observed as well. Besides, in BH sample 

also hexagonal particles of dimensions of about 50 nm are observed (Figure 8.4d), 

probably related to different crystal forms of barium hydroxide, as reveled by XRD 

analysis. Despite of the different morphology, higher magnification images revealed 

that, as also observed in the hexagonal lamellas, the rods are composed by a self-

assembly of primary nanoparticles: an average of 6 nm in SH (Figure 8.4e), and up 

to 15 nm in BH sample (Figure 8.4f).  

The slight variation in the primary nanoparticles size can be attributed to the different 

supersaturation degree, reaching the highest value in the Mg(OH)2 suspension (or 

the lowest in Ba(OH)2), leading to a crystal nucleation that dominates crystal growth, 

ultimately resulting in smaller crystals (or larger crystals). 

 

a)  b)  
1 µm 

50 nm 50 nm 
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BH 
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BH 
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c)  d)  

e)  f)  

Figure 8.4. TEM images of the produced SH and BH nanoparticles: a-b) marker 1 µm; c-d) marker 

200 nm, e-f) marker 50 nm 

 

To investigate the observed primary nanoparticles, HRTEM measurements are 

performed on the same samples as well and reported in Figure 8.5. 

 

a)  b)  
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c)  d)  

Figure 8.5. HRTEM images of the produced nanoparticles with marker 5 nm: a) MH, b) CH, c) SH, 

d) BH 

 

The HRTEM images confirm the presence of different primary nanoparticles on each 

sample, related to the solubility (or to the supersaturation degree) for each obtained 

compound. In fact, for MH (Figure 8.5a) primary nanoparticles with dimensions of 

about 2 nm are clearly observed, while for CH (Figure 8.5b) the primary particles 

result of about 5 nm (as highlited from the moiré fringes). For the SH sample (Figure 

8.5c) the primary particles are more difficult to distinguish, but maybe they result of 

about 5 nm in dimensions as well. Finally in the BH sample (Figure 8.5d), it is evident 

a superimposition of hexagons, having lateral sizes of about 20 nm, which appear 

to be very thin lamellas superimposed by sliding: it is possible that these hexagons 

(about 50 nm in size) represent the primary particles for barium, because of the 

greater solubility of barium hydroxide. 

So the proposed route results effective to synthetize various alkaline-earth metal 

hydroxide or carbonate nanoparticles, depending on the operative conditions 

(atmosphere and temperature). From XRD analysis and from TEM analysis the 

average particle size is in the nano range, but HRTEM images revealed that all the 

obtained samples are composed by superimpositions of primary monodispersed 

nanoparticles, having dimensions of about 2 nm for magnesium, 5 nm for calcium 

and strontium and about 50 nm for barium. The features of the synthetic procedure 

here proposed can be crucial for a large-scale production of the alkaline-earth metal 

hydroxides, so favoring their usage in more extensive applications in several fields: 

from the removal of water contaminants [4], additive in thermoplastics as well as for 
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lubricants and greases [5,6], antibacterial activities [7], optical or CO2 sorption 

properties [8, 9], catalysis [10] and cultural heritage field [11-15]. 

 

 

8.2 Magnesium hydroxide nanoparticles for deacidification of waterlogged 

wood 

 

In the field of preservation of the cultural heritage, the conservation of waterlogged 

wooden artifacts is extremely important since these artifacts represent an informative 

but extremely rare source of knowledge. Indeed, wooden relics contain important 

evidence about the main techniques and raw materials used for structures and 

artefacts, providing unique information about the economy, industry and buildings of 

ancient human societies. In addition, waterlogged environments usually provide the 

best possible conditions for limiting the decomposition of wood over time, as can be 

seen from the well-preserved archaeological objects and ships found after many 

centuries under the sea or at the bottom of lakes [16]. Nevertheless, the biological, 

chemical and mechanical changes caused by acid hydrolysis during long-term 

exposure to a marine or underground environment make the preservation of wooden 

artifacts difficult [17]. The iron present in the wooden structures corrodes and 

accelerates the degradation of the cell components. Anaerobic bacteria also 

contribute to the presence of iron sulfides within wooden structures (e.g. pyrite and 

pyrrhotite) by breaking down the abundant iron minerals present in the soil and by 

using sulfur from decaying vegetation [18]. If the reduced sulfur species cause little 

threat in anoxic conditions, once exposed to oxygen some of them can easily oxidize 

and form sulfuric acid.  

Due to the fragile conditions of waterlogged woods, at first, research into treatments 

for waterlogged wood was mainly aimed at developing methods to prevent damage 

due to stress during the drying process. The most common treatment of waterlogged 

wood involved using an aqueous solution of polyethylene glycol (PEG) to replace the 

water and prevent cracking while the wood was drying [19]. Nevertheless, often 

these conventional procedures fail due to the formation, after many years from the 

treatment, of visible precipitates of acidic salts causing a pH ≤ 3.5 on wood surface. 

With the introduction of nanotechnology in cultural heritage research, attention was 

focused on the use of alcoholic dispersions of calcium hydroxide (CH) or magnesium 
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hydroxide (MH) nanoparticles (NPs), but they cannot be used in large-scale 

treatments (conservation of boats, bridges and large artifacts), due to the alcholic 

solvents. In fact, Health and Safety regulations have established that “VOC 

emissions produced by alcohol are harmful both to the environment and to human 

health as well as posing a fire hazard in the early stages” [20]. Therefore, to date, a 

satisfactory solution for the deacidification of ancient wood on a large scale has still 

not been found. In this paragraph eco-friendly, curative and preventive treatments 

using nanoparticles of calcium and magnesium hydroxides dispersed in water are 

tested for the first time to solve this problem. These tests are performed on 

archeological wood samples, containing the acidifying precursors (iron and sulfur), 

from a Gallo-Roman shipwreck (dated back to second century BC) loaned to the 

Atelier de Recherche et de Conservation ARC-Nucléart (Grenoble, France). For the 

preventive aim, some samples were treated with the NPs suspensions before an 

acidification process had begun, while, for the curative treatments, acidic or properly 

acidified samples were used. Preventive treatments include all direct measures and 

actions aimed at avoiding and minimizing future deteriorations or loss of materials or 

artefact, while curative treatments includes all actions directly applied to an object 

aimed at arresting damaging processes and, when possible, stabilizing their 

conditions against further deterioration. 

The samples used in our work come from a wooden Gallo-Roman wreck, discovered 

in Lyon (France) in 2003 (Figure 8.6a), which was about 17 m long and was cut into 

6 parts and stored in a lake near Lyon until 2014, when the French authorities 

decided to take it out of water and begin recovery and conservation treatments. The 

workshop ARC Nucléart was assigned the conservation and restoration work. The 

first step involved removing the metal parts (nails, etc.), salt efflorescence, mud and 

debris (quartz and calcite) covering the surface of the wreck. The next step was to 

immerse the wreck in pools containing an aqueous solution of 20 wt.% of PEG 200 

(Merck KGaA, Darmstadt, Germany), followed by a treatment with 35 wt.% of PEG 

2000 (Merck KGaA, Darmstadt, Germany), for a minimum of 4 months respectively 

(Figure 8.6b), to prevent the structure of the wood from collapsing during the 

subsequent drying process (Figure 8.6c). 
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Figure 8.6. a) Excavation site in Lyon; b) the large pools containing the polyethylene glycol (PEG) 

where the wreck is immersed to prevent the structure from collapsing and cracking during wood 

drying; c) drying process carried out inside the apparatus for large-scale lyophilization procedure. 

 

For what concerns the available samples for the proposed sperimentation, they were 

all contaminated by acid precursors and ranged approximately from (2 × 1 × 1) cm3 

up to (5 × 3 × 2) cm3. Obviously the choices for the experimental plan in the present 

study were driven by the availability of the samples for the different treatments. The 

selected wood samples for NPs treatment were prepared by washing them in 

deionized water in order to remove the PEG, which could prevent the penetration of 

the NPs in the wood channels (vessels, water-conducting cells). To completely 

remove PEG from the treated wood, the samples were immersed in deionized water 

for several days and washed regularly. After the washing process, the samples were 

dried by means of a lyophilization procedure, which reduces the risk of damage or 

cracks. Once washed and dried, the samples were ready for the NPs treatments, 

whose main steps are schematized in Figure 8.7. 
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Figure 8.7. Scheme of the procedures followed for preventive and curative treatments of the Gallo- 

Roman wreck samples containing the acid precursors (iron and sulfur) 

 

Specifically, some acidic samples were considered only for the curative treatment, 

while other non-acidic samples (but containing the acid precursor as well) were 

divided in two groups: the first group was selected for analyzing curative NPs 

treatments, and the second group for preventive NPs treatments. In all cases, the 

treatment was carried out by immersion of the wood samples in the NP suspensions 

for 30 days, considering an amount of nanoparticles dispersion over grams of wood 

of about 30 mL/g. In the case of the non-acidic samples, an acidification process was 

considered and it consisted in a hydrothermal ageing, carried out as follows: the 

samples were maintained at relatively high temperature (T = 80 ± 2°C) and high 

relative humidity (RH = 80% ± 5%) for 48 h [21, 22]. In particular, to evaluate the 

curative efficacy of the NPs treatment, the acidification was performed before the 

treatment; while, to evaluate the preventive efficacy the acidification was performed 

after the NPs treatment. 

Concerning the MH-based treatments, both alcoholic (2-propanol) and aqueous 

suspensions were considered, at a concentration of 8 g/L. This concentration was 

chosen because it is perfectly stable, thus guaranteeing a more homogeneous 
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dispersion over long periods, which is necessary for the immersion of large objects. 

In order to compare these results with previous literature, the alcoholic MH 

suspensions were prepared also at 4 g/L. For the CH-based treatments, we used 

only alcoholic suspensions and we did not investigate the aqueous dispersion 

because of its low stability and reactivity over time. In summary, for the treatments 

of the non-acidic samples, six suspensions were considered, four based on the MH 

NPs dispersed either in alcohol (a), or in water (w), and two based on the CH NPs 

dispersed in alcohol. They are named: MHa4, MHa8, MHw4, MHw8, CHa4 and CHa8, 

where the subscripts “8” and “4” refer to the concentration of 8 g/L and 4 g/L, 

respectively. 

A crucial step when studying the deacidification treatments on the wood samples is 

the characterization of the wood region around the position of the nail, that is at the 

origin of the presence of acidification precursors. Figure 8.8 reports the SEM image 

of a representative polished section of a core around a nail together with the EDX 

mapping of the acid precursors iron and sulphur, with the diffusion of iron and sulfur 

along the radial section. As a result, iron can be found from the surface up to 4 mm 

thick (green zone) with higher concentration mainly localized along the inner surface, 

while sulfur compound is essentially localized in the external part up to about 1 mm 

from the inner surface. 

 

 

Figure 8.8. SEM image of a representative polished section of a core around a nail together with 

the EDX mapping of the acid precursors iron (green) and sulfur (red) 

 

The untreated dry fragments were analyzed by optical stereomicroscope in order to 

determine the nature of the wood samples (Figure 8.9). They present a cellular 

structure, typical of hard woods (oak). In fact, 35-70% of the wood volume is made 

up of fiber cells and 5-60% of the wood volume is made up of vessels [23], as shown 

in Figure 8.9a. Furthermore, the vessels are characterized by diameters ranging 

from 50 to 500 µm and they are organized in a semi-ring porous arrangement, as 
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reported in the literature for hard woods [24]. The vessels were originally saturated 

with a whitish phase, due to PEG (Figures 8.9a-b) used in earlier treatments. This 

phase disappeared after the washing process (Figures 8.9c-d). 

 

 

Figure 8.9. Optical stereomicroscopy images referred to the untreated dry wooden fragments 

before PEG washings (a,b) and after PEG washings (c,d). 

 

The XRF analyses on the untreated dry samples revealed the presence of Fe and 

S, confirming and quantifying the occurrence of acid precursors in the selected 

samples. Small amounts of Ca and Si were also measured, probably related to the 

impregnation of the wood for over 2000 years while the wreck remained 

underground and also in the lake. The corresponding XRD characterization showed 

mainly the presence of pyrite (FeS2, ICSD #98-005-3529); low percentages of quartz 

(SiO2, ICSD #98-0041672) and calcite (CaCO3, ICSD #98-001-8164) were also 

observed, in agreement with the XRF analysis. The quantitative results from the XRF 

and XRD measurements are summarized in Table 8.6. 
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Table 8.6. XRF and XRD quantitative analyses of the untreated dry wood samples 

  XRF XRD  

Fe S Ca Si FeS2 SiO2 CaCO3 

15% 5% 0.8% 0.2% 95.5% 4.0% 0.5%  

 

The deacidification efficiency of CH and MH NPs suspensions is evaluated by 

measuring the pH variations, as reported in Table 8.7. Regarding the pH 

measurements, which are a crucial step in assessing the efficiency of the NPs 

treatments, we followed the procedure reported in the literature [22]: 1 g of wood 

powder was suspended in 5 g of deionized water for 24 h, in a closed container. 

Then, we measured the pH value of the supernatant water by means of a digital pH-

meter, equipped with a combined electrode (Mettler-Toledo, model S220, Mettler 

Toledo, Columbus, OH, USA). As described above, the treatments carried out on 

the “non-acidic” fragments were performed with both preventive and curative aims. 

For untreated samples, the hydrothermal ageing caused a dramatic decrease in the 

pH value of about 70%, reducing from 5.3±0.1 (slightly acidic) up to 3.7±0.1 

(definitely acidic). Indeed, the presence of the acid precursors during the 

hydrothermal ageing clearly accelerated the acidification process of the wooden 

samples, as expected due to the fact that high relative humidity is linked to the 

development of acidity and due to the increased reactivity of the chemical processes 

with temperature [25]. It is a reliable estimate that the pH value reached after the 

hydrothermal ageing would be the final pH after a natural ageing, highlighting the 

necessity for preventive treatments, here proposed for the first time. 

 

Table 8.7. Results of pH values refer to the “non-acidic” untreated wood samples, before and after 

the acidification treatment, and treated wood samples, in relation to the preventive and the curative 

treatments; results of pH values of the highly acidic wood sample, untreated and curative treatment 

 “Non-Acidic” Wood Samples Acidic Wood Sample 
 

pH pH 

Untreated   before acidification after acidification  
pH

 
Untreated 

pH 
Treated with MH8w 

5.3 ± 0.1 3.7 ± 0.1 

Treated 
pH

 
  preventive treatment #  

pH 

curative treatment §  

CH4a 7.5 ± 0.1 6.6 ± 0.1 

CH8a 7.5 ± 0.1 6.7 ± 0.1 1.6 ± 0.1 6.7 ± 0.1 

MH4a 7.8 ± 0.1 7.7 ± 0.1 

MH8a 7.9 ± 0.1 7.7 ± 0.1 

MH8w 7.8 ± 0.1 7.7 ± 0.1 

# pH values of the samples treated and then acidified by hydrothermal ageing; § pH values of the samples acidified and then 

treated by hydrothermal ageing 
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As can be seen in Table 8.7, all the preventive treatments proved to be highly 

effective, irrespective of the solvent concentration and the alkaline earth hydroxide 

used in the treatments themselves. This makes it possible to tailor the treatment to 

the specific requirements of the protective procedures being performed, something 

that is crucial if we consider the variety of needs that exist in conservation science. 

The results of curative treatments on the artificially acidified samples were also highly 

satisfactory. In fact, all of them resulted in a neutral pH value in the treated samples. 

These results confirm the efficiency of alcohol-based treatments as already observed 

in the literature for similar suspensions [26-28]. However, also the way for water-

based Mg(OH)2 curative treatments is effective, representing an eco-friendly solution 

for large-scale applications, such as for wrecks and wooden artifacts. In fact, the MH 

aqueous suspension for the curative treatment of the very acidic sample (pH = 

1.6±0.1) gives a satisfactorily deacidified, as shown in Table 8.7. Another important 

aspect to be considered was the preservation of the aesthetic features of the treated 

samples, which must remain unchanged as far as possible. The observations 

indicated that the treatments, irrespective of the dispersing medium, did not altered 

the samples, and any white hazes or residual substance would be not visible, by 

naked eyes, on the treated surfaces after the immersions in the NPs suspensions. 

An interesting parameter for conservation is the penetration of the treatments into 

the volume of the samples. This analysis is carried out only on the MH-in water 

treatment, as the best candidate for eco-friendly large-scale applications. To perform 

this analysis, the treated sample is cutted longitudinally to the fibers in order to obtain 

a radial section (where the fiber walls of the wood can be distinguished). The X-ray 

microanalysis, carried out by SEM-EDX, revealed the presence of Fe and S, and 

traces of Ca and Mg. The mapping of Mg confirmed a homogeneous distribution of 

MH NPs throughout the whole depth of the sample, as shown in Figure 8.10 (green 

colour). 
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Figure 8.10. SEM-EDX image showed the penetrations of MH NPs inside the sample, following the 

Mg mapping (green) 

 

The treatments based on MH NPs dispersed in water, therefore, proved to be a 

greatly efficient method of deacidification in both preventive and curative actions, 

serving to prevent the many phenomena that dramatically affect the life of ancient 

artifacts over the course of time. The large volumes of NPs dispersions and the use 

of water as solvent are vital for large-scale applications, since it allows operating with 

large wooden objects without the use of volatile organic compounds that are 

flammable and harmful for the environment and for human health. In today’s society, 

where sustainability and environmental protection are crucial issues, the use of eco-

friendly, non-destructive treatments is of fundamental importance for conservation 

science. 

 

 

8.3 Synthesis of magnesium oxide nanoparticles 

 

In order to obtain MgO NPs, the reagents are always magnesium chloride and an 

anionic resin in OH- form (Dowex 550A). As in the paragraph 8.1, first Mg(OH)2 in 

form of NPs is synthetized using the innovative ion exchange process, then it is used 

as precursor to produce MgO NPs. In this case the synthesis is carried out through 

a prototype system on a total volume of 1.5 liters, obtaining about 25 g of Mg(OH)2 
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with a single synthesis of 10 minutes. From the produced suspension, the hydroxide 

NPs are obtained in powder form using two different methods: 

a) lyophilization (MHLYO): 150 ml of suspension are frozen for 24h and subsequently 

subjected to lyophilization for about a day; 

b) drying (MHOVEN): 150 ml of suspension are put in an oven to dry at 80°C for about 

two days. 

The obtained magnesium hydroxide suspension and powders are characterized by 

XRD, BET, TEM and TGA. Figure 8.11 shows the XRD patterns of the three 

samples. 

 

Figure 8.11: XRD pattern of the samples MHSUSP (yellow), MHOVEN (blue) and MHLYO (red) with 

Bragg peaks indexed according to ICSD #98-016-9979 of the compound Mg(OH)2 

 

The powder samples show very similar XRD patterns, characterized by pure 

Mg(OH)2 with hexagonal structure (ICSD #98-016-9979). On the other hand, in the 

pattern of the suspension dried directly on a single crystal, a preferential orientation 

on the basal atomic plane (001) of the crystalline cell of brucite can be observed. In 

fact, during evaporation an arrangement of the lamellae presumably occurs along 

the plane of the sample holder, so that the most "frequent" plane becomes the basal 

plane. Table 8.8 shows the cell parameters obtained for the three samples together 

with the grain sizes, calculated by the Rietveld method. 
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Table 8.8. Crystallographic data from the XRD patterns of samples M MHSUSP, MHOVEN and MHLYO, 

reporting the cell parameters together with the relative intensity and Dhkl calculated for the main 

peaks (ICSD #98-008-9823) 

  

 

 

 

 

 

 

 

 

 

 

 

 

It is observed that the average value of the crystallite size varies between 8.2±0.5 

and 14±1 nm, from which a slight growth of the crystallites is deduced by drying the 

hydroxide in an oven at 80°C for a extended period of time (about 2 days). 

Figure 8.12 shows the TEM images of the three samples with 200 nm markers, 

preparing for the powder samples some suspensions in ethanol at suitable 

concentrations. 

 

ICSD #98-008-9823 MHSUSP MHOVEN MHLYO 

a = 3.14 Å a = 3.14 Å a = 3.15 Å a = 3.14 Å 

c = 4.77 Å c = 4.79 Å c = 4.78 Å c = 4.79 Å 

Hkl 
I 2Theta I Dhkl I Dhkl I Dhkl 

[%] [°] [%] [nm] [%] [nm] [%] [nm] 

001 96.3 18.598 100 7.5 96.2 12.61 97.29 8.34 

010 2.6 32.879 0.22 7.77 5.15 12.95 5.15 8.57 

011 100.0 38.038 9.43 7.88 100 13.13 100 8.69 

012 37.8 50.881 5.29 8.25 37.86 13.76 37.92 9.1 

110 27.8 58.703 2.55 8.56 27.75 14.28 27.59 9.47 

111 15.7 62.144 0.79 8.72 15.72 14.55 15.65 9.62 

103 15.3 68.295 2.49 9.03 15.39 15.1 15.43 9.96 

   Σ= 8,2 Σ= 13,8 Σ= 9,1 

   σ= 0,6 σ= 0,9 σ= 0,6 



 

246 

 

a)  b) 

c)  

Figure 8.12 TEM images of samples a) MH_SUSP, b) MH_OVEN and c) MH_FREEZE with 200 

nm marker 

 

The morphology with hexagonal lamellae of the hydroxide is confirmed by all the 

images: the NPs are in hexagonal shape, with dimensions generally less than 

100nm, with a thickness of 5-10 nm, such as to make them almost transparent to 

the TEM electron beam. However, it can be seen from the comparison of the various 

samples that the lyophilized hydroxide nanoparticles are those with the greatest 

degree of agglomeration. 

Figure 8.13a shows the adsorption isotherm only of MHOVEN sample, because the 

isotherm of MHLYO sample results similar both in form and in values. A weak 

presence of hysteresis can be noted, but the isotherm can be classified as Type IV 

anyway, typical of mesoporous materials. From these measurements specific 
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surface values equal to 85.5 m²/g and 83.2 m²/g are obtained for MHOVEN and MHLYO 

samples respectively. 

 

a)  b)  

Figure 8.13. a) nitrogen adsorption isotherm of MHOVEN sample, b) pore size distribution obtained 

from the desorption branch of the isotherm 

 

The pore distribution was determined from the desorption branch of the isotherm 

using the BJH method and is reported in Figure 8.13b for MHOVEN sample. The 

prevalence of mesopores (20-500 Å) can be seen from the pore distribution. The 

average size distribution of the pores estimated by BJH method reveals an average 

porosity of about 18 nm for both samples. 

Finally, in Figure 8.14 the thermogravimetric analysis for the two powder samples 

are shown. 

a)  b)  
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c)  d)  

Figure 8.14. TGA profiles related to samples a) MHOVEN and c) MHLYO, with the relative DSC values: 

b) MHOVEN and d) MHLYO 

  

The TGA profile of the MHOVEN sample shows a phase of pronounced weight loss in 

the range 340-420°C, with the endothermic peak at 400°C, as can be seen from the 

DSC profile, attributable to the transformation into magnesium oxide. Weight loss 

during this decomposition is approximately 26.9%, perhaps due to an 

incompleteness of the decomposition reaction under the measurement conditions. 

The TGA profile of the MHLYO sample shows a weight loss phase in an almost similar 

range, 330-400°C, with the endothermic peak at 395°C, as can be seen from the 

DSC profile, associated with the transformation into magnesium oxide as well. 

Weight loss during this decomposition is approximately 28.2%, which is more similar 

to the theoretical value of 30.8%. 

Considering the various characterizations, there are no substantial differences 

between the two different methods for obtaining the powder precursor (lyophilization 

and oven). Therefore, the hydroxide powder from the oven is used to obtain 

nanoparticles of MgO through a dehydration reaction by raising the temperature, 

because it appears less agglomerated from TEM images. During this reaction 

Mg(OH)2 and MgO maintain the same crystallographic orientation, as shown in 

Figure 8.15. The closely spaced hexagonal structure of O2- ions rearranges into a 

closed cubic structure; then the remains of the hexagonal brucite lamella are 

retained. 
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Figure 8.15. Crystallographic orientation of magnesium hydroxide and oxide during transformation 

 

A temperature of 500°C is chosen to allow this reaction to occur, considering 

different stasis times (2h, 4h, 6h), in order to investigate if this time affects the 

dimensions and the morphology of the final oxide particles. These calcination tests 

are reported in table 8.9 together with the weight loss. 

 

Table 8.9. Weight loss % of calcined MHOVEN at 500°C for 2h, 4h, 6h 

 

The weight loss corresponding to the theoretical value of the decomposition reaction 

is equal to 30.8%, so the samples calcined for 2h and 6h show weight losses which 

are closer to the theoretical value. In the sample calcined for 4h it is possible that a 

slight rehydration of the powder occurred (but it is not revealed from the XRD 

pattern). 

Once the calcination is carried out at different times, the samples obtained are again 

characterized from a structural and morphological point of view, by means of XRD 

and TEM. Figure 8.16 shows the XRD patterns of the three calcined samples. 

 

Sample Inizial weight (g) Final weight (g) Weight loss % 

MO_2h; 500°C 3.00 2.15 28.3 

MO_4h; 500°C 3.00 2.19 27.0 

MO_6h; 500°C 3.00 2.13 29.0 
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Figure 8.16. XRD pattern of samples calcined at 500°C: MO_2h (red), MO_4h (blue) and MO_6h 

(yellow) with Bragg peaks indexed according to ICSD #98-017-0905 of the compound MgO 

  

The powder samples are characterized by very similar XRD patterns, characterized 

by pure MgO (ICSD #98-017-0905). Table 8.10 shows the cell parameters obtained 

for the three samples together with the grain sizes, calculated by the Rietveld 

method. 

 

Table 8.10. Crystallographic data from the XRD patterns of the calcined samples at 500°C for 2h, 

4h and 6h, reporting the cell parameters together with the relative intensity and the Dhkl calculated 

for the main peaks (ICSD #98-017-0905) 

 

ICSD 98-017-0905 MO_2h MO_4h MO_6h 

a = 4.23 Å a =4.23 Å a =4.22 Å a =4.21 Å 

c = 4.23 Å c = 4.23 Å c = 4.22 Å c = 4.21 Å 

HKL 
I  2Theta  I  Dhkl I  Dhkl I  Dhkl 

[%] [°] [%] [nm] [%] [nm] [%] [nm] 

111 11.4 36.8 11.45 6.62 11.47 7.53 11.49 6.78 

002 100 42.75 100 6.75 100 7.67 100 6.91 

022 45 62.05 45.05 7.34 44.95 8.35 44.91 7.52 

113 4.9 74.37 4.95 7.92 4.94 9.01 4.94 8.12 

222 10.8 78.29 10.87 8.15 10.83 9.27 10.82 8.35 

      Σ= 7.4 Σ= 8.4 Σ= 7.5 

   σ= 0.7 σ= 0.7 σ= 0.7 
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The dimensions of the crystallites are similar for the three samples, with dimensions 

equal to 7.4 ± 0.7 nm, 8.4 ± 0.7 nm and 7.5 ± 0.7 nm for the samples MO_2h, MO_4h 

and MO_6h respectively. Therefore, the sample of MgO calcined for 2h and 6h have 

smaller crystal dimensions, while the sample calcined for 4h has slightly larger 

dimensions, in agreement with the weight losses. 

Figure 8.17 shows the TEM images of samples calcined for different times. In all the 

images with 200 nm markers it is noted that the obtained MgO nanoparticles 

maintain a pseudo-hexagonal morphology, similar to that of the Mg(OH)2 precursor. 

 

a)  b)  

c)  d)  

e)   f)  

Figure 8.17. TEM images of nanoparticles of samples calcined at 500°C: a-b) MO_2h with 200 nm 

and 50 nm markers, c-d) MO_4h with 200 nm and 50 nm markers, e-f) MO_6h with 200 nm and 50 

nm markers 
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In the TEM images with 50 nm markers, the empty channels formed inside the 

hexagonal structure are evident, arranged in a radial direction with respect to the 

center of the original lamella. The decomposition of hydroxide into oxide therefore 

seems to involve the entire volume of the original lamella and not only the external 

surface, demonstrating that the individual lamellae of the starting hydroxide are 

actually formed by an aggregation of primary particles, the singlets [29]. It can be 

hypothesized that the dehydration process leads to the formation of primary particles 

homogeneously dispersed within the entire volume of the original lamella, of which 

traces remain at the morphological level in the resulting aggregate. In particular, the 

channels inside the structure can be attributed to the loss of water associated with 

the decomposition process that took place. Furthermore, it can be noted that, on the 

surface, the particles tend to unite as if to form a continuous outer edge, probably 

due to cohesion forces between the particles, favored by diffusion mechanisms. 

The MO_6h shows the greatest weight loss, the smallest crystallite dimensions and 

the highest quantity of empty channels in the hexagonal lamellae observed by TEM, 

so it is chosen to perform BET analysis. Figure 8.18a shows the adsorption isotherm 

of MO_6h sample, the presence of hysteresis can be noted, so the isotherm can be 

classified as Type IV, typical of mesoporous materials. From this measure a specific 

surface value equal to 139.3 m²/g is obtained, which is about double the value of the 

precursor Mg(OH)2. 

 

a)  b)  

Figure 8.18. a) nitrogen adsorption isotherm of the MO_6h sample, b) pore size distribution 

obtained from the desorption branch of the isotherm 

 

The pore distribution was determined from the desorption branch of the isotherms 

using the BJH method and is reported in Figure 8.18b for the sample MO_6h. The 
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prevalence of mesopores (20-500 Å) can be seen from the pore distribution, in fact 

the BJH method reveals an average porosity of about 21 nm. 

 

 

8.4 Magnesium oxide nanoparticles for anticancer applications 

 

Cancer is one of the principal causes of death in economically developed countries. 

Neoplasms in early stages can be effectively treated through surgical removal. In 

other cases, surgery is accompanied or replaced by radiotherapy, chemotherapy or 

a combination of them. Both therapies are characterized by high toxicity. In fact, 

chemotherapeutic agents preferentially act on tumor cells, but also damage healthy 

cells, causing limitations of the maximum tolerated dose. 

There is a growing field of research on the use of nanoparticles against the 

formation, development and progression of tumors, due to their intrinsic anticancer 

effects, such as their antioxidant action. Several studies have shown that various 

metal oxide nanoparticles induce cytotoxicity in cancer cells, but not in healthy cells 

[30]. 

In particular regarding MgO nanoparticles, there are some studies available in the 

literature: 

• Sun et al. examined the cytotoxicity of several metal oxide nanoparticles including 

MgO NP on human cardiac microvascular endothelial cells. [31] 

• Chalkidou et al. demonstrated the application of Fe/MgO nanoparticles as a 

magnetically mediated hyperthermia agent in cancer therapy. [32] 

• More recently, Di et al. reported the promising application of NP of MgO in nano-

cryosurgery for the treatment of cancer. [33] 

• In the study by Krishnamoorthy et al. the cytotoxic effects of magnesium oxide 

nanoparticles against normal lung fibroblast cells and different types of cancer cells 

were examined. MgO NPs exhibited a preferential ability to kill cancer cells such as 

HeLa, AGS, and SNU-16. [34] 

 

In general, the toxicity of MgO nanoparticles is attributed to the generation of 

reactive oxygen species (ROS), the most widespread free radicals, on the surface 

of the oxide. Figure 8.19 shows the main ROS species. 
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Figure 8.19. Main reactive oxygen species: oxygen, superoxide anion, peroxide anion, hydrogen 

peroxide, hydroxyl radical and hydroxide ion 

 

The main factors of oxidative stress induced by nanoparticles concern: 

a) the oxidative properties of the nanoparticles themselves; characteristics such as 

size distribution, state of aggregation, surface charge, composition and presence of 

metals influence the cellular uptake of metal oxide nanomaterials, as shown in 

Figure 8.20; 

b) the generation of oxidants following the interaction of the nanoparticles with the 

cellular material; in addition to cell damage, ROS can also derive from interactions 

of the nanoparticles with different biological targets, such as the effect of cellular 

respiration, metabolism, etc. 

 

 

Figure 8.20. Characteristics of the NPs that cause the generation of ROS and the consequent 

oxidative stress [35] 
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In the cell, the stability of the metal oxide is an important factor that causes toxic 

effects: the ions that detach from the surface of the oxide, induce the production of 

ROS and therefore cause a series of oxidative stress reactions related to cell 

viability, cell apoptosis and cell death. Most metal-based nanoparticles stimulate 

free radical-mediated toxicity through Fenton-like reactions [36]. Oxidative stress 

results from an imbalance between ROS production and a biological system's ability 

to readily detoxify reactive intermediates or repair the resulting damage. To respond 

to the excessive presence of ROS, cells can activate enzymatic and non-enzymatic 

antioxidant systems. According to this model, cells and tissues respond to 

increasing levels of oxidative stress through antioxidant enzyme systems upon 

exposure to nanoparticles. [37] 

The mechanism of cell death through apoptosis, outlined in Figure 8.21, involves 

the following phases: 

1. The cell is damaged, stressed and apoptosis begins; 

2. The cell begins to shrink and form blisters; 

3. Enzymes break down the nucleus and the cell emits signals to attract 

macrophages; 

4. The cell breaks down into many tiny pieces containing the components of the 

destroyed cell and nucleus; 

5. Macrophages recognize parts of the cell and remove them from the body. 
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Figure 8.21. Mechanism of cellular apoptosis [35] 

 

In collaboration with the Pharmacology research group (MESVA Department of the 

University of L'Aquila), preliminary in vitro tests are carried out on the use of the 

synthetized nanostructured MgO as an anticancer agent. These tests are performed 

in order to generate growth curves after the treatment of cultures of melanoma cells 

(Figure 8.22), with increasing concentrations of nanostructured MgO, as a function 

of different times of growth. The cell mortality rate is evaluated at different 

concentrations of the MgO agent and at different times, as well, with cell activity 

assays. 

 



 

257 

 

 

Figure 8.22. Melanoma cells (Cell Bank Australia) 

 

Cytotoxicity is defined as the effect of a chemical (a molecule), physical 

(temperature, radiation or electromagnetic wave) or biological (a cell of the immune 

system) type agent capable of inducing damage to a cell. [38] The agent that induces 

this damage is often referred to as cytotoxin. Cytotoxicity tests therefore represent 

an "evaluation method" of the biological damage caused by substances. The cell 

culture assay represents one of the main methods that is used to evaluate, at a 

preliminary level, the cytotoxicity of a material. This refers to the in vitro evaluation 

of the material to determine if it releases toxic chemicals in sufficient quantities to 

kill cells directly or indirectly through inhibition of cellular metabolic pathways. 

As explained in paragraph 8.3, the potential cytotoxicity of metal oxide nanoparticles 

arises from oxidative stress induced by reactive oxygen species (ROS), which 

induce significant damage to the cellular structure of membrane lipids, membrane 

proteins and nuclear membrane, until leading to cellular apoptosis. 

Following the indications from the literature, it is here decided to use MgO calcined 

for 6h at 500°C (the one with the greater weight loss) for the preparation of an oxide 

suspension in a phosphate buffer saline (PBS). The buffer helps to keep the pH 

constant, while the concentration of salts and osmolarity are generally correlated 

with those of the human body (isotonic solution). [39, 40] 

In particular, a stock solution, at a known concentration of 80 g/l, of MgO in PBS 

was prepared, from which other solutions are subsequently prepared by dilution. 
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The suspension thus prepared was placed in an ultrasonic bath for 30 minutes and 

subsequently subjected to vigorous manual stirring for 1 minute. This suspension 

was also analyzed by TEM, first analyzing the pure PBS (Figure 8.23a) and then the 

suspension of MgO in PBS (Figure 8.23b). 

 

a)  b)  

Figure 8.23 TEM images with 200 nm markers of a) phosphate buffered saline (PBS) and b) 

suspension of MgO in PBS 

 

In Figure 8.23b, darker transversely arranged lamellae can be seen, representing 

the lamellar hexagons of magnesium oxide, dispersed in saline structures contained 

in the PBS similar to those of Figure 8.23a. 

At this point, human melanoma cells (Bmel) were used; cells were maintained in 

modified Dulbecco's culture medium (DMEM), supported with 10% fetal bovine 

serum (FBS), glutamine (2 mM), penicillin (100 IU/ml) and streptomycin (100 µg/ml), 

to 37 ° C, 5% CO2 in a humidified environment. 10 cm2 cell culture capsules were 

used. It was decided to run the tests with three different concentrations of MgO in 

PBS, comparing the results with a reference sample consisting of melanoma cells 

only in the culture medium. The tests were repeated twice, the time established for 

each test is 72h, with an analysis time of 24h. A total of 24 plates were therefore 

prepared as shown in Figure 8.24: three different concentrations of MgO with one 

reference sample, replicated twice for 24h, 48h and 72h. 
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Figure 8.24. Culture plates used for seeding Bmel melanoma cells. There are 24 plates, including 3 

groups of 4 plates replicated twice, each of these relating to a different growth time (24h, 48h, 72h) 

 

15000 cells per cm2 were used, corresponding to 150000 cells for capsule and 

approximately 3.8 million cells were used in a total of 25 plates. 

The suspensions of MgO in PBS were prepared, at three concentrations: 0.1 g/l, 0.2 

g/l and 0.4 g/l, corresponding to 100 µg/ml, 200 µg/ml and 400 µg/ml. The 

suspensions are vigorously shaken before being added to the culture plates, in order 

to have a homogeneous distribution of nanoparticles in the culture medium. Figure 

8.25 shows an image related to the work environment, all the procedures were 

carried out under a laminar flow hood (Aura 2000 MAC). 

 

  

Figure 8.25. Work environment under laminar flow hood 
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A cell count is performed 24h, 48h, 72h after the treatment; the cells were detached 

by trypsin/EDTA and counted by Neubauer counting chamber using the Trypan blue 

dye, which penetrates only cells with damaged membrane, to discriminate between 

living and dead cells. Table 8.11 shows the results of the cell count at different times. 

The lines named (*) and (**) refer to the 2 replicates of the tests. 

 

Table 8.11. Count of the number of live melanoma cells after 24h, 48h and 72h for the 2 replicates 

as the concentration of MgO introduced into the plates varies. The mean values and standard 

deviation of the samples are reported as well 

  n° of live cells 

24h 

  Control 
100 

µg/ml 

200 

µg/ml 

400 

µg/ml 

*  383600 350000 264000 246000 

 ** 363000 286000 276000 238000 

∑ 373300 318000 270000 242000 

Σ 14566 45254 8485 5656 

      

  n° of live cells 

48h 

  Control 
100 

µg/ml 

200 

µg/ml 

400 

µg/ml 

 * 566000 450000 414000 350000 

 ** 530000 519000 356000 332000 

∑ 548000 484500 385000 341000 

Σ 25456 48790 41012 12728 

      

  n° of live cells 

72h 

  Control 
100 

µg/ml 

200 

µg/ml 

400 

µg/ml 

 * 930000 785000 546000 476000 

 ** 872500 700000 641000 502500 

∑ 901250 742500 593500 489250 

Σ 40659 60104 67175 18738 

 

Starting from the average values of the number of live cells in Table 8.11, histograms 

of growth of the melanoma cells are constructed, according to the variation of the 

growth time and of the oxide concentration, shown in Figure 8.26. 
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Figure 8.26. Growth histograms of melanoma cells as the concentration of MgO increases (control, 

100 µg/ml, 200 µg/ml, 400 µg/ml); the growth time (0, 24h, 48h, 72h) is used as a parameter 

 

The growth histograms show a significant decrease in the growth of melanoma cells. 

In particular, the inhibition of cell growth increases linearly as the oxide 

concentration increases. In Figure 8.27 it can be seen from the growth curves that 

the growth inhibition increases linearly with increasing time as well. At 72h using 

400 µg/ml the growth of melanoma cell is reduced of about 45% respect to the 

control sample. 

 

 

Figure 8.27. Growth curves of melanoma cells as a function of growth time, as the concentration of 

MgO varies 
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In addition, an estimate of dead cells is also made, highlighted under a microscope 

using Trypan Blue dye, where a slight increase in the mortality rate at high oxide 

concentrations is noted after 48 hours of treatment. Table 8.12 shows an estimate 

of the mortality % at 48h. 

 

Table 8.12. Cell mortality % at different concentrations after 48h of treatment 

 Control 100µg/ml 200µg/ml 400µg/ml 

% dead cells 1.6 3.7 3.6 16 

 

It can be observed that after 48h of treatment an increase in mortality is registered, 

going from 1.6% of the control to 16% at a concentration of 400 µg/ml. The effects 

related to 72h of treatment are not relevant and are not reported, because the dead 

cells break down after a certain time and do not always give a measure of mortality. 

A calculator is used to obtain the IC50 value, the inhibitory concentration, which is 

the concentration of an enzyme inhibitor (drug, toxin or poison, etc.) required to 

inhibit 50% of the target under examination (enzyme, cell, receptor or 

microorganism). [41] The IC50 is therefore a parameter used to evaluate the efficacy 

of a substance in inhibiting the target and is one of the methods commonly used in 

drug research to measure the potency of an antagonist. In the case under 

examination, Table 8.13 shows the inhibitory concentration values obtained for the 

different treatment times. 

 

Table 8.13. Values of the IC50 inhibitory concentration of the nanoparticles for different treatment 

times 

Treatment time IC50 [µg/ml] 

24h 126.3 

48h 135.6 

72h 143.0 
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8.5 Results of anticancer tests compared with the literature 

 

At this point, a comparison is made between the results of the cytotoxicological tests 

carried out in this thesis work with the results achieved in some studies, regarding 

the anticancer effect of MgO nanoparticles. 

In the article by Krishnamoorthy et al. [40] the cytotoxicological effect of magnesium 

oxide nanoparticles on fibroblasts and different types of cancer cells was 

investigated. The results showed a preferential ability in killing different tumor cell 

lines such as HeLa, human cervical adenocarcinoma cells, AGS, human gastric 

adenocarcinoma cells, SNU-16, human gastric cancer cells and CCD-25Lu lung 

cells. human (healthy cells). In this study, the effect of MgO nanoparticles on cell 

viability was determined using the MTT assay, a standard colorimetric assay for 

measuring the activity of enzymes that reduce MTT to formazan, giving the 

substance a blue / purple color. After incubation, the cells were treated with various 

concentrations of MgO nanoparticles for 24, 48 and 72 hours. In addition to the 

viability assay, flow cytometry measurements for ROS production, lipid peroxidation 

measurements, western blot analysis and staining experiments were performed to 

evaluate morphological changes in the shape of the nanoparticles and study the 

apoptotic behavior. The cytotoxicity results of the MgO nanoparticles against cancer 

cells obtained from the Krishnamoorty study are shown in Figure 8.28, where 4 

graphs are reported, each of them relating to a different cell line treated. 
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Figure 8.28. Cytotoxicity of MgO nanoparticles compared to (a) healthy human CCD-25Lu lung 

cells, (b) HeLa cells, (c) SNU-16 cells and (d) AGS cell lines treated for 24, 48 and 72 hours, 

respectively. Untreated cells were used as controls. Cell viability without treatment was considered 

to be 100% [40] 

 

No toxicity of MgO NPs compared to fibroblasts is observed, even for higher 

concentrations of MgO (300 µg/ml) as shown in Figure 4a). Figures 4b-d) show the 

sensitivity of cancer cells to MgO nanoparticles. Also in this study the results show 

a dose and time dependent toxicity of the MgO nanoparticles towards cancer cells. 

In particular, MgO can effectively kill tumor cells in a dose-dependent manner in 24 

hours and only a small difference in toxicity was observed for 72 hours. Furthermore, 

significant toxicity was observed in cancer cells at higher MgO concentrations (200 

and 300 µg/ml). The IC50 values of MgO nanoparticles compared to HeLa cells, 

SNU-16 and AGS cell types were 174.0, 240.0 and 223.3 µg/ml after 72 hours of 

exposure. 

In the study by Moustafa et al. [42] the inhibitory activity against the MCF-7 cell line 

of breast cancer of some selected nanometric magnesium oxides (M2, M3, M7 

prepared respectively from tartaric acid, citric acid and glycine, respectively) was 
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studied. compared to the standard anticancer drug Vinblastine. Results are graphed 

in Figure 8.29 and lethal concentration values (IC50) are listed in Table 8.14. 

 

 

Figure 8.29. Inhibitory activity of nanooxide A) M2 (IC50 = 213 μg/mL), B) M3 (IC50 = 398 μg/mL) 

and C) M7 (IC50 = 391 μg/mL) against MCF-7 breast cancer cells [42] 

 

Table 8.14. Lethal concentration (IC50) of M2, M3 and M7 nanostructured oxides [42] 

 

 

From the inspection of cytotoxic data, it is found that magnesium oxide M2 (prepared 

from tartaric acid) is, in general, more effective than those of M3 (prepared with citric 

acid) and M7 (prepared with glycine). 

Finally, from the comparison between the results in the literature and those achieved 

in this thesis, a general congruence is observed, in all three cases the magnesium 

oxide appears to be active against various tumor cells, with comparable IC50 values, 

varying around 100 and 200 μg/ml. The trends of the growth curves are similar in all 

three cases, and the effects are dose and time dependent. 
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CHAPTER 9: SYNTHESIS OF NANO-SIZED IRON OXIDES 

 

Among the transition metal oxides, iron oxides nanoparticles are of technological 

and scientific importance because their relevant properties are size-dependent. In 

addition, their variety gives rise to a plethora of possible applications in different 

fields: from sensors and devices to medical diagnostic and treatments strategies, 

batteries, and catalysis as well as in environmental remediation. Specifically, iron 

compounds with oxygen are polymorphic in nature, having sixteen phases 

considering hydroxides, oxides and oxyhydroxides (chapter 3). The most relevant 

iron-based nanoparticles, from a technological point of view, are magnetite (Fe3O4), 

maghemite (γ-Fe2O3), hematite (α-Fe2O3) and ferrihydrite (Fe5HO8⋅4H2O), thanks to 

their unique properties, such as superparamagnetism, surface/volume ratio, great 

surface area, and easy separation methodology. [1-9] 

This chapter introduces an innovative, sustainable, and scalable synthesis to obtain 

the principal iron oxides nanoparticles. The method is always based on an ion 

exchange process, which is a one-step and energy saving procedure, operating in 

water and at room temperature, using cheap or renewable reagents. In particular, 3 

iron nanostructured compounds are directly obtained: 2-lines ferrihydrite, delta iron 

oxyhydroxide (δ-FeOOH) and magnetite, which in turn are used as precursors to 

obtain also nanostructured hematite and maghemite. All the obtained kinds of NPs 

are characterized by a specific morphology, are monodisperse and with large values 

of specific surface area, underlining the possibility of the synthetic method to provide 

a new tunable and scalable iron NPs production. 

 

 

9.1 Synthesis and characterization of various iron oxides NPs 

 

The most used iron oxide NPs synthesis methods, as discussed in chapter 3, include 

chemical precipitation, hydrothermal, sol-gel, electro-deposition, emulsion 

precipitation, surfactant mediated precipitation, microemulsion precipitation and 

microwave assisted hydrothermal technique. Therefore, the main synthesis 

techniques are based on chemical routes, which often require the necessity of high 
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temperature/pressure and always need extra purification steps to remove organic 

substances and/or secondary products. Such features lead to an unavoidable 

decrease of production yields also increasing the times and costs to obtain the final 

pure product, so there is a lack of a method able to realize productions on large 

scale, which is of paramount importance for industrial applications. 

In this context, an innovative one-step synthesis is here developed, based on the 

exposed ion exchange method, which is able to produce different kinds of iron 

compounds NPs, with high yields, low costs and short times, paying also a special 

attention towards the environmental impact (limited production of wastes and limited 

energetic costs of the process itself). The synthesis procedure, occurring in water at 

room temperature and ambient pressure, involves an anionic resin (Dowex 

Monosphere 550A OH- form) and two different iron chlorides (FeCl3·6H2O and 

FeCl2·4H2O). As explained, the anionic resin is able to rapidly absorb chloride ions 

to release hydroxyl groups, then the low solubility of iron compounds brings to high 

supersaturation conditions, favoring a burst nucleation of the solid phase. This 

phenomenon allows synthesizing pure iron-based NPs, properly tuned according to 

the reagents, without any purifications steps. After the exchange process, the resin, 

removed by a sieving procedure, can always be regenerated in order to be ready 

for a new production again, making the process practically at very low wastes. The 

synthesized NPs are studied in terms of structure, crystallinity, morphology, 

dimensions and specific surface area by several techniques, such as XRD, TEM, 

SEM, AFM, BET and magnetic measurements. 

Specifically, three different solutions of initial reagents are reported in relation to the 

iron oxidation state: 

1) Fe(II), corresponding to FeCl2·4H2O; 

2) Fe(III), corresponding to FeCl3·6H2O; 

3) Fe(III) and Fe(II) in a weight ratio of 2:1, corresponding to FeCl3·6H2O and 

FeCl2·4H2O. 

For each initial reagent, considering operating with a total of 0.5 moles, a proper 

amount of the anionic resin is employed, and the mixing procedure is carried out 

under moderate stirring, at room temperature and ambient pressure, for 10 minutes. 

After this period, the obtained NPs are separated from the resin through a simple 

sieving procedure (mesh 180 µm). In order to determine if the environment of 
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reaction affects the quality of the final product, each synthesis is performed both in 

air and in nitrogen as an inert atmosphere. Depending on the oxidation state of the 

initial reagent and on the reaction environment, it is possible to expect different 

hydroxides from each synthesis (then confirmed by XRD analysis), according to the 

following reactions [10]: 

1) Fe(II):  FeCl2 + 2R-OH → Fe(OH)2 + 2R-Cl                  (9.1) 

2) Fe(III):  FeCl3 + 3R-OH → Fe(OH)3 + 3R-Cl         (9.2) 

3) Fe(III)+Fe(II): 2FeCl3 + FeCl2 + 8R-OH → 2Fe(OH)3 + Fe(OH)2 + 8R-Cl     (9.3) 

However, in the reaction (1), it is expected that the ferrous hydroxide, Fe(OH)2, 

develops only in an environment without oxygen, because in aerobic conditions the 

iron(II) will be rapidly oxidized by the protons of water to form iron(II, III) oxide and 

molecular hydrogen. This process is described by the Schikorr reaction [11]: 

3Fe(OH)2 → Fe3O4 + H2 + 2H2O              (9.4) 

Also under inert atmosphere, Fe(OH)2 could be not stable in presence of hydroxyl 

ions. Indeed, we can expect the following reaction [21]: 

Fe(OH)2 + OH- → FeOOH + H2O + e-          (9.5) 

which leads to the formation of a polymorph of oxy-hydroxides compounds [12]. 

Concerning the reaction (2), the ferric hydroxide, Fe(OH)3, is unstable, because the 

molecules, formed during the hydrolysis of ferric solutions, interact to produce an 

amorphous ferric oxide hydrate precipitate, named ferrihydrite [13], according to the 

following reaction: 

                 5Fe(OH)3 → Fe5HO8⋅4H2O + 3H2O                             (9.6) 

This iron oxy-hydroxide ferrihydrite is considered the first stable product of the 

hydrolysis of iron(III) ions in water. Ferrihydrite has different formulas depending on 

its crystallinity, from an amorphous state called two-line to a more crystalline called 

six-line [1]. 

Finally, when both oxidation states of iron are present, the two iron hydroxides tend 

to combine to directly form magnetite: 

2Fe(OH)3 + Fe(OH)2 → Fe3O4 + 4H2O               (9.7) 

In summary, by varying the oxidation state of the initial reagent and the atmosphere 

(air or N2), the syntheses lead to six different samples, from here named S1N2, S1air, 

S2N2, S2air, and S3N2, S3air. Specifically, the numbers 1, 2 and 3 are related to Fe(II), 
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Fe(III) and mixed Fe(II)+Fe(III) initial reagents respectively. The expected iron 

compounds are summarized in Table 9.1. 

 

Table 9.1. Obtained iron oxides samples from the innovative ion exchange syntheses, with initial 

reagents, reaction atmosphere, expected iron compounds and expected reactions 

Samples 
Initial reagents 

with  

Oxidation state of 

initial reagents 

Reaction 

atmosphere 

Expected 

compounds 

Expected 

reactions 

S1N2 
FeCl2·4H2O Fe (II) 

N2 FeOOH 5 

S1air air Fe3O4 4 

S2N2 
FeCl3·6H2O Fe(III) 

N2 Fe5HO8⋅4H2

O 

6 

S2air air 6 

S3N2 FeCl3·6H2O and 

FeCl2·4H2O 2:1 

ratio 

Fe(II) + Fe(III) 

N2 

Fe3O4 

7 

S3air air 7 

 

The results of these six syntheses are reported in Table 9.2, in which the kinetic 

results are reported in relation to residual chloride content (RCC) as well as to the 

ΔCC reduction between the initial chloride concentration and the chloride 

concentration after 1 and 10 minutes of the ion exchange process. By measuring 

from each suspension the real dry product obtained after the resin separation, 

named DRYmeas (which are the grams of NPs produced), it is possible to estimate 

the yield of production for each synthesis, Y, as follows: 

𝑌 =
𝐷𝑅𝑌𝑚𝑒𝑎𝑠

𝐷𝑅𝑌𝑠𝑡𝑜𝑖𝑐ℎ
 𝑥 100 

Where DRYstoich is the stoichiometric value of the grams that are produced for each 

compound, estimated from the expected chemical reactions reported in table 9.1.  
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Table 9.2. Obtained iron oxides samples from the innovative ion exchange syntheses with 

reduction of the chloride concentration (ⵠCC), residual chloride concentration (RCC), grams of NPs 

produced in 10 minutes and yield of production (Y) 

Suspensi

on 

sample 

ⵠCC (%) 1 min ⵠCC (%) 10 min RCC (mg/l) 

NPs 

produced 

in 10 min 

(g)  

Y (%) 

S1N2 96.8 99.1 29.7 44 92           

S1air 96.9 99.3 27.3 45 94      

S2N2 99.2 99.9 21.4 41 94           

S2air  99.1 99.9 21.6 42 95      

S3N2 98.2 99.5 24.5 36 94                

S3air 98.3 99.7 23.4 37 96      

 

The obtained values denote a reagents consumption > 96% in the first minute of the 

exchange process, which saturates at values higher than 99% after only 10 minutes, 

denoting a very fast reaction and residual chloride contents (RCC) values of about 

20-30 mg/l. Very high yields of production are measured as well, related to the 

productions of about 40 g for each compound, with values from 92% up to 96%. 

XRD analyses allowed investigating the solid phase that formed after the exchange 

process. Figure 9.1 shows the XRD patterns of the obtained compounds, revealing 

3 different pure phases depending on the initial reagent or atmosphere, confirming 

the expected compounds reported in Table 9.1. Moreover, since from samples S2 

and S3 we obtain the same results both in air and in N2, only the samples obtained 

in air are reported. 
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Figure 9.1. XRD patterns of the iron oxides samples from the innovative ion exchange syntheses. 

Legend: ° = δ-FeOOH (delta iron oxyhydroxide), * = Fe3O4 (magnetite) 

 

The synthesis carried out starting from iron(II) in inert atmosphere (S1N2 sample) 

leads to the formation of δ-FeOOH (delta iron oxyhydroxide, ICSD pattern # 98-003-

8299), characterized by a hexagonal crystal structure and showing a differential line 

broadening in the (001) Bragg peak, indicative of a platelet shape of diffraction 

domains [28-29]. By means of profile analysis, an average crystal grain size of about 

6 nm is evaluated, as reported in Table 9.3. Moreover, a strong broad reflection at 

around 5 °2θ is observed, corresponding to a d-spacing of about 2 nm. This 

reflection is not observed for the empty sample holder or for other samples, such as 

pure hematite, so it can be connected to an ordered mesoporous structure of this 

phase or to the presence of a uniform size of very small NPs, as previously 

discussed in literature [18, 30, 31]. In fact, small particles could act as scattering 

centers, giving rise to scattering signal at low angles (SAXS peak) due to the particle 

size (10–100 Å). Contrarily, the synthesis performed starting from iron(II) ions but 

carried out in air, (S1air sample), reveals the formation of a crystalline phase 

attributed to well-defined Bragg peaks of cubic magnetite (Fe3O4, ICSD # 98-015-

9967). Regarding the samples with only iron(III) ions, carried out both in inert 

atmosphere and in air (S2N2 and S2air samples), they present the same diffraction 
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pattern, characterized by the presence of two broad halos, peaked around 34 °2θ 

and 61 °2θ respectively, attributable to the formation of the 2-line ferrihydrite [13]. 

As in the S1N2 sample, it is possible to observe the strong reflection at around 5 °2θ, 

but it results slightly shifted at lower 2θ angles, denoting a slightly larger distance 

between the particles into the mesoporous structure. Finally, from both the two 

syntheses starting from iron(II) and iron(III) ions (S3N2 and S3air samples), a 

crystalline phase attributable to very small cubic magnetite, (Fe3O4, ICSD # 98-015-

9967), is shown. In fact, the magnetite phase of S3air sample is clearly characterized 

by broader Bragg peaks than the magnetite of S1air sample, corresponding to an 

average crystallite size <D> of about 8 nm, as reported in Table 9.3. This result 

could be ascribed to a more sudden and denser nucleation step in the samples 

characterized by the mixed Fe(II)/Fe(III) stoichiometry, leading to smaller crystal 

dimensions. These results confirm the formation of the compounds reported in Table 

9.1, but underlining different crystal dimensions depending on the synthesis 

conditions and individuating the nanometric features and the crystal structure of the 

specific iron compounds. 

 

Table 9.3. Crystallographic parameters and average crystallite size <D> related to the crystalline 

iron phases of the ion exchange syntheses, as evaluated by Rietveld refinements. 

sample phase 
crystal 

system 
a (Å) b (Å) c (Å) 

cell volume 

(Å3) 

<D> 

(nm) 

S1N2 δ-FeOOH hexagonal 2.96 2.96 4.55 34.54 6 

S1air Fe3O4 cubic 8.38 8.38 8.38 588.53 29 

S3air Fe3O4 cubic 8.38 8.38 8.38 588.81 8 

 

To confirm that the completely amorphous phase is pure 2-line ferrihydrite, ATR-

FTIR and XPS measurements are performed on the S2air sample and reported in 

Figure 9.2. In the ATR-FTIR spectrum of Figure 9.2a, the large bands at around 

3250 cm−1 are attributed to the broad O-H stretching vibration, related to the 

structural hydroxide of the 2-line ferrihydrite at 3315 cm−1, as well as from adsorbed 

H2O at 3200 cm−1. The small reflection band at 1630 cm−1 is related to the O-H 

bending vibration from H2O, while the strong and broad bands at 565 and 420 cm−1 

are typical of the low crystalline ferrihydrite and are attributed to the Fe-O-Fe 
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stretching vibrations. Moreover, the asymmetric and symmetric C-O stretching 

modes at 1470 cm−1 and 1350 cm−1, respectively, are observed. These bands are 

typically found in 2-line ferrihydrite samples, due to the carbonate and/or bicarbonate 

absorbed from water and to the CO2 from the air as well [14-16]. 

 

a)  b)  

Figure 9.2. a) ATR-FTIR spectrum of 2-line ferrihydrite S2air sample; b) core level C 1s and Fe 2p 

XPS spectra of 2-line ferrihydrite S2air sample 

 

XPS survey spectra for 2-line ferrihydrite (Figure 9.2b) reveal the presence of Fe, O 

and C as the only elements, confirming that the initial reagent has been completely 

used up, and no contamination species, such as Cl and N, are observed within the 

sensitivity of the technique. The binding energy (BE) calibration of the spectra has 

been referred to as carbon 1s peak located at BE = 284.8 eV. The C 1s spectrum is 

typical of the adventitious carbon layer, due to atmosphere exposition (CO2), 

characterized by the main peak around 285 eV. In particular, the peaks are all nicely 

fitted by the sum of five components assigned to C atoms belonging to: C–C (284.8 

eV), C–OH (285.9 eV), C–O–C (286.9 eV), C=O (288.2 eV), C=O(OH) (289.3 eV) 

[17-19]. The Fe 2p spectrum shows a characteristic satellite peak at approximately 

8 eV higher than the main Fe 2p3/2 peak [20, 21]. The binding energies of Fe 2p3/2 

and Fe 2p1/2 obtained from the present study are 711.4 and 725.0 eV, respectively. 

The satellite peak obtained at 719.6 eV is clearly distinguishable and does not 

overlap with the Fe 2p3/2 or Fe 2p1/2 peaks. From these results, it is possible to 

conclude that the oxidation state is Fe+3, as also shown in Figure 9.2b with the 

dotted and continuous lines indicating the position in the binding energy of the 2p3/2 

and 2p1/2 of iron peaks for the oxidation state Fe2+ and Fe3+, respectively. 

file:///D:/nanomaterials-10-00323.docx%23_bookmark2
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In order to investigate size and morphology of the produced particles, the samples 

are analyzed by TEM (Figure 9.3). Confirming XRD results, the atmosphere of 

reaction (N2 or air) strongly affects Fe(II) samples but it does not affect the phases 

in Fe(III) and Fe(II)+Fe(III) ones. For this reason, only the best representative 

images for S2air and S3air samples are reported, showing that the particles of all the 

synthesized phases are in the nano-range. Specifically, S1N2 sample, shown in 

Figure 9.3a, reveals a superimposition of extremely thin hexagonal lamellas, 

attributing to the δ-FeOOH phase, similarly to literature results but presenting a 

definite mesoporous structure as well [22]. In addition, these lamellas show a 

thickness of about 10 nm, as marked by the arrows. As concerns S1air sample, it 

presents the typical cubic morphology of magnetite, with size dimensions of about 

20 nm, as observed in Figure 9.3b. S2air sample of Figure 9.3c appears constituted 

by a mesoporous aggregation of very small spherical particles of size dimension of 

about 2-3 nm, as typical of the 2-line ferrihydrite structure [23]. Finally, nanoparticles 

of about 6 nm constitute the S3air sample (Figure 9.3d), still representing the cubic 

morphology of magnetite but definitely smaller than what observed in S1air sample, 

confirming the XRD results. In addition, comparing the particles observed by TEM 

with the crystallite size evaluated by XRD measurements, it is possible to say that 

each nanoparticle in S1air as well as in S3air samples corresponds to a single crystal. 

From Figure 9.3 it is also possible to notice that, except for S1N2 sample where the 

hexagonal lamellas could derive from a self-assembling of primary nanoparticles, 

the other samples exhibit that the nanoparticles are monodisperse, as shown in the 

insets. This result can be strongly related to the fact that, during the synthesis, for 

all the samples a fast and diffuse nucleation occurs, and all the crystallites form at 

the same time and under the same environment, in the whole volume of reaction. 

Moreover, due to a very quick kinetic of the ion exchange process and due to a small 

solubility of the formed phases, the growth rate of such crystallites is limited as well. 
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a)  b)  

c)  d)  

Figure 9.4. TEM images of the NPs obtained from the different ion exchange syntheses: a) iron 

oxyhydroxide δ-FeOOH nanoparticles in S1N2 sample, with arrows underlining the thickness of 

lamellae; b) magnetite nanoparticles in S1air sample; c) ferrihydrite nanoparticles of S2air sample; d) 

magnetite nanoparticles in S3air sample 

 

AFM observations of S1air, S2 air and S3 air samples are reported in Figure 9.4. For 

each sample, both representative images, at lower and higher magnification, and 

the corresponding profile analysis along the Z axis of single nanoparticles, are 

shown. The analyses allow confirming the differences between the two magnetite 

samples, with height of about 20 nm in S1air sample and 3 nm in S3 air sample 

(Figures 9.4b-c and 9.4h-i respectively). As concerns the ferrihydrite S2air sample, 

very close aggregates are observed (Figure 9.4d), probably due to the extremely 

fine monodisperse nanoparticles, with dimensions of about 2 nm (Figures 9.4e-f).  

  

a)  b)  c)  
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d)  e)  f)  

g)  h)  i)  

Figure 9.4. AFM observations of the nanoparticles obtained from the different ion exchange 

syntheses and corresponding profile analyses along Z-axis of single particles: a-c) magnetite 

nanoparticles in S1air sample; d-f) ferrihydrite nanoparticles of S2air sample; g-i) magnetite 

nanoparticles in S3air sample 

 

SEM images, shown in figure 9.5, underline the aggregation behavior, in relation to 

the different morphologies characterizing each sample. The δ-FeOOH sample S1N2 

denotes spherical aggregations organized in an ordered network of nano-platelets, 

all having thicknesses < 20 nm, forming flower-like particles [24], as shown in Figure 

9.5a. In addition, this network presents both macropores and mesopores, resulting 

characterized by a high whole porosity. The magnetite phases composing S1air and 

S3air samples are shown in Figures 9.5b and 9.5d respectively, they seem very 

similar with SEM observations, composed by a dense aggregation of small particles. 

However, the S3air sample exhibits a denser nanoparticles aggregation probably due 

to the smaller dimensions observed by XRD and TEM. Finally, a spongy, 

mesoporous, and spherically shaped assembly of very small nanoparticles is 

observed for the ferrihydrite phase of S2air sample, shown in Figure 9.5c, confirming 

the observations of TEM. 
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a)  b)  

c)  d)  

Figure 9.5. SEM images of the NPs obtained from the different ion exchange syntheses: a) delta 

iron oxyhydroxide particles of S1N2 sample; b) magnetite particles of S1air sample; c) ferrihydrite 

particles of S2air sample; d) magnetite particles of S3air sample 

 

The surface area and the porosity of the samples are then evaluated and classified 

by the nitrogen adsorption measurements, reported in Figure 9.6. Concerning the 

isotherm of the iron oxyhydroxide S1N2 sample, it can be related to type IV, typical 

of mesoporous materials, characterized by a large hysteresis loop associated with 

capillary condensation in mesopores. The hysteresis is attributable to H4 type, 

characteristic of agglomerates of plate-like particles forming slit-like pores, but also 

internal voids of irregular shape [25]. The deviation between the adsorption and 

desorption curves in the initial section can be due to the resolution limit of the 

instrument (> 10 Å) or to limitations related to monolayers [26]. The isotherm of the 

S1air sample can be ascribed to type IV as well, but with a very little hysteresis due 

to mesopores, confirmed by a pore distribution centered in the macropore range. 

Ferrihydrite S2 samples exhibit a type I(b) isotherm, typical of materials having pores 

with dimensions in the upper range of the micropore domain, containing both 

micropores and narrow mesopores (< 25 Å) [27]. The little adsorption-desorption 

hysteresis in the range 0.30 < P/P0 < 0.60 underlines a very small contribution of 
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mesopores. Finally, the isotherm of the magnetite S3 samples can be related to type 

IV, with a well-defined hysteresis loop, attributable to the H1 classification, where 

agglomerates or spherical particles are arranged in a fairly uniform way, indicating 

a relatively high pore size uniformity.  

a) b)  

Figure 9.6. a) N2 adsorption/desorption isotherms and b) distributions BJH for desorption branch of 

the isotherms of the different synthetized iron oxides samples 

 

The corresponding BJH pore size distributions and calculations are reported in 

figure 9.6b and in Table 9.4 respectively. The delta iron oxyhydroxide of S1N2 sample 

has a pore size distribution mainly peaked around 4 nm, with pore volume values of 

0.25 cc/g. Magnetite of S1air sample is instead characterized by a broad pore size 

distribution, shifted towards the macropores region, with a low presence of 

mesopores (< 50 nm) and revealing the lowest value of pore volume (0.22 cc/g). 

Confirming the adsorption isotherm, ferrihydrite of S2 sample has a bimodal pore 

size distribution, peaked around 3-4 nm and 1-2 nm, corresponding to micropores 

and narrow mesopores, with a pore volume of about 0.25 cc/g. Finally, the magnetite 

S3 sample show a well-defined and bimodal pore distribution around the value of 10 

nm, with the highest value of pore volume (0.36 cc/g) measured between the various 

samples. 
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Table 9.4. BET specific surface areas of the synthesized iron oxides samples, with pore volume 

and pore diameters from BJH calculations 

 

Iron 

oxyhydroxide 

S1N2 

Magnetite 

S1air 

Ferrihydrite 

S2air 

Magnetite 

S3air 

BET surface area (m2/g) 271 46 420 169  

BJH pore diameter Dv(d) (nm) 3.41 2.38 1.50 5.69 

BJH pore volume (cc/g) 0.25 0.22 0.24 0.36 

 

Concerning the BET specific surface areas of Table 9.4, all the samples exhibit 

considerably high values respect to the results reported in literature [27-31]. In 

particular, the BET surface area of the ferrihydrite of S2air sample is about 420 m2/g, 

while the BET surface area of the magnetite of S3air sample is about 169 m2/g, 

values higher than those measured in literature for ferrihydrite and magnetite. 

From the characterization analyses, it appears evident that the iron exchange 

process is suitable to obtain different iron oxides in form of nanoparticles in great 

quantity (about 40 grams in a single step), controlling the results of the process by 

adjusting the initial parameters (reagents state and reaction environment). 

Moreover, also the concentration of the reagent can affect the dimensions of the 

obtained particles (not reported here but tested for other syntheses and for 

ferrihydrite). Therefore, this method of synthesis results very effective and tunable 

for engineering scopes, modulating the characteristics and the produced amounts 

of the iron oxide NPs, in order to tailor them with the envisaged applications. 

 

 

9.2 Calcination of iron oxides NPs as precursors to obtain hematite and 

maghemite NPs 

 

As already known in literature [32, 33], most iron hydroxides and oxides can be 

oxidized to form other iron oxides as well. There are different ways to oxidize iron 

compounds; the most typical approaches consist in the reaction with oxidizing 

agents or in increasing the temperature, maintaining the compounds in air. For these 

reasons, the iron compounds obtained from the ion exchange process can be 



 

280 

 

considered as precursors to obtain other iron oxides nanoparticles. The calcination 

treatments are carried out at different temperatures, up to 700°C, in order to find the 

minimum temperature necessary to observe phase transformations, limiting the 

diffusive growth phenomena of the new formed NPs. 

From the six initial precursors reported in Table 9.1 it is possible to obtained different 

calcined samples, depending on the oxidation or on the dehydration phenomena 

occurring during the calcination treatment [34]. The calcined samples showing a 

complete phase transformation are reported, named as the precursor samples 

adding a subscript relating to the minimum temperature T to which they are 

obtained. 

XRD results of the samples obtained after the calcination treatments of the phases 

synthesized by the ion exchange process are reported in Figure 9.7, while the 

crystallographic parameters of the obtained phases as well as their average D 

values, evaluated by the Rietveld refinements, are reported in Table 9.5. In sample 

S1N2_200 the initial delta iron oxyhydroxide presents a conversion into hematite (α-

Fe2O3, hexagonal crystal structure, ICSD# 98-002-2505) at extraordinarily low 

temperature conditions (1 hour at 200°C), characterized by a <D> value of about 3 

nm. However, probably due the unavoidable presence of oxygen during the 

calcination treatment, a maghemite phase is observed too, (γ-Fe2O3, cubic crystal 

structure, ICSD# 98-008-7119), in a relative amount of 13,9%, as evaluated by 

Rietveld analysis. Differently, the magnetite S1air sample shows, at 200°C, a 

complete transformation into pure maghemite, (γ-Fe2O3), (sample S1air_200), which 

in turn transforms in pure hematite increasing temperature up to 600°C (sample 

S1air_600). Regarding the ferrihydrite S2 samples, it is observed a phase 

transformation only at a temperature of 500°C into pure hematite, with an average 

<D> value of 20 nm, as shown in the representative XRD pattern of S2air_500 sample. 

For magnetite S3 samples the transformation into maghemite at a temperature of 

200°C (sample S3air_200) and into hematite at 600°C (sample S3air_600) is observed. 

In terms of phase transformations, these results are the same of the S1air sample, 

since both S3 and S1air precursors pure magnetite, but the broadening analyses 

reveal small crystal sizes for the maghemite and the hematite coming from S3 

samples, as shown in Figure 9.7 and in Table 9.5. Specifically, the maghemite and 

hematite phases are characterized by an average crystallite size <D> of about 22 
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nm and 64 nm if obtained by S1air precursor sample, respect to values of 6 nm and 

42 nm, when the S3 precursor samples are used. 

 

 

Figure 9.7. XRD patterns of calcined samples, obtained at different temperatures from different 

precursors. Legend: * = γ-Fe2O3 (maghemite), ° = α-Fe2O3 (hematite). 

 

Finally, the analyses of the crystallographic parameters, reported in Table 9.5, show 

slight larger cell volumes in the phases characterized by lower D values, denoting 

greater amounts of lattice defects. In any case, for all the obtained maghemite and 

hematite phases, the Dhkl values are similar for all peaks, denoting a uniform growth 

of crystal size in all directions [35].  
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Table 9.5. Crystallographic parameters and average crystallite size <D> related to the calcined iron 

phases, resulting by Rietveld refinement. 

sample phase 
crystal 

system 
a (Å) b (Å) c (Å) 

cell volume 

(Å3) 
<D> (nm) 

S1N2_200°C 
α-Fe2O3 hexagonal 5.05 5.05 13.88 306.48 3 

γ-Fe2O3 cubic 8.35 8.35 8.35 581.35 16 

S1air_200°C γ-Fe2O3 cubic 8.34 8.34 8.34 580.04 22 

S1air_600°C α-Fe2O3 hexagonal 5.03 5.03 13.75 301.74 64 

S2air_500°C α-Fe2O3 hexagonal 5.03 5.03 13.75 301.86 20 

S3air_200°C γ-Fe2O3 cubic 8.34 8.34 8.34 581.06 6 

S3air_600°C α-Fe2O3 hexagonal 5.04 5.04 13.75 302.03 42 

 

TEM images reported in Figure 9.8 show dimensions and morphologies of the 

calcined particles. S1N2_200 sample appears constituted by very small hexagonal 

nanoparticles, which could be attributed to hematite, having dimensions of less than 

5 nm (as marked by in the rectangular insert in Figure 9.8a, in agreement with the 

low crystallinity of the hematite phase observed by XRD. Traces of the precursor as 

well as pseudo-circular particles, with dimensions from 20 to 50 nm, are clearly 

observed too, attributable to the formation of maghemite phase. These particles are 

indeed similar to those observed in S1air_200 sample (Figure 9.8b), characterized by 

a pure maghemite phase. Concerning the S1air_600 sample, TEM images show the 

presence of nanoparticles characterized by a rhombohedral morphology (Figure 

9.8c), the other typical feature of hematite nanoparticles [36]. The particles in 

S2air_500 sample, reported in Figure 9.8d, show a tiny and quasi-spherical shape, 

related to the hexagonal morphology, frequently observed after the dehydration of 

ferrihydrite particles and the subsequent gradual structural ordering to hematite 

structure [37-39]. Concerning the S3air_200 sample, (Figure 9.8e), it appears 

constituted by thin lamellae composed of very small nanoparticles (≈ 7 nm) through 

a mesoporous assembly characterized by pores less than 10 nm in size. S3air_600 

sample of Figure 9.8f presents hematite with rhombohedral morphology, similarly to 

what observed for hematite S1air_600 nanoparticles, but with smaller dimensions. All 

these results strongly underline the influence that the initial precursor provides on 

the formation of the subsequent iron oxides NPs, in relation to dimensions as well 

as to morphology that is very important for the applications. 
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a)  b)   

c)  d)  

e)  f)  

Figure 9.8. TEM images of calcined samples, obtained at different temperatures: a) 

hematite/maghemite S1N2_200 sample; b) maghemite S1air_200 sample; c) hematite S1air_600 sample; 

d) hematite S2air_500 sample; e) maghemite S3air_200 sample; f) hematite S3air_600 sample. 

 

AFM investigations allow confirming what is observed by TEM, providing further 

important information as well. In particular, in S1N2_200 sample very fine and 

monodisperse particles of about 10 nm length and 0,6 nm height are observed 

(Figure 9.9a-b), which can be attributable to the small hexagonal hematite 

nanoparticles, clearly characterized by monodisperse and spherical shaped 

particles. A plate-like shape for hematite nanoparticles is also confirmed for the 

S2air_500 sample, but with larger dimensions of about 20 nm length and 4 nm height 

(Figure 9.9g-h). Concerning the particles observed in maghemite S1air_200 (Figures 

9.9c-d) and hematite S1air_600 samples (Figures 9.9e-f), they present a circular and 
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an elongated shape respectively, confirming TEM observations, both revealing very 

reduced thickness (about 1-2 nm). In the S3air_200 sample, AFM allows confirming 

and evaluating the dimensions of the small particles which composed the 

maghemite phase, resulting in about 5 nm length and 0,5 nm height (Figure 9.9i-l). 

Finally, tiny single particles of about 20 nm are observed for hematite S3air_600 

sample (Figures 9.9m-n). 

 

a)  b)   c)  d)  

e)  f)  g)  h)  

i)  l) m)  n)  

Figure 9.9. AFM images of calcined samples, obtained at different temperatures: a-b) hematite 

S1N2_200 sample, c-d) maghemite S1air_200 sample; e-f) hematite S1air_600 sample; g-h) hematite 

S2air_500 sample; i-l) maghemite S3air_200 sample; m-n) hematite S3air_600 sample 

 

SEM images, reported in Figure 9.10, show that the NPs obtained after the 

calcination process form spherical aggregates independently from the precursors 

and the formed phase. However, hematite S2air_500 sample shows smaller 

aggregates respect to the other samples, probably due to its smaller dimensions 

and to the plate-like morphology as well. 
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a)  b)  c)  

d)  e)  f)  

Figure 9.10. SEM images of the nanoparticles aggregation from different samples: a) 

hematite/maghemite S1N2_200 sample; b) maghemite S1air_200 sample; c) hematite S1air_600 sample; 

d) hematite S2air_500 sample; e) maghemite S3air_200 sample; f) hematite S3air_600 sample. 

 

Finally, in Figure 9.11a the nitrogen adsorption isotherms of the calcined samples 

are shown. The isotherms are all attributable to type IV isotherm, typical of 

mesoporous materials, as also evidenced by the hysteresis loop between the 

adsorption and desorption branches. Nevertheless, if the type of isotherms is the 

same, the hysteresis loops allow distinguishing the samples: hematite/maghemite 

S1N2_200 sample exhibits a type H2 hysteresis loop, occurring in highly 

heterogeneous pore networks [40] and a large pore distribution around 8 nm. In the 

S1air_200 sample, the maghemite NPs are characterized by a type H1 hysteresis loop, 

corresponding to the presence of both cylindrical and plate-like pores, with the 

cylindrical pores having a pore size distribution between 50 and 200 nm 

(macropores range) and the plate-like pores generally varying in the range 5–50 nm 

[41]. This result is confirmed by the pore size distribution in Figure 9.11b, confirming 

the prevalence of macropores, but having a small peak at around 3 nm as well. 

Similar results are observed for hematite S1air_600 and S3air_600 samples but limiting 

the hysteresis to the presence of cylindrical and relatively larger pores, as verified 

in the corresponding pore size distribution. A H1 type hysteresis loop can be also 

remarked for hematite S2air_500 sample, in this case associated with a bimodal pore 

distribution in the mesopores region, around 8 nm and around 20 nm, which defines 

only the presence of plate-like mesopores. Differently from the other samples, the 

hysteresis loop of maghemite obtained in the S3air_200 sample is a H3 type, with the 
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characteristic step down at relative pressures ≈ 0.4. This kind of hysteresis is usually 

related to non-rigid aggregates of plate-like particles or assembly of slit-shaped 

pores determining two classes of pores size: in the range 2-50 nm and 50-100 nm, 

due to slit-/plate-like particles respectively [40,42]. 

a)  b)  

Figure 9.11. a) N2 adsorption/desorption isotherms and b) distributions BJH for desorption 

branches of the isotherms of different calcined samples. 

 

Table 9.6. Specific surface areas calculated by BET method for N2 adsorption isotherms of the 

calcined samples, with pore volume and pore diameters from BJH calculations 

Starting Sample S1N2 S1air S2air S3air 

Calcination temperature 200 °C 200 °C 600 °C 500 °C 200 °C 600 °C 

Obtained Compound Hematite Maghemite 
Hematit

e 
Hematite Maghemite 

Hematit

e 

BET surface area (m2/g) 205 20 22 58 37 34 

BJH pore diameter Dv(d) 

(nm) 
5.67 1.91 32.99 6.53 3.43 3.91 

BJH pore volume (cc/g) 0.60 0.08 0.24 0.22 0.21 0.14 

 

As expected from the XRD and TEM analyses, the S2N2_200 and the S2air_500 

hematite samples exhibit the highest values of specific surface area. Moreover, it is 
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to be remarked these BET surface areas are higher than most of the experimental 

results actually reported in literature for hematite [43]. 

Figure 9.12 shows a final scheme to summarize all the possiple NPs obtainable 

starting from ion exchange syntheses and calcination tecniques, together with their 

main features. 

 

Figure 9.12. Final scheme to summarize all the possiple NPs obtainable starting from ion exchange 

syntheses and calcination tecniques 

 

 

9.3 Tunable transformation of ferrihydrite NPs into of Hematite NPs 

 

As already observed in the literature [44-48], ferrihydrite is a metastable iron 

compound, and it can be transformed into hematite, goethite or akageneite, 

depending on temperature, pH and composition. The transformation of ferrihydrite 

into hematite can occur in water, at neutral pH, at room temperature. However, in 

these conditions it requires very long times to complete (up to 12 years), revealing 

after one year a transformation not more than 40%. The transformation in water can 
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be accelerated by increasing the temperature, but in order to have a complete and 

fast transformation, dry heating at high temperature is needed (calcination process). 

Therefore, because hematite nanoparticles can be useful to various applications, in 

this paragraph, the transformation from the obtained ferrihydrite to hematite is 

investigated considering 2 procedures, in order to control and regulate the 

characteristics of the final nanoparticles. In the first procedure, 2-line ferrihydrite 

(called here Fh) is maintained in aqueous suspension at room temperature (RT) up to 

seven months of aging. In the second procedure, Fh is calcined in form of dry powder, 

performing heat treatments at different temperatures (from 100◦C to 700◦C, for 2h at 

each considered T). The phase transformations are analyzed by XRD, ATR-FTIR, 

XPS, TEM, SEM, BET and AGM measurements.  

Firstly, thermogravimetric and differential thermal analyses (TG-DTA) are carried 

out on Fh dry powder, reported in Figure 9.13. From TGA a whole weight variation of 

about 15% is measured, consistent with the dehydration of ferrihydrite towards 

hematite. However, the highest weight loss (12%) is observed up to 250◦C, 

corresponding to about 80% of the whole weight loss during the analysis. 

Moreover, in accordance with literature references on 2-line ferrihydrite, the DTA 

curve shows an endothermic peak, at about 100 ◦C, and two exothermic peaks, at 

about and 230◦C and 280◦C, due to the dehydration of ferrihydrite. [49] 

 

 

Figure 9.13. TG-DTA analysis at a heating rate of 10°C/min of dry powder from ferrihydrite sample 
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XRD results of 2-line ferrihydrite samples aged in water at RT up to 7 months (first 

procedure) and calcined at different temperatures (second procedure) are reported 

in Figure 9.14. With the aging in water (Figure 9.14a), a gradual conversion of the 

2-line ferrihydrite into hematite is observed. In particular, after 1 month the formation 

of the main Bragg peaks attributable to the hexagonal crystalline structure of α-

hematite (α-Fe2O3, ICSD #98-016-1292) is observed, that proceeds up to 7 months 

where α-hematite represents the main observable phase, characterized by an 

average crystallite size of about 40 nm. In parallel to the formation of hematite, the 

progressive transformation of ferrihydrite is shown, having its main broad halo at 34◦ 

2θ, which tends to show a more defined profile with time (inset). In addition, 

increasing the aging time, a progressive decrease of the peak at 5◦ 2θ is clearly 

observed as well, resulting not completely absent after 7 months, probably 

corresponding to a residual content of ferrihydrite. 

 

a)  b)  

Figure 9.14. XRD patterns of ferrihydrite samples: a) at different aging times at RT (t0 = just 

synthetized, m = months); b) at different calcination temperatures until 700°C. In the insets: 

enlargement of the 20–40◦ range 

 

Concerning the XRD patterns at different calcination temperatures (Figure 9.14b), 

the formation of the hexagonal crystalline structure of α-Fe2O3 is observed only after 

2h at 500◦C or more, but not at lower temperatures. In particular, at 500◦C the broad 

halos completely disappear, indicating that the conversion of ferrihydrite into 

hematite can be considered complete. Regarding X-rays broadening analysis, the 

hematite phase is here characterized by an average crystallite size of about 20 nm. 
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In addition, the peak at 5◦2θ drastically reduces at 200◦C, where we measured the 

most dehydration of ferrihydrite in DTA analysis. Considering that this peak can be 

associated with an ordered mesoporous structure or with a uniform size of very small 

NPs of 2-line ferrihydrite, this significant reduction of the 5◦ 2θ peak can be related 

to a strong aggregation of the ferrihydrite NPs, caused from dehydration 

phenomena. 

The differences observed from the two procedures, both in the formation of hematite 

and in the reduction of the peak at 5◦ 2θ, underline different mechanisms of phase 

transformation from ferrihydrite into hematite. Actually, during the aging in water, the 

transformation occurs by a gradual oriented attachment of the ferrihydrite NPs that 

helps or is even necessary to have crystallization. During such gradual oriented 

attachment, the α-Fe2O3 crystallization can occur by a topotactic transformation at 

solid phase, through dehydration of ferrihydrite and reorientation of iron ions favored, 

under water, also at room temperature [44, 46, 50]. On the contrary, in dry heating 

conditions, with increasing temperature, ferrihydrite NPs tend to dehydrate and 

aggregate, but the reorientation of iron ions, and consequently the formation of α-

Fe2O3, is limited, due to the restricted mobility of ions and it can occur only at high 

temperatures (500◦C or above). 

The ATR-FTIR and XPS spectra performed on the ferrihydrite samples aged in 

water for 2 and 7 months and calcined at 500°C are reported in Figure 9.15. The 

ATR-FTIR results of Figure 9.15a confirm that in water, by increasing the aging time, 

ferrihydrite gradually and partially converts into hematite, while following the 

calcination process, ferrihydrite transforms into pure hematite at temperatures 

≥500◦C. The bands attributed to hematite are the typical Fe-O stretching vibrations 

at about 520 and 440 cm-1, in particular these Fe-O bands become more defined 

with increasing the aging time. Conversely, in H500 sample these bands result well 

defined and the only ones present. 
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a)  

b)  

Figure 9.15. a) ATR-FTIR spectra and b) core level C 1s and Fe 2p XPS spectra, of the samples of 

ferrihydrite aged in water for 2 and 7 at RT and calcined at 500◦C 

 

XPS results of Figure 9.15b show the presence of only Fe3+ oxidation state, 

underlining the existence of hematite or ferrihydrite. Moreover, for the samples aged 

7 months and calcined at 500°C, a slight shifting of the Fe 2p2/3 peak towards lower 

binding energy is observed, in accordance with the typical signal related to the 

prevalence of hematite with respect to other oxy-hydroxy Fe(III) compounds [51]. As 
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concerns the C 1s signals, similarly to what observed for the ferrihydrite samples, 

the results are attributable to the presence of the adventitious carbon contamination 

(CO2). 

TEM and SEM images of the ferrihydrite samples aged in water for 1 week, 2 weeks, 

2 months and 7 months and calcined at 500°C are reported in Figure 9.16. TEM 

images referred to the sample aged for 1 week (Figure 9.16a) reveal the presence 

of dark particles, with dimensions of about 10 nm, homogeneously dispersed in the 

amorphous ferrihydrite matrix. The further evolution is shown in the sample aged for 

2 weeks (Figure 9.16b), where darker and denser aggregates are visible in the 

ferrihydrite matrix, reaching diameters of about 50–100 nm. With increasing time, 

such aggregates become larger and well defined (Figure 9.16c), and after 7 months, 

they appear organized into dense and pseudo-spherical clusters (Figures 9.16d-e). 

From the corresponding SEM image these pseudo-spherical clusters are clearly 

visible (Figure 9.16f), characterized by two distinct morphologies of the assembled 

particles: a spherical morphology, attributed to the residual ferrihydrite, and a 

rhombohedral one, that can be related to the hematite particles emerging on the 

surface of the aggregate as well. These observations confirm the hypothesis that the 

phase transformation from ferrihydrite to hematite is due to an oriented attachment 

growth, where the ferrihydrite NPs form aggregates, already visible after two weeks 

of aging, and becoming larger with time until they define a typical crystalline 

morphology of hematite [52]. 
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Figure 9.16. TEM images of ferrihydrite samples observed after aging in water for the following 

times: a) 1 week, b) 2 weeks, c) 2 months, d, e) 7 months. g, h) TEM images of the ferrihydrite 

sample calcined at 500◦C. SEM images of the ferrihydrite samples: f) after aging in water for 7 

months, i) calcined at 500◦C 

 

TEM images of the sample calcined at 500◦C (Figures 9.16g-h), show that the 

hematite NPs formed by calcination in dry conditions seem to have plate-like 

morphologies, almost hexagonal, with dimensions between 25 and 35 nm. These 

samples differ from the aged ones because they do not show an aggregation nature, 

and besides the ferrihydrite matrix is never observed. The corresponding SEM image 

(Figure 9.16i) confirms that the NPs have all similar dimensions, of about 30 nm. 

The described mechanisms, at the base of the transformation from ferrihydrite to 

hematite according to the two procedures, can explain why the NPs produced by 

calcination is smaller and monodispersed in dimensions with respect to those 

obtained after aging in water. In fact, in dry conditions, the reorientation of the iron 

ions is very fast, and the mobility of the ions is definitely reduced, generating a fast 

transformation and successively inhibiting the growth of the particles themselves. 
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The nitrogen adsorption measurements (BET) performed on the ferrihydrite samples 

aged in water for 2 and 7 months and calcined at 500°C are reported in Figure 

9.17a). According to the IUPAC classification [53], the isotherm of the sample aged 

2 months can be related to isotherms of type IV, with the typical hysteresis loop of 

mesoporous materials, associated with capillary condensation in mesopores. The 

isotherm of the sample aged 7 months results comparable with type IV as well, 

having a very small type H4 hysteresis loop, which can be associated with spheres 

composed of ordered mesopores. Finally, the isotherm of the sample calcined at 

500°C results again comparable with type IV, but having a type H3 hysteresis loop, 

which is associated with non-rigid aggregates of plate-like particles. 

 

Figure 9.17. a) N2 adsorption/desorption isotherms and b) BJH distributions for the desorption 

branch of the isotherms for the samples of ferrihydrite aged in water for 2 and 7 at RT and calcined 

 

Regarding the BJH distributions of Figure 9.17b, the samples aged at RT show the 

presence of narrow mesopores (< 4 nm), that can be related to the residual 

ferrihydrite, and macropores (20–100 nm), particularly evident in the 7 months aged 

sample, and for this reasons, related to the formation of hematite. On the contrary, in 

the sample calcined at 500°C, the typical mesopores observed in the ferrihydrite 

samples are absent, while mesopores peaked at around 8 nm and 30 nm are 

observed, associated with the hematite phase. In Table 9.7, the summaries of the 

BET and BJH desorption analysis, in terms of surface area values and pore 

diameters for aged and calcined samples, are reported. It is possible to note that, 
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increasing the aging time, BET values gradually reduce from 2 to 7 months, ranging 

from 263 m2/g to 154 m2/g, respectively. This trend reflects the results discussed 

for the BJH desorption curves, so that the BET surface area of 154 m2/g measured 

for HRT7 sample can be attributable not only to hematite, but also to a residual 

content of ferrihydrite. On the contrary, for the calcined sample, a BET surface area 

of 57 m2/g is observed, and it is attributable only to the hematite phase. 

 

Table 9.7. Specific surface areas obtained by the BET equation fit for N2 gas adsorption isotherms 

of the samples of hematite obtained from two and seven months of aging at RT and from 

calcination at 500 ◦C. Pore diameters and pore volume from BJH analysis are also reported. 

Sample BJH Pore Diameter (nm) BJH Pore Volume (cc/g) BET Surface Area (m2/g) 

HRT2 2.9 0.261 263 

HRT7 3.5 0.200 154 

H500 6.5 0.221 57 

 

Finally, the magnetization response at room temperature is investigated using an 

alternating gradient magnetometer (AGM) and reported in Figure 9.18, for the 

ferrihydrite samples just synthetized, with different aging times at RT (2 and 7 

months) or with heat treatment (500°C). The 2-line ferrihydrite NPs just synthetized 

give a linear magnetic field dependence, which is consistent with the paramagnetic 

behavior found by most of the authors at ambient temperature, where also a 

contribution from antiferromagnetic susceptibility must be taken into account [54-

56]. The magnetic susceptibility is 7.54 × 10−5 emu/(g·Oe), assuming Curie-like 

temperature dependence, this value corresponds to about 3.0 µB, which is lower 

than the theoretical value for isolated Fe3+ ions (5.9 µB). 
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Figure 9.18. Room temperature magnetization data, with maximum applied field of 12kOe, for 

different iron oxide NPs samples: 2-line ferrihydrite; ferrihydrite aged 2 months, ferrihydrite aged 7 

months and ferrihydrite calcined at 500°C (corresponding to pure hematite) 

 

In the same figure an initial increase of magnetic susceptibility is observed for 

ferrihydrite after 2 months aging, indicating that the average particle magnetic 

moment is increasing as a consequence of aggregation. In ref. [56] a similar and even 

more dramatic result, although under substantial different aging conditions, is 

observed and attributed to dipolar interaction between magnetic particles. A slight 

appearance of hysteresis is consistent with the formation of the hematite phase [55], 

as detected by the XRD patterns. At higher aging times (7 months), the 

magnetization decreases as the presence of hematite prevails, so magnetic 

hysteresis is more pronounced. This trend is confirmed for the sample calcined at 

500◦C, where the ferrihydrite disappears and only hematite is present. Also the 

shape magnetic anisotropy, as well as other morphology details, contributes to the 

higher observed coercivity of this pure α-Fe2O3 sample [57]. 

The results coming from all the characterization techniques underline the influence 

of temperature, time and water and the transformation from ferrihydrite to hematite. 

Two extreme conditions are evaluated (water at RT and dry powder at high 

temperatures), but the obtained results were useful to fully understand the 

mechanism of transformation into hematite. Therefore, it is possible to obtain a wide 

range of surface area values and different hematite morphologies starting from the 
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ferrihydrite produced by ion exchange method, by adjusting the investigated 

parameters (or combining them). 
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CHAPTER 10: COATED MAGNETITE NANOPARTICLES FOR MRI 
 

The synthesis of nanoparticles for magnetic resonance imaging (MRI) presented 

in Chapter 3 can present various disadvantages, such as high temperatures, 

numerous washing steps necessary to remove secondary phases and/or 

additives, long synthesis times, small amounts of obtained products, limiting 

therefore their potential on a greater scale. Using the innovative ion exchange 

synthesis route it is possible to obtain various iron oxides NPs, including 

magnetite and maghemite, which are suitable for biomedical applications. In 

particular, these NPs can be coated with different agents to obtain SPIONs 

(superparamagnetic iron oxide nanoparticles) to be used as contrast agents in 

MRI. For this reason, several coating procedures are performed and the obtained 

particles are tested using an Aspect Imaging Scanner (present in the high field 

MRI laboratory of the MESVA Department of the University of L'Aquila) having a 

magnetic field of 1 T. 

 

 

10.1 Coating of the synthetized magnetite nanoparticles 

 

For applications in the biomedical field, the considered nanoparticles should have 

superparamagnetic properties, as described in chapter 3. Therefore, among the 

various synthesized iron phases, magnetite of sample S3air of the previous 

chapter is selected, because of its dimensions that result below the critical 

diameter for this phase (about 14 nm). In fact, from specific characterization 

techniques, they appear to have dimensions around 6-8 nm, as observed from 

XRD crystallite size (Table 9.3) and TEM analysis (Figure 9.2d). Moreover, a BET 

value of 169 m2/g with a BJH pore diameter of 5.7 nm is measured as well for 
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these NPs (Table 9.4), showing an absorption isotherm of type IV typical of 

mesoporous materials. 

The alternating gradient magnetometry (AGM), performed on these particles and 

reported in Figure 10.1, reveals that magnetite NPs produced by ion exchange 

synthesis (S3air) exhibit a superparamagnetic behavior. In fact, they have 

relatively high magnetization values as the magnetic field increases (up to 55 

emu/g), without residual magnetization by removing the magnetic field, such as 

paramagnetic materials. 

 

 

Figure 10.1. Magnetic measurement with alternating gradient magnetometry of magnetite NPs 

 

For these superparamagnetic magnetite NPs, before being applied in the field of 

MRI, the addition of a surface coating is required to improve their magnetic 

stability and their biocompatibility, in order to keep them circulating in organisms 

for a longer time. A procedure for the addition of a surface coating to NPs consist 

in the use of coating agents following the NPs synthesis, through different 

temperatures and dispersion modes based on the type of coating used. For this 

task, ultrasonic bath, ultrasonic cavitation and stirring up to several hours at 

different temperatures are here considered as dispersion mode. Various 

dispersing agents among the most common reported in the literature are used, in 
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particular polyethylene glycol (PEG) with different molecular weight (400, 600, 

1000, 1500, 4000), polyvinyl alcohol (PVA), polyvinylpyrrolidone (PVP) and 

dextran. For each obtained suspension of coated magnetite NPs, the magnetic 

stability is evaluated up to 60 minutes on a strong niobium magnet (≥ 10,9 kOe), 

to investigate the effectiveness of the coating, reporting the time for which the 

first particles deposits are observed near the magnet (Table 10.1). Some 

examples of coated NPs suspensions are shown in Figure 10.2. 

 

Table 10.1. Obtained suspensions of coated magnetite NPs performed by adding dispersing 

agents following the NPs synthesis, with the relative magnetic stability 

Dispersing 

agent 

Magnetite 

concentration (g/l) 
Dispersion mode 

Higher magnetic 

stability (min) 

Dextran 3% 1 – 5 Stirring 6h at 80°C < 1 

Dextran 40% 3 – 10 
Stirring 6h at 80°C and 

ultrasonic bath 30 min 
< 1 

PEG-400 50% 1 – 5 
Ultrasonic bath or 

ultrasonic cavitation 30 min 
< 5 

PEG-400 95% 1 – 5 Ultrasonic bath 30 min < 10 

PEG-600 95% 1 – 5 Ultrasonic bath 30 min < 15 

PEG-6000 25% 1 – 10 
Ultrasonic bath or 

ultrasonic cavitation 30 min 
< 1 

PVP 15% 1 – 5 Ultrasonic bath 30 min < 30 

PVA 3% 1 – 5 
Ultrasonic bath or 

ultrasonic cavitation 30 min 
< 1 

PVA 15% 1 – 5 
Ultrasonic bath or 

ultrasonic cavitation 30 min 
< 5 
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Figure 10.2. Some coated magnetite NPs suspensions with: a) PEG-400 95%, b) PEG-600 

95%, c) PEG-6000 25%, d) PVP 15%, e) PVA 3%, f) dextran 40%, g) dextran 3% 

 

Considering the magnetic stability, for all the obtained suspensions of coated 

magnetite NPs there are no relevant differences between ultrasonic bath and 

ultrasonic cavitation. The suspensions having the best result in terms of magnetic 

stability result PEG-400 95%, PEG-600 95% and PVP 15%, so only these 3 

samples, among the coatings after synthesis, will be tested in the MRI. 

 

 

10.2 Direct synthesis of coated superparamagnetic NPs (SPIONs) 

 

To improve the effectiveness of the coatings of magnetite NPs, using the 

innovative ion exchange route it is possible to perform the addition of some 

coating agents directly in the synthesis step. In particular, syntheses are carried 

out using iron(III) chloride hexahydrate (FeCl3∙6H2O) and iron(II) chloride 

tetrahydrate (FeCl2∙4H2O), in molar ratio 2:1, with an ion exchange resin in OH- 

form (Dowex Monosphere 550A), by dissolving the precurors together with the 

previously used coating agents. The synthesis route remains conceptually similar 

to one without dispersing agents, but some interactions can occur between these 

agents and the obtained products, so also the influence of some parameters, 

such as time, temperature and reaction environment (air or inert) must be 

considered. The basic steps of the syntheses with coating agents are: 
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1) preparation of an aqueous solution of the coating agent at a given 

concentration, under stirring and at different T according to the compound; 

2) dissolution of iron chlorides in the solution prepared in the step 1) or in another 

solution, under magnetic stirring and tipically at RT; 

3) preparation of the resin mixed with the solution prepaof the step 1) or with 

another solution; 

4) carrying out the synthesis by putting the solution containing chlorides in contact 

with the wet resin, keeping the system under agitation in an atmosphere of air or 

nitrogen, at a temperature up to 60°C for a certain period of time; 

5) separation of the solution with coated NPs from the resin through a sieve and 

eventually remove the uncoated ones using magnetic separation. 

Some of the main syntheses with coating agents performed are reported in Table 

10.2. 

 

Table 10.2. Main syntheses of coated superparamagnetic NPs, performed with different 

dispersing agents in different operating conditions, with the relative magnetic stability 

Dispersing agents 
FeCl3∙6H2O 

concentration (M) 

Synthesis 

conditions 

Higher magnetic 

stability (min) 

PEG-600 20% 0.2 
Air 

20°C 
< 1 

PEG-600 50% 0.1 
Air 

20°C 
< 30 

PEG-6000 10% 
0.05 

 

Air 

20°C 
< 1 

PEG-6000 25% 0.025 
Nitrogen 

50°C 
< 1 

Dextran 40% 0.1 
Air 

20°C 
< 1 

PVA 0.3% 0.1 
Nitrogen 

50°C 
> 60 

PVP 2% 0.1 
Air 

20°C 
< 20 
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From the various syntheses the influence of different parameters on the obtained 

NPs has been evaluated, in particular the concentration of the dispersing agents 

depends on their ability to influence the viscosity of the liquid, therefore the PEG-

600 coats the particles at 50%, while the PVA gives great magnetic stability 

already at 0.3%. The optimal temperature and precursor concentration depends 

on the type of coating used (some polymers dissolution is favoured at higher T 

and too hugh reagent concentrations lead to uncoated fractions). The nitrogen 

atmosphere is preferable with temperatures above 40°C to prevent some 

reactants from oxidizing uncontrollably before ion exchange, so also in this case 

the choice depends from the type of coating. 

According to the magnetic stability tests, showing in a preliminary way the 

effectiveness and the homogeneity of the coatings, the syntheses with PVA, PVP 

and PEG-600 give the best results. Therefore, to verify the presence of magnetite 

NPs having characteristics comparable to those obtained without dispersing 

agents, XRD measurements are performed and reported in Figure 10.3. 

 

Figure 10.3. XRD patterns of more stable suspensions with synthesized coated magnetite NPs 
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From the diffraction patterns, the influence of the dispersing agents is found in 

the backroung, but the only crystalline phase is always magnetite, having a 

crystallite size of about 8 nm with PEG and PVP coatings, and of about 9 nm for 

PVA coating. These values are similar respect to the one observed in the 

synthesis of magnetite NPs without dispersing agents (about 8 nm). 

Transmission electron microscopy investigations, shown in Figure 10.4, are 

carried out only on the sample containing PVA, because of its higher magnetic 

stability. Actually, due to an instrument failure, it was possible to analyze only one 

TEM grid, which was too concentrated, so it was not possible to observe isolated 

particles. However, it is noted how the PVA is able to separate each nanoparticle, 

thus avoiding strong magnetic interactions between them. These particles seem 

to have sizes of about 4-5 nm dispersed fairly homogeneously within the polymer 

matrix, with some dimensional exception for some agglomerates (10-15 nm). The 

morphology seems spherical or cubic, because it is not very appreciable with the 

considered resolution. 

 

a)  b)  

Figure 10.4. TEM micrographs of PVA-coated synthesized magnetite NPs at different 

magnifications: a) marker 50 nm, b) marker 20 nm 

 

 

 



 

305  

 

 

 

 

 

 

 

 

10.3 MRI measurements using optimal samples of SPIONs 

 

Considering magnetic stability, the more stable suspensions, obtained from the 

different coating procedures of the two previous paragraphs, are used to perform 

magnetic resonance imaging tests with an Aspect Imaging Scanner (high field 

MRI laboratory of the MESVA Department) having a magnetic field of 1 T (Figure 

10.5). 

 

Figure 10.5. Aspect Imaging scanner 1 T used for MRI acquisitions 

 

Therefore, the obtained samples of SPIONs tested as contrast agents in MRI are: 

1) PEG-400 95% added after the synthesis, 

2) PEG-600 95% added after the synthesis, 

3) 15% PVP added after the synthesis 

4) PEG-600 50% in direct synthesis, 

5) 2% PVP in direct synthesis, 

6) 0.3% PVA in direct synthesis. 

For each of these suspensions, 5 dilutions are prepared at established 

concentrations (0.01 g/l, 0.02 g/l, 0.05 g/l, 0.10 g/l and 0.20 g/l) in water, to 

perform the MRI tests, as shown in Figure 10.6. 
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Figure 10.6. Example of sample dilutions for MRI tests, with decreasing concentrations of 

magnetite NPs from left to right: 0.20 g/l, 0.10 g/l, 0.05 g/l, 0.02 g/l and 0.01 g/l 

 

It is possible to study the relaxation times of a sample through a series of MRI 

images, calculating T1 and T2 by fitting the intensity of the image signal at various 

TR or TE. For this purpose, multiple images are acquired, each at a different TE 

or TR. So, one of the typical approaches to obtain relaxation maps is to use Spin-

Echo sequences. In a Spin-Echo, the intensity trend (modulus) of the SI signal 

emitted by each voxel follows an exponential law [1] of the type: 

𝑆𝐼(𝑇𝑅, 𝑇𝐸) = 𝜌0 (1 − 𝑒
−

𝑇𝑅
𝑇1 ) 𝑒

−
𝑇𝐸
𝑇2                           (10.1) 

where ρ0 is the proton density. In these conditions the noise of the system can 

give a non-zero contribution, therefore a term c is added. 

To measure ρ0 e T1 is necessary to have a signal with a negligible contribution of 

𝑒
−

𝑇𝐸

𝑇2  , that is for TE << T2 of the sample. On the contrary, for TR >> T1 of the 

sample, 𝑒
−

𝑇𝑅

𝑇1  becomes negligible and in this way it is possible to obtain from each 

voxel the value of ρ0. Having several images acquired with various values of TR 

(therefore weighted in T1) and TE << T2, it is possible to calculate the value of T1 

in each voxel. On the contrary, to calculate the value of T2 in each voxel, the 

images are acquired at different TE values using TR >> T1. 
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To obtain comparable images, each used Spin-Echo sequence is acquired with 

the same parameters: 

• Field of view (FOV): 32x32 mm, 

• Phase encoding: 32, 

• Samples: 32, 

• Receveir gain: 18, 

• Slice thickness: 5 mm, 

• Slice: only 1, in an axial position and centered in the isocenter. 

 

The Spin-Echo sequence, for T1-weighted images, is used with the minimum TE 

possible, equal to 4.144 ms, and various TR values in a range between 

approximately 0 and 3T1 (the hypothetical T1 is estimated through a fast 

sequence IR-SNAPSHOT after a pulse with a flip angle of 1800). The Spin-Echo 

sequence, for T2-weighted images, is used by choosing TR = 4T1 and various TE 

values in a range between 0 and 3T2. 

The images thus acquired are analyzed through a specially written program using 

the MatLab Software, shown in Appendix A. Thanks to this program, it is possible 

to fit the data and then obtain T1 and T2 values for each sample voxel. By 

averaging the voxel values of each sample (assuming it is homogeneous) the 

mean value of the sample is determined. From these values, a graph is 

constructed, in the inverse of the relaxation time as a function of the concentration 

in millimoles of Fe, to calculate the trend line. The slope of this line represents 

the relaxivity, that is the quantification of the variation induced in T1 or T2 by the 

contrast agent (or the coated magnetite NPs in this case) respect to the initial 

values. 

The values obtained for T1 and T2 are shown below, as well as the graphs with 

the calculation of the relaxivity, for each group of analyzed samples. The starting 

dispersions have different concentrations which depend on the quantity of 

dispersing agent needed, however the tests are carried out at the same 5 
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concentrations by diluting them with deionized water. The blank tests made with 

PEG, PVP and PVA at the concentrations used showed that these polymers 

alone do not affect the magnetic properties of deionized water. The analyzed 

samples are therefore: 

 

1) Magnetite suspension 1 g/l with 95% PEG-400 added after the synthesis, 

suitably diluted for MRI tests. T1 and T2 values are reported in Table 10.3 and the 

graphs on their inverse are reported in Figure 10.7. 

 

Table 10.3. Values of T1 and T2 measured from the suspension of magnetite with PEG-400 

added 

Concentration 

(g/l) 
T1 (ms) Error T2 (ms) Error 

mM Fe 

(mmol/l) 
1/T1 (s-1) 1/T2 (s-1) 

0 2030 10 1670 10 0 0.49 0.60 

0.01 1775 5 286 1 0.13 0.56 3.50 

0.02 1685 6 157 1 0.26 0.59 6.37 

0.05 1526 6 182 1 0.65 0.66 5.50 

0.10 1082 3 135 1 1.30 0.93 7.39 

0.20 698 3 68 1 2.61 1.43 14.66 

 

a)  b)  

 

Dal grafico 
 r1 (mM-1s-1) 0.4 

r2 (mM-1s-1) 4.5 

Figure 10.7. Graphs for a) T1 and b) T2 with relative relaxivity values, measured from the 

suspension of magnetite with PEG-400 added 
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2) Magnetite suspension 1 g/l with 95% PEG-600 added after synthesis, suitably 

diluted for MRI tests. T1 and T2 values are reported in Table 10.4 and the graphs 

on their inverse are reported in Figure 10.8. 

 

Table 10.4. Values of T1 and T2 measured from the suspension of magnetite with PEG-600 

added 

Concentration 

(g/l) 
T1 (ms) Error T2 (ms) Error 

mM Fe 

(mmol/l) 
1/T1 (s-1) 1/T2 (s-1) 

0 1960 10 1670 10 0 0.51 0.60 

0.01 1077 4 958 1 0.13 0.93 1.04 

0.02 791 4 628 1 0.26 1.26 1.59 

0.05 484 1 375 1 0.65 2.07 2.66 

0.10 275 1 222 1 1.30 3.64 4.50 

0.20 166 1 142 1 2.61 6.04 7.04 

 

a)  b)  

 

Dal grafico  r1 (mM-1s-1) 2.1 

  r2 (mM-1s-1) 2.5 

Figure 10.8. Graphs for a) T1 and b) T2 with relative relaxivity values, measured from the 

suspension of magnetite with added PEG-600 

 

3) Magnetite suspension 1g/l with 15% PVP added after synthesis, suitably 

diluted for MRI tests. T1 and T2 values are reported in Table 10.5 and the graphs 

on their inverse are reported in Figure 10.9. 
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Table 10.5. Values of T1 and T2 measured from the suspension of magnetite with added PVP 

Concentration 

(g/l) 
T1 (ms) Error T2 (ms) Error 

mM Fe 

(mmol/l) 
1/T1 (s-1) 1/T2 (s-1) 

0 2150 10 1670   10 0 0.47 0.60 

0.01 2030 10 884 2 0.13 0.49 1.13 

0.02 2140 10 400 1 0.26 0.47 2.50 

0.05 1860 10 232 1 0.65 0.54 4.31 

0.10 1620 10 66 1 1.30 0.62 15.24 

0.20 1270 10 20 1 2.61 0.79 50.28 

 

 

a)  b)  

 

Dal grafico 
 r1 (mM-1s-1) 0.1 

r2 (mM-1s-1) 19.0 

Figure 10.9. Graphs for a) T1 and b) T2 with relative relaxivity values, measured from the 

magnetite suspension with added PVP 

 

4) Magnetite suspension 10 g/l with 50% PEG-600 in synthesis, suitably diluted 

for MRI tests. T1 and T2 values are reported in Table 10.6 and the graphs on their 

inverse are reported in Figure 10.10. 
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Table 10.6. Values of T1 and T2 measured from the suspension of magnetite with PEG-600 

insynthesis 

Concentration 

(g/l) 
T1 (ms) Error T2 (ms) Error 

mM Fe 

(mmol/l) 
1/T1 (s-1) 1/T2 (s-1) 

0.01 1610 30 109 1 0.13 0.62 9.16 

0.02 1540 30 175 1 0.26 0.65 5.72 

0.05 1500 50 91 1 0.65 0.68 10.96 

0.10 1420 20 91 1 1.30 0.71 10.97 

0.20 1150 20 92 1 2.61 0.87 10.89 

 

a)  b)  

 

Dai grafici 
 r1 (mM-1s-1) 0.1 

r2 (mM-1s-1) 1.3 

Figure 10.10. Graphs for a) T1 and b) T2 with relative relaxivity values, measured from the 

suspension of magnetite with PEG-600 in synthesis 

 

5) Magnetite suspension 1 g/l with 2% PVP in synthesis, suitably diluted for MRI 

tests. T1 and T2 values are reported in Table 10.7 and the graphs on their inverse 

are reported in Figure 10.11. 
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Table 10.7. Values of T1 and T2 measured from the suspension of magnetite with PVP in 

synthesis 

Concentration 

(g/l) 
T1 (ms) Error T2 (ms) Error 

mM Fe 

(mmol/l) 
1/T1 (s-1) 1/T2 (s-1) 

0.01 1450 20 48 1 0.13 0.69 20.84 

0.02 1120 10 33 1 0.26 0.89 30.59 

0.05 1040 10 29 1 0.65 0.96 34.10 

0.10 960 10 26 1 1.30 1.04 37.64 

0.20 741 4 22 1 2.61 1.35 44.68 

 

a)  b)  

 

Dal grafico 
 r1 (mM-1s-1) 0.2 

r2 (mM-1s-1) 7.9 

Figure 10.11. Graphs for a) T1 and b) T2 with relative relaxivity values, measured from the 

suspension of magnetite with PVP in synthesis 

 

6) Magnetite suspension 1 g/l with 0.3% PVA in synthesis, suitably diluted for 

MRI tests. T1 and T2 values are reported in Table 10.8 and the graphs on their 

inverse are reported in Figure 10.12. 
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Table 10.8. Values of T1 and T2 measured from the suspension of magnetite with PVA in 

synthesis 

Concentration 

(g/l) 
T1 (ms) Error T2 (ms) Error 

mM Fe 

(mmol/l) 
1/T1 (s-1) 1/T2 (s-1) 

0 2060 10 1670   10 0 0.49 0.60 

0.01 1187 3 166 1 0.13 0.84 6.02 

0.02 785 1 75 1 0.26 1.27 13.25 

0.05 444 1 32 1 0.65 2.26 31.44 

0.10 238 3 14 1 1.30 4.21 70.37 

0.20 138 1 8 1 2.61 7.25 121.95 

 

a)  b)  

 

Dal grafico 
 r1 (mM-1s-1) 2.6 

r2 (mM-1s-1) 47.4 

Figure 10.12. Graphs for a) T1 and b) T2 with relative relaxivity values, measured by the 

suspension of magnetite with PVA in synthesis 

 

Table 10.9. Summary of results obtained from MRI tests using magnetite NPs coated with 

different dispersing agents 

Dispersing agent Core 
Core size 

(nm) 

Applied field 

(T) 
 r1 (mM-1s-1) r2 (mM-1s-1) 

PEG-400 95% added Fe3O4 8 1 0.4 4.5 

PEG-600 95% aggiunto Fe3O4 8 1 2.1 2.5 

PVP 15% aggiunto Fe3O4 8 1 0.1 19.0 

PEG-600 50% sintesi Fe3O4 8 1 0.1 7.9 

PVP 2% sintesi Fe3O4 3 1 0.2 1.5 

PVA 0,3% sintesi Fe3O4 8 1 2.6 47.4 
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Comparing all the results obtained for the relaxitvity (Table 10.9) with the principal 

results found in the literature, summarized in Table 10.10, it is possible to note 

that the magnetite NPs coated with PVP added and coated with PVA in synthesis 

have good r2 values, equal to 19 and 47 mM-1s-1 respectively. Even the samples 

coated with PEG-600 give positive results but much lower than PVA. 

 

Table 5.1 Commercial MRI contrast agents [2] 

Contast 

agent 

Dispersing 

agent 

MRI 

dose 

Size 

(nm) 

Applied 

field (T) 
T (°C) r1 (mM-1s-1) r2 (mM-1s-1) 

Endorem 

(Feridex) 

SPIO 

Dextran 

11.2 

mg 

Fe/ml 

5-6 0.47 37 30 100 

Resovist 

(Cliavist) 

SPIO 

Carboxy-

dextran 

0.5 

mmol/l 
4 0.47 37 25.4 151 

Sinerem 

(Combidex) 

USPIO 

Dextran 
20 mg 

Fe/ml 
4-6 0.47 37 31 78 

Supravist 

USPIO 

Carboxy-

dextran 

0.5 

mmol/l 
3-4 0.47 37 9 20 

Clariscan 

USPIO 
Starch/PEG 

29.8 

mg 

Fe/ml 

4-7 0.47 37 10 17 

MION-46L Dextran   4-6 0.47 37 16.5 34.8 

Gastromark 

(Lumirem) 

SPIO 

Silicon 

52.5 

mg 

Fe/300

ml 

10 0.97 37 3.4 3.8 

 

Probably a possible further refinement of the procedures used to obtain coated 

magnetite NPs can be realized, in order to obtain higher values of relaxivity. It is 

also possible to continue towards a possible functionalization of these NPs for 
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uses as contrast agents MRI of specific organs or cancer cells. Furthermore, 

thanks to the advantages of the innovative synthesis route (low production costs, 

reduced synthesis times, high yields, and single step reaction), the production of 

SPIONs could be easily scaled towards industrial developments. 
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CONCLUSIONS 
 

Nanoscience is one of the most important research and development frontiers in 

modern science. The possibility to produce nanostructured particles with high 

purity and controlled features in a sustainable and scalable way, characterized, 

in turn, by low toxicity and low costs, can represent a global challenge for the 

development of responsible innovation. 

In order to design and engineer the nanoparticles and to tailor their characteristics 

to the final application, this thesis work is focused on innovative synthetic 

processes aimed at producing several metal oxides/hydroxides nanoparticles 

(NPs) according to high yield, scalable and sustainable synthesis procedures. 

The different synthetized NPs are successfully employed in different fields, in 

particular in Cultural Heritage for the consolidation of carbonatic substrates and 

for the deacidification of waterlogged woods, and in biomedical sector, as 

anticancer agents and as contrast agents for magnetic resonance imaging (RMI). 

The innovate synthetic route is based on ion exchange single-step processes, 

allowing obtaining pure and monodisperse NPs working in water, at room 

temperature and ambient pressure, without chemical solvents and any purifying 

or washing procedures to remove impurities or secondary products. The 

described processes overcome the main drawbacks associated with current 

procedures to produce NPs, low cost and low environmental impact for a great 

variety of metal hydroxide/oxide NPs: from earth alkaline metal hydroxides/oxides 

to iron hydroxides/oxides, with the possibility to increase the production from lab 

to pilot scale. In addition, most applications require the NPs to be chemically 

stable, tailored, uniform in size, and easily dispersed in liquid media.  In particular, 

for magnetite NPs surface coatings are realized to enhance their biocompatibility 

and magnetic stability, in order to use them as contrast agents for RMI. A 

complete investigation of the produced NPs is carried out by a wide array of 

techniques, starting from consolidated laboratory techniques (XRD, XRF, XPS, 
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FTIR, TG-DTA, BET, TEM, SEM-EDX, AFM, AGM, MRI) to cutting edge 

techniques in large scale facilities (XAS and XRD by synchrotron radiation). 

The innovative synthesis techniques reported in this thesis, and developed at the 

Laboratory of Technology of Materials and Applied Chemistry of the DIIIE 

Department of University of L’Aquila, are also object of a previous European 

patent (EP2880101, 2016) and of two recently deposited Italian patents. 

Moreover, this PhD work involved several relationships with different national and 

international research groups, including the Departments of Physics and 

Industrial Engineering of the University of L'Aquila, the Department of Life Health 

and Environmental Sciences (MESVA) of the University of L’Aquila and the CNR-

IOM-OGG group in the European Photon and Neutron Science Campus (EPN) 

of Grenoble. 

Pure or coated nanostructured compounds are obtained, such as calcium 

hydroxide, calcium/iron oxide hydrate, magnesium hydroxide/oxides, strontium 

hydroxide/carbonate, barium/hydroxide carbonate as well ferrihydrite, hematite, 

maghemite and magnetite with polymeric coatings. 

Specifically, this study started from the optimization of a production process on 

scales of calcium hydroxide NPs (commonly called nanolime) which is currently 

mainly used in the Cultural Heritage sector. In fact, nanolime dispersions are the 

basis of compatible consolidation treatments for all the widespread carbonate-

based substrates (mural paintings, stuccoes, natural stones and all historic 

mortars), since they offer an innovative alternative to organic consolidants or 

ineffective traditional treatments. Nevertheless, nanolime syntheses generally 

require organic compounds, and multi-step, time and energy-consuming 

procedures, and commercial nanolimes are dispersed in alcoholic media, 

disadvantageous for treatment efficacy (reduced reactivity and back migration 

effects) and environmental impact (inflammability and VOC release). The calcium 

hydroxide NPs here obtained from a prototype system of 10 liters in volume, 

appeared as hexagonal lamellae, with side dimensions < 70 nm and thicknesses 
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< 10 nm, composed of primary nanoparticles of about 5 nm in length. These NPs 

resulted very reactive in the carbonation process, so they were employed in 

conservative treatments on biocalcarenite stones of Agrigento (Italy), composed 

of calcite, quartz, feldspar and shells, restoring the cohesion of the surface grains: 

increased tear resistance of 60-95% and increased average drilling resistance of 

2-6 N until 10 mm depending on the considered stone. These effects were 

obtained without altering the aesthetical features and the natural water 

permeability of the treated stones. Considering these encouraging results, the 

first extensive application of nanolime was realized in relation to the consolidation 

of the original mortar of a historic building of L’Aquila (Palazzo Pica Alfieri, 14th-

16th century), obtaining a depth of penetration of at least 10 mm, with an 

increased tear resistance of 80% and increased average drilling resistance of 3 

N directly in situ. 

In this field, also a tailored nanolime containing iron was developed using an 

innovative synthesis procedure, in order to enhance the application toward 

particular kind of stones, having iron in the mineralogical composition. In 

particular, this nanolime has variable % of a new nanometric compound, 

Ca4Fe2(OH)14·6H2O, constituted of hexagonal lamellae having side dimensions 

in the range 10-30 nm and thicknesses in the range 5-10 nm, able to react with 

atmospheric CO2 to form cubic calcite (50-100 nm side dimensions) covered with 

a very amorphous phase constituted by 2-line ferrihydrite at a nanometric level. 

This phase was investigated also by XAS measurements with synchrotron light 

(European Synchrotron Radiation Facility of Grenoble), obtaining a binding shell 

Fe-Ca with R ≈ 3,45 Å, which disappears after the carbonation process, where it 

is possible to find 2-line ferrihydrite having a binding shell Fe-Fe with R ≈ 3,06 Å. 

Following the synthesis, the tailored nanolime was applied on other 

biocalcarenite samples of Agrigento, reaching enhanced results in terms of 

consolidation and durability: increased tear resistance of about 85% and 

increased average drilling resistance of about 8 N, without any chromatic 
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alteration of the treated surface and a reduced weight loss of 60% in 10 salt 

crystallization cycles.  

Other alkaline earth metal NPs were synthetized with the innovative route, in 

particular magnesium, strontium and barium, which were produced in form of 

hydroxides in short times and without intermediate steps. Mg(OH)2 NPs appeared 

as hexagonal lamellae having side dimensions < 20 nm and thicknesses of about 

5 nm, which resulted formed by an oriented aggregation of primary particles 

(singlets), with dimensions of 2-3 nm. On the contrary Sr(OH)2 NPs and Ba(OH)2 

NPs appeared as bars of about 200 and 500 nm in length respectively, composed 

of primary particles of about 5 and 40 nm respectively. All these particles can be 

employed in the field of Cultural Heritage, and among them Mg(OH)2 NPs 

demonstrated an extraordinarily ability to solve the long-standing problems of 

deacidification of waterlogged woods. The executed tests concerned both 

curative and preventive treatments on small fragments of an historical vessel 

(Gallo-Roman wreck, 2nd century b.C.), obtaining always neutral pH values with 

treatments durable over time by penetrating inside the wood fibers. 

Starting from the synthesized Mg(OH)2 as precursor, it is possible to obtain MgO 

NPs, which were employed in preliminary cytotoxicological tests on melanoma 

cells, in collaboration with the research group of Pharmacology (MESVA 

Department of University of L'Aquila), resulting in a good toxicity towards cancer 

cells attributed to the generation of reactive oxygen species (ROS). In particular, 

the growth of melanoma cells resulted reduced of about 45% after 72h using a 

MgO concentration of 400 µg/ml, accompanied by an increase of cell mortality of 

about 16%. Moreover, an IC50 value of 143 µg/ml was estimated, in agreement 

with the literature of cytotoxicological tests using MgO NPs. 

Finally, also iron hydroxides/oxides NPs are synthetized using innovative 

processes, obtaining several kinds of compounds covering a lot of applicative 

fields, such as ferrihydrite (spherical particles of 2-3 nm having a BET value of 

about 420 m2/g), hematite (hexagonal particles of 30-40 nm having a BET value 
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of about 60 m2/g), magnetite (cubic particles of 5-6 nm having a BET value of 

about 170 m2/g) and maghemite (rhombohedral particles of 40- 50 nm having a 

BET value of about 40 m2/g). For their peculiar magnetic properties, non-toxicity 

and biodegradability, the interest for iron oxide NPs is continuously increasingly 

in biomedicine (for magnetic resonance imaging, drug delivery and magnetic 

hyperthermia), as well as in environmental remediation. In particular, MRI tests 

were here performed using coated superparamagnetic NPs as contrast agents, 

in collaboration with the high-field MRI Laboratory (MESVA Department of 

University of L'Aquila). The best relaxivity values (r2 = 47 mM-1s-1) were obtained 

using magnetite NPs coated with PVA, in order to improve both their magnetic 

stability and biocompatibility. 

Given the obtained results concerning the development of the prototype system 

for large-scale sustainable productions of NPs, as well as the successful 

outcomes in the Cultural Heritage and in the biomedical sectors, this thesis allows 

defining a first crucial step to extend the ionic exchange route towards versatile 

NPs productions for several applications areas. In addition, this work takes up the 

challenge of producing technologies and products that allow healthcare safety 

and low environmental impact, according to the latest indications from the 

European Community. 
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APPENDIX A –MATLAB PROGRAM 

FIT DATI T1 

Section to open images and create their pixel matrix as data: 

1. clearvars;  

2. Dirname='1.2.826.0.1.3680043.8.1276.2021295357.153.1000.';  

3. Nstart=number ID of the first image for T1; 

4. Nend= number ID of the last image for T1; 

5. Nimmagini=length(Nstart:Nend);  

6. File='UnscaledComplexImage_slice0001_complex.img';  

7. Npe=number of phase encondings of the images;   

8. Nread=number of the samples of the images; 

9. TR=flip([range of TR of images acquisition]);  

10.  daticompleti=zeros(Npe,Nread,Nimmagini); 

11.  for k=Nstart:Nend 

12.  name=strcat(Dirname,num2str(k),'/Data/'); 

13.  filename=strcat(name,File); 

14.  hfile=fopen(filename); 

15.  data=fread(hfile,'double'); 

16.  fclose(hfile); 

17.  dato=complex(data(1:2:end-1),data(2:2:end)); 

18.  Img = reshape(dato,Npe,Nread); 

19.  #figure; imshow(abs(Img),[ ]); to view all images 

20.  daticompleti(:,:,k-Nstart+1)=Img; 

21.  end 
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22.  Aspace=abs(daticompleti); matrix of the data in absolute vaues (intenisties) 

23. Max=max(max(max(Aspace))); most intense pixel of all images 

24.  #for i=1:Nimmagini to view all images in relation to the most intense 

25.  #figure; imshow(Aspace(:,:,i),[0 Max]) 

26.  #end 

Section to create the mask to be applied on the points of the image, in 

order to calculate the fit of the data only on the points of the sample 

27.  name=strcat(Dirname,num2str(ID immagine),'/Data/'); first image of T1 ID  

28.  filename=strcat(name,File); 

29.  hfile=fopen(filename); 

30.  data=fread(hfile,'double'); 

31.  fclose(hfile); 

32.  dato=complex(data(1:2:end-1),data(2:2:end)); 

33.  Imgmax= reshape(dato,Npe,Nread); 

34.  massimo=abs(Imgmax); 

35.  mask=imbinarize(massimo,0.2*(max(max(massimo)))); mask 

36.  #figure; imshow(mask); to view the image with mask 

37.  erode=1;  

38.  if erode==1 Edge erosion for better fit 

39.  mask=imerode(mask, strel('square',2)) ; 

40.  end 

 

Data fit section to calculate T1: 

41.  tmap = zeros(Npe*Nread,1); map of T1 values for each image 

42.  amap = zeros(Npe*Nread,1); map of proton density values ρ0                 
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43.  Nv=length(TR); 

44.  F=reshape(Aspace,Npe*Nread,Nv); Data vector to perform the analysis 

45.  NN=Npe*Nread; 

46.  for i=1:NN 

47.  if mask(i)==1 to perform the fit only on the points of the image where the 

sample is present 

48.  x=TR; 

49.  y=flip(squeeze(F(i,:))); 

50.  [xData, yData] = prepareCurveData( x, y ); 

51. f_o2=fitoptions('Method','Nonlinear','StartPoint',[Max,x(floor(Nimmagini/2))]); 

52.  f2=fittype('a*(1-exp(-x/b))','coefficients',{'a','b'},'dependent',{'y'},'options',f_o2); 

53.  [curve,f2_out] = fit(xData,yData,f2); 

54.  variables = coeffvalues(curve); 

55.  T = variables(2); 

56.  A = variables(1); 

57.  tmap(i) = T; 

58.  amap(i) = A; 

59.  end 

60.  end 

61.  tmap = reshape(tmap,Npe,Nread); 

62.  amap = reshape(amap,Npe,Nread); 

63.  figure; surf(tmap); shows the data surface obtained from the fit, i.e. the T1 

value for each pixel 

64.  icount=0; Calculation of T1 of the sample with associated error 

65.  T1 = [ ]; 

66.  for i=1:Nread                
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67.  for j=1:Npe 

68.  if mask(i,j)==1 

69.  icount=icount+1; 

70.  T1 = [T1 tmap(i,j)]; 

71.  end 

72.  end 

73.  end 

74.  mean(T1) gives the T1 value              

75.  std(T1)/sqrt(icount)  gives the error on T1 value              

 

DATA FIT T2 

Section to open images and create their pixel matrix as data: 

1. clearvars;  

2. Dirname='1.2.826.0.1.3680043.8.1276.2021295357.153.1000.';  

3. Nstart=number ID of the first image for T2; 

4. Nend=number ID of the last image for T2; 

5. Nimmagini=length(Nstart:Nend);  

6. File='UnscaledComplexImage_slice0001_complex.img';  

7. Npe=number of phase encondings of the images;   

8. Nread=numer of the samples of the images; 

9. TE=[TE range of images acquisition]; 

10.  daticompleti=zeros(Npe,Nread,Nimmagini); 

11.  for k=Nstart:Nend 

12.  name=strcat(Dirname,num2str(k),'/Data/'); 

13.  filename=strcat(name,File); 

14.  hfile=fopen(filename); 
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15.  data=fread(hfile,'double'); 

16.  fclose(hfile); 

17.  dato=complex(data(1:2:end-1),data(2:2:end)); 

18.  Img = reshape(dato,Npe,Nread); 

19.  #figure; imshow(abs(Img),[ ]); to view all images 

20.  daticompleti(:,:,k-Nstart+1)=Img; 

21.  end 

22.  Aspace=abs(daticompleti); matrix of the data in absolute vaues (intenisties) 

23.  Max=max(max(max(Aspace))); most intense pixel of all images 

24.  #for i=1:Nimmagini to view all images in relation to the most intense 

25.  #figure; imshow(Aspace(:,:,i),[0 Max]) 

26.  #end 

Section to create the mask to be applied on the points of the image, 

in order to calculate the fit of the data only on the points of the 

sample: 

27.  name=strcat(Dirname,num2str(ID immagine),'/Data/'); For the T2 image ID is 

the first image  

28.  filename=strcat(name,File); 

29.  hfile=fopen(filename); 

30.  data=fread(hfile,'double'); 

31.  fclose(hfile); 

32.  dato=complex(data(1:2:end-1),data(2:2:end)); 

33.  Imgmax= reshape(dato,Npe,Nread); 

34.  massimo=abs(Imgmax); 

35.  mask=imbinarize(massimo,0.2*(max(max(massimo)))); mask 

36.  #figure; imshow(mask); to view image with mask 
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37.  erode=1;  

38.  if erode==1 edge erosion 

39.  mask=imerode(mask, strel('square',2)) ; 

40.  end 

Data fit to calculate T2: 

41.  tmap = zeros(Npe*Nread,1); map of T2 values for each image 

42.  amap = zeros(Npe*Nread,1); map of proton density values ρ0                 

43.  Nv=length(TR); 

44.  F=reshape(Aspace,Npe*Nread,Nv); data vector 

45.  NN=Npe*Nread; 

46.  for i=1:NN 

47.  if mask(i)==1 to perform the fit only on the points of the image where the 

sample is present 

48.  x=TE; 

49.  y=squeeze(F(i,:)); 

50.  [xData, yData] = prepareCurveData( x, y ); 

51. f_o2=fitoptions('Method','Nonlinear','StartPoint',[Max,x(floor(Nimmagini/2))]); 

52.  f2=fittype('a*exp(-x/b)','coefficients',{'a','b'},'dependent',{'y'},'options',f_o2); 

53.  [curve,f2_out] = fit(xData,yData,f2); 

54.  variables = coeffvalues(curve); 

55.  T=variables(2); 

56.  A=variables(1); 

57.  tmap(i) = T; 

58.  amap(i) = A; 

59.  end 

60.  end 
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61. tmap = reshape(tmap,Npe,Nread); 

62. amap = reshape(amap,Npe,Nread); 

63. figure; surf(tmap); Shows the data surface obtained from the fit, i.e. the T2 

value for each pixel 

64. icount=0; Calculation of the T2 of the sample with associated error 

65. T2 = []; 

66. for i=1:Nread 

67. for j=1:Npe 

68. if mask(i,j)==1 

69. icount=icount+1; 

70. T2 = [T2 tmap(i,j)]; 

71. end 

72. end 

73. end 

74. mean(T2) gives the T2 value 
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